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Abstract

Introduction: Intravascular ultrasound (IVUS) studies have shown that biomechanical variables, 

particularly endothelial shear stress (ESS), add synergistic prognostic insight when combined 

with anatomic high-risk plaque features. Non-invasive risk assessment of coronary plaques with 

coronary computed tomography angiography (CCTA) would be helpful to enable broad population 

risk-screening

Aim: To compare the accuracy of ESS computation of local ESS metrics by CCTA vs IVUS 

imaging.

Methods: We analyzed 59 patients from a registry of patients who underwent both IVUS and 

CCTA for suspected CAD. CCTA images were acquired using either a 64- or 256-slice machine. 

Lumen, vessel, and plaque areas were segmented from both IVUS and CCTA (59 arteries, 686 

3-mm segments). Images were co-registered and used to generate a 3-D arterial reconstruction, 

and local ESS distribution was assessed by computational fluid dynamics (CFD) and reported in 

consecutive 3-mm segments.

Results: Anatomical plaque characteristics (vessel, lumen, plaque area and minimal luminal area 

[MLA] per artery) were correlated when measured with IVUS and CCTA: 12.7 ± 4.3 vs 10.7 ± 4.5 

mm2, r=0.63; 6.8 ± 2.7 vs 5.6 ± 2.7 mm2, r=0.43; 5.9 ± 2.9 vs 5.1 ± 3.2 mm2, r=0.52; 4.5 ± 1.3 

vs 4.1 ± 1.5 mm2, r= 0.67 respectively. ESS metrics of local minimal, maximal, and average ESS 

were also moderately correlated when measured with IVUS and CCTA (2.0 ± 1.4 vs 2.5 ± 2.6 Pa, 

r=0.28; 3.3 ± 1.6 vs 4.2 ± 3.6 Pa, r=0.42; 2.6 ± 1.5 vs 3.3 ± Pa, r=0.35, respectively). CCTA-based 

computation accurately identified the spatial localization of local ESS heterogeneity compared to 

IVUS, with Bland-Altman analyses indicating that the absolute ESS differences between the two 

CCTA methods were pathobiologically minor.

Conclusion: Local ESS evaluation by CCTA is possible and similar to IVUS; and is useful 

for identifying local flow patterns that are relevant to plaque development, progression, and 

destabilization.

Keywords
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Endothelial Shear Stress; ESS

1. INTRODUCTION

Risk-stratification of individual coronary plaques is an important goal to identify high-risk 

plaques that are likely to progress or destabilize, information that may enable preemptive 

interventions to prevent major adverse cardiac events (MACE). Early prognostic studies 

utilized invasive intravascular imaging with intravascular ultrasound (IVUS) and optical 

coherence tomography (OCT) and focused mainly on anatomic plaque characteristics 

such as minimal lumen area, plaque burden, necrotic core, fibrous cap thickness,1–3 

as well as biochemical characteristics such as lipid pool.4–6 Natural history outcome 

studies demonstrated, however, that while anatomic plaque characteristics provide the 

essential substrate to understand plaque behavior and disease prognosis, the majority 

of these ostensibly high-risk plaques remain quiescent and do not destabilize to cause 
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clinical events.7–9 More recent prognostic plaque investigations have broadened the risk-

stratification focus to include local biophysical features, such as endothelial shear stress 

(ESS)—the frictional force of blood acting on endothelial cells which drives plaque 

development and progression10,11—which acts synergistically with anatomic high-risk 

features to trigger plaque destabilization and MACE.2,12,13

Invasive intravascular imaging is the current gold standard to assess plaque characteristics 

and plaque risk, but its widespread application is limited by its invasive nature, high-cost 

and requirement for detailed offline analyses that are time-consuming and require substantial 

technical and computational resources. In contrast, non-invasive plaque risk-assessment 

with coronary computed tomography angiography (CCTA) would be invaluable for broad 

population-based risk screening, as well as serial assessments for patients with known 

coronary artery disease (CAD), since it is non-invasive, inexpensive, enables whole imaging 

of the entire coronary artery tree, and ESS computation could potentially be completed and 

reported at the point-of-care. Previous CCTA studies have clearly shown that assessment of 

plaque burden and calcium score provides important diagnostic and prognostic information 

not only about stenotic atherosclerotic plaques but also early atherosclerotic lesions.14–17 

Specific high-risk plaque features, such as low attenuation, positive remodeling, napkin 

ring sign, and spotty calcification serve as independent predictors of future acute coronary 

syndromes.15,18

CCTA image resolution, however, is less precise than invasive IVUS or OCT imaging, and 

so its predictive accuracy for optimal risk-stratification including characterization of the 

local biomechanical ESS surrounding individual plaques remains unclear. The aim of the 

present study, therefore, was to compare the accuracy of ESS computation of local ESS 

metrics by non-invasive CCTA vs invasive IVUS imaging. This foundational study was 

designed to enable larger non-invasive studies to confirm the nature of the biomechanical 

characteristics of coronary atherosclerotic plaques and the prognostic value of non-invasive 

imaging compared to invasive imaging.

2. METHODS

2.1. Patient population:

We analyzed 118 patients identified from a recently published Italian registry who 

underwent CCTA imaging, and invasive coronary angiography and IVUS, within 90 days of 

one another, for suspected, but without previously known, CAD, that compared calculation 

of plaque volume measurements by the non-invasive vs invasive modality.19 Patients were 

divided into two groups based on the CCTA imaging method employed: 59 patients who 

underwent 64-slice CCTA, and 59 patients who underwent 256-slice CCTA.

2.2. CCTA Image Acquisition:

In patients imaged with a 64-slice scanner, Discovery CT 750 HD scanner (GE Healthcare, 

Milwaukee, WI, USA) was used with the following parameters: slice configuration 64X 

0.625 mm and gantry rotation time 350 ms. A first-generation iterative reconstruction 

algorithm (ASIR, GE Healthcare, Milwaukee, WI, USA) and a BMI-adapted scanning 
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protocol were used. A bolus of 70 mL (for BMI 25 kg/m2) of high concentration contrast 

(Iomeron 400 mg/mL, Bracco Imaging, Milan, Italy) was administered, and the scan was 

initiated according to the bolus-tracking technique.

In the patients imaged with a 256-slice scanner, Revolution CT (GE Healthcare, Milwaukee, 

WI, USA) was used to perform CCTA with the following parameters: slice configuration 

256 X 0.625 mm, gantry rotation time 280 ms and prospective ECG triggering. A new 

generation of iterative reconstruction (ASIR-V, GE Healthcare, Milwaukee, WI, USA) was 

used. Tube current and tube voltage were adapted to BMI.13 Patients received a 50-mL 

(for BMI 25 kg/m2) bolus of contrast medium (Iomeron 400 mg/mL, Bracco, Milan, 

Italy). Imaging was performed using the bolus-tracking technique. Sublingual nitrates and 

intravenous beta-blockers (metoprolol with dose up to 20 mg, according to heart rate) were 

administered before the CCTA scan in both groups.

2.3. IVUS Image Acquisition:

IVUS images were obtained within 90 days from the time of the CCTA acquisition. 

All procedures were performed for clinical indications. Imaging was performed after 

intracoronary administration of 200 μg nitroglycerin using a 40 MHz OPTICROSS IVUS 

catheter (Boston Scientific Corporation, Fremont, CA) and automatic pullback at a speed 

of 0.5mm/sec. For each cross-sectional image the external elastic membrane (EEM) and the 

luminal interface were detected and traced.

2.4. Identification of Imaging Datasets Adequate for both CCTA and IVUS Image Analysis:

Original IVUS, coronary angiography, and CCTA images were transferred to the Vascular 

Profiling Laboratory at Brigham & Women’s Hospital (Boston, MA), where blinded 

segmentation of IVUS images were performed. CCTA segmentation and image analysis 

was similarly performed in a blinded fashion at the Cleerly laboratories (Cleerly Inc, Denver, 

CO).

CFD analyses were performed on both the noninvasive and invasive segmented imaging 

datasets using the centerline derived from the CCTA images for the IVUS 3-D image 

reconstruction, and we compared the respective results of the ESS computations using 

CCTA and IVUS imaging.

2.5. Artificial Intelligence (AI)-Based CCTA Segmentation and Centerline Generation:

An AI-enabled approach to CCTA segmentation and analysis in this study was performed 

using an FDA-approved software (Cleerly Laboratory, Cleerly, Denver, CO) that performs 

automated analysis of CCTA using a series of validated convolutional neural network 

models (including VGG19 network, 3D U-Net, and VGG Network Variant) for image 

quality assessment, coronary segmentation and labeling, lumen boundary evaluation, vessel 

contour determination and plaque characterization. First, the AI-aided approach produces 

a centerline along each coronary artery, and then for lumen and vessel wall contouring. 

This is applied to each phase of the examination and the optimal series are identified for 

further analysis. These top phases are evaluated interactively on a per vessel basis, e.g., 

the right coronary artery (RCA) will be reconstructed from the phase which yields the 
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highest RCA image quality, while the posterior descending artery (PDA) may come from 

the second phase if the PDA has a higher image quality on that phase. Once coronary artery 

segmentation is performed, automated labeling is done to classify arteries by their location 

as well the proximal, mid, and distal portions within a single vessel. After the AI algorithm 

has finished all operations, a quality control cardiac CT-trained technologist reviews the 

results of the AI analysis and makes manual adjustment if necessary (in less than 10% of 

cases). A dataset containing the coronary artery centerline as well as the location of the 

lumen and vessel wall were exported for co-registration purposes with the IVUS exams.

2.6. IVUS data Analysis:

IVUS images were gated at the same cardiac phase, so that diameter variations due to 

cardiac contraction were removed. IVUS segmentations of the lumen and EEM were 

manually conducted using an in-house segmentation software at the Vascular Profiling 

Laboratory at Brigham & Women’s Hospital. We extracted the segmented lumens at each 

cross-section as point clouds at each gated frame for IVUS. We adapted this methodology 

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

3D centerline extracted from CCTA. Qualitative and quantitative analyses were performed 

according to the criteria of the American College of Cardiology Clinical Expert Consensus 

Document on Standards for Acquisition, Measurements, and Reporting of IVUS Studies.20

2.7. Co-Registration of IVUS and CCTA Segmentation:

We compared CCTA vs IVUS images side by side for the co-registration to define the culprit 

vessel then we defined the plaque length in both imaging modalities using a fiduciary point 

such as minimal luminal area, calcified plaques and side branches to match the region of 

interest in both imaging modalities. We used a large side branch as our proximal landmark, 

such as the left main bifurcation site if the culprit vessel was the LAD or LCX in both 

IVUS and CCTA and we used the most distal branch as our distal landmark in both imaging 

modalities. Further, we used coronary angiograms acquired at the time of IVUS to keep 

track of the location of branches relative to each other.( Figure 1S)

2.8. Three-D Reconstruction of Coronary Arteries and Computational Fluid Dynamics 
(CFD) Calculations:

Images from CCTA and IVUS were fused to create a 3D coronary reconstruction based on 

the 2D-lumen segmentations from IVUS. We fused the 2-D point clouds of lumen/EEM 

borders extracted from IVUS segmentation with the 3-D-centerline extracted from the 

CCTA. As a first step in the fusion process, a segment of interest that was common both 

in IVUS and CTA acquisition was identified using branch locations. Distal and proximal 

IVUS frames and corresponding locations on CTA were marked. A smoothing cubic-spline 

curve was fitted for the center line of CCTA geometry. Locations of the IVUS frames on the 

smooth centerline were determined by interpolating distance measured on the centerline of 

IVUS frames to match the distance measured on the smooth CCTA geometry centerline for 

the segment of interest. Then, the 2-D point cloud data representing borders on IVUS frames 

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 
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each cross-section, we used the landmarks in the co-registration process (as described above) 

and compared each consecutive cross-section’s normal to ensure their dot-products were 

positive. The boundary points of each frame were connected by spline curves to rebuild the 

luminal geometry in 3-D space. A structured grid that used a body-fitted coordinate system 

was employed to represent the lumen volume. The lumen was divided into computational 

control volumes comprising 0.3-mm-thick slices along the segment, 40 equal intervals 

around the circumference (lumen interface), and 24 progressively narrowing intervals in the 

radial direction from the center of the reconstructed lumen to the lumen surface. A volume 

average velocity of 0.172 m/s was used as the volumetric flow rate for each vessel based 

on the average values obtained from a different data set with large number of arteries of 

which coronary blood flow rates were measured by dividing the true 3D volume of the 

segment, calculated from the lumen borders as described above, by the time required for the 

volume of blood contained within the same section to be displaced by radio-opaque material 

during a contrast injection utilizing timing of cine frames. The region of interest for flow 

calculation was chosen as a segment free of significant side branches that may significantly 

alter the flow through the segment under investigation.

The detailed intravascular flow characteristics were obtained by solving the transport 

equations governing the conservation of mass and momentum utilizing a simple Foam 

simulation program within Open FOAM CFD platform. We assumed that the arterial wall 

was stiff, and that blood was incompressible, homogeneous steady flow, and Newtonian. 

A parabolic fully developed velocity profile was assumed at the inlet boundary. In 

the simulations, pressure solution was achieved using GAMG Multi-Grid Solver with 

GaussSeidel smoother, tolerance was set to 10−6 and minimum number of iterations was set 

to 2. Velocity solution was achieved using PBiCG Linear Solver with DILU preconditioner, 

tolerance was set to 10−8 and minimum number of iterations was set to 3. Momentum 

predictor is enabled. Convergence Tolerance was set to 10−10 for both pressure and velocity.

2.9. Statistical Analysis

Categorical variables were presented as numbers and proportions, and continuous variables 

were reported as means and standard deviations. We used the Chi-square statistic to 

compare categorical variables. For continuous variables, we used the Pearson r correlation 

coefficient to examine the association between IVUS and CCTA for the following variables: 

lumen area, vessel area, plaque area, MLA, average ESS, plaque 90° arc minimum ESS, 

plaque 90° arc maximum ESS and plaque 90° arc average ESS. For each 3-mm segment, 

plaque 90° arc minimum ESS was defined as the minimum ESS value over a rotating 

90° arc around the vessel circumference, plaque 90° arc maximum ESS was defined as 

the maximum ESS value over a rotating 90° arc around the vessel circumference, and 

plaque 90° arc average ESS was defined as the average ESS value over a rotating 90° arc 

around the vessel circumference.22 We further examined associations for these variables for 

combined 256 and 64-slice CCTA, 256-slice only, and 64-slice only and assessed whether 

the correlation coefficients for IVUS and CCTA were statistically different with the Fisher r 

to z transformation. Instead of testing that the correlation coefficient is different from 0, we 

used a p-value which indicates whether the correlation coefficient is different from a modest 

correlation of 0.25. For plaque 90° arc minimum ESS, plaque 90° arc maximum ESS and 
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plaque 90° arc average ESS, we calculated the mean difference between IVUS and CCTA 

for combined 256-and 64-slice CCTA, 256-slice only, and 64-slice only. Linear regression 

was used to determine whether these differences were statistically different. Standard errors 

of the regression coefficients were adjusted for correlated error using the Huber-White 

Sandwich Estimator. Finally, Bland-Altman plots were used to further explore the agreement 

between IVUS and CCTA for each of the three variables of interest. We also used the 

unweighted Kappa statistic to examine the level of agreement between CCTA and IVUS for 

categories of ESS. Comparisons were made for all CCTA, 256 slice, and 64 slice.

3. RESULTS

3.1. Patient Cohort:

Of the 118 patient datasets only 59 (50%) were technically adequate for CFD computations 

using both CCTA and IVUS images (30 patients using 64-slice CCTA and 29 patients using 

256-slice CCTA). Figure 1 shows the study flow chart and reasons for excluding patients. 

The IVUS imaging methods were similar regardless of which CCTA scanner modality was 

employed. The patients’ demographic and clinical data are presented in Table 1.

3.2. Comparison of CCTA (Combined 64-slice and 256-slice) vs. IVUS Anatomic Plaque 
Characteristics and ESS Metrics:

Vessel area, lumen and plaque areas and MLA per artery measured with IVUS were strongly 

correlated to those measured with CCTA (12.7 ± 4.3 vs 10.7 ± 4.5 mm2, r=0.63; 6.8 ± 2.7 

vs 5.6 ± 2.7 mm2, r = 0.43: 5.9 ± 2.9 vs. 5.1 ± 3. mm2, r = 0.52; and 4.5 ± 1.3 vs 4.1 ± 1.5 

mm2, r = 0.67, respectively; each p<0.0001) (Table 2).

ESS metrics of average ESS, minimal ESS, maximal ESS were also significantly correlated 

when measured with CCTA and IVUS (2.6 ± 1.5 vs 3.3 ± 3.0 Pa, r=0.35; 2.0 ± 1.4 vs 2.5 ± 

2.6 Pa, r=0.28; and 3.3 ± 1.6 vs 4.2 ± 3.6 Pa, r=0.42, respectively, each p<0.0001)

Figure 2 illustrates images of a representative patient’s 3-D reconstruction and color-coded 

topographical map displaying the values of lumen radius, vessel radius, plaque thickness and 

ESS metrics computed from both CCTA and IVUS imaging. There is excellent correlation 

in the metrics between the two modalities, including the detailed heterogeneity of plaque 

contours and local ESS values.

3.3. Comparison of CCTA (separately 64-slice and 256-slice) vs IVUS Anatomic Plaque 
Characteristics and ESS Metrics:

To determine the effect of differences in CT technology, we also performed a subgroup 

analysis of ESS metrics by CCTA with 64-slice compared to 256-slice CT. Within each type 

of CCTA method (64-slice or 256-slice) the plaque anatomic and ESS metrics were highly 

correlated with the metrics derived by IVUS imaging (Table 3). The correlation coefficients 

were numerically higher for the 256-slice imaging modality and IVUS metrics compared to 

the 64-slice imaging modality and IVUS ESS metrics, but none of these differences were 

statistically significant (Table 3).
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3.4. Categorical Local ESS measurements:

We examined the agreement between CCTA and IVUS for categories of ESS defined as: 

1) low ESS [<1.0 Pa], 2) physiologic ESS [1.0–2.5Pa], 3) high ESS [2.5–5.0 Pa], 4) higher 

ESS [5.1–7.0 Pa] and 5) very high ESS [>7.0 Pa] .There was modest agreement between 

the 2 modalities for all CCTA, 256 slice, and 64 slice, as indicated by Kappa statistics from 

0.20 to 0.26 (Table 4). In general, there were higher levels of ESS in CCTA as compared 

to IVUS; this was particularly true for 64 slice CCTA where 14.2% were in the very high 

category as opposed to only 2.8% in IVUS. Table 5 illustrates the comparison of categories 

of ESS by per-segment analysis for all CCTA formats vs IVUS. Per-segment categorical 

comparison of the ESS (Low: <1 Pa; Physiological: 1–2.5 Pa; High: 2.5–5 Pa; Higher: >5–7 

Pa; and Very High: >7 Pa) between CCTA and IVUS showed exact agreement 52.9% of 

the time for measurement of average ESS, 46.9% of the time for the measurement of min 

ESS, and 48.5 % of the time for measurements of the max ESS. Similarly, the agreement 

within one category was 79.8% of time for the measurement of average ESS, 70.8% of the 

time for the measurement of Min ESS, and 88.5% of the time for measurement of Max ESS 

(Agreement for average ESS, kappa=0.25, p<0.0001; agreement for min ESS, kappa=0.20, 

p<0.0001; and agreement for max ESS, kappa=0.22, p<0.0001).

3.5. Bland-Altman Plots of ESS Metrics by CCTA (combined or separate 64-slice and 
256-slice) Compared to ESS Metrics by IVUS:

Figures 3–5 illustrate the Bland-Altman plots comparing the CCTA-derived metrics 

(combined 64-slice and 256-slice) and the IVUS-derived metrics for Minimal ESS, Maximal 

ESS, and Average ESS, respectively. The Bland-Altman plots for the separate 64-slice and 

the 256-slice CCTA-derived metrics and the IVUS-derived metrics are presented in Figures 

2S-7S in the Supplementary Material. The mean differences in the ESS metrics as measured 

by IVUS versus the different CCTA imaging methods are presented in Table 5. Although 

these differences are statistically significant, the absolute value of the differences are not 

pathobiologically or clinically meaningful. The Bland-Altman plots demonstrated a funnel 

shape indicating higher ESS in the CCTA modality.

4. DISCUSSION

In this present study, we sought to compare the accuracy of non-invasive CCTA imaging-

based ESS computation to invasive IVUS-based ESS computation—the current gold 

standard—to evaluate both the local heterogeneous and the average ESS patterns. We further 

performed a subgroup analysis to compare the accuracy of the 256- vs the 64-slice CCTA 

imaging-based CFD vs IVUS-based CFD. Our main findings are: (1) Categorizing the 

heterogeneous local ESS environment within individual arteries, from low ESS through 

very high ESS, the CCTA-based methods identify the spatial localization of heterogeneity 

accurately compared to the localization by IVUS-based imaging, with Bland-Altman 

analyses indicating that the absolute ESS difference in Pa between the two CCTA methods 

are pathobiologically minor; and (2) Compared to IVUS-based values, 256-slice CCTA and 

64-slice CCTA are similar to measure lumen and vessel areas and for the computation of 

detailed local ESS values (Average ESS, Minimum ESS, Maximum ESS). In summary we 

observed moderate correlations and statistically significant differences in mean bias between 
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CCTA and IVUS. Further, there was a trend toward higher ESS in CCTA, especially in the 

64-slice group. This finding was demonstrated in the funnel shaped Bland-Altman plots. 

When ESS was defined as a categorical variable, there was modest agreement for all CCTA, 

256 slice, and 64 slice.

4.1. Invasive Risk-Assessment of Individual Coronary Plaques

Our present study findings advance the previously published scientific literature that 

has relied primarily upon invasive methods for determining ESS. Most previous studies 

investigating where coronary plaques develop, progress, and ultimately destabilize have 

utilized invasive imaging of IVUS or OCT.1,9,21 A large plaque burden is typically the 

anatomic substrate for subsequent plaque progression and destabilization, and these plaques 

need not encroach substantially into the lumen and obstruct blood flow. Low ESS is 

typically responsible for the development and progression of plaque, since it triggers a 

local potent pro-inflammatory, pro-atherogenic, and pro-thrombotic phenotype.1,10,22 Once 

established, the plaque may become destabilized and lead to MACE if it resides in either a 

local pathobiologically low or high ESS environment.2,12

The role of invasive risk-assessment, however, is fundamentally limited since only a small 

minority of patients with CAD undergo invasive evaluation, and the majority of patients 

truly at high-risk remain undetected. If it were possible to accurately predict those patients 

at risk for plaque destabilization and MACE in a non-invasive manner, such as with CCTA, 

the paradigm for meaningful risk assessment for patients with, or at risk for, CAD would 

considerably change.

4.2. Value of Non-invasive Risk Assessment of Individual Plaques

Due to limited resolution and associated artifacts, CCTA-derived computation to evaluate 

ESS metrics has been relatively uncommon compared with intravascular-based computation. 

In concordance with previous intravascular-based ESS studies, plaque prevalence was 

highest in areas of low and high ESS coronary segments computed using CCTA.23 Further 

exploratory work has been conducted for ESS calculation using 320-slice CCTA. The 

calculation of ESS was conducted in the past using custom MUPHY Lattice Boltzmann 

software and was used in prediction of coronary artery plaque progression and potential 

rupture, but was severely limited by poor CCTA resolution.24

In another study, Park et al, investigated the distribution of hyperemic ESS with respect 

to CCTA-defined adverse plaque characteristics (APC) and showed that plaques exposed 

to the highest tertile of ESS formed a significant proportion of high-risk plaques, and 

ESS was found to have a superior value over luminal narrowing for the discrimination of 

APC.25 Similarly, the EMERALD study investigated the utility of CCTA and CFD-derived 

hemodynamic parameters for the identification of high-risk plaques responsible for an 

acute coronary syndrome.15 Seventy-two patients (66 culprit and 150 non-culprit lesions) 

with ACS underwent assessment of ESS and APCs. The study focused on evaluating non-

invasive fractional flow reserve measured by computed tomography (FFRCT), ΔFFRCT, 

ESS, and axial plaque stress as derived from the CCTA. The results showed that this 

non-invasive assessment of local hemodynamic characteristics enhanced the identification of 
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high-risk plaques that subsequently caused ACS as compared to “anatomic” adverse plaque 

characteristics alone. Culprit lesions were found to have significantly higher mean ESS, 

ΔFFRCT, and axial plaque stress and a lower FFRCT, than non-culprit lesions.

It is notable to underscore, however, that previous non-invasive CCTA prognostic studies 

have been limited by using the single metric of “average ESS” alone, which masks the 

important details of the pathobiologic low ESS in particular, since the low Pa value 

is subsumed by the adjacent high ESS values in the process of averaging. This loss 

of appreciation of the role of local low ESS may be particularly germane in areas of 

high or very high ESS, since these areas are typically located immediately adjacent to 

areas of low ESS, and this high “ESS gradient” has been found to be an important 

pathophysiologic trigger for plaque rupture and erosion.13,26 In the present study using 

current generation CCTAs we show for the first time the utility of non-invasive CCTA 

imaging-based computation to assess the detailed regional heterogeneity of ESS metrics that 

include average ESS, minimum ESS, and maximum ESS. We also demonstrate the similarity 

of CCTA-based ESS computations compared with IVUS-based computation to evaluate both 

continuous and categorical ESS variables.

4.3. Intravascular vs Non-invasive Imaging for ESS Evaluation

For the CCTA-based ESS computation to emerge as an alternative prognostication method 

to the invasive intravascular imaging-based computation, the relationships between the two 

imaging modalities need to be better understood. Bulant et al.27 performed a comparison 

of hemodynamic parameters between fused angiography-IVUS reconstructions and CCTA 

reconstructions and observed that hyperemic ESS was higher in CCTA-reconstructed 

coronary arteries due to the apparent presence of a smaller lumen by CCTA measurement. 

This was attributed to lower CCTA resolution, presence of calcifications, and reduced 

pixel intensity in distal vascular regions. In another study, CCTA-based ESS calculations 

were compared to the ESS calculations using the gold-standard of fusion of invasive 

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

and non-invasive imaging of the 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 and TAESS were categorized into 

patient-specific tertiles (low, medium, and high). The study concluded that this 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.28 

Further investigations have been performed to compare computation of plaque and vascular 

characteristics using intravascular imaging vs. non-invasive assessment. Conte et al,19 

assessed plaque volume quantification by 64-slice vs 256-slice CCTA using IVUS-based 

measurements as a reference standard, utilizing 118 patients from a large Italian registry. 

They found a higher correlation for plaque volume quantification by CCTA vs. IVUS which 

was particularly evident using the more current 256-slice CCTA in comparison with the 

older 64-slice CCTA. Previous experience in evaluating coronary artery variables by CCTA 

vs. IVUS has shown that CCTA underestimates lumen cross sectional area compared to 

IVUS while it overestimates the vessel area.29

Hakim et al. Page 10

J Cardiovasc Comput Tomogr. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We observed that there were pathobiologically minor differences in absolute values of 

local minimal, maximal, and average ESS utilizing CCTA-based vs IVUS-based imaging 

(well under 1.0 Pa, and as low as 0.23 Pa difference in minimal ESS values). (Table 6). 

Previous prognostic studies underscore the clinically minor significance of these absolute 

differences.2,22

In our study, we demonstrate good agreement between CCTA-derived ESS computation 

compared to IVUS-based computation in evaluating both anatomical plaque characteristics 

(lumen area, plaque area, vessel area) and the most important ESS metrics (Minimal ESS, 

Maximal ESS, Average ESS) as both continuous and categorical measures.

4.4. 256-slice CCTA vs.64 slice-CCTA

Additive to previously published studies, this present study also included a direct 

comparison of 64-slice versus 256-slice CCTA to determine the influence of iteratively 

improving CT hardware technologies on ESS computation. In the present study 256-slice 

CCTA was comparable to 64-slice CCTA for assessment of anatomical plaque and artery 

features and statistically similar for assessment of ESS metrics, with absolute differences 

in Pa between the two modalities demonstrated to be pathobiologically minor. Given the 

rapidly updating landscape of CCTA hardware technologies—including photon counting 

detector CT scanners, fast pitch helical scanners and so on—and the differences in CCTA 

image acquisition protocols (e.g., contrast type and rate of injection, iterative reconstruction, 

etc.), future studies will be required to determine the diagnostic performance of ESS 

measures across all of these potentially influential variables.

4.5. Limitations

This study is not without limitations. First, while larger than nearly all prior studies before 

it, our present study evaluated a relatively small cohort from 256-and 64-slice CT scanners; 

and future studies should corroborate our findings in different cohorts and on different CT 

platform technologies. Second, while we enrolled patients within 90 days of CCTA and 

IVUS, it is possible that temporal differences may have occurred that influence coronary 

artery volumes, and these may have contributed to differences in ESS measurements 

between CCTA and IVUS. Third, while we have proven that diagnostic performance of 

CCTA-based ESS is similar to IVUS-based ESS, our present study lacks patient-centered 

outcomes and confirmation of its prognostic value. Fourth, CCTA lumen tend to be smaller 

based on the previous studies which could have an effect on the CFD analysis, but we think 

that with the new CT technologies ( single photon, dual sources CT, flash helical CT) and 

improvement of image reconstruction, such discrepancies could be reduced. We performed 

this study as a foundational study to be followed by a large-scale evaluation of ESS in 

clinical outcomes to demonstrate its validity, and ESS-based prognosis will be evaluated by 

our group subsequently.
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5. Conclusion

Non-invasive computation of ESS by CCTA-based techniques demonstrates similar 

diagnostic performance to IVUS-based approaches. Evaluation of the clinical import of ESS 

in patients undergoing CCTA is now indicated.
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Non-standard Abbreviations and Acronyms.

IVUS Intravascular ultrasound

CCTA coronary computed tomography angiography

ESS endothelial shear stress

CFD computational fluid dynamics

CAD coronary artery disease

MACE major adverse cardiac events

OCT optical coherence tomography

EEM external elastic membrane

BMI body mass index
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Figure 1: 
Study Flow Chart
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Figure 2: A1-A4: comparison of vascular features and ESS metrics by CCTA vs. IVUS. B1-B4: 
images 3D reconstruction and color-coded topographical map of the same patient.
CCTA= coronary computed tomography angiography, EEM = external elastic membrane, 

IVUS=intravascular ultrasound, ESS=endothelial shear stress, Plq Thick = plaque thickness
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Figure 3: Bland-Altman Plots of Minimal ESS by CCTA vs by IVUS for All CCTA Methods 
(Combined 256-slice and 64-slice methods)
CCTA= coronary computed tomography angiography

IVUS=intravascular ultrasound

Each marker (N=686) corresponds to average value over 0.3 mm thick sub segment

Mean difference: Combined 256+64 slice CCTA: −0.50 Pa (CI −0.696 to −0.303)

256-slice CCTA: −0.23 Pa (CI −0.440 to −0.028)

64-slice CCTA: −0.75 Pa (CI −1.080 to −0.422)
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Figure 4: Bland-Altman Plots of Maximal ESS by CCTA vs by IVUS for All CCTA Methods 
(Combined 256-slice method and 64-slice methods)
CCTA= coronary computed tomography angiography

IVUS=intravascular ultrasound

Each marker (N=686) corresponds to average value over ~0.3 mm thick sub segment

Mean difference: Combined 256+64-slice CCTA: −0.85 Pa (CI −1.094 to −0.601)

256-slice CCTA: −0.52 Pa (CI −0.759 to −0.288)

64-slice CCTA: −1.15 Pa (CI −1.579 to −0.731)
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Figure 5: Bland-Altman Plots of Average ESS by CCTA vs by IVUS for All CCTA methods 
(Combined 256- slice method and 64-slice method)
CCTA=coronary computed tomography angiography, IVUS=intravsacular ultrasound

Each marker (N=686) corresponds to average value over ~0.3 mm thick sub segment

Mean difference: Combined 256+64 slice CCTA: −0.67 Pa (CI −0.885 to −0.453)

256-slice CCTA: −0.37 Pa (CI −0.586 to −0.158)

64-slice CCTA: −0.95 Pa (CI −1.317 to −0.583)
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Table 1:

Demographic and Clinical Characteristics of Patient Cohort

All Patients (n=59) 64-slice CT (n=30) 256-slice CT (n=29) P value

Age, years (mean ± SD) 67 ± 9 67 ± 10 67 ± 9 1.0

Sex (M), n (%) 47 (79.6) 24 (80) 23 (79.3) 0.81

BMI, kg/m2 (mean ± SD) 25 ± 2 24.9 ± 2.1 25.1 ± 3 0.69

Hypertension, n (%) 31(52.5) 18 (60) 14 (48.2) 0.19

Current smoker, n (%) 16 (27.1) 11 (36) 6 (20.9) 0.10

Hyperlipidemia, n (%) 26 (44) 12 (40) 14 (48.2) 0.57

Diabetes, n (%) 10 (16.9) 5 (16.6) 5 (17.2) 0.80

Family history of CAD, n (%) 16 (27.1) 8 (26.6) 8 (27.5) 0.83

Values are presented as mean± SD for continuous variables and n (%) for categorical variables. n= number of patients. BMI=body mass index, 
CAD=coronary artery disease, CT=computed tomography
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Table 2.

Comparison of IVUS vs All CCTAs (Combined 64-slice and 256-slice): Anatomical plaque characteristics and 

ESS measurements

Metric IVUS (n=686) CCTA (n=686) Correlation Coefficient P value*

Vessel Area (mm2) 12.7 ± 4.3 10.7 ± 4.5 0.63 <0.0001

Lumen Area (mm2) 6.8 ± 2.7 5.6 ± 2.7 0.43 <0.002

Plaque Area (mm2) 5.9 ± 2.9 5.1 ± 3.2 0.52 <0.0001

MLA per artery (mm2) 4.5 ± 1.3 4.1 ± 1.5 0.67 <0.0001

Average ESS (Pa) 2.6 ± 1.5 3.3 ± 3.0 0.35 <0.042

Plaque 90° arc Min ESS (Pa) 2.0 ± 1.4 2.5 ± 2.6 0.28 <0.55

Plaque 90° arc Max ESS (Pa) 3.3 ± 1.6 4.2 ± 3.6 0.42 <0.0004

Values are presented as mean± SD for continuous variables, n= number of analyzed segments, CCTA= coronary computed tomography 
angiography, MLA=minimal luminal area, Min ESS= minimal endothelial shear stress, Max ESS= maximal endothelial shear stress, Average 
ESS=average endothelial shear stress

P value

*
= P value of the correlation coefficient, correlation coefficient is different from r=0.25
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Table 3.

Comparison of IVUS vs CCTA:Separately 64-slice vs 256-slice (continuous variables)

Metric IVUS (n=686) CCTA (n=686) Correlation Coefficient (P-value*) P value of the correlation 
coefficient 64-slice vs. 256 
slices**

 Vessel area (mm2)

256-slice CCTA (n=334) 13.1±4.2 11.1±4.5 0.60 (p<0.0001) P=0.40

64-slice CCTA (n=352) 12.4±4.5 10.3±4.5 0.64 (p<0.0001)

Lumen area (mm2)

256-slice CCTA (n=334) 6.8±2.7 5.6±2.7 0.41 (p<0.0001) P=0.52

64-slice CCTA (n=352) 6.7±2.8 5.0±2.4 0.45 (p=0.002)

Plaque area (mm2)

256-slice CCTA (n=334) 6.1±2.9 4.9± 3.1 0.67 (p<0.0001) P=0.81

64-slice CCTA (n=352) 5.8±2.9 5.3±3.3 0.68 (p<0.0001)

MLA per artery (mm2)

256-slice CCTA (n=334) 5.0±2.0 4.1±1.3 0.61(p<0.0001) P=0.0004

64-slice CCTA (n=352) 4.0±1.2 3.0±1.4 0.41(p=0.24)

Average ESS (Pa)

256-slice CCTA (n=334) 2.6±1.4 2.9 ±2.1 0.41 (p<0.0001) P=0.23

64-slice CCTA (n=352) 2.7±1.7 3.3±3.7 0.33 (p=0.017)

Plaque 90° arc MIN ESS (Pa)

256- slice CCTA (n=334) 1.9± 1.4 2.1±1.8 0.32 (p<0.0001) P=0.48

64-slice CCTA (n=352) 2.0±1.5 2.8±3.2 0.27 (p<0.008)

Plaque 90° arc MAX ESS (Pa)

256-slice CCTA (n=334 3.3 ±1.6 3.8±2.5 0.49 (p<0.0001) P=0.19

64-slice CCTA (n=352) 3.4 ±1.7 4.6±4.4 0.41 (p=0.007)

Values are presented as mean± SD for continuous variables, n= number of analyzed segments, CCTA= coronary computed tomography 
angiography, IVUS=intravascular ultrasound, Min ESS= minimal endothelial shear stress, Max ESS= maximal endothelial shear stress, Average 
ESS=average endothelial shear stress

*
Correlation coefficient is different from r=0.25

**
Comparison of 2 correlation coefficients
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Table 4:

Comparison of IVUS vs CCTA in ESS Environment: All CCTA; 256-slice vs 64-slice (categorical variables)

Metric IVUS (n=686)) CCTA (n=686))

3-mm segment with min ESS < 1.0 Pa Low ESS

All CCTA (n=686) 174 (25.4%) 134 (19.5%)

256-slice CCTA (n=334) 85 (25.4%) 65 (19.5%)

64-slice CCTA (n=352) 89 (25.3%) 69 (19.6%)

3-mm segment with avg ESS 1.0 – 2.5 Pa Physiologic ESS

All CCTA (n=686) 349 (50.9%) 307 (44.8%)

256-slice CCTA (n=334) 187 (56.0%) 163 (44.8%)

64-slice CCTA (n=352) 162 (46.0%) 144 (40.9%)

3-mm segment with avg ESS 2.5 – 5.0 Pa High ESS

All CCTA (n=686) 246 (35.9%) 262 (38.2%)

256-slice CCTA (n=334) 106 (31.7%) 133 (39.8%)

64-slice CCTA (n=352) 140 (39.8%) 129 (36.6%)

3-mm segment with avg ESS 5.0 – 7.0 Pa Higher ESS

All CCTA (n=686) 39 (5.7%) 56 (8.2%)

256-slice CCTA (n=334) 16 (4.8%) 21 (6.3%)

64-slice CCTA (n=352) 23 (6.5%) 35 (9.9%)

3-mm segment with max ESS >7 Pa Very High ESS

All CCTA (n=686) 19 (2.8%) 68 (9.9%)

256-slice CCTA (n=334) 9 (2.7%) 18 (5.4%)

64-slice CCTA (n=352) 10 (2.8%) 50 (14.2%)

Values are presented as n (%) for categorical variables, n= number of analyzed segments CCTA= coronary computed tomography angiography, 
IVUS=intravascular ultrasound, Min ESS= minimal endothelial shear stress measured over a continuous 90° arc segment on each 3-mm 
subsegment, Max ESS= maximal endothelial shear stress, Avg ESS=average endothelial shear stress measured over a continuous 90° arc segment 
on each 3-mm subsegment. Some samples may be part of more than 1 category. For example, a sample that may have a physiological average 
ESS value, can have a Min ESS value lower than physiological or max ESS value higher than physiological, and therefore can be counted in 
Physiological ESS, low min ESS and/or high max ESS categories.

Agreement for all CCTA, kappa=0.25, p<0.0001

Agreement for 256 slice, kappa=0.26, p<0.0001

Agreement for 64 slice, kappa=0.24, p<0.0001
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Table 5.

Comparison of Categories of ESS by Per-segment Analysis Coronary CT Angiography vs Intravascular 

Ultrasound

Values are presented as n and (%) for categorical variables. n= number of analyzed segments, CCTA= coronary computed tomography 
angiography, IVUS=intravascular ultrasound, Min ESS= minimal endothelial shear stress, Max ESS= maximal endothelial shear stress, Avg 
ESS=average endothelial shear stress. L=low shear stress i.e. <1.0 Pa, Physio= physiologic shear stress i.e. 1.0 –2.5 Pa, High=high endothelial 
shear stress i.e. 2.5–5.0 Pa, Higher=higher endothelial shear stress i.e. 5.0 –7.0 Pa, Very H= very high endothelial shear stress i.e. >7 Pa.

Agreement for average ESS, kappa=0.25, p<0.0001, Agreement for min ESS, kappa=0.20, p<0.0001, Agreement for max ESS, kappa=0.22, 
p<0.0001,
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Table 6:

Absolute differences in ESS metrics as measured by IVUS versus the different CCTA imaging methods.

CCTA Method Mean Difference (Pa) p- value

Average ESS

All CCTA −0.66 Pa <0.0001

256-Slice −0.37 Pa 0.006

64-Slice −0.95 Pa 0.002

Minimal ESS

All CCTA −0.49 Pa <0.0001

256-Slice −0.23 Pa 0.032

64-Slice −0.75 Pa 0.004

Maximal ESS

All CCTA −0.84 Pa <0.0001

256-Slice −0.52 Pa <0.0001

64-Slice −1.1 Pa 0.001

CCTA= coronary computed tomography angiography, Avg ESS=average endothelial shear stress, Min ESS= minimal endothelial shear stress, Max 
ESS= maximal endothelial shear stress,

J Cardiovasc Comput Tomogr. Author manuscript; available in PMC 2024 May 01.


	Abstract
	INTRODUCTION
	METHODS
	Patient population:
	CCTA Image Acquisition:
	IVUS Image Acquisition:
	Identification of Imaging Datasets Adequate for both CCTA and IVUS Image Analysis:
	Artificial Intelligence (AI)-Based CCTA Segmentation and Centerline Generation:
	IVUS data Analysis:
	Co-Registration of IVUS and CCTA Segmentation:
	Three-D Reconstruction of Coronary Arteries and Computational Fluid Dynamics (CFD) Calculations:
	Statistical Analysis

	RESULTS
	Patient Cohort:
	Comparison of CCTA (Combined 64-slice and 256-slice) vs. IVUS Anatomic Plaque Characteristics and ESS Metrics:
	Comparison of CCTA (separately 64-slice and 256-slice) vs IVUS Anatomic Plaque Characteristics and ESS Metrics:
	Categorical Local ESS measurements:
	Bland-Altman Plots of ESS Metrics by CCTA (combined or separate 64-slice and 256-slice) Compared to ESS Metrics by IVUS:

	DISCUSSION
	Invasive Risk-Assessment of Individual Coronary Plaques
	Value of Non-invasive Risk Assessment of Individual Plaques
	Intravascular vs Non-invasive Imaging for ESS Evaluation
	256-slice CCTA vs.64 slice-CCTA
	Limitations

	Conclusion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Table 1:
	Table 2.
	Table 3.
	Table 4:
	Table 5.
	Table 6:

