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Abstract

Endothelial shear stress (ESS) identifies coronary plaques at high risk for progression and/or 

rupture leading to a future acute coronary syndrome. In this study an optimized methodology 

was developed to derive ESS, pressure drop and oscillatory shear index using computational fluid 

dynamics (CFD) in 3D models of coronary arteries derived from non-invasive coronary computed 

tomography angiography (CTA). These CTA-based ESS calculations were compared to the ESS 

calculations using the gold standard with fusion of invasive imaging and CTA.

In 14 patients paired patient-specific CFD models based on invasive and non-invasive imaging 

of the left anterior descending (LAD) coronary arteries were created. Ten patients were used 

to optimize the methodology, and four patients to test this methodology. Time-averaged ESS 

(TAESS) was calculated for both coronary models applying patient-specific physiological data 

available at the time of imaging. For data analysis, each 3D reconstructed coronary artery was 

divided into 2 mm segments and each segment was subdivided into 8 arcs (45o).TAESS and other 

hemodynamic parameters were averaged per segment as well as per arc. Furthermore, the paired 

segment- and arc-averaged TAESS were categorized into patient-specific tertiles (low, medium 

and high).
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In the ten LADs, used for optimization of the methodology, we found high correlations between 

invasively-derived and non-invasively-derived TAESS averaged over segments (n=263, r=0.86) as 

well as arcs (n=2104,r= 0.85, p<0.001). The correlation was also strong in the four testing-patients 

with r=0.95 (n=117 segments, p=0.001) and r=0.93 (n=936 arcs, p=0.001).There was an overall 

high concordance of 78% of the three TAESS categories comparing both methodologies using 

the segment- and 76% for the arc- averages in the first ten patients. This concordance was lower 

in the four testing patients (64% and 64% in segment- and arc-averaged TAESS). Although 

the correlation and concordance were high for both patient groups, the absolute TAESS values 

averaged per segment and arc were overestimated using non-invasive vs. invasive imaging [testing 

patients: TAESS segment: 30.1[17.1–83.8] vs. 15.8[8.8–63.4] and TAESS arc: 29.4[16.2–74.7] 

vs 15.0[8.9–57.4] p<0.001]. We showed that our methodology can accurately assess the TAESS 

distribution non-invasively from CTA and demonstrated a good correlation with TAESS calculated 

using IVUS/OCT 3D reconstructed models.
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INTRODUCTION

Coronary artery disease (CAD) continues to be the leading cause of death in the US3. 

Prevention of ischemic coronary artery disease is challenging as over 50% of patients 

with acute coronary syndrome (ACS) have no prior symptoms of myocardial ischemia or 

manifestations of CAD 2. The development of coronary events in patients without prior 

symptoms is commonly caused by the progression and/or disruption of non-calcified plaques 

and locations with previously no significant obstructive CAD33.

Local hemodynamic factors, such as endothelial shear stress (ESS), defined as tangential 

force acting on the endothelial cells, play a major role in the development and progression 

of atherosclerosis9. These ESS-related pathophysiological concepts—as investigated using 

computational fluid dynamics (CFD)— have been validated in clinical studies applying 

invasive intravascular coronary imaging modalities such as intravascular ultrasound (IVUS) 

and optical coherence tomography (OCT)13,27,39. IVUS and OCT are high-spatial resolution 

intracoronary modalities (200 μm and 10 μm, respectively) that allow accurate in vivo 

characterization of atherosclerotic plaque and lumen shape in human coronary arteries. 

IVUS/OCT-based investigations, provide a significant motivation for this study as they 

demonstrated the potential of ESS to predict future events independent of coronary 

morphology13,39,40. However, these analyses have been based on invasive imaging 

technologies, which fundamentally limit the application of ESS assessment for clinical 

decision-making to patients that are already in the catheterization lab for an invasive 

procedure.

The ability to perform similar ESS analyses based on non-invasive imaging, such as 

coronary computed tomography angiography(CTA), has the potential to include a much 

larger number of individuals who can readily undergo non-invasive testing for CAD. In the 
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current standard of care, patients that present with non-acute symptoms of CAD undergo 

diagnostic non-invasive testing by CTA to decide for either the need of percutaneous 

coronary intervention or medical treatment. CTA allows for non-invasive evaluation of the 

entire coronary artery tree including the lumen and vessel wall and thereby the presence, 

extent and characteristics of atherosclerotic plaque. Despite a lower CTA resolution of ~500 

μm, recent studies show that CFD modeling based on CTA images for the assessment of 

hemodynamic significance of coronary artery stenosis is as accurate as invasive coronary 

angiography1,11,29. For example, fractional flow reserve (FFR) defined as the ratio of 

distal to proximal pressure across the plaque has been shown to be accurately calculated 

non-invasively based on CTA30,31.

Therefore, the overall goal of this study was to develop and validate a methodology to 

study ESS calculated by CFD using non-invasive CTA. Hence, the objectives of this study 

were to 1) establish a methodology to create 3D CFD models based on invasive and non­

invasive imaging of the same arteries and compare the final geometries, and 2) compare 

and validate ESS calculation based on coronary CTA against calculations based on fusion 

of CTA with invasive imaging of coronary arteries. Since we showed a high correlation 

and similar ESS patterns using the two imaging methods, we hereby provide a clinically 

relevant, non-invasive methodological approach to assess a valuable hemodynamic factor 

that is applicable, and potentially readily available, for a large group of patients at risk of 

development and progression of CAD.

METHODOLOGY

Patient Population

For this study a combination of two existing datasets was used. The first part of the dataset 

consisted of patient data (n=8) that were acquired during a standard patient screening for 

stable chest pain and percutaneous coronary intervention procedure from the research patient 

data repository of Massachusetts General Hospital (MGH). Patients that were selected for 

the current study underwent CTA not more than 90 days before the invasive imaging (IVUS 

or OCT) and did not have prior coronary interventions, revascularizations or were scheduled 

for valve replacement. All patients provided written informed consent. This retrospective 

study was approved by the institutional review board of MGH (Figure 1).

The second part of the dataset (n=6) comes from a study repository from the Erasmus 

MC, Rotterdam (EMC). Hemodynamically stable patients with an acute coronary syndrome 

(ACS) with at least one non-stented non-culprit coronary vessel were invasively imaged 

using IVUS. Patients were excluded with a history of previous coronary artery bypass graft 

surgery, 3-vessel disease, renal insufficiency, ejection fraction <30% and atrial fibrillation. 

Patients included in this study underwent invasive coronary imaging (IVUS) of the non­

stented non-culprit coronary vessel and CTA one month after the invasive procedure. All 

patients provided written informed consent. The study protocol was approved by the local 

medical ethical committee of the EMC (Figure 1).

Collectively, we selected a total of fourteen patients, eight from MGH, six from EMC. 

Of these, ten (6 from MGH and 4 from EMC) were used for training and optimizing the 
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methodology during an iterative development phase (referred to as training dataset) and an 

additional four patients (2 from MGH and 2 from EMC) were used to test the methodology 

(referred to as the testing dataset). Only the left anterior descending coronary artery (LAD) 

was studied, so that all patients had a similar branching pattern.

Coronary CTA Imaging Data Acquisition

For the MGH cases, coronary CTA were performed as the standard clinical protocol where 

patients were prospectively ECG gated scanned with automatic exposure control (tube 

potential and tube current modulation). CTA was performed using Isovue 370 (iopamidol). 

Images were reconstructed using 0.6 mm thickness using iterative reconstruction methods.

Similarly, in the patients from EMC, the CT scans were acquired through a prospectively 

gated protocol with 70–80kV and the tube current was set for automatic exposure control 

(SOMATOM Force- 192 slice 3rd generation dual-source CT scanner, Siemens AG, 

Germany). Kernel Bv40, Slice thickness 3mm increment 1.5mm, Admire 5 setting was used 

for reconstruction of the images.

IVUS and OCT Imaging Data Acquisition

Coronary angiograms were recorded with full contrast injection before the insertion of a 

guidewire that is used to advance an IVUS/OCT catheter into the coronary artery. From 

the MGH data repository, patients were selected who underwent IVUS imaging of their 

coronary arteries using a Boston Scientific Opticross IVUS catheter with automatic pullback 

rate of 1 mm/sec or OCT imaging using a frequency-domain(FD)-OCT system (St. Jude 

Medical, St. Paul, MN). Automated pullback was initiated at a speed of 36/54 mm/sec in 

concordance with blood clearance.

EMC patients went through a similar protocol as MGH IVUS imaging. However, the images 

were acquired by an automated pullback (0.5mm/s) with a NIRS-IVUS catheter (TVC 

Insight Coronary Imaging Catheter, InfraRedX, Burlington, MA, USA). Subsequently, local 

flow measurements were performed in between side branches in the segment of interest 

using Doppler velocimetry.

All of the IVUS and OCT images were anonymized and digitally stored.

Co-registration of Invasive and Noninvasive Imaging

To obtain the correct longitudinal location and circumferential orientation of the IVUS/OCT 

images while fusing them with CTA, anatomic landmarks such as side branches and 

bifurcations were used (Figure 2A). Further, we used coronary angiograms acquired at the 

time of IVUS/OCT to keep track of the location of branches relative to each other. We also 

used coronary angiograms to ensure that the general shape of the vessel matched the 3D 

shape reconstructed from CTA. For the training patients, this process was performed and 

optimized iteratively to ensure that the frames consisting the landmarks in invasive imaging 

corresponds to the same slice in CTA multiplanar reconstruction cross-sections of the LAD. 

We further established a method to include the vessel of interest such that it starts and 

ends immediately after the location where the branch leaves the main artery in all imaging 
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modalities. This allowed for a clearly marked proximal and distal end of the vessel. In 

addition, in the case of IVUS co-registration, there may be branches censored due to gating. 

Therefore, we closely looked at both gated and un-gated IVUS images to ensure that there 

were no branches misidentified in the process of co-registration.

3D reconstruction of coronary artery tree and coronary vessel of interest: CT based image 
segmentation

In order to create a 3D reconstruction of a full coronary tree, the lumen of each 

major coronary artery and the ascending aorta was semi-automatically segmented using 

a commercially available software package (Medis QAngioCT and 3DWorkbench, Leiden, 

Netherlands). Corrections were made when necessary by an expert reader to ensure accurate 

segmentation. After anatomical 3D reconstruction of the coronary arteries and the ascending 

aorta, the vessels were imported into Simvascular42 to merge these arteries and create a 

coronary network (Figure 2B). With this approach the flow information in the vessel of 

interest could be computed, in case that information was not available. The methods that 

were applied to solve the hemodynamics in a coronary network was described in detail 

before41.

Subsequently, the segment of interest from the LAD was isolated (Figure 2C). To select the 

segment of interest, co-registration of CTA with invasive imaging (as described in detail 

below) was of key importance to ensure that also invasive image acquisition was performed 

on the selected segment. After isolation of the segment of interest the side branches were 

removed from the CTA segmentation, since the models based on IVUS/OCT do not contain 

side branches. Therefore, following the conservation of mass law, the total mass flowrate 

was calculated, adding all the downstream side branches flowrate on to the main vessel. The 

final 3D reconstruction of the coronary artery was smoothed using a Laplacian smoothing 

algorithm with 3 iterations and weighing factor of 0.01. We found 3 iterations of smoothing 

to be an optimum number to preserve the shape and anatomy of the vessel while sharp 

edges and skewed surfaces are eliminated. Furthermore, 3D centerlines were extracted for 

the vessel of interest.

Invasive Imaging Lumen Segmentations

IVUS images were gated at the same cardiac phase, so that diameter variations as a result 

of the cardiac contraction were removed. For the dataset acquired at MGH, IVUS/OCT 

segmentations of the lumen were manually conducted using an in-house segmentation 

software at the Vascular Profiling Laboratory at the Brigham and Women’s hospital similar 

to previous protocol10,38. We extracted the segmented lumens at each cross-section as point 

clouds at each gated frame for IVUS and all the OCT frames. We adapted this methodology 

which enabled us to fuse the contours segmented based on invasive imaging with the 3D 

centerline extracted from CT23. The IVUS images for the testing patients acquired at EMC 

were blindly segmented applying QCU-CMS software (version 4.69, LKEB, Division of 

image processing, Leiden, The Netherlands) and also exported as point clouds.
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3D-Reconstruction of coronary artery: CT fused with IVUS/OCT

In order to create a 3D coronary reconstruction based on the 2D-lumen segmentations 

from IVUS/OCT, we fused the 2D point clouds extracted in the previous step with the 

3D-centerline extracted from CT (Figure 2C–E). As a first step in the fusion process, 

we interpolated the centerline points such that the number of centerline points was the 

same as the number of 2D-cross sectional lumen segmentations. Then, the obtained point 

clouds were isotopically transformed such that the lumen centroid coincided with the CT­

based centerline points and the normal to the cross sections were aligned with the local 

curvature tangent of the centerline. In addition, to ensure correct orientation as well as 

the rotation of each cross-section we used the landmarks in the co-registration process (as 

described below) and compared each consecutive cross-section’s normal to ensure their 

dot-products are positive. In previous studies, the 3D reconstruction of IVUS/OCT-based 

geometries were performed fusing the centerline extracted from2D orthogonal coronary 

angiograms. However, in this study we adapted a more recent hybrid methodology fusing 

the 2D cross-sections based on IVUS/OCT with the 3D centerline extracted from coronary 

CTA. This methodology have been shown to be as accurate as the former methodology 

in calculating shear stress and been used other shear stress based studies19,20. In addition, 

this methodology was used partly because in our retrospective MGH patients, not all had 

orthogonal 2D coronary angiograms for the centerline to be readily extracted. Lastly, we 

used MeshLab, an open source software to create a surface mesh from the point-clouds 

using a ball-pivoting methodology by Bernardini et al.4. Similar to the CTA-based coronary 

models, the final 3D coronary artery was smoothed using a Laplacian smoothing algorithm 

with 3 iterations.

It is important to note that ten patients (6 MGH and 4 EMC) were used to optimize the 

methodology. Therefore, segmentations and model creations were performed iteratively 

and not fully blinded between the imaging modalities in the process of methodology 

development. Therefore, segmentations and 3D reconstructions of coronary arteries may 

have been performed multiple times communicating between the imaging modalities until a 

consistent method was established through all patients. Hence, addressing imaging artifacts 

in each imaging modality and methods of co-registration concluded in an iterative process 

in the training phase. Therefore, we also analyzed a testing data set of four patients (2 

EMC, 2 MGH) for which segmentations were done only once and fully blindly where 

IVUS/OCT segmentations were performed by one reader and CTA segmentations were done 

by a different reader and the landmarks were communicated only once.

CFD Simulations

In order to calculate the ESS and other hemodynamic parameters, three-dimensional 

pulsatile CFD simulations of blood flow were performed using patient-specific coronary 

artery meshes in Simvascular42. This software uses a novel second order preconditioning 

implicit method17 and is optimized to solve the 3D incompressible Navier-Stokes equations 

(Eq1a and 1b) in vascular systems reconstructed from image data; where u, ρ, w, v and g 
stand for flow velocity, blood density, internal sources,
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∂ρ
∂t + ∇ ⋅ (ρu) = 0 (Eq 1a)

∂u
∂t + (u . ∇)u − v∇2u = − ∇w + g; (Eq 1b)

kinematic viscosity and external source, respectively.

Blood was treated as Newtonian fluid with a density and kinematic viscosity of 1060 kg/m3 

and 3.8×10−6 m2/s, respectively. We assumed blood is a Newtonian fluid as this is valid 

assumption in arteries larger than capillaries where the shear rate is relatively low for blood 

to behave as a Newtonian fluid34. Reynolds number were in the laminar region (Table 1) 

in the coronaries. Mean Reynolds number was defined as Re =
UavgD

v  where Uavg is the 

average velocity in the vessel of interest. Therefore, there was no turbulence modeling as the 

mean ESS was calculated in the 3D reconstructions of coronaries based on a) CT only and 

b) in their counterparts based on the fusion of CT and invasive imaging (IVUS, OCT).The 

inflow boundary conditions, in case they were not measured, were calculated using the full 

coronary network (see above). The detailed description on the mesh generation and the 

boundary conditions applied for the CFD simulations in the isolated segments and the full 

coronary network can be found below.

Mesh generation: the 3D-reconstructed coronary anatomy was meshed using TetGen36 

(an open source tetrahedral mesh generator that uses 3D Delaunay Triangulation with 2 

layers of boundary layer mesh). To ensure a fully resolved flow, the Courant-Friedrichs­

Lewy number was set to be <1 and a maximum allowable edge size for a given element 

was specified for the entire mesh not to exceed half of the smallest outflow diameter. At the 

aortic level, the mesh size was adjusted to be larger to avoid having an unnecessary large 

number of elements. Local refinements were further performed at locations of bifurcations 

and stenosis. A mesh convergence test was performed to determine the threshold of element 

size for each simulation to ensure no more than 1% change in TAESS at locations with 

luminal narrowing.

Boundary conditions: For patient-specific boundary condition assignment, depending 

on the cohort, two different methodologies were applied to impose the inlet flowrate (Q) 

waveform. For the MGH dataset, the flow was solved using the 3D-coronary network, 

by providing the inlet flowrate waveform at the aortic valve level. The waveform used 

was obtained from measurements in a healthy person in the Vascular Model Repository45. 

However, conserving the shape of the waveform, its period was adjusted for the heart rate 

of the patient and the area under the curve of the waveform was adjusted using the patient 

specific stroke volume as an input in the coronary network simulations. The stoke volume 

was calculated by multiplying the end-diastolic left ventricle volume from the coronary 

CTA scans (using Syngo.via - Siemens Medical Solutions, USA) with the ejection fraction 

obtained from a recent Echocardiogram (obtained no longer than 30 days from CTA).
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The downstream hemodynamics and circulation that were not included in the 3D model 

were modeled using lumped parameter networks that use electric circuit analogs to prescribe 

the relationship between flow and pressure in these vessels. These boundary conditions 

were based on a previously tested algorithms implemented in Simvascular42. To ensure 

we are using the correct flow rate information, the diastolic, systolic, mean pressure, and 

cardiac output were checked to match the patient-specific measurements at the time of 

the scan. In addition, other metrics such as percent total coronary outflow with respect 

to cardiac output and the shape of the right and left coronary waveforms were checked 

against reported literature data8,24,25. In the event of more than 10% difference between the 

clinical measurement and calculated pressure and flowrates, the simulation was repeated by 

changing the lump network element of resistance and capacitance until a good agreement 

was reached.

Once the flow was solved through the whole coronary network, the flowrate waveform 

at the vessel of interest (LAD) was retrospectively calculated as the summation of all the 

downstream branches flowrates. The calculated total LAD flowrate was thereafter used as an 

input for a second set of CFD calculations in the models of the isolated LAD arteries (Figure 

2H). These latter CFD calculations were performed to assess the detailed hemodynamics 

parameters for the CTA- and IVUS/OCT-based models. To enable a 1:1 comparison between 

IVUS/OCT and coronary CTA based ESS calculations, the inlet boundary conditions were 

kept the same between the models. However, the distal lumped element model resistances 

for the CTA-based models were scaled according to the outlet cross-sectional area of the 

IVUS/OCT-based models. With this approach, the differences in ESS between the two 

models is fully based on the local geometry.

For the EMC patient cohort, the average flowrate was calculated by multiplying the 

time averaged measured velocity and the cross-sectional area of measurement location. 

Furthermore, the same general waveform used for MGH patients was scaled and adjusted 

for the patient-specific average flowrate and heart rate measured at the time of imaging 

acquisition.

For all the simulations, the shape of the inlet velocity profile was assumed to be parabolic 

and no-slip boundary conditions were imposed at the walls. The arterial wall was assumed 

to be rigid as it has been previously shown that wall elasticity in calculation of ESS has 

a negligible effect for the calculation of ESS in the coronary network16. Each patient’s 

hemodynamics were solved for 6 cardiac cycles to reach full convergence and the final 

results were reported based on the results of the last cardiac cycle calculations. The 

convergence criteria was set to reach a nonlinear residual <1E-4 and peak flowrate at outlet 

difference of <1% from the 5th to 6th cardiac cycle.

Data Analysis and Hemodynamic Computations

ESS was calculated as a continuous variable at the wall of the coronary segment as the 

product of viscosity and the gradient of blood velocity at the wall (Table 2). An in-house 

python-based code using the “vtk package” was used to extract 1) time averaged ESS 

(TAESS) at each degree arc angle in each cross-section along the centerline for creation 

of 2D map of TAESS during the cardiac cycle and 2) cross-sectional diameter and area 
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along the centerline of the vessel. For final data analysis, the constructed coronary models 

were divided into consecutive 2 mm segments and each segment was divided into 45o arcs 

along the centerline (Figure 3B). The TAESS was averaged per segment TAESSseg  and 

per 45° arc TAESSarc  (see Table 2 for definitions). Previous studies used 3 mm segments 

to summarize the local hemodynamic characteristics to minimize the variation and noise in 

calculations9,13. However, for this study, we chose to compare the TAESS using the 2 mm 

segments rather than 3 mm segments for a more detailed comparison of the two imaging 

modalities. Subsequently, the segments and 45° arcs were categorized into low, medium 

and high TAESS according to the TAESS using patient-specific tertiles following previously 

reported studies13,21,23. Furthermore, in each 2 mm segment the local minimum TAESSmin 

and max TAESSmax were calculated as the 90° arc with the lowest and highest average 

TAESS within the segment, examining these 90° arcs per 1° around the circumference of the 

segment following previous studies6,39,43 (Figure 3B).

Segment averaged oscillatory shear index OSIseg  —characterizing the degree of shear 

stress reversal in a pulsatile flow— was calculated as the averaged OSI values over 

the 2-mm segment where OSI = 0.5 1 −
∫0

T τ wdt

∫0
T τ w dt

. Similarly, time-averaged pressure was 

averaged over each 2-mm segment. All the time-averaged values reported here were 

averaged over the last cycle of the simulations. A list of all calculated parameters and their 

definitions can be found in Table 2.

Statistical Analysis

Continuous parameters were reported in mean ± standard deviation or median(interquartile 

range [IQR]) and the categorical variables were reported as counts and percentages and 

compared in a paired analysis. The mean for normally distributed data were tested to be 

significantly different with a paired t-test and Wilcoxon rank sum test was used for the 

median in non-normal distributed data. Pearson linear coefficient, r, was calculated to report 

the correlation between the (hemodynamic) parameters derived between the two imaging 

modalities. Standard errors of the correlation coefficient were corrected for the fact that the 

multiple arterial segments within patients were not independent using the “Huber-White” 

sandwich estimator22. Bland-Altman plots were created to evaluate agreement between the 

ESS calculations based on CTA and IVUS/OCT. All calculations were two-tailed with 

p<0.05 considered statistically significant.

RESULTS

Patient Population:

The patients selected were 60.0 ± 10.2 of age and 93% were male.

Continuous TAESS:

The overall TAESS pattern (in 3D and 2D maps) as obtained using the models based on 

invasive and non-invasive imaging were very similar. Figure 4 displays a case with a very 

high correlation, where in Figure 5 an example with moderate correlation is presented. 
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The training dataset consisted of 263 paired segments and the median TAESSseg was 

significantly higher as assessed with the non-invasive models compared to the invasive 

models (50.1[25.8–90.1], 31.7 [19.3–62.4] dyne/cm2, p<0.001). Similarly, in a total of 2104 

arcs, the arc-averaged TAESS values were 47.7 [24.1–90.0] and 29.9 [18.1–62.4] dyne/cm2 

(p<0.001) based on non-invasive and invasive models, respectively. There was a strong and 

significant Pearson correlation found between the two methodologies for TAESSseg and 

TAESSarc [r= 0.86 and r=0.85 (p<0.001)], (Figure 6). Similarly, in the testing patients (117 

segments and 936 45° arcs) a high correlation between the two imaging modalities was 

found for TAESSseg and TAESSarc (r=0.95 and 0.93; p=0.001), and similarly as the training 

patients, the absolute TAESSseg and TAESSarc were overestimated using non-invasive 

imaging (Table 3). The Bland-Altman plots (Figure 7) showed that apart from the observed 

absolute differences in the TAESS values for both segment- (mean difference: −21.3± 

36.3 dyne/cm2) and arc-averaged (mean difference: −21.3±38.2 dyne/cm2) TAESS, the 

differences were also dependent on the value of the TAESS Similar differences and trends 

was observed for the testing patients (Figure 7 C–D). TAESS values were not normally 

distributed (and skewed towards lower values) and thus we reported median values in this 

study. However, the mean differences between the TAESS values based on two imaging 

modalities had a normal distribution and hence we reported means and standard deviations 

in Bland-Altman plots.

For the training patients, medians of TAESSmin were significantly different in invasive 

and non-invasive imaging with values of 10.3[4.4–19.5] and 16.2[6.7–34.7] dynes/cm2, 

respectively. TAESSmax values were also significantly different in the invasive and non­

invasive models (55.3[34.0–117.3] vs. 90.3[42.8–167.6] dynes/cm2). In addition, minimum 

and maximum TAESS had a correlation of 0.82 and 0.86 respectively (p<0.001) between the 

two models based on invasive and noninvasive imaging. A similar tendency was observed in 

the testing patients along the entire vessel with significant difference in absolute values of 

TAESSmin and TAESSmax with a high correlation between the two imaging modalities (r = 

0.85 and 0.89 for, TAESSmin and TAESSmax, respectively)

Categorical TAESS:

After categorizing the TAESS in three patient-specific tertiles(low, mid, high) for each 

2mm-segment and 45°-arc, we found a high agreement between invasive and non-invasive 

imaging (Figure 8). The confusion matrices shows an overall accuracy of 78.3% for the 

categorical TAESSseg values where low, medium and high categories had 82.2%, 77.2% 

and 76.5% concordance between the two imaging modalities. Similarly, the categorical 

TAESSArc values had an overall accuracy of 76.2% where the low, medium and high 

categories had an agreement of 78.8%, 69.5% and 81.4%, respectively. The same trend was 

observed in the testing dataset with a lower overall accuracy of 64.1% and 63.8% in for the 

segment-averaged and arc-averaged concordance.

In both training and testing datasets, the majority of disagreements were observed in the arcs 

and areas where the non-invasive-based TAESS was labeled as medium (77.1% in training, 
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55% in testing) and the invasive model labeled as low (17.8% in training, 32.4% in testing) 

or high (23.5% in training, 28.0% in testing).

Other Hemodynamic Calculations:

The median[IQR] values for OSI and pressure are reported in Table 3. OSIseg based on 

non-invasive imaging had a significant moderate Pearson correlation with invasive imaging 

in the training dataset (r=0.64, p <0.001) and testing dataset (r=0.70, p <0.001). Pseg had 

a high correlation of (r=0.91, p<0.001) in the training dataset and r=0.85, p<0.001) in the 

testing dataset.

Lumen diameter:

The median lumen diameter of the LAD arteries as assessed with invasive imaging was 

2.4[2.0–3.1] mm and significantly larger than the lumen diameter as measured with coronary 

CTA (2.2[1.8–2.7] mm (p<0.001)). In the linear regression analysis, we found that also 

diameter as derived for both imaging methods are highly correlated (Figure S1A) with a 

significant correlation of 0.93 (p<0.001). The high correlation trend remained very similar 

for the testing dataset (Figure S1B).

DISCUSSION

In this study a robust methodology was developed and validated to assess TAESS non­

invasively using CTA. Therefore, TAESS as assessed with CTA was compared and validated 

against invasive imaging data from both clinically routine imaging as well as a dataset 

from a controlled clinical trial. With correct co-registration, accurate segmentation, adjusted 

boundary conditions as well as optimized smoothing of both imaging modalities, the 

methodology developed here demonstrates the ability to perform a detailed hemodynamic 

assessment based on non-invasive CTA. Although the absolute TAESS values were 

overestimated using CTA-based calculations, the observed patterns had a high concordance, 

which allows for providing non-invasively derived ESS information as a potential biomarker 

available for a new group of patients at high risk of plaque progression and future events.

There are a few studies that based ESS calculations solely on coronary CTA imaging with no 

comparison of invasive imaging. Lee et al29 studied an adverse hemodynamic characteristic 

including FFRCT, ESS and axial plaque stress to assess the presence of adverse plaque 

characteristics resulting in future ACS. In Han et al21 high categorical ESS was associated 

with adverse plaque characteristics independent of stenosis severity. However, in both of 

these studies, ESS was not studied in detail and was averaged over the length of the lesion 

discarding the heterogeneity of the local ESS over the stenosis.

Since CTA-based ESS calculations have shown a great potential to serve as a noninvasive 

method for risk prediction of ACS29,21, it is of crucial importance to have access to accurate 

TAESS measurements. Therefore, we aimed at developing a robust methodology to assess 

CTA-based TAESS and validated it against IVUS/OCT TAESS in human coronary arteries. 

A previous study performed by Bulant et al.7 showed that the CFD models based on 

CTA estimated higher TAESS compared to IVUS, similar to our observations. Although 
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we showed a high correlation (r) TAESS calculated between the two imaging modalities, 

this over estimation of TAESS based on non-invasive imaging is visualized more clearly 

in Bland-Altman plots (Figure 7) where the systematic bias of on ~−20 dyne/cm2 can 

be observed on the mean differences in both training and testing patients as well as a 

proportional difference when a linear regression is performed with a slope of ~−0.2 to −0.3 

in the training and testing patients, respectively.

In our study, geometry difference is the main contributor to calculation of different TAESS 

values between the two geometries. One of the reasons for a higher estimation of TAESS in 

the CT-based models is the observed difference in measured diameters. CT-based diameters 

were smaller than invasive imaging and were undermeasured by 30% (as shown in the 

linear regression analysis in Figure S1A). Our data is consistent with previous studies that 

compared minimal lumen area where Collet et al12 and Veselka et al44 reported a 25 or 28% 

f of undermeasurement of CTA lumen diameter as compared to IVUS imaging. In addition, 

in the FIGURE-OUT (Functional Imaging criteria for GUiding REview of invasive coronary 

angiOgraphy, intravascular Ultrasound, and coronary computed Tomographic angiography) 

trial, Doh et al14. showed a consistent underestimation of minimal luminal diameter and 

minimal luminal area based on coronary CTA compared to IVUS regardless of vessel size, 

lesion severity, lesion location, and the presence of calcification. This underestimation of 

luminal diameter is particularly clinically relevant when the severity of coronary artery 

disease in patients is assessed using different imaging modalities. Therefore, in our study 

when calculating the shear stress, this disagreement of luminal measurement becomes 

clinically relevant. Although lumen size has a major influence in determining TAESS values, 

it is not the only determinant factor. For example, the shape of the lumen is another 

important contributing factor. We assume that the cross-sections are circular, however, in 

some segments, due to the presence of disease, cardiac phase and the curvature of the artery, 

the lumen shape takes a different form and is not a perfect circular shape. As IVUS/OCT has 

a higher resolution in capturing these variations, the diameter can be measured accounting 

for those changes while coronary CTA is not capable of capturing those details. Therefore, 

shear stress is highly dependent on local geometry such as curvature and presence of plaque 

resulting in a complex 3D flow structure where TAESS will have a different pattern as 

compared to a straight cylinder. A list of sources that contribute to the differences in 3D 

geometry reconstruction and therefore calculation of shear stress is discussed further in this 

section.

Although Bulant et al. compared TAESS based on non-invasive and invasive imaging, they 

did not study the local heterogeneity in ESS in great detail. Furthermore, they did not 

check the agreement between the two imaging modality for categorized TAESS. We showed 

detailed agreement of segment- averaged as well as arc-averaged between the two imaging 

modality using standard coronary CTA and IVUS/OCT and showed that our methods can 

be robustly used in four additional patients. In addition, for clinical implication of CTA we 

studied categories of low, medium and high TAESS values and demonstrated that there is a 

high agreement between the relative TAESS values as well. Lastly, it should be mentioned 

that although our analysis was done for a 2 mm segment which shows a more detailed 

comparison, we saw a very similar, slightly higher, correlation between the TAESS values 
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for 3mm segments calculated in both the training and testing patients (Supplementary Figure 

S14).

We found a large range in absolute TAESS values in our study (Table 3). Compared to 

the reported TAESS values based on IVUS/OCT, the values in our study were generally 

in the same range as other studies. For example in Stone et al.40 values from the 

PREDICTION trial for the lowest and highest values of local ESS based IVUS imaging 

were reported as 6.1±3.4 and 60.2±2.9 dyne/cm2. In another IVUS-based study, Samady et 

al.35 reported values for TAESS with low categorical ESS as 5.7±2.3 dyne/cm2 and high 

ESS as 43.9±21.4 dyne/cm2. Our results may have higher absolute TAESS values due to 

removal of side branches which are consistent with the observations in other studies18, 

however the wide range in TAESS values did now allow us to conclude clear differences 

with other studies9,26,38. It should be noted that each patient-specific physiologic conditions 

are different from one another resulting in a variability of TAESS values. Therefore, to 

categorize the shear stress values, the thresholds were chosen based on each patient-specific 

ranges. However, we repeated the categorical analysis, this time with predefined thresholds 

based on previous studies13,28 where low, medium and high categories were defined as 

TAESS < 10, 10 ≤ TAESS < 25 and TAESS ≥ 25 dynes/cm2, respectively, and found that 

low TAESS is categorized very accurately (75% in training and 100% testing patients) 

based on invasive vs. noninvasive imaging while medium and high categories are less 

accurately categorized (66% and 85%, respectively in training patients) compared to the 

patient-specific tertiles (Figure S15).

In the process of creating computational models using the two approaches applying CTA and 

IVUS/OCT we have discovered a few issues that may introduce errors in anatomical model 

creation. The first and most important source of error was a mismatch in co-registration 

of images between modalities. For example, in gated IVUS images, there may be branches 

that are not visible on the gated views and this issue could cause a miscount and therefore 

mismatch of branches. We have observed that even a small miscount in co-registration of 

IVUS/OCT or slices in CTA results in an incorrect anatomical reconstruction.

The second source of error was the imaging artifacts that influenced the lumen 

segmentation. As expected, the contrast between lumen and vessel wall was most clear 

in OCT images. However, the following imaging artifacts could influence our ability 

to segment the lumen properly: incomplete blood displacement/residual blood artifact- 

resulting in light attenuation, sew-up5 artifacts resulting from rapid wire or vessel movement 

along one frame and misalignment of the lumen border. We also observed signal-poor 

regions at sites with oblique incidence of OCT beam which introduced an asymmetric oval 

cross-sectional area as opposed to a circular cross-section37. This was very apparent in 

Patient 6 (Figure 5) which represents the poorest performance of hemodynamic comparisons 

between the invasive and non-invasive imaging modality. For IVUS, similar to OCT, sew-up 

artifacts may cause uncertainty in lumen border segmentation especially at locations with 

side branches. In coronary CTA, one of the major segmentation challenges were regions 

with calcium where the blooming effects artificially causes the lumen to look smaller. 

Therefore, we segmented the lumen to the best of our ability such that it represents the true 

lumen size.

Eslami et al. Page 13

Ann Biomed Eng. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The third source of error is the lower image resolution of CTA. This is especially important 

for distal segments where the lumen in some cases was not clearly visible. We followed the 

current clinical and research protocols to exclude the vessels that are <1.5 mm in diameter 

in distal segments11. Indeed, the minimum reported CTA-based lumen diameter in one of the 

distal segments is 1.53 mm.

Study Limitations and Future Work

The underlying hypothesis of this work was that coronary CTA, although with 3–10 fold 

lower resolution than IVUS and OCT imaging can capture the local hemodynamics and 

detailed flow structures to estimate endothelial shear stress. We selectively included patients 

with high image quality and excluded patients with large amount of calcified plaques or 

previous stent placement in the CTA images. Including sub-optimal dataset would conclude 

a result where CTA may not perform as well as invasive imaging. A future study should 

be implemented including sub-optimal images to have a more comprehensive analysis of 

all types of CTA images. Although the time between the imaging acquisitions was up to 

90 days, we assumed that the patient-specific cardiovascular hemodynamics and anatomy 

did not majorly change between the two imaging modalities acquisitions. Since IVUS/OCT 

are single vessel imaging modalities, our study included no side branches. In addition, 

this study includes only LAD arteries that contain a high number of branches. Since side 

branches were majorly important in our methodology as landmarks to match the invasive 

with non-invasive imaging, a study including right coronary arteries with less side branches 

should be also implemented to ensure the results can be replicated for this vessel as well. We 

used a general input waveform and tailored it specific to each patient’s cardiac output and 

heart rate which introduces a limitation to the patient-specific waveform effect in calculation 

of ESS. Previous studies based on invasive imaging have shown the association of ESS with 

future events as well as atherosclerosis progression13,15,32,39. With the results of this proof 

of concept study, we showed that non-invasive CTA based 3D models have similar ESS 

patterns compared to the golden standard of intravascular invasive imaging based models. 

A future study or retrospective analysis of studies with serial coronary CTA scans should 

be conducted to assess the ability of coronary CTA CFD models in predicting plaque 

progression on CTA and the relationship with future events.

Conclusion:

In this methodology development study we demonstrated that our CTA-based models 

can assess TAESS in great detail. These TAESS have a high correlation with TAESS 

derived from golden standard of IVUS/OCT based 3D reconstructions. Although CTA-based 

calculation over-estimated the TAESS, the found patterns were very similar to the ones 

based on invasive imaging. Therefore, CTA-based ESS studies may be an alternative to 

capture the same relationship between ESS and plaque morphology as the invasive imaging­

based calculations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Eslami et al. Page 14

Ann Biomed Eng. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

1. Barbato E, Toth GG, Johnson NP, Pijls NHJ, Fearon WF, Tonino PAL, Curzen N, Piroth Z, Rioufol 
G, Jüni P, and De Bruyne B. A Prospective Natural History Study of Coronary Atherosclerosis 
Using Fractional Flow Reserve. J. Am. Coll. Cardiol. 68:2247–2255, 2016. [PubMed: 27884241] 

2. Bech GJW, De Bruyne B, Pijls NHJ, De Muinck ED, Hoorntje JCA, Escaned J, Stella PR, Boersma 
E, Bartunek J, Koolen JJ, and Wijns W. Fractional flow reserve to determine the appropriateness 
of angioplasty in moderate coronary stenosis: A randomized trial. Circulation103:2928–2934, 2001. 
[PubMed: 11413082] 

3. Benjamin EJ, Blaha MJ, Chiuve SE, and Cushman M. Heart Disease and Stroke Statistics—2017 
Update. 2017, 146–603 pp.

4. Bernardini F, Mittleman J, Rushmeier H, Silva C, and Tuabin G. The Ball-Pivoting Algorithm for 
Surface Reconsturction. IEEE Trans. Vis. Comput. Graph. 5:349–359, 1999.

5. Bezerra HG, Costa MA, Guagliumi G, Rollins AM, and Simon DI. Intracoronary Optical Coherence 
Tomography: A Comprehensive Review: Clinical and Research Applications. JACC Cardiovasc 
Interv. 2:1035–1046., 2009. [PubMed: 19926041] 

6. Bourantas CV, Räber L, Sakellarios A, Ueki Y, Zanchin T, Koskinas KC, Yamaji K, Taniwaki 
M, Heg D, Radu MD, Papafaklis MI, Kalatzis F, Naka KK, Fotiadis DI, Mathur A, Serruys 
PW, Michalis LK, Garcia-Garcia HM, Karagiannis A, and Windecker S. Utility of Multimodality 
Intravascular Imaging and the Local Hemodynamic Forces to Predict Atherosclerotic Disease 
Progression. JACC Cardiovasc. Imaging, 2019.doi:10.1016/j.jcmg.2019.02.026

7. Bulant CA, Blanco PJ, Maso Talou GD, Bezerra CG, Lemos PA, and Feijóo RA. A head-to-head 
comparison between CT- and IVUS-derived coronary blood flow models. J. Biomech. 51:65–76, 
2017. [PubMed: 27939753] 

8. Burattini R, Sipkema P, van Huis GA, and Westerhof N. Identification of canine coronary resistance 
and intramyocardial compliance on the basis of the waterfall model. Ann. Biomed. Eng. 13:385–
404, 1985. [PubMed: 4073625] 

9. Chatzizisis YS, Jonas M, Beigel R, Coskun AU, Baker AB, Stone BV, Maynard C, Gerrity 
RG, Daley W, Edelman ER, Feldman CL, and Stone PH. Attenuation of inflammation and 
expansive remodeling by Valsartan alone or in combination with Simvastatin in high-risk coronary 
atherosclerotic plaques. Atherosclerosis203:387–394, 2009. [PubMed: 18786669] 

10. Chatzizisis YS, Jonas M, Coskun AU, Beigel R, Stone BV, Maynard C, Gerrity RG, Daley W, 
Rogers C, Edelman ER, Feldman CL, and Stone PH. Prediction of the localization of high-risk 
coronary atherosclerotic plaques on the basis of low endothelial shear stress-an intravascular 
ultrasound and histopathology natural history study. Circulation117:993–1002, 2008. [PubMed: 
18250270] 

11. Choi G, Lee JM, Kim HJ, Park JB, Sankaran S, Otake H, Doh JH, Nam CW, Shin ES, Taylor 
CA, and Koo BK. Coronary artery axial plaque stress and its relationship with lesion geometry 
application of computational fluid dynamics to coronary CT angiography. JACC Cardiovasc. 
Imaging8:1156–1166, 2015. [PubMed: 26363834] 

12. Collet C, Chevalier B, Cequier A, Fajadet J, Dominici M, Helqvist S, Van Boven AJ, Dudek D, 
McClean D, Almeida M, Piek JJ, Tenekecioglu E, Bartorelli A, Windecker S, Serruys PW, and 
Onuma Y. Diagnostic Accuracy of Coronary CT Angiography for the Evaluation of Bioresorbable 
Vascular Scaffolds. JACC Cardiovasc. Imaging11:722–732, 2018. [PubMed: 28734923] 

13. Costopoulos C, Timmins LH, Huang Y, Hung OY, Molony DS, Brown AJ, Davis EL, Teng Z, 
Gillard JH, Samady H, and Bennett MR. Impact of combined plaque structural stress and wall 
shear stress on coronary plaque progression, regression, and changes in composition. 1411–1422, 
2019.doi:10.1093/eurheartj/ehz132

14. Doh JH, Koo BK, Nam CW, Kim JH, Min JK, Nakazato R, Silalahi T, Prawira H, Choi H, 
Lee SY, Namgung J, Kwon SU, Kwak JJ, and Lee WR. Diagnostic value of coronary CT 
angiography in comparison with invasive coronary angiography and intravascular ultrasound in 
patients with intermediate coronary artery stenosis: Results from the prospective multicentre 
FIGURE-OUT (Functional Imaging crite. Eur. Heart J. Cardiovasc. Imaging15:870–877, 2014. 
[PubMed: 24513881] 

Eslami et al. Page 15

Ann Biomed Eng. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



15. Eshtehardi P, McDaniel MC, Suo J, Dhawan SS, Timmins LH, Binongo JNG, Golub LJ, Corban 
MT, Finn AV, Oshinski JN, Quyyumi AA, Giddens DP, and Samady H. Association of Coronary 
Wall Shear Stress With Atherosclerotic Plaque Burden, Composition, and Distribution in Patients 
With Coronary Artery Disease. J. Am. Heart Assoc. 1:e002543–e002543, 2012.

16. Eslami P, Tran J, Jin Z, Karady J, Sotoodeh R, Lu MT, Hoffmann U, and Marsden A. Effect of 
Wall Elasticity on Hemodynamics and Wall Shear Stress in Patient-Specific Simulations in the 
Coronary Arteries. J. Biomech. Eng, 2019.

17. Esmaily-Moghadam M, Bazilevs Y, and Marsden AL. A new preconditioning technique for 
implicitly coupled multidomain simulations with applications to hemodynamics. Comput. Mech. 
52:1141–1152, 2013.

18. Giannopoulos AA, Yiannis S C., P. Maurovich-Horvat, A. P. Antoniadis, U. Hoffmann, M. L. 
Steigner, F. J. Rybicki, and M. Dimitrios. Quantifying the effect of side branches in endothelial 
shear stress estimates. Atherosclerosis30:873–882, 2016.

19. Van Der Giessen AG, Schaap M, Gijsen FJH, Groen HC, Van Walsum T, Mollet NR, Dijkstra J, 
Van De Vosse FN, Niessen WJ, De Feyter PJ, Van Der Steen AFW, and Wentzel JJ. 3D fusion of 
intravascular ultrasound and coronary computed tomography for in-vivo wall shear stress analysis: 
A feasibility study. Int. J. Cardiovasc. Imaging26:781–796, 2010. [PubMed: 19946749] 

20. Gijsen F, Katagiri Y, Barlis P, Bourantas C, Collet C, Coskun U, Daemen J, Dijkstra J, Edelman 
E, Evans P, Van Der Heiden K, Hose R, Koo BK, Krams R, Marsden A, Migliavacca F, Onuma Y, 
Ooi A, Poon E, Samady H, Stone P, Takahashi K, Tang D, Thondapu V, Tenekecioglu E, Timmins 
L, Torii R, Wentzel J, and Serruys P. Expert recommendations on the assessment of wall shear 
stress in human coronary arteries: Existing methodologies, technical considerations, and clinical 
applications. Eur. Heart J. 40:3421–3433, 2019. [PubMed: 31566246] 

21. Han D, Starikov A, Hartaigh B, Gransar H, Kolli KK, Lee JH, Rizvi A, Baskaran L, Schulman­
Marcus J, Lin FY, and Min JK. Relationship between endothelial wall shear stress and high-risk 
atherosclerotic plaque characteristics for identification of coronary lesions that cause ischemia: A 
direct comparison with fractional flow reserve. J. Am. Heart Assoc. 5:1–9, 2016.

22. Holland PW, and Welsch RE. Robust Regression Using Iteratively Reweighted Least-Squares. 
Commun. Stat. Theory Methods6:813–827, 1977.

23. Hoogendoorn A, Kok AM, Hartman EMJ, de Nisco G, Casadonte L, Chiastra C, Coenen A, 
Korteland S-A, Van der Heiden K, Gijsen FJH, Duncker DJ, van der Steen AFW, and Wentzel 
JJ. Multidirectional wall shear stress promotes advanced coronary plaque development: comparing 
five shear stress metrics. Cardiovasc. Res. 1136–1146, 2019.doi:10.1093/cvr/cvz212

24. Johnson K, Sharma P, and Oshinski J. Coronary artery flow measurement using navigator echo 
gated phase contrast magnetic resonance velocity mapping at 3.0 T. J. Biomech. Eng. 41:595–602, 
2008.

25. Kim HJ, Vignon-Clementel IE, Coogan JS, Figueroa CA, Jansen KE, and Taylor CA. Patient­
specific modeling of blood flow and pressure in human coronary arteries. Ann. Biomed. Eng. 
38:3195–3209, 2010. [PubMed: 20559732] 

26. Koskinas K, Chatzizisis YS, Papafaklis MI, Coskun AU, Baker AB, Jarolim P, Antoniadis AP, 
Edelman ER, Stone PH, and Feldman CL. Synergistic Effect of Local Endothelial Shear Stress and 
Systemic Hypercholesterolemia on Coronary Atherosclerotic Plaque Progression and Composition 
in Pigs Konstantinos. 119:5124–5136, 2010.

27. Kumar A, Hung OY, Piccinelli M, Eshtehardi P, Corban MT, Sternheim D, Yang B, Lefieux A, 
Molony DS, Thompson EW, Zeng W, Bouchi Y, Gupta S, Hosseini H, Raad M, Ko Y-A, Liu C, 
McDaniel MC, Gogas BD, Douglas JS, Quyyumi AA, Giddens DP, Veneziani A, and Samady H. 
Low Coronary Wall Shear Stress Is Associated With Severe Endothelial Dysfunction in Patients 
With Nonobstructive Coronary Artery Disease. JACC Cardiovasc. Interv. 11:, 2018.

28. Kumar A, Thompson EW, Lefieux A, Molony DS, Davis EL, Chand N, Fournier S, Lee HS, Suh 
J, Sato K, Ko YA, Molloy D, Chandran K, Hosseini H, Gupta S, Milkas A, Gogas B, Chang HJ, 
Min JK, Fearon WF, Veneziani A, Giddens DP, King SB, De Bruyne B, and Samady H. High 
Coronary Shear Stress in Patients With Coronary Artery Disease Predicts Myocardial Infarction. J. 
Am. Coll. Cardiol. 72:1926–1935, 2018. [PubMed: 30309470] 

29. Lee JM, Choi G, Koo BK, Hwang D, Park J, Zhang J, Kim KJ, Tong Y, Kim HJ, Grady L, Doh JH, 
Nam CW, Shin ES, Cho YS, Choi SY, Chun EJ, Choi JH, Nørgaard BL, Christiansen EH, Niemen 

Eslami et al. Page 16

Ann Biomed Eng. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



K, Otake H, Penicka M, de Bruyne B, Kubo T, Akasaka T, Narula J, Douglas PS, Taylor CA, 
and Kim HS. Identification of High-Risk Plaques Destined to Cause Acute Coronary Syndrome 
Using Coronary Computed Tomographic Angiography and Computational Fluid Dynamics. JACC 
Cardiovasc. Imaging12:1032–1043, 2019. [PubMed: 29550316] 

30. Lu MT, Ferencik M, Roberts RS, Lee KL, Ivanov A, Adami E, Mark DB, Jaffer FA, Leipsic 
JA, Douglas PS, and Hoffmann U. Noninvasive FFR Derived From Coronary CT Angiography. 
Management and Outcomes in the PROMISE Trial. JACC Cardiovasc. Imaging, 2016.doi:10.1016/
j.jcmg.2016.11.024

31. Nakazato R, Park HB, Berman DS, Gransar H, Koo BK, Erglis A, Lin FY, Dunning AM, Budoff 
MJ, Malpeso J, Leipsic J, and Min JK. Noninvasive fractional flow reserve derived from computed 
tomography angiography for coronary lesions of intermediate stenosis severity results from the 
DeFACTO study. Circ. Cardiovasc. Imaging6:881–889, 2013. [PubMed: 24081777] 

32. Papafaklis MI, Takahashi S, Antoniadis AP, Coskun AU, Tsuda M, Mizuno S, Andreou I, 
Nakamura S, Makita Y, Hirohata A, Saito S, Feldman CL, and Stone PH. Effect of the local 
hemodynamic environment on the de novo development and progression of eccentric coronary 
atherosclerosis in humans: Insights from PREDICTION. Atherosclerosis240:205–211, 2015. 
[PubMed: 25801012] 

33. Parikh NI, Gona P, Larson MG, Fox CS, Vasan RS, and Levy D. Long-Term Trends in Myocardial 
Infarction Incidence and Case- Fatality in the National Heart, Lung, and Blood Institute’s 
Framingham Heart Study. 119:1203–1210, 2010.

34. SA B, EW G, and ER L. Introduction to bioengineering. Oxford University Press, 2000.

35. Samady H, Eshtehardi P, McDaniel MC, Suo J, Dhawan SS, Maynard C, Timmins LH, Quyyumi 
AA, and Giddens DP. Coronary artery wall shear stress is associated with progression and 
transformation of atherosclerotic plaque and arterial remodeling in patients with coronary artery 
disease. Circulation124:779–788, 2011. [PubMed: 21788584] 

36. Si H. TetGen, a Quality Tetrahedral Mesh Generator. AMC Trans. Math. Softw. 41:11, 2015.

37. Van Soest G, Regar E, Goderie TPM, Gonzalo N, Koljenovi S, Van Leenders GJLH, Serruys PW, 
and Van Der Steen AFW. Pitfalls in plaque characterization by OCT: Image artifacts in native 
coronary arteries. JACC Cardiovasc. Imaging4:810–813, 2011. [PubMed: 21757174] 

38. Stone PH, Coskun AU, Kinlay S, Clark ME, Sonka M, Wahle A, Ilegbusi OJ, Yeghiazarians 
Y, Popma JJ, Orav J, Kuntz RE, and Feldman CL. Effect of endothelial shear stress on the 
progression of coronary artery disease, vascular remodeling, and in-stent restenosis in humans: In 
vivo 6-month follow-up study. Circulation108:438–444, 2003. [PubMed: 12860915] 

39. Stone PH, Maehara A, Coskun AU, Maynard CC, Zaromytidou M, Siasos G, Andreou I, 
Fotiadis D, Stefanou K, Papafaklis M, Michalis L, Lansky AJ, Mintz GS, Serruys PW, Feldman 
CL, and Stone GW. Role of Low Endothelial Shear Stress and Plaque Characteristics in 
the Prediction of Nonculprit Major Adverse Cardiac Events: The PROSPECT Study. JACC 
Cardiovasc. Imaging11:462–471, 2018. [PubMed: 28917684] 

40. Stone PH, Saito S, Takahashi S, Makita Y, Nakamura S, Kawasaki T, Takahashi A, Katsuki 
T, Nakamura S, Namiki A, Hirohata A, Matsumura T, Yamazaki S, Yokoi H, Tanaka S, Otsuji 
S, Yoshimachi F, Honye J, Harwood D, Reitman M, Coskun AU, Papafaklis MI, and Feldman 
CL. Prediction of progression of coronary artery disease and clinical outcomes using vascular 
profiling of endothelial shear stress and arterial plaque characteristics: The PREDICTION study. 
Circulation126:172–181, 2012. [PubMed: 22723305] 

41. Tran JS, Schiavazzi DE, Kahn AM, and Marsden AL. Uncertainty quantification of simulated 
biomechanical stimuli in coronary artery bypass grafts. Comput. Methods Appl. Mech. Eng. 
345:402–428, 2019. [PubMed: 31223175] 

42. Updegrove A, Wilson NM, Merkow J, Lan H, Marsden AL, and Shadden SC. SimVascular: 
An Open Source Pipeline for Cardiovascular Simulation. Ann. Biomed. Eng. 45:525–541, 2017. 
[PubMed: 27933407] 

43. Vergallo R, Papafaklis MI, Yonetsu T, Bourantas CV, Andreou I, Wang Z, Fujimoto JG, McNulty 
I, Lee H, Biasucci LM, Crea F, Feldman CL, Michalis LK, Stone PH, and Jang IK. Endothelial 
shear stress and coronary plaque characteristics in humans combined frequency-domain optical 
coherence tomography and computational fluid dynamics study. Circ. Cardiovasc. Imaging7:905–
911, 2014. [PubMed: 25190591] 

Eslami et al. Page 17

Ann Biomed Eng. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



44. Veselka J, Cadova P, Tomasov P, Theodor A, and Zemanek D. Dual-source CT angiography for 
detection and quantification of in-stent restenosis in the left main coronary artery: Comparison 
with intracoronary ultrasound and coronary angiography. J. Invasive Cardiol. 23:460–464, 2011. 
[PubMed: 22045078] 

45. Wilson NM, Ortiz AK, and Johnson AB. The Vascular Model Repository: A Public Resource of 
Medical Imaging Data and Blood Flow Simulation Results. J. Med. Device. 7:040923, 2013.

Eslami et al. Page 18

Ann Biomed Eng. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Workflow of the study with 14 total number of patients where 10 is used for methodology 

development and 4 are used to test the methodology developed. Specifications for each 

cohort as well as the exclusion criteria are also included.
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Figure 2. 
Illustration for methodology workflow in co-registration of the invasive and noninvasive 

imaging based on (A) coronary angiogram, (B) intravascular imaging (in this case OCT) 

(C) and coronary CTA on the multiplanar reconstruction view. Steps involved in 3D model 

for invasive-based models where first (D) cross-sectional segmentation for the lumen is 

performed (E) second the centerline based on CTA is extracted (F) cross-sectional lumen 

cloud points are fused with centerline to create 3D shape and lastly the smoothed 3D LAD 

model is reconstructed. Steps involved in 3D reconstruction based on coronary CTA where 
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first (G) the centerline is first tracked and coronary lumen is segmented and (H) 3D shape 

of the vessel is crated based on the segmented contours and (I) the final smoothed 3D 

reconstructed model is created.

Eslami et al. Page 21

Ann Biomed Eng. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
(A) Boundary conditions used for the left anterior descending 3D reconstructed models 

where the input flow rate is a waveform adapted from a healthy person in the Vascular 

Model Repository21 such that the waveform is adjusted for the patient-specific mean flow 

rate as well as the heart rate at the time of patient scans. The distal boundary condition is an 

RCR lumped element model where the proximal (Rp) and distal (Rd) resistance are adjusted 

by the mean flow rate and pressure measurements. C stands for capacitance and is kept 

as the constant value of 4.16×10-6. The mesh generated for each coronary artery included 

2 boundary layers with maximum of 0.5 portion of edge size. (B) Schematics illustrating 

methods used to calculate segment- and arc-averaged and minimum/maximum TAESS along 

the artery’s centerline. The minimum and maximum TAESS is determined by finding the 

minimum/maximum of TAESS in each 90° arc and in the entire cross-section rotating at 1° 

increments at a time.
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Figure 4. 
A representative case (Patient 3) with high agreement between the hemodynamics 

calculation based on invasive IVUS (A-D) and noninvasive CTA (E-H). 3D map of ESS 

representations (A,D) where the proximal and distal ends of the vessels are aligned with the 

2D map of ESS (B,F) along the centerline of the vessel. Categorical values of ESS (C,G) 

show low, medium and high at each 45° arc and 2D map of OSI (D,H) values along the 

centerline are shown. Comparisons of average diameter (I), area averaged TAESS (J), area 

averaged OSI (K) and area-averaged pressure (L) show a high agreement between IVUS and 

CTA calculated parameters.
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Figure 5. 
A representative case (Patient 6) with moderate agreement between the hemodynamics 

calculation based on invasive OCT(A-D) and noninvasive CTA (E-H). 3D map of ESS 

representations (A,D) where the proximal and distal ends of the vessels are aligned with the 

2D map of ESS (B,F) along the centerline of the vessel. Categorical values of ESS (C,G) 

show low, medium and high at each 45° arc and 2D map of OSI (D,H) values along the 

centerline are shown. Comparisons of average diameter (I), area averaged TAESS (J), area 

averaged OSI (K) and area-averaged pressure (L) show moderate agreement between IVUS 

and CTA calculated parameters.
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Figure 6. 
Correlation plots between on TAESS calculations based on invasive and noninvasive 

imaging for the training dataset showing a high (A) Pearson correlation (r=0.86) for area­

averaged TAESS and (B) r=0.85 for arc-averaged TAESS. The linear fit curve has a slope of 

1.03 and a y-intercept of 19.4 showing a slightly higher TAESS values for the noninvasive 

imaging modality. The independent and testing patients show very high correlation between 

the invasive and noninvasive models for (C) area-averaged and (D) arc-averaged TAESS 

with a higher TAESS estimation in noninvasive TAESS.
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Figure 7. 
Bland-Altman plots to compare the TAESS calculated based on noninvasive-based models 

versus the gold standard invasive-based models for (A) the area averaged TAESS (B) 

arc-averaged TAESS in the training cohort and (C) the area-averaged and (D) arc-averaged 

in the four independent testing patients. ΔTESS = TAESSinvasive − TAESSnon − invasive
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Figure 8. 
Confusion matrices to demonstrate the agreement between categorical TAESS based in 

invasive- and no- invasive-based models based on patient-specific tertiles for (A) area­

averaged and (B) arc-averaged calculation in the training cohort and (C) area-averaged and 

(D) arc-averaged calculations in the testing cohort. The testing cohort accuracy is relatively 

lower than the training cohort models when matching categorical TAESS, however the trend 

is similar where there is higher accuracy in the low and high categories and the medium 

category is mis-categorized in the noninvasive-based models.
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Table 2.

list of hemodynamic factors calculated in this study, their meaning and equations that define them.

Eq # Term Meaning Equation

2 τw Blood velocity gradient at vessel wall τw = μ∂ u
∂ n wall

3 TAESSseg Area averaged TAESS TAESSseg =
∑n = 1

NsurfaceTAESS
Nsurface

4 TAESSArc 45° arc averaged TAESS TAESSArc =
∑n = 1

NarcTAESS
Narc

5 OSI Oscillatory shear index OSI = 0.5 1 −
∫0

T τ w dt

∫0
T τ w dt

6 OSIseg Area averaged oscillatory shear index OSIseg =
∑n = 1

NsurfaceOSI
Nsurface

7 Pseg Time-averaged area-averaged pressure Pseg =
∑n = 1

NareaP
Narea

μ: dynamic viscosity, u : blood velocity, n : directional vector normal to the wall, Nsurface : total number of surface mesh points at the wall, 

Narc: total number of surface mesh points at the wall in each 45o arc, Narea: total number of mesh points at the cross-sectional area
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