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Background and aims: Low and high endothelial shear stress (ESS) is associated with coronary athero-
sclerosis progression and high-risk plaque features. Coronary ESS is currently assessed via computational
fluid dynamic (CFD) simulation of coronary blood flow in the lumen geometry determined from invasive
imaging such as intravascular ultrasound and optical coherence tomography. This process typically omits
side branches of the target vessel in the CFD model as invasive imaging of those vessels is not usually
clinically-indicated. The purpose of this study was to determine the extent to which this simplification
affects the determination of those regions of the coronary endothelium subjected to pathologic ESS.
Methods: We determined the diagnostic accuracy of ESS profiling without side branches to detect
pathologic ESS in the major coronary arteries of 5 hearts imaged ex vivo with computed tomography
angiography (CTA). ESS of the three major coronary arteries was calculated both without (test model),
and with (reference model) inclusion of all side branches >1.5 mm in diameter, using previously-
validated CFD approaches. Diagnostic test characteristics (accuracy, sensitivity, specificity and negative
and positive predictive value [NPV/PPV]) with respect to the reference model were assessed for both the
entire length as well as only the proximal portion of each major coronary artery, where the majority of
high-risk plaques occur.
Results: Using the model without side branches overall accuracy, sensitivity, specificity, NPV and PPV
were 83.4%, 54.0%, 96%, 95.9% and 55.1%, respectively to detect low ESS, and 87.0%, 67.7%, 90.7%, 93.7%
and 57.5%, respectively to detect high ESS. When considering only the proximal arteries, test charac-
teristics differed for low and high ESS, with low sensitivity (67.7%) and high specificity (90.7%) to detect
low ESS, and low sensitivity (44.7%) and high specificity (95.5%) to detect high ESS.
Conclusions: The exclusion of side branches in ESS vascular profiling studies greatly reduces the ability to
detect regions of the major coronary arteries subjected to pathologic ESS. Single-conduit models can in
general only be used to rule out pathologic ESS.

© 2016 Elsevier Ireland Ltd. All rights reserved.
Hospital, Harvard Medical

ouras).

rved.
1. Introduction

Atherosclerotic plaque progression is influenced by biological,
mechanical and blood rheological factors [1]. Endothelial shear
stress (ESS) is a local rheological factor that influences the patho-
physiology of coronary plaque formation and progression [2]. Low
ESS is an independent predictor of increased plaque burden, plaque
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progression and luminal narrowing in both animals [3e5] and
humans [6,7]. Conversely, high ESS has been associatedwith plaque
transition to an unstable phenotype [6] and with high risk plaque
characteristics [8]. Autopsy [9] and clinical [10] studies have also
shown that the majority of high-risk plaques occur in the proximal
portions of the major coronary arteries [11e13].

In vivo estimation of ESS requires computational fluid dynamic
(CFD) simulation in a three-dimensional (3D) model of the coro-
nary lumen. Most coronary ESS studies have reconstructed the 3D
coronary lumen from two or more invasive catheter angiography
(ICA) projections to extract the vessel course, and either intravas-
cular ultrasound (IVUS) or optical coherence tomography (OCT)
data to extract the lumen contour around this course [14,15]. The
majority of studies thus focus on an individual “target” coronary
artery segment where IVUS or OCT are clinically indicated,
commonly omitting side branches in that segment [4,7,16]. Despite
lower spatial resolution, volumetric computed tomography angi-
ography (CTA) has also been used to model the coronary lumen for
ESS calculation [17e22]. With CTA, the entirety of the coronary tree
lumen, including side branches can be modeled [23].

Inclusion or exclusion of side branches in a CFD model alters the
blood flow characteristics (and thus ESS values) calculated. A
number of reports have illustrated this in both the left and the right
coronary circulation [19,24], including a recent study that fused
OCT of the target coronary segment with a simplified model of the
side branches reconstructed from two ICA projections [25]. These
studies have either reported a qualitative difference, or an average
difference in ESS values between models with and without side
branches. The implication of these differences in terms of our
ability to detect those regions of the major coronary arteries that
are subjected to pathologic (low or high) ESS nonetheless remains
unknown.

We systematically assessed the effect of excluding side branches
for modeling coronary ESS in the arterial unit (short, e.g., 3 mm-
long segments) typically used in clinical studies correlating ESS
with plaque progression and plaque characteristics. We report the
diagnostic accuracy of ESS vascular profiling when excluding side
branches to identify low and high ESS in both the left and right
coronary circulation of 5 hearts imaged ex vivowith CTA. Given that
high-risk plaques tend to occur in the proximal segments of the
major coronary arteries, a sub-analysis was additionally performed
specifically in those segments.

2. Materials and methods

2.1. Data acquisition

The study was approved by the Institutional Review Board. CTA
data was obtained for 5 intact hearts excised from organ donors
with coronary artery disease using a standardized clinical coronary
CTA protocol. Details on specimen procurement, preparation and
imaging have been previously described [26,27]. Briefly, CTA was
performed by filling coronaries with a mixture of low-viscosity
methylcellulose (Methocel; DOW Chemical Company, Midland,
MI) containing 3% iodinated contrast agent (Isovue 370, Bracco
Diagnostics, Princeton, NY) to achieve an intraluminal attenuation
of ~250e350 HU, resembling that of in vivo CTA. Each heart was
immersed in canola oil and scanned on a 64-detector row
computed tomography (CT) scanner (GE Discovery CT750 HD; GE
Healthcare, Milwaukee, WI, USA). CT scan parameters included
0.625 mm section thickness, 0.39 mm in-plane resolution, 0.35 s
gantry rotation time,120 kV tube voltage, and 625mA tube current.
Ex vivo imaging was deemed ideal for this study as the lack of
motion and surrounding tissues enabled consistent, high-contrast
visualization of small side branches using a clinical CT scanner
and imaging protocol.

2.2. 3D reconstruction and computational fluid dynamics

Forty-four coronary branches with >1.5 mm diameter were
semi-automatically segmented (Toshiba Cardiac Analysis Package,
Toshiba Medical Systems Corporation, Tochigi-ken, Japan) from the
5 hearts (Fig. 1A). Twomodels of the 3D luminal surface of each left
and right coronary tree were generated from the segmented cross-
sectional lumen profiles; one model included all segmented vessels
of each coronary tree (henceforth referred to as the “reference
standard model”), and onemodel excluded all side branches so that
only the three major coronary arteries were present in the model
(henceforth referred to as the “test model”). The 3D lumen surfaces
were converted to a standard tessellation language (STL) model
using a purpose-developed algorithm in Matlab (Mathworks,
Natick, MA, USA) for CFD calculations.

Unstructured tetrahedral computational meshes of the volumes
enclosed by each STL model were generated in ICEM (version 15.0,
ANSYS, Canonsburg, PA). The meshes were generated using a
0.2 mm internal element size and 3 prismatic layers with initial
layer height of 20 mm and exponential growth factor of 1.2 to
capture near wall effects. The internal tetrahedral mesh was sub-
sequently converted to a polyhedral mesh to optimize convergence
time. These choices were based on the results of a mesh indepen-
dence study in one specimen, employing up to 9 � 106 mesh ele-
ments (0.1 mm element size), for which the ESS solution differed by
<2% compared to the final parameters used and including the
conversion to polyhedral elements.

The incompressible Navier-Stokes equations were solved for
steady laminar flow using Fluent (version 15.0, ANSYS, Canonsburg,
PA). Blood was considered a non-Newtonian fluid with a constant
density of 1058 kg/m3. Effective kinematic viscosity as a function of
shear rate was calculated with a power lawmodel m ¼ kð _gÞh�1 with
a consistency index k ¼ 0.0163 and power-law index h ¼ 0.71 ob-
tained from the empirical model developed by Hussain et al. [28]
for a hematocrit of 45%. Total inlet flow rate was calculated based
on myocardial mass [29] assuming myocardium rest requirements
at a rate of 0.8 ml/min/gram [30] and was applied as a constant
(“plug”) inlet velocity profile [24,31]. Murray’s law [32] was used to
determine the relative flow distribution at each coronary
bifurcation.

2.3. ESS analysis

For each artery, the calculated ESS (Fig. 1B) was reshaped into a
two-dimensional (2D) map with the longitudinal arterial location
in the x-axis and the angle about the arterial centerline on the y-
axis. For display, the y-extent of themapswas further shaped by the
vessel radius at each longitudinal location, and side branches were
depicted as voids (Fig. 1C). In keeping with ESS profiling clinical
studies [7,33], each artery was divided into 3 mm-long sections
wherein ESS was averaged. Based on the findings of studies using
this design [6,7,34], we categorized ESS in each 3 mm-long section
of the reference model as low if it was < 1 Pa, and as high if it was
>3 Pa. A binary outcome variable was then assigned to each 3 mm-
long section depending on whether it was categorized as low ESS,
and a second binary outcome variable was assigned based on
whether it was categorized as high ESS (Fig. 1C). Since the models
without branches involve inherently higher velocities in the major
coronary arteries, low and high ESS cutoff values were adjusted to
<1.4 Pa and >4.8 Pa respectively for the test model in order to
maintain the same number of pathologic ESS sections as deter-
mined in the reference standard model.

Statistical analyses were performed in GraphPad Prism



Fig. 1. Study design and methodology. (A) 5 ex-vivo hearts were scanned with CTA and
coronary arteries were segmented. First, the arterial centerline was semi-automatically
delineated followed by semi-automated segmentation of the axial cross-sections of the
lumen (inset shows two representative examples of axial lumen segmentation in the
locations marked with the orange and yellow lines, respectively). (B) ESS calculation in
the two models used: the entire right and left arterial tree (with side branches
>1.5 mm; reference standard) on the left and omitting side branches (no side
branches; test model) on the right. (C) Illustration of the methodology used to examine
the diagnostic test characteristics of the test model to detect regions of pathologic ESS.
In a representative example of the mid portion of an RCA, the ESS distribution was
reshaped into a two-dimensional (2D) map and divided into 3 mm-long sections. For
both the reference and the test model, a binary outcome variable was assigned to each
3 mm-long section depending on whether it was categorized as low ESS, and a second
binary outcome variable was assigned based on whether it was categorized as high
ESS. Branch is denoted as grey void in the reference model. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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(GraphPad Software, La Jolla, CA) and Medcalc (MedCalc Software
bvba, Ostend, Belgium). Accuracy, sensitivity, specificity, negative
predictive value (NPV) and positive predictive value (PPV) of the
test model without side branches to detect low and high ESS sec-
tions identified by the reference standard were calculated for the
three major coronary arteries. The analysis was repeated for only
the proximal portions of the arteries, defined as the first 50 mm for
the left anterior descending artery (LAD) and for the right coronary
artery (RCA) [11] and to the location of the first obtuse marginal
origin for the left circumflex artery (LCx) [11,35].

3. Results

The average arterial length analyzed was 138.7 ± 27.1 mm for
the LAD (range: 108.4e171.1 mm), 72.6 ± 16.3 mm for the LCx
(range: 47.9e91.6 mm), and 147.1 ± 42.0 mm for the RCA (range:
101.3e199.6 mm). A total of 606 3 mm-long sections were analyzed
in those arteries, of which 210 were in the proximal portions of the
arteries. The mean difference in calculated ESS values within the
3 mm-long sections between the reference and the test model was
�2.20 ± 3.52 Pa (range: -34.9e1.04 Pa) for the entire arterial length,
and �0.68 ± 1.08 Pa (range: -6.31e1.01 Pa) for the proximal por-
tions of the arteries. Using “point-wise” ESS values, with points
defined as the ESS in a patch of endothelium of 0.5� circumferential
and 0.25 mm longitudinal length, the mean difference was
�2.26 ± 3.94 Pa (range: -56.59e8.56 Pa) for the entire arterial
length, and �0.79 ± 1.31 Pa (range: -13.83e7.96 Pa) for the prox-
imal portions of the arteries.

3.1. Diagnostic accuracy to identify low ESS

ESS profiling using the test model without side branches had
accuracy, sensitivity, specificity, NPV and PPV of 83.4%, 54.0%, 96.0%,
95.9% and 55.1% respectively to detect low ESS regions (Table 1),
with 27 of 50 sections that had low ESS, and 534 of 557 sections
that did not have low ESS correctly identified. Specificity was high
for each coronary individually, being lowest for the LCx (95.3%),
while sensitivity ranged from very low (26.7%) to high (100%).
Considering only the proximal portions of each artery, accuracy,
sensitivity, specificity, NPV and PPV were 87%, 67.7%, 90.7%, 93.7%
and 57.5% (Table 2). The test model was able to identify 23 of 34
sections with low ESS, and 165 of 176 sections without low ESS.
Specificity per vessel was somewhat lower compared to that for the
full arterial length but remained high for each artery, being lowest
in the proximal LCx. Sensitivity was slightly increased compared to
the full artery results for all three arteries, being lowest in the
proximal LAD (39.0%).

3.2. Diagnostic accuracy to identify high ESS

Accuracy, sensitivity, specificity, NPV and PPV of the test model
were 81.2%, 73.9%, 85.9%, 85.7% and 74.3%, respectively to detect
high ESS compared to the reference standard model (Table 3), with
336 of 392 sections that did not have high ESS and 159 of 215
sections that had high ESS correctly identified. Similarly to the test
characteristics for low ESS, specificity was high for each coronary
individually, being lowest for the LAD (81.8%), and sensitivity again
ranged from very low to high (22.2e83.5%). Considering only the
proximal portions of the arteries, accuracy, sensitivity, specificity,
NPV and PPV were 86.6%, 44.7%, 95.5%, 89.0% and 68.0% (Table 4),
with the test model correctly identifying 117 of 132 coronary sec-
tions that did not have a high ESS but only 15 of 91 sections that had
high ESS. Unlike the case for low ESS detection, specificity was
increased when considering only the proximal portions of the ar-
teries compared to the full arterial length, being high in all arteries
(>89.3%). However, sensitivity was greatly reduced in each vessel,
being highest in the proximal RCA (53.9%).

4. Discussion

ESS has been implicated in coronary atherosclerosis



Table 1
Diagnostic tests evaluating the test model (without side branches) ESS estimates versus the reference standard (i.e. using the entire coronary tree) ESS estimates.

Arteries Low ESS

Sensitivity (CI) Specificity (CI) NPV (CI) PPV (CI) Accuracy

All 54.0 (39.3e68.2) 96.0 (94.1e97.5) 95.9 (93.9e97.4) 55.1 (40.2e69.3) 83.4
LAD 26.7 (12.3e45.9) 96.6 (93.1e98.6) 90.0 (85.2e93.6) 53.3 (26.6e78.7) 87.6
LCx 94.1 (71.3e99.9) 95.3 (89.4e98.5) 99.0 (94.7e99.9) 76.2 (52.8e91.8) 95.2
RCA 100 (29.2e100) 95.9 (92.6e98.0) 100 (98.4e100) 23.1 (5.00e100) 96.0

Test outcomes to detect low ESS regions in the entire length of the coronaries are depicted. All values in percentages [%]; CI: 95% confidence interval, NPV: negative predictive
value, PPV: positive predictive value.

Table 2
Diagnostic tests evaluating the test model (without side branches) ESS estimates versus the reference standard (i.e. using the entire coronary tree) ESS estimates.

Arteries Low ESS

Proximal Sensitivity (CI) Specificity (CI) NPV (CI) PPV (CI) Accuracy

All 67.7 (49.5e82.6) 90.7 (85.5e94.5) 93.7 (89.1e96.8) 57.5 (40.9e73.0) 87.0
LAD 39.0 (17.3e64.3) 92.5 (83.4e97.5) 84.9 (74.6e92.2) 58.3 (27.7e84.8) 81.2
LCx 100 (76.8e100) 84.4 (67.2e94.7) 100 (87.2e100) 73.7 (48.8e90.9) 89.1
RCA 100 (15.8e100) 91.6 (83.4e96.5) 100 (95.3e100) 22.2 (2.81e60.0) 91.8

Test outcomes to detect low ESS regions in the proximal portions of the coronaries are depicted. All values in percentages [%]; CI: 95% confidence interval, NPV: negative
predictive value, PPV: positive predictive value.

Table 3
Diagnostic tests evaluating the test model (without side branches) ESS estimates versus the reference standard (i.e. using the entire coronary tree) ESS estimates.

Arteries High ESS

Sensitivity (CI) Specificity (CI) NPV (CI) PPV (CI) Accuracy

All 73.9 (67.6e79.7) 85.9 (82.1e89.2) 85.7 (81.9e89.0) 74.3 (67.9e80.0) 81.2
LAD 83.5 (74.3e90.5) 81.8 (74.5e87.8) 88.6 (82.0e93.5) 74.5 (64.9e82.6) 82.5
LCx 22.2 (2.81e60.0) 85.2 (77.4e91.2) 93.3 (86.8e97.3) 10.5 (1.30e33.1) 80.7
RCA 70.4 (61.2e78.6) 91.0 (84.8e95.3) 78.1 (70.7e84.3) 87.1 (78.6e93.2) 81.5

Test outcomes to detect high ESS regions in the entire length of the coronaries are depicted. All values in percentages [%]; CI: 95% confidence interval, NPV: negative predictive
value, PPV: positive predictive value.

Table 4
Diagnostic tests evaluating the test model (without side branches) ESS estimates versus the reference standard (i.e. using the entire coronary tree) ESS estimates.

Arteries High ESS

Proximal Sensitivity (CI) Specificity (CI) NPV (CI) PPV (CI) Accuracy

All 44.7 (28.6e61.7) 95.5 (91.4e98.0) 89.0 (83.7e93.1) 68.0 (46.5e85.1) 86.6
LAD 30.0 (6.7e65.3) 89.3 (80.1e95.3) 90.5 (81.5e96.1) 27.3 (6.0e61.0) 82.4
LCx 0 (0e84.2) 97.7 (88.0e100) 95.6 (84.9e99.5) 0 (0e97.5) 93.5
RCA 53.9 (33.4e73.4) 100 (94.0e100) 83.1 (72.3e91.0) 100 (76.8e91.0) 85.9

Test outcomes to detect high ESS regions in the proximal portions of the coronaries are depicted. All values in percentages [%]; CI: 95% confidence interval, NPV: negative
predictive value, PPV: positive predictive value.

A.A. Giannopoulos et al. / Atherosclerosis 251 (2016) 213e218216
development and progression [6] and pathologic ESS values are
correlated with high risk plaque characteristics [8]. Key to its esti-
mation is the coronary artery lumen 3D model. Using previously
validated ESS calculation methods [20,21,36] and high-resolution,
motion-free CTA images of intact human hearts scanned ex vivo
we were able to meticulously characterize the effect of coronary
tree models with versus without side branches in identifying cor-
onary regions subjected to pathologic ESS. Our results highlight the
strengths and pitfalls of using a simplified single conduit arterial
model that is often necessitated in clinical studies of ESS
[7,16,31,37]. Specifically, a simplified model excluding side
branches, as has been universally adopted in clinical trials of ESS,
has low positive predictive value to identify pathologic ESS regions
but may be useful to exclude them.

Accurate generation of the entire 3D coronary tree lumen
required to compute ESS from ICA, the modality most-often used to
reconstruct the coronary lumen geometry for ESS calculation, is
difficult because projections from different angles would be
required for each coronary branch that is to be reconstructed
depending on its particular 3D orientation. Radiation and contrast
concerns thus render this approach impractical in a clinical setting.
A number of research studies have sought to assess the effect of this
simplification. The largest study to date by Li et al. compared ESS in
“target” segments of the major coronary arteries calculated with
versuswithout side branches. In that study geometrically simplified
branches were reconstructed to the extent possible using the two
angiographic projections selected to optimally visualize the major
coronary artery [25]. ESS was overall lower by 4.64 Pa when
including the side branches, with the difference ranging from
�60.71e7.47 Pa. The present study confirms this result and further
extends it by determining the extent to which such “point-wise”
differences affect diagnostic accuracy to detect those segments of
the major coronary arteries that are subjected to low and high ESS
in the 3 mm-long arterial unit used to interpret ESS in clinical
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studies.
The effects on the diagnostic performance to detect low and

high pathologic ESS values when excluding side branches are sig-
nificant in this unit and should be recognized in the interpretation
of ESS vascular profiling studies. Over the entire length of the major
coronary arteries, exclusion of side branches leads to low PPV to
detect those endothelial regions subjected to either low or high
ESS. This suggests that the single conduit model is insufficient for
studies that aim to compare plaque progression with pathologic
ESS. The simplified model does however have high NPV, suggesting
that it could in theory be used to exclude arterial segments at risk
of ESS-modulated plaque progression, a trait that could be useful
for clinical management algorithms. This result remains relevant
even when considering only the proximal portions of the arteries,
where omission of side branches in ESS calculation provides
similarly high NPV (and similarly low PPV) compared to the entire
arterial length.

In contrast to ICA-based techniques to estimate coronary ESS,
most advanced visualization software tools for CT interpretation
include the ability to extract a 3D representation of the entire
coronary tree. CTA has inherently lower spatial resolution than
invasive imaging. A further limitation of coronary CTA is motion
artifact, as the heart is imaged in mid-diastole over 80e250 ms
using modern CT hardware, although this was not an issue in our
ex vivo study. In this study, despite the lower resolution, CTA data
enabled us to fully delineate the 3D lumen geometry of the major
arteries and any side branches in order to accurately and thor-
oughly evaluate ESS profiling differences in models with versus
without side branches. Nonetheless, given new technologies being
developed by CT manufacturers, including coronary motion
correction [38] and low-radiation dose iterative image recon-
struction algorithms [39] that can potentially facilitate higher res-
olution imaging, the CTA-based approach used here may become
an attractive technique for non-invasive in vivo ESS vascular
profiling in the future.

There are certain limitations that should be considered when
interpreting our results. First, we used a steady state rather than a
pulsatile flow simulation, although prior studies report little dif-
ference compared to the time-averaged ESS that is analyzed in
pulsatile simulations [24]. Furthermore, we used estimated values
for the total resting coronary flow in keeping with current CFD-
based clinical algorithms [29]. This is a typical assumption even
for in vivo studies however, as coronary flowmeasurements e.g., by
Doppler sonography are not usually available [31]. Regarding the
accuracy of the reconstructed coronary geometry, beyond the
relatively lower resolution of CTA compared to invasive imaging,
we acknowledge that the ex vivo pressures generated through the
process of filling the coronary arteries with the contrast mixture
was not monitored and could have led to alteration of the lumen
geometry compared to that in vivo. Nonetheless, this would have
largely equally affected both the reference standard and test
models, and thus the findings of the comparison are unlikely to
differ under more accurate physiologic conditions.

In conclusion, there is mounting evidence that the identification
of pathologic ESS may provide prognostic information regarding
coronary atherosclerotic plaque progression and high-risk plaque
formation. Clinical research and potential future application in
patient management will necessarily be based on identification of
regions of pathologic ESS as opposed to point-by-point ESS inter-
pretation. The effect of exclusion of side branches must be carefully
considered when interpreting studies that correlate coronary pla-
que morphological features with the presence of endothelial re-
gions subjected to pathologic ESS. In general, models without side
branches can only be used to rule out low ESS.
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