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ABSTRACT
PATIENT-SPECIFIC MODELING OF ALTERED CORONARY ARTERY 

HEMODYNAMICS TO PREDICT MORBIDITY IN PATIENTS WITH ANOMALOUS 
ORIGIN OF A CORONARY ARTERY

Atefeh Razavi, M.S.

Marquette University, 2020

Anomalous aortic origin of a coronary artery (AAOCA) is a condition where a coronary 
artery arises from the opposite aortic sinus, often with acute angle of origin (AO). AAOCA is 
associated with ischemia.1 This is especially concerning when the anomalous coronary artery 
takes an intramural course within the aortic wall, creating the potential for distortion or 
compression. Unroofing surgery replaces a restrictive ostium and intramural segment with a large 
ostium from the appropriate sinus and aims to create a less acute AO. Although these anatomical 
features may alter coronary artery blood flow patterns, hemodynamic indices such as time 
averaged wall shear stress (TAWSS), oscillatory shear index (OSI) and fractional flow reserve 
(FFR) that impact a patient’s future risk for ischemia and morbidity 2–6 remain largely 
unexplored. We hypothesized that morphology of the anomalous coronary artery has a significant 
impact on local hemodynamics of AAOCA and aimed to 1) characterize hemodynamic alterations
in AAOCA by patient-specific simulation of patients pre-operative and post-unroofing using 
advanced coronary artery boundary conditions, 2) assess the impact of AO on the severity of 
hemodynamic alterations, and 3) characterize the hemodynamic effect of proximal narrowing of 
the anomalous artery and hyperemic resistance of the downstream vasculature (HMR) on FFR. 
Findings from Aim 1 suggested that different flow patterns exist natively between right and left 
coronary arteries, a reduction in TAWSS is observed post-unroofing, and that unroofing may 
normalize TAWSS but with variance related to the AO. Data from Aim 2 indicated that AO alters
TAWSS and OSI in simulations run from a patient-specific model with virtually rotated AOs. 
The arterial wall experienced lower TAWSS for more acute AO near the ostium. Distal to the 
ostium, arterial wall experienced higher TAWSS for more acute AO. Findings from Aim 3
showed that for a given narrowing, higher HMR resulted in higher FFR thereby mimicking the 
interaction of the upstream and downstream micro-vasculature resistance to regulate FFR for the 
first time using computational models of AAOCA. Virtual manipulation of the anomalous artery
provided a direct comparison for the effect of the anatomic high-risk features. Collectively, these
results serve as the foundation for larger studies of AAOCA that could correlate hemodynamics
with outcomes for risk stratification and surgical evaluation.
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1 BACKGROUND

1.1 Overview

This study is aimed at assessing hemodynamics in patients with anomalous aortic origin of 

the coronary artery (AAOCA) as well as examining the impact of anatomic high-risk features. 

This chapter familiarizes the reader with the anatomy and physiology of the coronary artery 

circulation, as well as some related abnormalities with functional complications. The role of 

hemodynamics in the pathophysiology of the coronary artery circulation is discussed with a focus 

on three hemodynamic indices: wall shear stress (WSS), oscillatory shear index (OSI) and

fractional flow reserve (FFR). Computational fluid dynamics (CFD) techniques capable of 

predicting these indices with high accuracy are introduced, and their application in cardiovascular 

disease are explained. More details on specific aims are presented in section 1.7

1.2 Anatomy of the Coronary Artery Circulation

The coronary arteries provide oxygenated blood to the heart. More specifically, they form a 

complex vascular network to provide blood and nutrients to different layers of cardiac muscle 

(i.e. epicardium, myocardium and endocardium). Epicardial arteries originate from the sinuses of 

Valsalva and course down the surface of the heart (see Figure 1.1). The origin of the coronary 

artery in the sinus of Valsalva is called coronary ostium. The left main coronary artery (LMCA) 

arises from the left sinus of Valsalva and branches into two main arteries: the left anterior 

descending (LAD) and the left circumflex (LCX) arteries. The LAD and LCX principally perfuse 

the left ventricle and left atrium. The right coronary artery (RCA) stems from the right sinus of 

Valsalva. The RCA mainly perfuses the right ventricle and right atrium and partially perfuses the

left ventricle.
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There are a large number of small arteries branching from the main epicardial vessels that spread 

over the epicardium or penetrate through the myocardium. The penetrating small arteries further 

branch into even smaller arteries known as the arterioles, which constitute the coronary 

microcirculation. Coronary arterioles give rise to the capillary beds where oxygen and nutrients

are delivered to cardiac tissue.7

Figure 1.1 A schematic of coronary artery anatomy. Left: arterial network Right: aortic valve 
and sinuses of Valsalva

1.3 Physiology of the Coronary Artery Circulation

Epicardial, small arteries, arterioles and capillaries have different sizes and functions (see 

Figure 1.2). Large epicardial arteries are conductance vessels with small pressure drop under 

normal healthy conditions and are responsible for the bulk transport of oxygenated blood. Small 

arteries and arterioles play an important role in regulating coronary resistance through various 

mechanisms that control the vascular tone and diameter.8 Vasodilation or vasoconstriction in the 

small arteries is affected by the shear-dependent response to the changes in blood flow.8,9

Vasoactive response of the arterioles includes the metabolic response to hypoxia or strenuous 

activities as well as the myogenic response to changes in intraluminal pressure. 
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Altered vascular resistance and the subsequent changes in myocardial blood flow (coronary 

perfusion) affects cardiac tissue. Moreover, cardiac tissue affects myocardial blood flow that 

results in the so-called phasic behavior. Contraction of cardiomyocytes (cardiac muscle cells)

during systole exerts a contractile force on the arteries embedded through intramyocardial 

pressure, which also leads to a decrease in coronary artery blood flow. During diastole, when the 

cardiac muscle relaxes and intramyocardial pressure is reduced, flow resumes and fills the 

microcirculatory arteries.10

Figure 1.2 Coronary artery macro and micro-circulation size and function, adapted with 
permission from Bruyne et.al, 201611

1.4 Anomalous Aortic Origin of the Coronary Artery

Coronary artery anomalies (CAAs) may relate to any defect in size, shape, origin or 

location of the coronary arteries. Three anomalies are associated with clinical implications and 

may need surgical intervention. They include coronary artery fistula, coronary arterial origin from 

the pulmonary artery (PA) and AAOCA. These anomalies may impair coronary artery blood flow 
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that may ultimately result in clinical manifestations such as myocardial infarction, congestive 

heart failure, angina, ventricular aneurysms, or sudden cardiac death (SCD).12

AAOCA is a rare congenital heart anomaly, 0.35 % to 2.1 % incidence rate4, where the 

origin of a coronary artery arises from the wrong sinus of Valsalva. Although the incidence of

AAOCA is relatively rare, the anomaly can place affected patients at risk for SCD.13 In left 

AAOCA, left coronary artery originates from the right sinus of Valsalva and in right AAOCA, 

right coronary artery originates from the left sinus of Valsalva.(Figure 1.3)

Figure 1.3 Illustration of the aortic valve in the left and right AAOCA

In interarterial AAOCA, the anomalous coronary artery follows a course between the 

great arteries (i.e. PA and the aorta). AAOCA is especially concerning when the anomalous 

coronary artery takes an intramural course within the anterior aortic wall, creating the potential 

for distortion or compression of the coronary segment during times of increased myocardial 

demand. Of note, AAOCA is the 2nd leading cause of SCD in young athletes.4 AAOCA can 

present with exertional chest pain, syncope, cardiac arrest post successful resuscitation or sudden 

death.14 Once identified, AAOCA may require life-long restriction from exercise because of the 

risk of acute myocardial ischemia.13
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Figure 1.4 Cross-sectional drawing of the aorta and pulmonary artery for the intramural 
anomalous aortic origin of the left coronary artery (A) pre-operative and (B) post-unroofing

Several studies hypothesized that an acute angle of origin, (i.e. AO < 45 degrees15) and a 

potential slit-like ostium may cause diminished flow to the abnormal coronary artery with aortic 

root expansion.16,17 Intraluminal narrowing (i.e. lateral compression of the intramural course) may 

further limit or even obstruct the flow when the aortic root and pulmonary artery expand during 

stress or elevated blood flow conditions leading to the propensity for exercise-related SCD.18,14

However, effects of these factors on local hemodynamics remain largely unexplored. There has 

been only one numerical study of an idealized AAOCA geometry with aortic expansion modeled 

at different AOs using finite element methods (FEM), which was conducted in the absence of 

detailed flow patterns from CFD analysis.19 Results of this study indicated that under exercise 

loading conditions, expansion of the anomalous coronary arteries was impaired. The impairment 

occurred especially at the ostium creating an elliptical shape as a result of an acute AO.

Over the past 2 decades, a surgical technique to address intramural AAOCA-related 

pathology has been developed. The procedure, known as “unroofing”, removes the intramural 

coronary segment that runs within the aortic wall.20 Surgical unroofing alters coronary anatomy 

and presumably removes the risk of ischemia by opening the potentially restrictive anomalous 

coronary ostium and intramural segment, which leads to a large patent ostium that arises 
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perpendicularly from appropriate aortic sinus (Figure 1.4B).21 Studies have shown improvement 

in symptoms post-operatively.22 However, there have also been recent reports of sudden cardiac 

arrest after surgical unroofing of AAOCA. These more recent reports raise questions about the 

long term consequences of the surgery and safety of AAOCA patients returning to physical 

activities after surgery.23 The effects of surgical unroofing on myocardial blood flow and 

coronary morphology have not been investigated in detail. Based on the current data from 

AAOCA patients, the exact mechanism of ischemia in these patients post-operatively is unclear. 

Several mechanisms have been hypothesized including persistence of myocardial injury from the 

original anatomy/initial ischemic events prior to surgery, coronary artery distortion related to the 

surgery, progressive development of neo-ostial scar after unroofing that compromises coronary 

blood flow, and abnormal AO that limits coronary artery flow reserve and/or introduces adverse 

flow patterns and hemodynamics, previously linked to the onset and progression of 

atherosclerosis.24–26 Any continued compromise to coronary hemodynamics after unroofing may 

alter the patient’s risk for future atherogenesis and/or myocardial ischemia. In particular, changes 

in local morphology from the unroofing procedure may impact coronary artery blood flow 

patterns by creating regions containing abnormal hemodynamic indices that have been related to 

the coronary vascular pathologies.25,27 The following section emphasizes the importance of 

hemodynamics and functional assessment and reviews a role for patient-specific modeling in non-

invasive determination of hemodynamic indices to improve treatment management and surgical 

techniques.

1.5 Functional and Hemodynamic Assessment of Coronary Arteries

Cardiac imaging modalities allow for detailed morphologic analysis of the coronary 

vasculature. They are used as tools in clinical decision making and treatment selection of 

coronary artery diseases. For example, intravascular ultrasound imaging (IVUS) of a coronary 
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stenosis can provide information on minimum lumen area (i.e. currently a cutoff of 4 mm2 is most 

often used) to determine severity of the disease and guide percutaneous coronary intervention 

(PCI).28 Similarly, based on clinical guidelines, a coronary artery aneurysm of diameter >8 mm is 

known as a giant aneurysm, which requires anti-coagulant therapy.29 Diagnostic performance of 

these anatomic based guidelines are improved when combined with functional and hemodynamic

assessments. The following sections introduce hemodynamic indices extensively used in 

computational modeling and assessment of cardiovascular pathologies. Hemodynamic indices 

analyzed for this study are WSS, OSI, and FFR. These indices have previously been shown to 

have clinical significance of a disease independent or in correlation with its morphological 

features that may ideally lead to improved therapeutic strategies.28,29

1.5.1 Wall Shear Stress 

WSS is a measure of frictional force exerted on the flow surface (here arterial wall) from 

any flowing fluid (here blood) that can be calculated as shown below:

࣎࢝ = ࣎ − (࣎. ௪࢔(௪࢔ (1)

࣎ = ߤ ࢂ∇) + (்ࢂ∇
Where, ࣎௪ is the WSS vector, ߬ is the viscous stress tensor, ࢔௪ is the unit normal to the wall, ߤ is 

the blood viscosity, (ࢂ∇) is the velocity gradient on the wall and is்ࢂ∇ the transpose of ∇30,31.ࢂ It 

has been well established that WSS plays a role in onset and progression of atherosclerosis though 

the shear-dependent response of endothelial cells and activation of inflammatory cells and signaling 

pathways (see Figure 1.5). For example, WSS has been used as a predictive metric in the study of 

coronary artery bypass graft (CABG) design32, risk of thrombosis in coronary aneurysms33, as well 

as coronary artery stenosis34–36 and other cardiovascular anomalies.27,37–40 Sankaran et al.32

computed WSS indices at different virtually created anastomosis angles of a patient with CABG 

and suggested angle of 70º to be hemodynamically optimal. Gutierrez et al.33 characterized WSS 
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in ten Kawasaki disease patients for thrombotic risk stratification and reported a higher sensitivity 

compared to standard anatomic-based metrics. Chiastra et al.41 simulated coronary flow in two 

virtually implanted commercial stents and assessed adverse stent-induced WSS and other 

hemodynamic indices.

Time averaged WSS is defined as: ܹܵܵܣܶ = 1/ܶ ∫ |࣎௪|݀ݐ଴் , where T is the period (here 

cardiac cycle). The long term biomechanical response to local hemodynamics such as vascular 

remodeling likely involves the integration of WSS stimuli over the cardiac cycle, which is 

generally represented by TAWSS.42

Figure 1.5 A vessel experiences wall shear stress (WSS) from flowing blood. Adverse WSS 
activates inflammatory cells associated with plaque formation (reproduced with permission

from Li et al43)

1.5.2 Oscillatory Shear Index

OSI is a measure of temporal variation in the WSS direction, defined as:

ܫܱܵ = 0.5ቌ1 − 1/ܶ ቚ∫ ࣎௪ ଴்ݐ݀ ቚ
1/ܶ ∫ |࣎௪|݀ݐ଴்

ቍ = 0.5ቆ1 − หܣ௣௢௦ + ௣௢௦หܣ௡௘௚หหܣ + หܣ௣௢௦หቇ (2)

Where the numerator is the magnitude of the time-averaged WSS vector, and the denominator is 

the time-averaged value of the WSS magnitude. Figure 1.6 Figure 1.7shows temporal variation 

in WSS (࣎࢝) where Apos is the area of the positive WSS and Aneg is the area of the negative WSS. 
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When the flow is unidirectional (Apos=0 or Aneg=0), the numerator and denominator will be equal 

and OSI will have the value of zero. In contrast, for bidirectional WSS throughout the cardiac 

cycle, area under the WSS-time curve for the positive and negative WSS will be equal (Apos= 

Aneg), the numerator will be zero and OSI will have the maximal value of 0.5.

Figure 1.6 Temporal variation of WSS. Area of the positive WSS under the curve is marked by 
Apos and area of the negative WSS under the curve is marked by Aneg. [Reproduced with 

permission from Moore et.al44]

Overall, OSI is an indication of flow disturbance at the vessel wall and has been shown to play a 

role in pathogenesis of vascular diseases.45

1.5.3 Fractional Flow Reserve

FFR has primarily been used as a diagnostic tool to identify ischemia-causing coronary 

artery disease (CAD) lesions and assist patient management.46,47 FFR is defined as a ratio of the 

maximum achievable myocardial blood flow in the presence of a stenosis to the hypothetical 

maximum flow in the absence of the stenosis under hyperemia or stress induced conditions. Since 

the pressure-flow relationship is linear under maximum vasodilation or maximum exercise, FFR 

can be approximated as the ratio of pressure distal to the stenotic lesion (Pd) to the pressure 

measured proximal to the lesion (here aortic pressure Pa ) as shown in Figure 1.7.48–50
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Recently it has been suggested that FFR measurements can be used to identify 

hemodynamic significance in anomalous coronary arteries. Specifically, an FFR ≤ 0.8 (similar to

CAD) has been postulated as suggestive of a hemodynamically-significant stenosis likely to cause 

ischemia.2–6 This modality has been introduced as an adjacent method when non-invasive 

imaging modalities such as computed tomography (CT) and magnetic resonance imaging (MRI) 

show ischemic discrepancy.2,6 A study by Agrawal et al. was the first to perform FFR and IVUS 

in a group of children with CAAs including intramural AAOCA.17 Their FFR measurements 

showed a decrease from baseline to the provocative testing condition and a significant 

improvement post-operation. All the patients with >70% intraluminal area narrowing had a 

hemodynamically significant FFR (≤0.8). In a study by Lee et al.3 on adult patients with 

anomalous coronary arteries, all patients that had a hemodynamically significant FFR were 

reported to have >50% area stenosis. In this prior study, two-year follow-up in the patients under 

conservative management with FFR >0.8 confirmed there was no evidence of cardiac events. 

Figure 1.7 Use of FFR in clinical practice. Left: CT coronary angiogram of an AAOCA patient 
with proximally narrowed anomalous RCA. Right: proximal pressure waveform (red), distal 
pressure waveform (green) and FFR (yellow). Numbers are mean values of the waveforms.

[reproduced with permission from Zimmermann et. al 51]
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Together, FFR and IVUS may also provide a comprehensive anatomical and functional 

assessment of AAOCA. However, the FFR method is catheter-based and invasive with higher 

medical costs and chances for complications. In contrast, virtually derived FFR form CT or MRI, 

has been introduced as a non-invasive functional assessment of CAD and shown to be a desirable 

tool in detecting lesion-specific ischemia.52,53 A meta-analysis on 5 studies that compared CT 

with and without FFRCT to the measured FFR reported significantly improved specificity with 

FFRCT.54

1.5.4 Hyperemic Microvascular Resistance

Prior FFR studies only considered epicardial (proximal) contributions to the impairment 

of myocardial perfusion. In addition to epicardial resistance, some studies suggest that the distal 

microvascular alterations may also contribute to the development of myocardial ischemia.55,56

Such studies suggest that microcirculatory abnormalities may develop in the myocardium of the 

stenosed arteries. These abnormalities, explained in a form of impaired vasodilatory capacity or 

sustained vasoconstriction, may lead to a reduction in flow despite increasing metabolic demand 

under stress conditions. 

Hyperemic microvascular resistance (HMR), defined as the ratio of the pressure distal to 

the stenosis to the distal velocity, is used to quantify this vasodilatory capacity. Van de Hoef et 

al.57 evaluated stenosis severity, HMR and FFR in 225 coronary arteries. They determined low, 

intermediate and high HMR for the stenosed vessels based on the tertiles obtained for the 

reference vessel (vessel with no stenosis) and reported a vast range of FFR values across the 

HMR spectrum for a given stenosis severity. They showed that for a given stenosis, a low HMR 

may dictate a low FFR even though the resistance to flow induced by microvasculature was low 

at maximal vasodilation. Garcia et al.58 proposed a mathematical relationship to formulate the 

observations mentioned above and indicated that epicardial stenosis, defined in terms of pressure 
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loss, and HMR contribute equally in FFR evaluation. These studies on the impact of HMR can be 

extended to the recent FFR analyses of CAAs for improved risk stratification and treatment plans.

Collectively, in the current study, we analyzed the above-mentioned hemodynamic 

indices to study their potential in predicting long-term morbidity (through TAWSS and OSI) and 

short-term ischemia (through FFR and HMR).

1.6 Patient-specific CFD Modeling

As alluded to above, patient-specific CFD simulations of the coronary arteries can play 

an important role in capturing realistic hemodynamic indices linked to morbidity, and may 

subsequently be used as a predictive tool in diagnosis and clinical treatments.48 Replicating 

physiology and accurately quantifying hemodynamics requires reliable imaging and simulation 

modalities, appropriate material properties, proper meshing, realistic boundary conditions (BCs), 

and high performance computing (HPC). High resolution imaging techniques such as multi-slice 

CT or cardiovascular magnetic resonance (CMR) provide detailed 3D anatomic information of 

the model to be reconstructed. Capturing the anatomy of the coronary arteries is more challenging 

than other parts of the vasculature particularly due to their small size and the motion of the heart, 

which may introduce some modeling uncertainty. However, the available imaging techniques 

have been overall successful in representing patient-specific physiology.33,59

Selection of accurate BCs is critical in patient-specific cardiovascular modeling. BCs 

represent the behavior of the vasculature downstream and upstream of the 3D model, which can

significantly affect local hemodynamics. Resistance of the small arteries and arterioles of the 

coronary micro-vasculature affects changes in blood pressure (BP) in larger arteries and are 

responsible for coronary blood flow regulation. Lumped parameter network (LPN) models 

consider these important effects by representing them as a collection of electrical elements. When 

used as BCs, zero-dimensional (0D) LPN models coupled to the 3D computational domain enable
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interaction of the local 3D hemodynamics with more global circulatory physiology. Parameters of 

the LPN models have been described in more detail in section 2.3 of the methods section.

As mentioned above, patient-specific simulations of coronary artery blood flow have 

been conducted using a multi-scale approach with application to acquired CAD, congenital 

coronary artery defects such as Kawasaki disease as well as treatment by coronary artery bypass 

grafting.32,59,60 However, this approach has not yet been applied to patient-specific models in

AAOCA. The current study presents the first patient-specific image-based CFD modeling of 

blood flow in 6 AAOCA children to achieve the aims described below.

1.7 Aims and Hypothesis

We aim to characterize hemodynamics in AAOCA patients pre-operatively and post-

unroofing by applying several advancements in patient-specific coronary artery simulations. 

These advancements are focused on incorporating improved coronary artery BCs that mimic the 

complex relationship between flow and pressure based on downstream impedance. We also aim 

to study the effect of high-risk anatomic features including AO and representing the lateral 

compression of the anomalous artery through virtual manipulation of a representative pre-

operative model. The results from these aims will improve our understanding of the coronary 

hemodynamics in AAOCA patients and allow us to examine the postulated mechanisms involved 

in ischemia and morbidity.

1.7.1 Hypothesis

This study tests the hypothesis that the morphology of the anomalous coronary artery has 

a significant impact on local hemodynamics for patients with AAOCA. Computationally derived 

hemodynamic indices may predict short- and long-term pathological events such as ischemia and 

atherosclerosis.
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1.7.2 Specific Aims

The current study has 3 specific aims: 

(1) Analyze coronary hemodynamics through patient-specific modeling of AAOCA 

using advanced coronary artery BCs

(2) Assess the hemodynamic impact of the AO through virtual manipulation of a pre-

operative AAOCA morphology 

(3) Characterize the effect of ostial compression though FFR assessment in the proximal 

anomalous coronary artery

1.7.2.1 Specific Aim 1

Analyze coronary hemodynamics through patient-specific modeling of AAOCA using 
advanced coronary artery BCs.

Reproducing physiologic hemodynamics requires reconstructing an accurate arterial 

geometry and applying BCs that are patient-specific. Previous studies in our lab included 

numerical simulation of the stented region of coronary arteries using a three element lumped RCR 

(Windkessel) model to simulate outlets downstream.61 Although conducted under several 

reasonable assumptions, strictly speaking the implementation of BCs in these prior simulations 

were not physiologic. For example, the phasic behavior of the coronary arteries was previously 

neglected by applying coronary inflow waveforms to computational geometries and using the 

simplifying RCR outlet BCs. For the current study, aortic inflow waveforms were also used, but

the phasic behavior observed in the coronary arteries was modeled by implementing an 

intramyocardial pump along with compliance within a downstream lumped model.59,62,63 Other 

parameters of the coronary LPN including microcirculation and venous resistances have been 

used in several recent studies and allow us to consider the effects of regulatory mechanisms and 

their impact on the micro-vessel compliance.59,64 As part of this aim, we develop a robust protocol 
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for determining these parameters with specific application to AAOCA. We then analyze patient-

specific coronary artery hemodynamics pre-operatively and post-unroofing.

1.7.2.2 Specific Aim 2

Assess the hemodynamic impact of the AO through virtual manipulation of pre-operative 
AAOCA morphology 

The exact mechanism of ischemia in AAOCA patients is unclear. One of the mechanisms 

hypothesized is that the abnormal AO limits coronary artery flow reserve and/or introduces 

adverse flow patterns and WSS alterations previously linked to the onset and progression of 

atherosclerosis.24–26 With this aim, we parametrically assess the impact of AO on coronary artery 

flow patterns and related hemodynamic indices. Models for this analysis are obtained by virtually 

revising a representative pre-operative model through computer-aided design and image 

processing software packages to create a range of AO that covers both acute and non-acute angles 

of the origin, and is aligned with values seen clinically.65 Resultant WSS and OSI on the inner 

and outer walls of the proximal anomalous coronary arteries of the original and rotated models 

are then compared statistically. 

1.7.2.3 Specific Aim 3

Characterize the effect of ostial compression through FFR assessment in the proximal 
anomalous coronary artery

An ostial stenosis accompanied by compression of the anomalous artery during exertion 

can increase the risk of ischemia. It has been recently suggested the use of FFR can be extended 

to identify ischemia in anomalous coronary arteries.2 We aim to mimic the lateral compression of 

a representative pre-operative model by generating elliptical cross-sections along the proximal 

coronary tract with varying severity of luminal area reduction (i.e. stenoses). The range of 
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stenosis severities observed in clinical reports were 50-70%.3,5,17 We selected 60%, 65% and 70% 

area stenosis, which were identified near the hemodynamic limit identified for anomalous 

coronary arteries by clinical measurements of Agrawal et al.17 Simulation results are used to 

compute virtual FFR (vFFR) values for the original and constricted models. In addition to 

assessing different stenosis severities, microvascular resistance under hyperemic or stress-induced

conditions and its effect on FFR are determined to include the contribution of the downstream 

micro-vasculature resistance in addition to the epicardial stenosis resistance and to characterize 

the anatomy with clinical significance. Results from this aim will provide non-invasive 

delineation of coronary flow changes and prediction of ischemia that may ultimately lead to risk 

stratification of AAOCA patients and assist in clinical decision making.
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2 MATERIALS and METHODS

2.1 Overview

This chapter explains the basic steps used in computational modeling of AAOCA patients

and includes reconstructing the geometry from MRI data, assigning patient-specific BCs, 

generating the mesh, solving the governing equations by means of a numerical solver, assessing 

mesh independence and post-processing hemodynamic results to analyze statistical significance

(Sections 2.2-6). A summary of the steps conducted for patient-specific modeling of AACOA in 

the current study is indicated in Figure 2.1.  Sections 2.7-9 are related to specific aims 1, 2, and 3,

respectively, and discuss the methods to measure anatomical features and to create virtually 

rotated as well as compressed coronary arteries.
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Figure 2.1 A summary of the steps conducted for patient-specific modeling of AACOA in the current investigation included model 
reconstruction, mesh generation, assigning multiscale BCs, solving the governing equations using a CFD solver, and post-processing and 

visualizing hemodynamic changes including pressure, velocity and indices of WSS. All terms have been introduced in SYMBOLS.
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2.2 Geometry Reconstruction of AAOCA Patients from MRI Data

Following IRB approval, clinically indicated CMR of 6 intramural AAOCA patients 

(median 13.5 years, range 9-17 years), was performed at Children’s Hospital of Wisconsin. 

Coronary imaging was performed with a vector electrocardiogram (ECG) and respiratory 

navigator-gated, fat-suppressed 3D steady state free procession (SSFP) sequence covering the 

coronary artery origins and course. Its parameters are as follows - Repetition time (TR)/Echo time 

(TE) = 373.3/1.6 milliseconds, flip angle = 90°, field of view = 384×512 mm, matrix = 256×256, 

slice thickness = 0.8 mm, and voxel size = 1.4×1.4×0.7 mm3. Two patients had CMR pre-

operatively and post-unroofing, and 4 patients had CMR only post-unroofing. Three patients had 

anomalous left and three patients had anomalous right coronary arteries. MRI scans of the 

patients were de-identified and series numbers for use with computational modeling were 

provided by clinical colleagues. The images were then loaded into SimVascular (simtk.org). 

Centerlines for the ascending aorta, LMCA and RCA as well as LAD and LCX were created 

though points positioned within each of these arteries. Artery contours were created though 

manual segmentation. SimVascular was then used to conduct a series of Boolean operations to 

join the arteries and blending was performed to create smooth transitions between them using 

each patients imaging data as a visual guide (see Figure 2.2). Finally, the resulting 3D models 

were shared with collaborating clinicians in order to ensure they were a geometrically 

representative 3D model of the blood flow domain and morphological corrections were 

implemented as needed in response to clinical suggestions.
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Figure 2.2 Steps of the CMR image-based model reconstruction process. Centerline path lines 
are created, 2D segments are generated manually and lofted to reconstruct the 3D geometry.
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2.3 Boundary Conditions

An open loop heart model was used in this study for specifying BCs. Aortic flow was 

assigned at the inlet and a coupled multiscale method was used to describe the effect of the 

arterial tree downstream of the outlets that is not present in the 3D computational model

domain.59,66–68 This effect, as mentioned in section 1.6, was included by representing the 

vasculature as 0D LPN models analogous to the electrical circuits. Parameters of the LPN model 

were determined to replicate dominant coronary flow in diastole. A schematic showing the 

general assignment of these BCs is provided in Figure 2.1. The following details explain how 

parameters for inlet and outlet BCs are selected in a patient-specific manner under resting (Aims 

1 & 2) and stress-induced (Aim3) conditions.

2.3.1 Inflow and Left Ventricular Pressure

Aortic inlet flow is obtained either from the clinical phase contrast MRI (PC-MRI) 

measurements, if available for a particular patient, or by customizing a normalized waveform 

obtained from the literature.66,69 When PC-MRI data were available, the stack of magnitude and 

phase image pairs were loaded into Segment (MEDVISO, Lund, Sweden) for quantification and 

waveform creation. Briefly, segmentations at each time point were created using the manual 

region of interest (ROI) tool for each image pair (i.e. magnitude and phase). An eddy current 

compensation algorithm to reduce background phase error was then applied and a flow waveform 

was extracted as the program applies segmentations to each portion of the cardiac cycle. In other 

patients, the aortic flow rate, but not necessarily a waveform under resting and stress-induced (i.e. 

Dobutamine) conditions was obtained by our clinical colleagues. In these cases, a normalized 

aortic flow waveform was made patient-specific using the measured patient cardiac output (CO) 

and heart rate.66,69
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The left ventricular pressure (LVP) data was not available for patients as it considered to 

be an invasive measurement, particularly for children and young adults. In this study, LVP  

waveforms were obtained using a normalized LVP available in the literature.70 The waveform 

was made patient-specific using each patient’s measured systolic BP (SBP) during resting or 

stress-induced Dobutamine conditions and assuming a normal end diastolic ventricular pressure 

of 6 mmHg.71 Flow and pressure waveforms were then aligned consistent with their temporal 

relationship from the Wigger’s diagram72 using a MATLAB program developed in our 

laboratory.

2.3.2 Outlet Boundary Conditions

LPN outlet BCs include 3 element (i.e. RCR) Windkessel model at the aortic and 6 

element models at the coronary outlets (see Figure 2.1). To obtain individual parameters of each 

LPN circuit, it was required to determine total vascular resistance (ܴ௧௢௧), total coronary resistance 

(ܴ௖௢௥,௧௢௧), aortic and coronary outlet resistanceݏ (ܴ௔௢௥௧௔, ܴ௖௢௥,௜), total coronary 

compliance ( ௧௢௧(௟௘௙௧,௥௜௚௛௧)), and outlet complianceܥ ,ܥ) (௖௢௥,௜ܥ in a sequential manner. Resisance 

and complaince values of each outlet were then distributed using appropriate ratios to yield 

individual resistance and compliance parameters.  

Total vascular resistance for each patient was initially calculated as the ratio of the 

patients’ CO and mean BP (MBP) as shown by Equations. 3-4. SBP and DBP are systolic and 

diastolic BP.

ܲܤܯ = ܲܤ13ܵ + ܲܤܦ23 (3)

ܴ௧௢௧ = ܱܥܲܤܯ (4)



23

2.3.2.1 Aortic Outlet BCs

Assuming that coronary flow represents 4% of the CO 73, 96% of the flow goes to the 

aortic outlet and resistance at this outlet can be calculated as (ܴ௔௢௥௧௔ = ோ೟೚೟଴.ଽ଺). The aortic 

(systemic) outlet model as described by a 3 element  (RCR) circuit (Windkessel model is shown 

in Figure 2.3). Resistance of the aorta was composed of proximal (ܴ௣) and distal (ܴௗ) resistance 

in series. The ratios of ܴ௣ and ܴௗ to the total aortic resistance (ܴ௔௢௥௧௔) were tuned in accordance 

with prior studies indicating that the majority of the systemic resistance is in distal vessels.32

Arterial compliance is denoted by (C) and was tuned to match the measured pulse pressure of 

each patient during resting or stress-induced Dobutamine conditions using the pulse pressure 

method.74

Figure 2.3 A LPN 3-element Windkessel model (Rp, C, Rd) is used at the aortic outlet 
to describe the behavior of the systemic circulation

2.3.2.2 Coronary Outlets BCs

2.3.2.2.1 Resistance Parameters

Total coronary resistance was calculated as (ܴ௖௢௥,௧௢௧ = ோ೟೚೟଴.଴ସ ). The resistance of each 

coronary outlet (ܴ௖௢௥,௜) was obtained based on generalized Murray’s law that relates resistance 

and area of each outlet to the total coronary resistance and area as depicted by Equation 5.75
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ܴ௖௢௥,௜ = ∑ ඥܣ௜ଶ.଺௡௝ୀଵ
ඥܣ௜ଶ.଺ ܴ௖௢௥,௧௢௧

(5)

Coronary artery models for each outlet include coronary arterial resistance (ܴ௔), coronary 

arterial compliance(ܥ௔), coronary arterial microcirculation resistance (ܴ௔ି௠௜௖௥௢) , coronary 

intramyocardial compliance (ܥ௜௠), coronary venous and venous microcirculation

resistance (ܴ௩ + ܴ௩ି௠௜௖௥௢), and intramyocardial pressure ( ௜ܲ௠). (Figure 2.4)

Figure 2.4 A coronary artery LPN model is used at each outlet to describe the behavior of the 
coronary circulation. It includes 3 resistance and 2 compliance elements as well as the 

intramyocardial pressure to account for the phasic behavior between coronary artery flow and 
pressure. 

Arterial, arterial microcirculation, venous microcirculation and venous resistance were

obtained at each outlet using the ratios given by Equation. 6.

ܴ௔ = 0.32 ܴ௖௢௥,௜ ܴ௔,௠௜௖௥௢ = 0.52 ܴ௖௢௥,௜ ܴ௩ + ܴ௩ି௠௜௖௥௢ = 0.16 ܴ௖௢௥,௜ (6)

These ratios under resting conditions were estimated from the pressure drop over the 

coronary vasculature.76 Under Dobutamine stress conditions, CO and coronary artery blood flow 

increase as a result of secondary vasodilation caused by an increase in myocardial demand.77

Using the data reported by Stephens et al and Beanlands et al78,79, coronary artery blood flow as 

the percentage of CO was calculated and reported to be 4% , the same value used for the resting 

condition. This is in agreement with the data from Astrand73, who reported that coronary artery 

blood flow was maintained at 4% of the CO under exercise conditions and also confirmed that the 
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effect of exercise and Dobutamine-induced stress conditions on myocardial perfusion are 

similar.77,80 Resistance ratios under stress conditions need to be modified because of the altered 

behavior of the downstream vasculature. While vasodilation occurs mostly at the micro-vessels, 

smaller arteries become vasoconstricted. This leads to a higher contribution for arterial resistance 

and lower contribution of the arterial microcirculation resistance. This behavior has been 

explained by Chilian et al.81,82, under dipyridamole and norepinephrine infusion as shown in 

Figure 2.5.

Figure 2.5 . Relative distribution of coronary artery resistance in 3 vascular compartments
during control conditions and dipyridamole infusion. Adapted with permission from Chilian et 

al.81

However, as mentioned above, since Dobutamine produces hemodynamic changes 

similar to exercise80, we use exercise-induced coronary redistribution values reported by 

Kim et al59, denoted by Equation. 7.

ܴ௔ = 0.64 ܴ௖௢௥,௜ ܴ௔,௠௜௖௥௢ = 0.2 ܴ௖௢௥,௜ ܴ௩ + ܴ௩ି௠௜௖௥௢ = 0.16 ܴ௖௢௥,௜ (7)

Table 1 summarizes the steps for calculating LPN resistance parameters using the 

available clinical measurements and literature derived inputs summarized above.
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Table 1 Determination of the resistance parameters for the aortic and coronary outlet LPN models

Model inputs Determination

Systolic BP Mean BP 
(Eq. 3)Diastolic BP

Cardiac output (CO)
Total vascular 
resistance
(ܴ௧௢௧, Eq. 4)

Aortic flow (96% of the CO)73

Aortic outlet 
resistance

(ܴ௔௢௥௧௔ = ோ೟೚೟଴.ଽ଺)

Contribution factors of the 
downstream resistance of the 
aortic outlet 32

ܴ௣, ܴௗ

Total coronary flow (4% of the 
CO)73

Total coronary 
resistance
(ܴ௖௢௥,௧௢௧)

Murray’s law
(Distributing the flow or 
resistance proportional to the 
outlet areas)75

Resistance at 
each coronary 
outlet (ܴ௖௢௥,௜, 
Eq. 5)

Pressure distribution over the 
coronary vasculature to 
determine contribution factors 
of the downstream resistance at 
each coronary outlet76

ܴ௔, ܴ௔,௠௜௖௥௢, ܴ௩
(Eq. 6 & 7)
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2.3.2.2.2 Compliance Parameters

Initial estimation for the total left and right coronary compliance were adapted

from the prior studies.59,83 Compliance at each outlet is proportional to its cross-sectional 

area and obtained using Equation 8.

௖௢௥,௜ܥ = ∑௜ܣ ௝௡௝ୀଵܣ ௧௢௧(௟௘௙௧/௥௜௚௛௧)ܥ (8)

Intramyocardial and proximal compliance were obtained from the compliance of each 

coronary outlet (ܥ௖௢௥,௜) using Equation 9. The ratio was previously suggested by Kim et al.59,  and 

is in agreement with  the data reported by the literature for the compliances of coronary 

microcirculation and small coronary arteries.68,84

௔ܥ = 0.11 ௖௢௥,௜ܥ ௜௠ܥ = 0.89 ௖௢௥,௜ܥ (9)

Compliance values were tuned over multiple simulations so that a physiologic coronary 

artery waveform matching aimed pressure and flow distributions was obtained. Under 

Dobutamine stress conditions, arterial pressure increases.85  vasoconstriction stimulation will-ߙ

reduce the compliance of the intramyocardial vessels improving the retrograde to antegrade flow 

oscillations of the endocardial layers.86,87 It also has been shown that compliance of the proximal 

epicardial and intramyocardial vessels decreases with increasing pressure.88,89 Figure 2.6 indicates 

the relationship between area cross-sectional compliance and diastolic pressure by Chilian et al.66

Figure 2.6 Relationship between coronary proximal compliance and pressure, adapted with 
permission from Chilian et al.88
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We estimated the gradient of the compliance using the slope of the lines from these data 

to calculate the epicardial and intramyocardial compliance under stress conditions ௔,௦௧௥௘௦௦ܥ) and 

௜௠,௦௧௥௘௦௦) using equationsܥ 10 and 11:

௔,௦௧௥௘௦௦ܥ = ௔,௥௘௦௧ܥ + ݉ ∗ ( ௦ܲ௧௥௘௦௦ − ௥ܲ௘௦௧) (10)

௜௠,௦௧௥௘௦௦ܥ = ௜௠,௥௘௦௧ܥ + ݉ ∗ ( ௦ܲ௧௥௘௦௦ − ௥ܲ௘௦௧) (11)

Where ௥ܲ௘௦௧ and ௦ܲ௧௥௘௦௦ are the mean BP under resting and stress conditions, ௔,௥௘௦௧ܥ and 

௜௠,௥௘௦௧ܥ are the compliance values under resting conditions.

Table 2 summarizes the steps for calculating LPN compliance parameters using the 

available clinical measurements and literature derived inputs.

2.3.2.2.3 Pressure Parameters

Intramyocardial pressure in the left and right coronaries was computed from the LVP 

using Equation 12. 

௜ܲ௠,௟௘௙௧ = 1.5 ܸܲܮ ܲ௜௠ ,௥௜௚௛௧ = 0.5 ܸܲܮ (12)

Experimental measurements confirm that the left intramyocardial pressure is higher 

than the LVP suggesting an average split ratio value around 1.6, which was in good 

agreement with the ratio recommended by SimVascular documentation, and hence used in 

our  simulations.90–93 Since the right ventricle operates at a lower pressure, we would expect 

to see a lower intramyocardial pressure exerted on the right coronary artery compared to 

the left coronary artery.94

Table 3 summarizes the steps for calculating ௜ܲ௠ using the available clinical 

measurements and literature derived inputs.
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Table 2 Determination of the compliance parameters of the LPN models for the aortic and coronary outlets 

Model inputs Determination

Systolic BP

Compliance (ܥ) is tuned according to the pulse pressure method 
until measured systolic and diastolic BPs are achieved.

Diastolic BP

Initial estimate for the aortic 
compliance (ܥ)

Initial estimate for the total left 
and tight coronary compliance 
௧௢௧௔௟,௟௘௙௧ܥ) & ௧௢௧௔௟,௥௜௚௛௧ܥ )

Compliance at each 
coronary outlet 
(௖௢௥,௜, Eq. 8ܥ)

Contribution factors for the 
arterial and intramyocardial 
compliance 

,௔ܥ ௜௠ܥ
(Eq. 9, 10 & 11)

Compliance values are 
adjusted until the systolic 
to diastolic peak flow 
ratio is physiological.

Table 3 Determination of the intramyocardial pressure for the coronary artery LPN model outlets

Model inputs Determination

Systolic BP Patient-specific LVP waveform 
is obtained through scaling a 
normalized waveform with the 
patient’s systolic BP.LVP waveform

Contribution factor for the left 
intramyocardial pressure.

ܲ݅݉ =(ݐ݂݈݁) 1.5 ܸܲܮ
Ratio of the right to left 
ventricular pressure (ܴܸܲ~1/{3 − 94.(ܸܲܮ{4

ܲ݅݉ =(ݐℎ݃݅ݎ) 0.5 ܸܲܮ
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Under Dobutamine-induced stress conditions, contractility will increase as a result of 

both ߙ and ߚ adrenergic stimulation.95,96 Data reported by Bovendeerd et al. 97 indicates that at 

different contractility levels, the ratio of intramyocardial to the left ventricular pressure is 

maintained. This prior finding suggests that under Dobutamine stress conditions, Equation 12 is 

still relevant. This is also in agreement with Mihailescu et al. 98, where the intramyocardial to 

LVP ratio did not change at different perfusion pressures (50-100 mmHg).

Table 4 lists data that were used as clinical inputs for determining BC parameters and 

includes heart rate (HR), cardiac cycle (T), BP (systolic BP/diastolic BP) and CO. Final 

parameters of the Windkessel and coronary artery outlets based on these inputs and the methods 

described are displayed in Table 5.

Table 4 Patients ’clinical measurements

Patient HR T (s) SBP (mmHg)/DBP (mmHg) CO (L/min)

1
PRE 82 0.73 102/70 6.00

POST 64 0.94 123/64 5.60

2
PRE 77 078 130/60 6.00

POST 68 0.88 120/78 5.50

3 POST 82 0.73 117/66 9.00

4 POST 57 0.95 109/50 4.00

5 POST 60 1.00 127/55 5.10

6 POST 105 0.57 118/60 7.50
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Table 5. Parameter values of the LPN models to describe downstream of the coronary artery and aortic outlets at rest (Units: Resistance = 
103 dyne/cm5 and Compliance= 10-5 cm5/dyne)

Coronary Artery Parameters Aortic Windkessel Parameters
Patient Outlet Ra Ra_micro Rv Ca Cim Rp C Rd

1
PRE

RCA 16.8 27.3 8.40 0.28 2.23
LCX 21.2 34.4 10.6 0.41 3.30 0.05 170 0.92
LAD 23.1 37.5 11.5 0.39 3.11

POST
RCA 29.3 47.6 14.7 0.28 2.23
LCX 21.4 34.8 10.7 0.19 1.56 0.06 94.5 0.99
LAD 20.1 32.7 10.1 0.20 1.64

2
PRE

RCA 35.2 57.2 17.6 0.28 0.28
LCX 29.6 48.0 14.8 0.19 1.55 0.07 52.0 1.24
LAD 27.4 44.5 13.7 0.20 1.65

POST
RCA 42.8 69.5 21.4 0.28 2.23
LCX 21.2 34.5 10.6 0.14 1.11 0.08 110 1.32
LAD 43.8 71.2 21.9 0.26 2.09

3 POST RCA 18.3 29.8 9.20 0.28 2.27
LCX 28.6 46.5 14.3 0.14 1.13 0.04 94.0 0.77
LAD 12.4 20.1 6.20 0.26 2.10

4 POST RCA 51.6 83.8 25.8 0.28 2.27
LCX 41.9 68.2 20.9 0.16 1.27 0.08 61.0 1.46
LAD 24.2 39.4 12.1 0.24 1.94

5 POST RCA 15.3 24.9 7.67 0.28 2.27
LCX 40.0 65.1 20.0 0.16 1.31 0.05 60.0 0.94
LAD 24.6 39.9 12.3 0.24 1.94

6 POST RCA 24.7 40.2 12.4 0.28 2.23
LCX 47.0 76.4 23.5 0.12 0.97 0.06 70.0 1.03
LAD 15.9 25.8 7.94 0.28 2.23



32

2.4 Meshing 

After BCs were defined, geometries were meshed for use in performing CFD simulations. 

Since our geometries include multi-scale dimensions (i.e. the size of the aorta is about one order 

of magnitude larger than the size of the coronary artery), mesh elements were defined 

proportional to the size of the arteries using the "local mesh" option in SimVascular. Regional 

mesh refinement was also performed to generate more elements for locations with high velocity 

gradients and expected flow disruptions. Applying this locally selective mesh refinement allows 

us to create a mesh with smooth transitions from the small coronary arteries to the larger aortic 

area while also considering computational time and resources. (See Figure 2.1, mesh generation)

The initial mesh for each patient and case was generated by using the maximum edge size 

suggested within SimVascular. Although the flow remains laminar based on the Reynolds 

number calculation under both resting and stress conditions imposed for the current work, a well-

resolved mesh that is able to capture the high velocity gradients created near the wall elements of 

the luminal surfaces play a critical role in the calculation of WSS indices. Boundary layer 

meshing was therefore initiated with its thickness (ߜ) designed to capture approximately 93% of 

the average velocity outside the boundary. Although this approach is around 6% less than the 

99% criteria for the boundary layer thickness (ߜଽଽ%), it provides improved resolution of velocity 

inside the boundary layer as elements are spread over a lower range of velocities. This approach 

is also in agreement with Fernholz99, which introduces boundary layer displacement as a fluid 

mechanically interpretable measure of the thickness of the boundary layer and is about 1/3 of the 

.%ଽଽߜ
A mesh independence study was performed with the above details in mind to ensure that 

the resulting indices, specifically TAWSS, were independent of the mesh size. To select the best 

model for studying mesh independence, shear rate was estimated for the three coronary artery 

outlets of each patient, which was found to be most pronounced for patient 1. (see Table 6) The 
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acute AO and curvatures induced by the intramural section also made flow patterns from patient 1 

more susceptible to disruption along with associated velocity and WSS gradients. 

Table 6 Shear rate based on average velocity at the coronary outlets of the patients

Patient
shear rate (1/s)

LAD LCX RCA

1
PRE 1922 1222 739.1

POST 1155 1081 1067

2
PRE 933.1 944.1 969.7

POST 967.0 836.9 937.8

3 POST 1527 1195 766.3

4 POST 660.8 1010 705.2

5 POST 1156 1243 1076

6 POST 1572 1155 649.1

Mesh refinement was performed by decreasing the maximum edge size with 0.01 cm, 

0.005 cm and 0.002 cm increments. Boundary layer thickness (ߜ) is defined as the portion of the 

maximum edge size in the software. Hence a higher portion is necessary for a smaller maximum 

edge size to capture the same boundary layer thickness. Portion of the edge size was increased 

based on the explanation above with each refinement. If the software was not able to create the 

mesh, the portion was reduced in 0.02 cm increments until the mesh was successfully created.

Figure 2.7 shows the radial velocity profile from a cross-section located at the distal LMCA for 

nine different mesh sizes from 340K to 9M elements. Velocity profiles are similar for mesh sizes

>3M.
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Figure 2.7 Velocity profile in a cross-section of the distal LMCA for different mesh densities. 
Velocity profiles are similar for mesh sizes >3M.  

We continued to report TAWSS for bands along the LMCA as well as its LAD and LCX 

branches. The data shown in Figure 2.8 compares TAWSS values averaged over the bands for 

nine different mesh sizes. The distance of the bands is from the bifurcation and diameter 

multiples of the artery. As can be observed from the figure, the difference between the TAWSS 

values decreases with increasing mesh size. A mesh of 3.7M elements showed a percentage error 

<3% relative to the successive mesh, and was therefore determined to be suitable for simulations 

in the current work.100 The maximum edge size used for 3.7M elements was 0.019 cm. We also 

compared the results for 2, 3 and 4 boundary layers. The difference in TAWSS between 3 and 4

boundary layers was <3% and the mesh with 3 boundary layers was selected for simulations

moving forward.

For models created from other patients with more modest coronary artery angulation, mesh 

parameters were set by: 1) determining the average velocity of LMCA, 2) calculating 93% of this 

average velocity for consistency with the analysis mentioned above, 3) setting boundary layer 

thickness from 93% of the velocity, 4) starting with the edge size used in creating the 3.7M 
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elements for the patient featured in our mesh analysis, 5) calculating the portion of the edge size 

from the boundary layer thickness and the edge size and 6) iterating as discussed. 

2.5 Computational Setup

Governing equations including conservation of mass (continuity) and momentum (incompressible 

Navier-Stokes) were solved using a stabilized finite element method in SimVascular.101 Walls 

were assumed to be rigid and blood was treated as a Newtonian fluid with a viscosity of 4 cP and 

density of 1.06 g/cm3. The Newtonian assumption was justified as the estimated shear rate in the 

coronary arteries was >100 s-1 for these patients.102 Residual errors of < 1x10-3 were achieved for 

all simulations with maximum number of 10 non-linear iterations for each time step. Simulations 

were run for 6-10 cardiac cycles until BP fields and flow rates at the inlet and outlets did not 

change more than 1% from the previous cycle.60 The simulation time step size was selected such 

that Courant–Friedrichs–Lewy (CFL) number was < 1. Data files for the simulation were created 

and submitted to 48-96 cores of the cloud-based HPC resources of the SimVascular Gateway that 

is part of the XSEDE architecture. Simulation results were then saved for twenty time points per 

Figure 2.8 Mesh analysis for TAWSS. (A) Image of the LMCA, LAD and LCX with bands 
along these arteries at diameter multiples distal to the bifurcation. (B)TAWSS values for nine 

mesh sizes along the LMCA.
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cardiac cycle as "vtu" and "vtp" formats, which include the data of the solid mesh and the exterior 

elements of the mesh. Data from the last cycle of each simulation was used for visualization and 

analysis.

2.6 Hemodynamics Visualization, Quantification and Statistical Analysis

Simulation results for blood flow velocity, BP, TAWSS and OSI were visualized and 

quantified using SimVascular and Paraview (Kitware, Inc, Clifton Park, NY, USA). To perform 

detailed local quantification, TAWSS and OSI were averaged within regions located on the inner 

and outer walls of the LMCA and RCA at fixed intervals (i.e. diameter multiples distal to the 

ostium). The length and diameter of the coronary arteries were different between all patients due 

to factors such as body surface area. Biomechanical homeostasis suggests WSS stimuli should be 

similar when normalizing for such differences.103 Therefore, it is common to express results using 

more generalizable indices such as length as a function of diameter (here diameter multiples from 

the ostium). This provides a potentially more consistent comparison between the models of each 

patient during the pre and post-unroofing states. In all, >250 segments were analyzed for data 

analyses of Aims 1 and 2. vFFR values were also computed for the original simulation and those 

with proximal stenoses at low, intermediate and high HMR for Aim 3.

Data are expressed as mean ± SD. Student’s t-test, which has been deemed appropriate 

for small sample size (i.e. sample size <5),104 was performed to compare TAWSS and OSI 

between the groups of patients pre-operatively and post-unroofing, as well as the right vs left 

coronary arteries as compared to contralateral normally-arising vs unroofed arteries. ANOVA 

with post-hoc Tukey test was used to determine the TAWSS and OSI difference between 

different AOs of the representative and rotated models. A P-value <0.05 was considered 

significant.
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2.7 Measurement of the Length of Intramurality, Eccentricity Index and AO

Morphological parameters associated with ischemia including intramurality, eccentricity 

and AO were quantified in this study. These parameters have been known as morphologic (i.e. 

anatomic) indices for AAOCA risk stratification.105 Length of intramurality was calculated by 

subtracting the length of LMCA centerline created during model creation in SimVascular before 

and after unroofing. Eccentricity index was defined as the ratio of the ostial area to area of the 

circle with a diameter equal to the length of the straight-line connecting points of the major chord 

on the ostium (Figure 2.9). This index is equal to 1 for a circular ostium and <1 for an elliptical 

ostium.106 Length of intramurality and eccentricity index were compared pre-operatively and 

post-unroofing.

Figure 2.9 Approach to calculate eccentricity index from the area of the ostial surface (A) using 
the length of the line connecting points of the major chord

Two approaches were used by prior studies to calculate AO. In the first method, AO was 

calculated from the 3D angle between the normal to the ostial surface and proximal coronary 

artery.106 The second approach is based on the methods applied using user-selected 2D imaging 

planes.107

The 3D method was used in this study and may be more repeatable since it is believed to 

have less user bias than what is inherent in the selection of planes required for the 2D approach. 

Briefly, surface meshes from the model were imported into VMTK (www.vmtk.org) and the 

ݕݐ݅ܿ݅ݎݐ݊݁ܿܿܧ ݔ݁݀݊ܫ = ଶ/4ܦߨܣ

http://www.vmtk.org/
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centerlines were determined. The centerline file and mesh were then imported into Paraview. As 

depicted in Figure 2.10(A), a plane tangent to the ostium was created and its normal vector was 

obtained. Another vector was defined with the starting point at the center of the ostium and the 

end point selected on the centerline on the proximal length of the artery near to the ostium. AO 

was then extracted as the inverse sine of these two vectors. 

In the 2D approach, a plane parallel to the aortic annulus was intersected with the coronary 

artery ostium and AO was obtained as the angle between the line along the wall of the coronary 

artery sinus and the line along the proximal course of the coronary artery (Figure 2.10(B)). 

Figure 2.10 Approaches to calculate AO (A) using a prior 3D method from the 
vector normal to the ostium plane and the vector tangent to the proximal artery, as 

compared to a prior method (B) from 2D images selecting planes.

ܱܣ = arcsin(ࡺ,ࢇ) = ࢇ × |ࡺ||ࢇ|ࡺ
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2.8 Virtual Alteration of the Angle of the Origin 

As mentioned in the specific aims, by rotation of the anomalous coronary artery, various 

AO severities can be characterized. The angles selected for analysis were the patient’s given AO 

as well as 20, 35 and 50 degrees. This includes both acute and non-acute states of the AO as 

presented by Cheezum et al.15, and is compatible with a prior study by Formato et al.19 where the 

AOs were specified as 20, 35 and 50 degrees. A representative pre-operative model originally 

reconstructed model from SimVascular was saved as a Parasolid file and loaded into SolidWorks 

(Dassault Systèmes, Vélizy-Villacoublay, France). A plane was defined at the center of ostium 

orthogonal to the aortic surface. The abnormally arising coronary artery was then rotated around 

the normal vector of the plane and intersected with the aorta to create the new ostium and to 

achieve the desired AO. Figure 2.11 provides an illustration of the original and range of virtually 

rotated models.

Figure 2.11 Virtual rotation of the anomalous LMCA. Left: 3D view of a 
representative pre-operative model with AO = 30º along with virtually rotated 

AOs of 20, 35, and 50 degrees. Right: A view looking into the aorta and 
coronary ostium with only the AOs of 20 and 50 degrees depicted for clarity.
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2.9 Virtual Narrowing of the Proximal LMCA and Altering HMR 

To mimic lateral compression of the upstream portion of the LMCA (i.e. proximal 

stenosis), we manually created 2D elliptical segments with smaller cross sections compared to the 

original model. Prior studies have reported proximal area stenoses of ~40-70 percent, with 70

percent being linked to ischemia.3,5,17 We therefore considered area stenoses of 60, 65 and 70 

percent in this study and examined if vFFR is in agreement with the prior studies that identified 

these stenoses levels near the hemodynamic limit.3,5,17 Elliptical contours were defined through 

segmentation in SimVascular using control points (marked as 1 & 2 in the Figure 2.12, left) along 

the periphery of the contour. These control points were then moved within their imaging plane

(marked as 1  ́& 2´ in the Figure 2.12, right) to adjust minimal and maximal diameters of the 

ellipse until the desired stenosis level was obtained. Segments of the distal coronary artery were 

left untouched and the new model was then obtained by lofting the segments.

Figure 2.12. Lumen contour and corresponding control points of 
the original (left) and virtually constricted model (right)

In addition to the epicardial stenosis, HMR affects FFR. In agreement with the method 

introduced by Van de Hoef et al.57, low, intermediate and high ranges of HMR (i.e. 1.2, 1.6 and 

2.3 mmHg/cm/s) were assigned for the LMCA distal to the stenosis and distributed between LAD 

and LCX outlets. A total of 12 simulations were performed under stress-induced conditions for 

the original model along with those for the three virtual stenotic levels, and related FFR values 
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were reported. In order to be consistent with the measurements of Van de Hoef et al.57, hyperemic 

stenosis (proximal) resistance (HSR) was calculated for each stenosis severity as the ratio of 

pressure drop over the stenosis to mean flow velocity distal to the stenosis. Plots of FFR-HMR at 

different HSR levels were calculated and compared to the measurements by Van de Hoef et al.57
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3 RESULTS

3.1 Overview

Results of the current study include assessment of the morphologic parameters including

AO, diameter, ostial shape, length of intramurality as well as hemodynamic indices including 

TAWSS, OSI in the anomalous and normally arising coronary arteries in 6 AAOCA patients for 

Aim1, as well as TAWSS and OSI in virtually rotated anomalous arteries for Aim 2 and FFR in 

virtually compress anomalous coronary arteries for Aim 3.

3.2 Morphometric Parameters of the 3D Models

Models reconstructed from the CMR of each patient are depicted in Figure 3.1. These 

models provide a qualitative comparison between the anatomy of the aorta and main coronary 

arteries of the patients. The enlarged ostium, unroofed course and the modified AO are noticeable 

when comparing the pre-operative and post-unroofed models of patients 1 and 2. Pre-operatively, 

patient 1 had a long horizontal intramural course representative of that typically seen in AAOCA 

patients while patient 2 had a short vertical intramural course that ran parallel with the proximal 

aorta. For patient 1, post-unroofing, the ostium was located within the correct sinus and for 

patient 2, unroofing was performed to correct the high take-off of the LMCA. Axial and coronal

CMR imaging of the aorta and anomalous LMCA for patients 1 and 2, displayed in Figure 3.2,

also confirms the anatomic changes post-unroofing.
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Figure 3.1 Reconstructions of the ascending aorta and coronary arteries for the six AAOCA 
patients studied.

Figure 3.2 Comparison between CMR images of the patients 1 and 2, pre-operatively (PRE) 
and post-unroofing (POST). (Top) axial CMR indicates the anomalous LMCA originating from 

the right sinus that has been removed. The ostium of the unroofed LMCA is in the left sinus;
(Bottom) coronal CMR indicates anomalous LMCA with a vertical course that has been 

removed and the patient’s ostium post-unroofing.

Average diameter, AO, eccentricity index, and length of intramurality for patients 1 and 2 

are listed in Table 7 and provide a quantitative comparison between the anatomy of LMCA pre-

operatively and post-unroofing. For example, comparing average diameters for patient 2, DPRE= 

0.23 cm vs DPOST= 0.32 cm, confirmed ostium enlargement after unroofing. The AOs were less 

acute and ostial eccentricity was less elliptical post-unroofing compared to pre-operatively. 
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Table 7. Morphologic parameters of the LMCAs of the patients 1 and 2, pre-surgery (PRE) and 
post-unroofing (POST)

Patient
Flow 

(ml/s)

Diameter 

(cm)

AO 

(degrees)

Eccentricity

Index

Length of

intramurality (cm)

1
PRE 2.81 0.23 29.5 0.46 1.93

POST 3.59 0.29 37.5 0.62 ---

2
PRE 2.70 0.23 36.0 0.64 0.4

POST 2.72 0.32 41.1 0.67 ---
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For patients with only post-unroofed states, average diameter and AO were computed. 

(Table 8). These data showed that patients 3 and 4 have more acute AO post-unroofing than the 

other patients studied.

Table 8. Average flow and diameter of the LMCA and RCA for all patients studied post-
unroofing, along with the AO for their anomalous coronary artery.

Patient

Anomalous LMCA Contralateral RCA AO of the 

anomalous artery 

(degrees)

Flow 

(ml/s)

Diameter 

(cm)

Flow 

(ml/s)

Diameter 

(cm)

1 3.59 0.29 1.30 0.27 37.5

2 2.72 0.32 0.94 0.26 41.1

3 4.12 0.26 2.12 0.26 26.8

Patient

Contralateral LCMA Anomalous RCA AO of the 

anomalous artery 

(degrees)

Flow 

(ml/s)

Diameter 

(cm)

Flow 

(ml/s)

Diameter 

(cm)

4 2.06 0.27 0.63 0.21 25.3

5 2.44 0.28 2.43 0.26 46.3

6 3.12 0.29 1.54 0.24 37.0

3.3 Physiologic Flow and Pressure from Patient-Specific Boundary Conditions

Representative flow and pressure waveforms at the outlets of the patient 1 post-unroofed 

model (Figure 3.3) indicate that physiologic behavior has been captured by the BCs imposed. For 

example, peak blood flow in the coronary arteries during diastole confirms the phasic blood flow 

characteristics in these vessels. The systolic to diastolic peak ratios for the right and left coronary 

arteries are calculated as 0.96 and 0.05 respectively, in agreement with the previous studies.108
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The range of SBP and DBP from simulations were 120-123 mmHg and 63-64 mmHg, in good 

agreement with the measured BP of 123/64 mmHg. 

Figure 3.3 Flow and pressure waveforms for a representative AAOCA patient during one 
cardiac cycle.

3.4 Hemodynamic Comparison between Pre-operative and Post-unroofing States 

Velocity profiles from cross-sections along the LMCA of patient 1 are depicted in Figure 

3.4. The velocity profile in the pre-operative LMCA is skewed toward the outer curvature when 

compared to the post-unroofed case. The maximum velocity value in this region reaches 190 cm/s 

preoperatively and creates higher velocity gradients and WSS distributions compared to the post-

unroofed model. An increased diameter relative to the unroofed state (i.e. pre 0.23 cm; post 0.29 

cm) led to a lower velocity despite an increase in the CO of the post-unroofed model. The lower 

velocity, as well as less curvature of the proximal LMCA post-unroofing, caused less deviated 

velocity profiles and lower WSS magnitude with a more homogenous distribution along the inner 

and outer wall curvatures.
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Figure 3.4 .  Local diastolic velocity profiles (i.e. during peak coronary flow) along 
the proximal portions of the anomalous LMCA for patient 1 pre-operatively (PRE)
and post-unroofing (POST). Velocity profiles are displayed at diameter multiples of 

the artery from the ostium. Velocity profiles of the PRE are more skewed toward 
the outer wall than those of the POST as a result of the curvature of the artery 

caused by its acute AO. Higher velocity and a lower diameter of the model pre-
operatively are responsible for regions of higher wall shear stress (WSS) magnitude 

as reported in the figures that follow.

Collective distributions of TAWSS within the LMCA pre-operatively vs post-unroofing 

are shown in Figure 3.5. A reduction in TAWSS is generally observed for the post-unroofed 

cases. Plots of ensemble averaged longitudinal TAWSS within locations highlighted in the figure 

confirm TAWSS decreases locally from pre-operative to post-unroofed states. These changes 

reached significance on the outer walls at 1, 2, 2.5 diameters distal from the ostium (1D PRE: 

239±4 dyne/cm2 vs POST: 103±10 dyne/cm2, P=7.6e-04; 2D PRE: 219±35 dyne/cm2 vs 

POST=104±36 dyne/cm2, P-value = 3.6e-03; 2.5D PRE:276 ±28 dyne/cm2 vs POST=91±15 

dyne/cm2 , P-value =2.2e-02).
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Figure 3.5 Comparison of time-averaged wall shear stress (TAWSS) pre-operatively (PRE) and 
post-unroofing (POST); n=2/group. TAWSS distributions are shown for locations along the 

(A) outer and (B) inner walls of the LMCA. Plots show mean ± standard error of the mean for 
values within spatially equivalent locations from both patients. Regions of local quantification 

are located at 0.5 diameter multiples downstream from the ostia to normalize somatic 
difference between patients. * significant difference between PRE and POST (P<0.05).

Figure 3.6 shows the spatial distribution of OSI along the inner and outer walls of the 

anomalous LMCA pre-operatively and post-unroofing. For patient 1, modestly elevated OSI is 

confined to the inner luminal surfaces of the proximal LMCA. High OSI values are observed on 

both inner and outer luminal surfaces of the ostial region for patient 2. OSI decreases distal to the 

ostia. Differences between OSI distributions pre-operatively and post-unroofing were not 

statistically significant.
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Figure 3.6 Comparison of oscillatory shear index (OSI) for the pre-operative (PRE) and post-
unroofed (POST) models. OSI is shown along the (A) outer and (B) inner walls of the LMCA; 

n=2/group.  Highest OSI values are found near the ostia of the models pre-operatively and 
post-unroofing, but differences between PRE and POST were not statistically significant.

3.5 Hemodynamic Comparison between Left and Right Coronary Arteries

TAWSS distributions for the contralateral normally-arising right (patients 1 - 3) and 

contralateral normally arising left coronary arteries (patients 4 - 6) as well as the localized 

quantification of TAWSS results for these patients are displayed at the upper rows of Figure 3.7A 

and B. There are significant regional differences (e.g. elevated TAWSS in the left coronary 

artery) observed along the outer wall 1.5-3 diameters distal to the ostia and on the inner wall 2.5-

3 diameters distal to ostia. Comparing TAWSS between the unroofed left and right arteries (i.e. 

bottom rows of Figure 3.7 A and B) also reveals some regional differences. Differences were not 

significant due to high standard deviations introduced by patient 3, which had pronounced CO, 

smaller coronary artery diameters and a more acute AO relative to the other two unroofed left 

arteries (Table 8).
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Figure 3.7 Comparison of time-averaged wall shear stress (TAWSS) between the left and right 
coronary arteries. TAWSS distributions are shown for locations along the (A) outer and (B) 

inner walls of the contralateral normally arising left and right (top) as well as the unroofed left 
and right (bottom) coronary arteries. Plots show mean ± standard error of the mean from three 
patients with the unroofed left, i.e. contralateral normally arising right (1, 2 and 3), and three 
patients with the unroofed right, i.e. contralateral normally arising left (4, 5 and 6) coronary

arteries. * significant difference between left and right (P<0.05). Data are assumed to be 
normally distributed.
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3.6 Hemodynamic Comparison between Unroofed and Contralateral Coronary Arteries 

Longitudinal distributions of TAWSS for the normally arising and unroofed states for 

LMCA and RCA are shown in Figure 3.8. The results show no significant difference between the 

contralateral normally arising and unroofed LMCA on either inner or outer wall surfaces. 

Similarly, there was no significant difference between the normally arising and unroofed RCA.

These data suggest that unroofing normalizes WSS with variances related to AO.

Figure 3.8 Comparison of time-averaged wall shear stress (TAWSS) between contralateral 
normally-arising and unroofed coronary arteries. Plots of TAWSS averaged within locations 

along the outer and inner walls of the contralateral normally arising and unroofed (A) LMCA, 
(B) RCA. There was no statistical difference between the contralateral normally arising and 
unroofed states. n=3/group i.e. patients 1,2,3 with unroofed LMCA and contralateral RCA, 

patients 4, 5, 6 with unroofed RCA and contralateral LMCA. Data are assumed to be normally 
distributed.

Figure 3.9 provides a comparison between OSI values of the normally arising and 

unroofed artery as well as between the left and right coronary arteries for the post-unroofed

models. Oscillations are confined to 0.5-1 diameters from the ostia and there are no significant 
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differences when comparing left vs right or contralateral normally arising vs unroofed coronary 

arteries.

Figure 3.9 Comparison of oscillatory shear index (OSI) between the contralateral normally-
arising and unroofed coronary arteries along the (A) outer and (B) inner walls; n =3/group i.e. 
patients 1,2,3 with unroofed left and contralateral right, patients 4, 5, 6 with unroofed right and 

contralateral left coronary arteries. High OSI values are observed near the ostium of contralateral 
normally arising and unroofed models, but differences were not statistically significant.

3.7 Hemodynamic Comparison between Virtually Created Angles of Origins

TAWSS and OSI distributions for the left coronary arteries of the original as well as 

rotated models having AOs of 20, 30, 35, 50 degrees, and the quantification of TAWSS and OSI 
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results within circumferential regions located on the outer and inner walls of the LMCA are 

represented in Figure 3.10 and 

Figure 3.11. ANOVA revealed a statistically significant difference between mean 

TAWSS and OSI on the outer and inner walls of LMCA with different AO. Pots-hoc Tukey test 

showed a significant difference for simulations with different AOs at almost all the diameter 

multiples along the outer wall as well as some portions along the inner wall. The outer wall in the

proximity of the ostium experienced lower TAWSS and higher OSI at more acute AO. At the 

inner wall, TAWSS comparison revealed that the differences were generally consistent along the 

length of the vessel; however, OSI values did not consistently change along the vessel length for 

different AO models.
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Figure 3.10 (Top) Contour representation of TAWSS on the outer and inner walls of the left 
coronary artery and (Bottom) plots of TAWSS calculated on the inner and outer wall within 
circumferential bands at diameter multiples from the left coronary ostia for four AOs. Values 
show mean ± standard error of the mean. Significantly different (P<0.05) from mean TAWSS 
within bands of *AO=20 degrees, †AO=30 degrees, § AO=35 degrees, and # AO=50 degrees.
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Figure 3.11 (Top) Contour representation of OSI on the outer and inner walls of the left 
coronary artery and (Bottom) plots of OSI calculated on the inner and outer wall within 

circumferential bands at diameter multiples from the left coronary ostia for four AOs. Values 
show mean ± standard error. Significantly different (P<0.05) from mean TAWSS within bands 

of *AO=20 degrees, †AO=30 degrees, § AO=35 degrees, and # AO=50 degrees.
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3.8 FFR Analysis in Virtually Compressed Anomalous Artery

Figure 3.12 shows a schematic of the anomalous LMCA of the original and virtually 

compressed (stenosis) model, as well as the proximal and distal cross-sections over which the

pressure was averaged to calculate vFFR.

Figure 3.12 Intramural LMCA of the representative and virtually compressed model. Pressure 
was averaged within the cross-sections proximal and distal to the compressed region to 

calculate FFR

As mentioned in the methods section, proximal resistance (i.e. stenosis severity) of the 

LMCA is characterized by HSR. Table 9 shows vFFR values for the equivalent HSR of the 

original and virtually compressed models at HMR values of 1.2, 1.6 and 2.3 mmHg/cm/s. Figure 

3.13 plots vFFR-HMR at each HSR value and compares vFFR to the measured FFR from Ven de 

Hoef et al57 for the similar range of HMR and HSR. At higher proximal resistance, vFFR is lower 

as expected. All virtually compressed models show a significant FFR independent of HMR. 

However, for a certain HSR, vFFR also tends to increase with increasing HMR. This results in

similar FFR to be observed for different proximal resistance values depending on HMR. For 

example, vFFR at HSR:1.0-1.3 and HMR: 2.30 mmHg/cm/s is 0.69 and similar to vFFR at 

HSR:0.6-0.7 and HMR: 1.6 mmHg/cm/s. Overall, these vFFR data are in good agreement with 

measurements by Ven de Hoef et al57 for the given HMR and HSR ranges.
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Table 9 vFFR calculated for the original and three virtually compressed models. Units of HMR 
and HSR are mmHg/cm/s. Compression levels (stenosis severities) show luminal area reduction.

Original

(HSR: 0.1-0.2)

60%

(HSR: 0.6-0.7)

65%

(HSR: 0.8-1.0)

70%

(HSR: 1.0-1.3)

HMR vFFR

1.20 0.88 0.62 0.55 0.49

1.60 0.91 0.70 0.64 0.58

2.30 0.95 0.79 0.74 0.69

Figure 3.13 Comparison between vFFR and measured FFR by Van de Hoef et. al57 for the 
similar range of distal microvascular (HMR) and proximal resistances (HSR). vFFR shows an 
increasing trend with increasing HMR for a given proximal resistance. (FFR data at HMR 1.2 

mmHg/cm/s and HSR (1-1.2) mmHg/cm/s was not reported by Van de Hoef et. al)
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4 DISCUSSION

4.1 Overview

CFD modeling is a method of simulating fluid passing through or around an object, in this 

case blood vessels, by replacing the governing partial differential equations with algebraic 

equations that can be solved numerically. Indices of WSS attainable through CFD have 

previously helped to characterize the impact of blood flow distributions on the vascular

adaptation.34,109,110

The current study represents the first image-based patient-specific CFD modeling of 

blood flow patterns in the coronary arteries of 6 AAOCA patients. The associated simulations 

used a previously developed multi-scale modeling approach that coupled 3D reconstructed 

models to 0D LPN models prescribed as outlet BCs. The LPN models included the effect of the

downstream vascular networks not included in the 3D domain due to image resolution or 

computational expense. Parameters of the coronary LPN models that capture cardiac contraction

and relaxation, as well as coronary microcirculation, were determined under resting (for Aims 1 

& 2) and simulated stress (i.e. exercise) conditions (for Aim 3) using a robust protocol to identify 

hemodynamics with a high level of realism. Velocity patterns, pressure, and WSS results from 

these simulations were then analyzed and compared between unroofed and contralateral normally 

arising coronary arteries in post-unroofing models, between pre-operative and post-unroofed

models as well as between either left and right normally arising and left-right unroofed coronary 

arteries. These data led to examine the impact of unroofing in normalizing hemodynamics and to 

evaluate the effects of blood flow and geometry on resulting WSS indices including TAWSS and 

OSI. These indices are the most commonly used hemodynamic parameters in computational 

cardiovascular studies with well-established relation with vascular pathologies.25 Effects of AO 

and lateral compression of the anomalous artery, as potential contributing factors in AAOCA 

morbidity and ischemia, were analyzed through virtual creation of these states by morphing a 
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representative pre-operative model. Indices of WSS and FFR were assessed to predict high-risk 

anatomies. 

4.2 Summary of Findings from Aim 1

Comparison of AO and eccentricity index between pre-operative and post-unroofed states 

showed some improvement after unroofing (e.g. patient 1 AO: 29.5º PRE vs 37.5º POST, 

eccentricity index: 0.46 PRE vs 0.62 POST). However, post-unroofed data were not 

representative of a rounded normally arising ostia. For the rest of the post-unroofed models, 

similar observations were confirmed. For example, the post-unroofed LMCA of patient 3 or post-

unroofed RCA of patient 4 still included an acute AO. These data, in accordance with prior 

studies111 suggest that the results from unroofing surgery may not perfectly mimic a native

coronary ostium or its AO. 

Differences in TAWSS suggest intrinsically different flow patterns between right and 

left coronary arteries in their native state (Figure 3.7). This resulted in higher local distributions 

of TAWSS for the contralateral normally arising left coronary arteries for several segments along 

the outer and inner walls of curvature. There was also a trend toward higher TAWSS in unroofed 

left vs unroofed right coronary arteries. This might be partially due to differences in flow rates for 

each artery, although in general, vessels within a given vascular region tend to be centered around 

a preferred range of values consistent with biomechanical homeostasis.112 The difference in 

TAWSS values between normally arising left vs right coronaries arteries is thus potentially 

surprising and may warrant further investigation in a larger cohort. It is also important to note that 

both contralateral normally arising and unroofed vessels are affected by systolic and diastolic 

alterations in WSS. Different extramural pressures imposed from the left and right ventricles were 

included in our models through the incorporation of separate intramyocardial pressure waveforms

(i.e. ௜ܲ௠,௟௘௙௧ & ௜ܲ௠,௥௜௚௛௧). These waveforms lead to the asynchrony between the left and right 
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coronary flows as well as the velocity gradients that result in WSS distributions. A lower distal 

pressure in the left compared to the right coronary arteries seen in the Figure 3.3 is a result of 

higher left end diastolic pressure, in agreement with prior studies.113

Our results for the entire cohort of unroofed vs contralateral normally arising coronary 

arteries indicate no significant differences (Figure 3.8). This suggests that the unroofing surgery 

may alter the WSS by normalizing it, with variance that seems at least partially related to the AO 

of the anomalous coronary artery post-unroofing. However, as mentioned previously, larger 

cohort studies are needed. It is also worth noting that we do not have access to truly ‘normal’ 

coronary arteries from healthy age and gender matched controls at the current time. This limited

our results to the comparison between unroofed and contralateral normally arising arteries among 

the current patients.

The physiologic range of WSS has not been measured for pediatric populations. However, 

overall our simulated WSS data suggest a higher range of WSS compared to those in adults35 due 

to the smaller vessel sizes. Our results showed that WSS was decreased and normalized post-

unroofing. Additional clinical studies are required to measure the gold standard values for WSS

which can be used to examine the impact of this normalization and efficacy of the unroofing 

procedure.

TAWSS significantly decreased from the pre-operative period in the 2 patients presented

(both left AAOCA) after unroofing (Figure 3.5). This may be partially due to the increased

average diameter as a result of the patent ostium created post-unroofing. Additionally, it should 

be noted that velocity profiles have more skewing towards the curved walls of the anomalous 

artery pre-operatively leading to higher velocity gradients, hence higher WSS. The skewed 

velocity profiles may also be related to the difference between AOs. The hypothesis of the role of 

AO in altering hemodynamics was therefore examined in aim 2.
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4.3 Summary of Findings from Aim 2

Distributions of WSS depend on the local blood flow patterns impacted by the morphology 

of the vessel and downstream resistance. It is known that WSS is generally related to the rate of 

blood flow and inversely related to the diameter.114 However, the effect of morphological 

parameters was not directly attainable because of the confounding effects of flow and diameters

among the models from each patient. To analyze the exclusive effect of AO, as the morphologic 

parameter of interest, the anomalous LMCA of a representative model was virtually rotated

keeping the inlet flow and outlet BCs consistent. AO values for the representative model and 

three virtually created models were 30, 20, 35 and 50 degrees, respectively. Our results revealed 

that changes in AO led to significant alterations in the local flow patterns and hemodynamics. On

the outer wall at the regions near the ostia, lower TAWSS were observed for more acute AO. At 

distal regions, lower TAWSS was observed for less acute AO. On the inner wall, there was a 

significant difference between TAWSS of different AO models and changes followed a consistent 

trend along the length of the vessel. 

Collectively these findings suggest that acute AO creates abnormal coronary flow 

patterns and hemodynamics that could leave patients more susceptible to the early onset and 

progression of atherosclerosis and ultimately may help explain myocardial morbidity associated 

with intramural AAOCA.25 These data also provide new insights into the importance of 

functional assessment and their potential for use alongside anatomical assessment to improve 

clinical decision making.  Furthermore, this approach can be extended to virtual morphing of the 

post-unroofed arteries to evaluate efficacy of the unroofing and to suggest the optimum AO

predictive of favorable hemodynamics. 
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4.4 Summary of Findings from Aim 3

Our results predicted significant vFFR for the proximal stenoses studied in agreement 

with the FFR measurements by Agrawal et al.17 in the anomalous coronary arteries of the children 

with ≥ 70% luminal narrowing. Our findings show that FFR decreases with increasing HSR (i.e.

proximal narrowing) of the anomalous artery. As predicted, the original model (i.e. no-stenosis) 

showed the lowest HSR and the highest stenosis severity showed the highest HSR. In addition to 

stenosis severity, FFR values are also affected by the downstream resistance (i.e. HMR). When 

HMR was lower, FFR values were also lower for a given HSR. Lower HMR means the resistance 

to coronary flow is low at the downstream vasculature. Therefore, more blood flow passes though 

the artery. When the blood flow passing a stenosis increases, the pressure-drop over the stenosis

increases, thus FFR will be lower.115 Similarly, despite the flow impediments induced by high 

HMR, a higher FFR was obtained for a given HSR. Our findings agreed well with the measured 

FFR, HSR and HMR in 228 patients with 299 coronary stenoses by Van de Hoef et al.57 For 

instance, for the original model, i.e. HSR (0.1-0.2) mmHg/cm/s, simulated vFFR values were 

0.88, 0.91 and 0.95 for HMR values of 1.2, 1.6 and 2.3 mmHg/cm/s respectively (see Figure 3.13

).These vFFR values compared well with their measured FFR values of 0.9, 0.92 and 0.94 for the 

similar HMR and HSR range. The difference between our simulated vFFR and their measured 

FFR slightly increased for the low HMR at higher HSR ranges. For example, for the 65% area 

stenosis (i.e. HSR (0.8-1.0) mmHg/cm/s) simulated vFFR values were 0.55, 0.64 and 0.74 

compared to their measured FFR of 0.59, 0.65 and 0.73 for HMR values of 1.2, 1.6 and 2.3 

mmHg/cm/s, respectively, showing the maximum difference of 6% at HMR≈1.2. Our findings

may predict the anatomies with hemodynamic significance based on classic FFR criteria. 

Moreover, they reinforce the interplay between HMR and HSR in regulating FFR and suggest 

that functional assessment of anomalous coronary arteries through FFR may need to be revisited 

considering the impact of the vascular resistance distal to the narrowing. In the clinical setting, 
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different levels of microvascular resistance (i.e. HMR) could be obtained through Doppler 

echocardiography under different levels of stress-testing (e.g. exercise or various doses of 

Dobutamine stress) and the corresponding vFFR data for a given patients HSR could then be 

calculated to provide a non-invasive functional assessment of AAOCA. Ultimately, further 

studies in a larger population using the current methods will allow us to evaluate possible 

correlations between prevalence of ischemia and HMR-based vFFR, and ultimately improve 

understanding of risk stratification in intramural AAOCA patients.

4.5 Limitations, Computational Considerations and Future Directions

In this section, we discuss the limitations and computational modeling considerations that 

can impact the results presented.

One of the main limitations of the current study is the small sample size. From the patients 

in the current study, only two had both pre-operative and post-unroofing data as it was not the 

standard of care to perform pre-op MRIs at the time this study was initiated. Small sample size 

may limit the accuracy of statistical inference. Future studies with a larger cohort will allow for a 

correlation analysis between hemodynamic indices and patient outcomes to predict the patients’ 

future risk for ischemia or morbidity. Important computational considerations in modeling, 

execution and data analysis include patient-specific geometry, inlet and outlet BCs, valve 

dynamics, deformable walls, cardiac motion, computational time as well as the verification and 

analysis of the results.

Many modern software packages can create patient-specific geometric representations 

from volumetric imaging data, and we used SimVascular for this purpose. The 3D reconstructed 

models were confirmed to be representative by collaborating clinicians considering the resolution 

and the software capability. The current study also employed a robust protocol to determine 

parameters for the outlet BCs applied at the aortic and coronary outlets. This was necessary to 
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realistically replicate the out-of-phase nature between flow and pressure in the coronary arteries. 

This is an important point as many studies modeling the aorta and coronary arteries still use 

simplified approaches of imposed inflow and outflow waveforms that do not allow for patient-

specific and/or realistic pressure fields within the computational results. Even for simple 

geometries, incorrect choice of BCs leads to completely different flow distributions and 

inaccurate wall deformation in fluid structure interaction (FSI) simulations.101,116 In contrast, the 

multi-scale modeling approach implemented in SimVascular for the current work allows for some 

of the most realistic CFD simulations results available to date, and for the first time in AAOCA 

patients, by considering the effects of cardiac contraction and relaxation with BCs that can be 

implemented based on available patient data. However, it is not currently possible to include the 

physical aortic valve and its movement with SimVascular. Nonetheless, the realistic BCs that 

were implemented in the current work do result in temporally varying physiologic pressure 

gradients within the model that establish the conditions for flow to each of the coronary arteries 

and aorta, albeit without the physical valve present or moving. Prior research in our lab was able 

to include the movement of the aortic valve using a commercial software package and simplified 

material properties.117 However, this prior work applied waveforms at the outlets of models that 

were not patient-specific. These prior simulations also did not include the coronary arteries with 

their unique phasic behavior or outlet BCs that accounted for cardiac function. Moreover, 

implementation of valve motion requires accurate and patient-specific characterization of valve 

material properties. There is a paucity of such experimental data in the literature and the authors 

are not aware of a way to non-invasively estimate patient-specific material properties from 

current clinically available imaging modalities.

Healthy arteries are indeed pulsatile, which suggests deformability in the form of FSI 

simulations should be conducted in the setting of healthy aortas. However, deformation of normal 

coronary arteries is more modest (approximately 2% for normal adults118) and studies have 

indicated that differences in TAWSS and OSI between FSI and rigid wall simulations in the 
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coronary arteries are not significant.42 Any differences in TAWSS or OSI between FSI and rigid 

wall simulations is likely to be less pronounced in the setting of disease, which has a tendency to 

stiffen arterial tissue. There is currently lack of data on deformation of the coronary arteries for 

children and young adults that could have been taken into consideration for the current study. 

These data, once ultimately available, will provide additional information on the impact of FSI 

simulations between the adults and pediatric population. Specific to AAOCA, there are data to 

indicate that arterial compression has a role in subsequent ischemia. Implementing this detail 

would require knowing the arterial material properties for each patient, and an ability to define 

contact between the coronary arteries and surrounding structures. Currently the material 

properties of coronary arteries from AAOCA patients are not known, and general contact 

algorithms for use with FSI simulations are only available in commercial solvers that do not 

include realistic BCs natively. In our opinion, estimating material properties of the coronary 

arteries of AAOCA patients and mimicking the compression of these arteries with a commercial 

solver having poor BCs would likely be fraught with potentially even greater uncertainty than the 

current approach that uses realistic BCs with patient-specific geometries. 

Motion of the coronary arteries due to cardiac contraction and relaxation was not 

considered in the current study. The effect of coronary artery movement has been shown to be 

secondary not affecting hemodynamics as much as the geometry, dynamic inflow and BCs.119–121

Although outlet BCs and the aortic waveforms implemented were patient-specific, the 

inflow BC employed used a parabolic velocity profile. Patient-specific velocity profiles can be 

obtained through three component PC-MRI. However, the use of this technique in the clinical 

setting is challenging since it requires proper in-plane and though-plane velocity encoding,

appropriate sampling to avoid noise and aliasing as well as specialized sequences.122 Youssefi et 

al123 studied the impact of inlet velocity profile on the hemodynamics of the thoracic aorta. Their 

results showed that the choice of the inlet velocity had a significant effect in the ascending aorta 

and the patient-specific inflow had some similarities with the parabolic inflow compared to that 
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with the plug inflow. With this in mind, our future work should include a sensitivity analysis to 

examine the effect of the inlet velocity profile on the coronary artery flow patterns for these 

patients. It is also worth noting that the aortic inflow PC-MRI measurements were performed at 

the sinotubular junction which is distal to the coronary artery origin. This limitation 

underestimates coronary inflow rate compared to the 2D PC flow obtained within the aortic 

sinuses.124

The total simulation time for the modeling, meshing and execution require multiple days,

varies among the models, and is impacted by image resolution, complexity of the geometry,

software capability, operator experience, run time limit, and the availability, speed and 

functionality of the HPC system being used. Near real time use of simulation results is not 

feasible up to date for AAOCA and the significant required time to perform hemodynamic 

analysis has also limited the use of patient-specific CFD in routine clinical care in many cases. 

Advances in parallel computing and automated workflows for the image segmentation and 

parameter estimation via machine learning tools along with related advances in the modeling 

process will help to overcome these challenges and speed up the solution time.

A robust verification and validation study were beyond the scope for the current work. In 

future studies, simulation results can be verified by the clinical metrics obtained from 4D flow 

MRI, 2D PC-MRI at a given cross-section or along the length of vessels, or spectral Doppler 

measurements from ultrasound. However, the accuracy of these techniques can also be limited by 

the as spatial and temporal resolution employed. Detailed hemodynamics resolved by a properly 

refined mesh size as part of numerical simulations may not be captured by the limited voxel/pixel 

sizes of the 4D flow or 2D PC-MRI, and these direct measurements were not available for all 

patients in the current study. Moreover, the agreement between our vFFR values with the 

clinically measured FFR57 can be also considered a form of validation or vote of confidence in the 

accuracy of our simulations.



67

As mentioned previously, we analyzed two WSS indices because of their well-known 

relation to vascular pathologies. Additional WSS indices have been shown to be related to the 

initiation and progression of atherosclerosis. For example, helical flow intensity has been 

introduced to have an atheroprotective role against wall thickening.125 Moreover, besides OSI, 

other multidirectional WSS indices such as particle residence time or transverse WSS has been 

associated with plaque formation.126 These indices are to be used as additional markers beyond 

TAWSS and OSI in future hemodynamic assessment of the coronary arteries of AAOCA patients.
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4.6 Conclusion

In conclusion, differences in TAWSS suggest intrinsically different flow patterns 

between right and left coronary arteries in their native state. Unroofing surgery normalizes 

TAWSS but with variance that seems at least partially related to the AO of the anomalous 

coronary post-unroofing. Differences in TAWSS and OSI for virtually rotated models suggest 

AO significantly impacts coronary hemodynamics. Analysis of vFFR suggests that functional 

assessment of a proximal narrowing from compression of the anomalous artery should include the 

effect of downstream resistance in predicting ischemia. Collectively this study supports the use of 

methods employed for larger scale studies of AAOCA that could correlate these findings with 

outcomes, especially for appropriate risk stratification if anatomic or flow-related coronary or 

myocardial perfusion abnormalities are identified.
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