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Abstract Characterization of endothelial shear stress
(ESS) may allow for prediction of the progression of ath-
erosclerosis. The aim of this investigation was to develop
a non-invasive approach for in vivo assessment of ESS by
coronary computed tomography angiography (CTA) and to
compare it with ESS derived from invasive coronary angi-
ography (ICA). A total of 41 patients with mild or interme-
diate coronary stenoses who underwent both CTA and ICA
were included in the analysis. Two geometrical models of
the interrogated vessels were reconstructed separately from
CTA and ICA images. Subsequently, computational fluid
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dynamics were applied to calculate the ESS, from which
ESScra and ESS;-, were derived, respectively. Compari-
sons between ESSr, and ESS;-, were performed on 163
segments of 57 vessels in the CTA and ICA models. ESSp4
and ESS, were similar: mean ESS: 4.97 (4.37-5.57) Pas-
cal versus 4.86 (4.27-5.44) Pascal, p=0.58; minimal ESS:
0.86 (0.67—1.05) Pascal versus 0.79 (0.63-0.95) Pascal,
p=0.37; and maximal ESS: 14.50 (12.62-16.38) Pascal
versus 13.76 (11.44-16.08) Pascal, p=0.44. Good correla-
tions between the ESS-r, and the ESS,-, were observed
for the mean (r=0.75, p<0.001), minimal (r=0.61,
p<0.001), and maximal (r=0.62, p <0.001) ESS values. In
conclusion, geometrical reconstruction by CTA yields sim-
ilar results to ICA in terms of segment-based ESS calcula-
tion in patients with low and intermediate stenoses. Thus, it
has the potential of allowing combined local hemodynamic
and plaque morphologic information for risk stratification
in patients with coronary artery disease.

Keywords Computational fluid dynamics - Endothelial
shear stress - Coronary computed tomography
angiography - Invasive coronary angiography

Abbreviations

ADCT 320-Row area detector CT

CFD Computational fluid dynamics
CTA Computed tomography angiography
DSCT  128-Slice dual-source CT

ESS Endothelial shear stress

ICA Invasive coronary angiography
IVUS  Intravascular ultrasound

MLA  Minimum lumen area

OCT  Optical coherence tomography
QCA  Quantitative coronary angiography
VFR Volumetric flow rate
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Introduction

It is vastly held that regions with low endothelial shear
stress (ESS) are prone to the buildup of atherosclerotic
plaques, which contributes to the development of coronary
artery disease [1-6]. Uneven regional distribution of ESS
might explain the uneven distribution of atheroma plaques
in specific anatomic coronary settings, such as curved ves-
sels or bifurcations [2, 7-9]. Assessment of local ESS may
be useful for risk stratification in patients that may have
coronary artery disease. Nevertheless, it is impossible to
measure shear stress directly in vivo. By using compu-
tational fluid dynamics (CFD), ESS can be calculated if
accurate vessel geometry is reconstructed [10]. Many CFD
studies have used invasive imaging techniques such as inva-
sive coronary angiography (ICA), intravascular ultrasound
(IVUS) and optical coherence tomography (OCT) [7, 11—
13] for geometrical reconstruction, which are adequate in
a high-risk patient population. For a low-to-intermediate
patient population, coronary computed tomography angi-
ography (CTA) has emerged as an important non-invasive
tool for imaging all coronary arteries. The entire coronary
tree structure can now be reconstructed from CTA images
and ESS can be evaluated non-invasively [14—16]. This is
particularly important since the conventional single-con-
duit model that neglects side branches in the 3D recon-
struction might lead to inaccurate computation of ESS [13,
17]. Despite the feasibility of ESS computation by CTA
being demonstrated in previous studies [14—16], the impact
of the lower imaging resolution of CTA on the computa-
tion of ESS is unknown. To date, there has been no direct
comparison of CTA-derived ESS and ICA-derived ESS
when applying coronary tree reconstruction in both com-
putations. The aim of this study was to develop a CTA-
based computational method for ESS assessment and to
validate it in a low-to-intermediate patient population using
coronary tree reconstruction from ICA images. In addition,
the impact of two different inlet flow profiles; i.e., pulsa-
tile versus steady, on the computation of ESS was also
investigated.

Methods
Study design

This retrospective and observational study enrolled 44
patients with mild or intermediate coronary stenosis who
received both coronary CTA and ICA at Fujita Health Uni-
versity Hospital, Toyoake, Aichi, Japan, and at Ruijin Hos-
pital, Shanghai Jiao Tong University School of Medicine,
Shanghai, China. Coronary CTA and ICA images were
used to separately reconstruct two geometrical models of
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the interrogated vessels, including the side branches. Sub-
sequently, CFD was used to calculate the ESS, and ESSr,
and ESS;-, were derived. Using the same segments that
defined by the consecutive side branches in the CTA and
ICA models, comparisons were made between ESSp, and
ESS;ca- The study was approved by the institutional review
board.

Study population

The study population in this study was the same employed
in a previous study [18]. Simple random sampling method
was used to choose the patients who underwent both
CTA and ICA for post hoc analysis. The inclusion crite-
ria were the following: (1) CTA was performed <60 days
before ICA, (2) age >18 years, (3) major epicardial coro-
nary arteries having mild or intermediate de novo lesions
(30-70 % in diameter stenosis by visual estimation), (4) no
screened lesion in the ostial left main or ostial right coro-
nary artery, (5) nitroglycerine was given prior to the angio-
graphic acquisitions, and (6) two angiographic projections
>25° apart were recorded by flat-panel X-ray systems. The
exclusion criteria were: (1) presence of chronic total occlu-
sion, (2) allergy with iodine contrast medium, (3) poor ICA
image quality for delineation of lumen contours, (4) exces-
sive overlap or foreshortening (>90 %) in ICA images, and
(5) the presence of motion artifacts in the 3D reconstructed
CTA images.

Coronary CTA image acquisition and geometrical
reconstruction [18]

A 320-slice area detector CT (ADCT) scanner (Aquilion
ONE ViSION Edition, Toshiba Medical Systems, Otawara,
Japan) or a second-generation dual-source 128-DSCT scan-
ner (SOMATOM Definition Flash, Siemens Medical Solu-
tions, Forchheim, Germany) was used to obtain coronary
CTA images according to the clinical protocols in the local
hospitals.

320-Detector row and dual-source CT image acquisition
(18]

A 320-detector ADCT scanner system with a collimation
of 320 0.5 mm, pixel size of 0.35%0.35 mm, and rotation
time of 275 or 350 ms was used for patient scanning. Pro-
spective ECG-gating in one heart beat with a HR of <65
beats/min for half reconstruction and in two or three heart
beats with a HR of >65 beats/min for segment reconstruc-
tion were used for axial scans. A total of 245 mg I/kg of
contrast medium was continuously injected for 12 s fol-
lowed by 20 ml saline at 3.0 ml/s for the contrast-enhanced
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scan. A slice thickness of 0.5 mm and reconstruction inter-
val of 0.25 mm was used for image reconstruction.

A second-generation 128-slice  dual-source CT
(DSCT) scanner was used that had a collimation of
2% 128 % 0.6 mm, pixel size of 0.36 +0.04 mm (range 0.30—
0.48 mm), and gantry rotation time of 280 ms, Patients
were studied with one of three image acquisition protocols,
which were: (1) prospectively ECG-triggered axial acquisi-
tion, if the heart rate was 60—85 beats per minute (bpm), (2)
prospective high-pitch spiral acquisition, if the heart rate
was <60 bpm, (3) spiral acquisition with retrospective ECG
gating, if the heart rate was >85 bpm. Contrast medium
(Lopamiron370; Bracco, Milan, Italy) was injected with a
speed of 3.5-5.5 ml/s and a volume of 50-80 ml for the
contrast-enhanced scan. A slice thickness of 0.75 mm was
used for image reconstruction. The reconstruction interval
was 0.5 mm. A standard reconstruction algorithm (B26)
was used at the best diastole or best systole phase.

Reconstruction of the CTA geometrical model

A validated software package (QAngio CT Research Edi-
tion version 2.1, Medis specials bv, Leiden, The Nether-
lands) was used to delineate the lumen of the interrogated
vessel and its side branches from CTA images [19]. A
well-trained and experienced radiologist specialist in car-
diac imaging performed the analyses. This radiologist was
blinded to the ICA images. A CTA geometrical model was
created after lumen delineation with an in-house prototype
software package (Q3DMerger). This software program
automatically merged all luminal cross-sections of the ves-
sel and its side branches into a tree structure [18].

ICA image acquisition and geometrical reconstruction

A monoplane or biplane X-ray system (AXIOM-Artis,
Siemens; AlluraXper, Philips; DFP-8000D, TOSHIBA,;
Innova 3100, GE) was used to record the ICA images at
30 or 15 frames/s. The images were subsequently analyzed
by an experienced analyst trained in 3D QCA. Two angio-
graphic projects with minimal foreshortening and overlap
were chosen and then 3D angiographic reconstruction was
performed with a validated 3D QCA software package
(QAngio XA 3D research edition 1.1, Medis special by
Leiden, The Netherlands) [20, 21]. A 3D QCA geometrical
model was generated by merging the reconstructed lumi-
nal cross-sections of the interrogated vessel with mild or
intermediate de novo lesions and its side branches, using
the Q3DMerger software. Stented vessels or vessels with
prior coronary artery bypass surgery were not included for
analysis.

Analysis of ESS

ANSYS ICEM 15.0 (ANSYS,Inc., Canonsburg, Pennsylva-
nia) with tetrahedral cells (meshing) was used to discretize
the 3D reconstructed geometries. For each model, volume
tetrahedral meshes with approximately 200,000-2 mil-
lion tetrahedral elements were created. In each cell, Navier
Stokes equations were implemented and nonlinear partial
differential equations were solved simultaneously with
ANSYS FLUENT 15.0 (ANSYS, Inc). A viscosity of
0.0035 kg/m:s and blood density of 1060 kg/m> were used.
The lumen wall was studied with a no-slip condition. The
volumetric flow rate was estimated by means of the con-
trast transport time, calculated by frame counts and the
3D geometry reconstructed from two ICA images. Subse-
quently, it was applied as the inlet boundary condition of
the CFD simulation [22]. The same inlet flow was used to
calculate ESS 1, and ESS;,. At the outflow boundaries, a
fully developed flow condition was applied. As assessed by
3D angiography, vessel diameter and the bifurcation were
used to determine the flow separation at the bifurcation
[22]. In other words, we used the diameters of the daughter
branches and the bifurcation angles to determine the flow
separation [22]. Parallel computing and the finite volume
method were used in the computation. Both the ESScyy
and ESS;¢, corresponding to the CTA and 3D ICA geomet-
rical model, respectively, were derived at each cell after the
simulations. The lumen of the main vessel was divided into
sections of 3-mm length and 30° arc-width to compare the
ESScra and ESS, values [18]. For segment-per-segment
comparisons, segments defined by the same consecutive
side branches in the CTA and ICA models were matched
and the corresponding mean, maximal and minimal ESS
compared head-to-head between both models.

To investigate the impact of the inlet flow profile on
the calculation of ESS, the steady flow was converted into
pulsatile flow using a flow pattern derived from a previous
study [23]. Specifically, the magnitude of the pulsatile flow
was modulated in such a way that the average magnitude
of the flow velocity over a cardiac cycle was equal to the
steady flow velocity. Subsequently, the modulated pulsatile
flow velocity was applied as the inlet boundary condition in
the CFD computation. In this study, we randomly selected
10 coronary arteries and applied a pulsatile flow profile in
the CFD simulation, from which ESS-p, was derived and
compared with the corresponding value derived from the
steady flow CFD simulation.

Statistics
The continuous variables are shown as the mean+SD or

median (interquartile range [IQR]) as appropriate. Cat-
egorical variables are shown as counts (percentages). A
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per-patient basis was used for data analysis for clinical
characteristics. A per-segment basis was used for the com-
parison between ESS.p, and ESS;-,. Bland-Altman plots
were used to determine the agreement between ESScp,
and ESS,.,. Pearson’s correlation coefficients (r) were cal-
culated to assess correlations. A t test or a non-parametric
Wilcoxon-W test was used to compare paired variables,
depending on the distribution. IBM SPSS software (ver-
sion 20.0, SPSS Inc., Chicago, IL) was used for statistical
analyses. A 2-sided p value of <0.05 was considered as
significant.

Results
Baseline clinical and lesion characteristics

Tables 1 and 2 show the baseline characteristics of the
included patients and the assessed vessels. Mild or interme-
diate lesions of 44 patients were included. Three patients
were excluded as result of poor angiographic image qual-
ity and excessive overlap. Figure 1 shows the study flow
chart. In the ESSy, and ESS;, comparisons, a total of 57
vessels (30 left anterior descending arteries, 3 left circum-
flex arteries, 24 right coronary arteries) from 41 patients
were included. The mean systolic blood pressure of the
patients was 137.2+22.9 mmHg and the mean diastolic
blood pressure was 73.0+13.0 mmHg. The mean percent
diameter stenosis (DS%) of the interrogated vessels was
43.4+10.8% and the minimum lumen area (MLA) was
2.38+1.20 mm? (median 2.05 [IQR 1.50-3.03]). In the
interrogated vessels, an average of 2.1 side branches (range,

Table 1 Baseline clinical characteristics (n=41)

Age (years) 68.0+10.0
Male 30 (73.2%)
Mean body mass index (kg/mz) 25.4 (15.8-46.0)
Hypertension 35 (85.4%)
Hyperlipidemia 18 (43.9%)
Current smoker 8 (19.5%)
Diabetes mellitus 12 (29.3%)
Renal disease 9 (22.0%)
Clinical syndrome type

Stable symptoms 33 (80.5%)

Unstable angina 7(17.1%)

Post myocardial infarction 1(2.4%)
Cardiovascular history

Previous PCI 20 (48.8%)

Pervious CABG 3(7.3%)

Values are mean =+ SD, n(%), or median (IQR) CABG coronary artery
bypass graft, IOR interquartile range, PCI percutaneous coronary
intervention
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Table 2 Baseline lesion characteristics (n=>56)

Index artery

Left anterior descending artery 30 (52.6 %)
Left circumflex artery 3(5.3%)

Right coronary artery 24 (42.1 %)
Percent diameter stenosis 43.4+10.8
Percent area stenosis 57.8+15.0
Minimum lumen diameter (mm) 1.51+0.38
Reference vessel diameter (mm) 2.70+0.52

2.05 (1.50-3.03)
272.9 (192.0-411.8)
0.27+0.02

Minimum lumen area (mm?)
Plaque volume (mm>)
Lesion eccentricity index

Values are n (%), or mean SD, median (IQR). Plaque volume was
quantified by coronary computed tomography angiography. Other
anatomical parameters were quantified by 3-dimensional quantitative
coronary angiography. /OR interquartile range

0 to 5 side branches) was identified. By quantitative CTA,
the median plaque volume (PV) was 272.9 mm® (IQR
192.0-411.8).

Correlation and agreement between ESS.14
and ESS;c4

Figure 2 shows representative examples of computations
of ESScra and ESS,. Fifty-seven vessels in 41 patients
were analyzed. ESSp, and ESS;-, were compared in 163
matched segments. Segment-based ESS-p, and ESS;-,
results were similar (Table 3): mean ESS: 4.97 (4.37-5.57)
Pascal versus 4.86 (4.27-5.44) Pascal, p=0.58; minimal
ESS: 0.86 (0.67-1.05) Pascal versus 0.79 (0.63-0.95) Pas-
cal, p=0.37; and maximal ESS: 14.50 (12.62-16.38) Pas-
cal versus 13.76 (11.44-16.08) Pascal, p=0.44. In addition,
Table 4 shows that mean, minimal, and maximal values
between ESS -, and ESS;, are also similar when stratified
according to two different scanning methods: ADCT and
DSCT. The correlation and agreement between the com-
puted ESS-rs and ESS;-, results are presented in Fig. 3.
Good correlations between the ESSqr, and the ESS;q,
results were observed for the mean (r=0.75, p<0.001),
minimal (r=0.61, p<0.001), and maximal (r=0.62,
p<0.001) ESS values. Nevertheless, the Bland-Altman
plot shows moderate agreement between the ESScty
and the ESS;,, with standard deviations of 2.70, 1.03 and
12.09, respectively.

Comparison between pulsatile and steady flow
simulations

There was no substantial deviation between ESS compu-
tations based on pulsatile and steady inlet flows in terms
of their mean and minimum ESS values; however, the
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Fig. 1 Study flow chart. CTA
computed tomography angiog-
raphy, /CA invasive coronary
angiography, ESS endothelial

44 patients underwent CTA and ICA with mild and

intermediate coronary stenoses were included.

shear stress

3 patients excluded:

2 due to poor ICA image quality

CTA-derived ESS

ﬂ . . .
1 due to excessive overlap in ICA image
v
ICA-derived ESS
Comparison

deviation in the maximum ESS values show wider scatter,
despite being statistically nonsignificant (Table 5). Table 6
shows the comparison in each case. Of note, the maximum
ESS value increased substantially in individual cases when
applying the pulsatile inlet flow.

The mean computational time was approximately
10 min and 3 h for CFD analysis using steady inlet flow
and pulsatile inlet flow, respectively, on a workstation with
a quad-core Intel Core™2 Duo Processor 17-6700 (Intel
Corporation, Santa Clara, California; 3.4 GHz) and 16 GB
of RAM.

Discussion

In the present study, we developed a CTA-based computa-
tional method for in vivo assessment of ESS and compared
the CTA-derived ESS (ESSqry) with ICA-derived ESS
(ESS;cs). The main findings can be summarized as fol-
lows: (1) In a study population with mild and intermediate
coronary stenosis, segment-based ESS.r, and ESS;-, were
similar, in terms of their mean, minimal, and maximal val-
ues, (2) ESScps and ESS -, had reasonably good correla-
tions for the mean (r=0.75, p<0.001), minimal (r=0.61,
p<0.001), and maximal (r=0.62, p<0.001) ESS values,
(3) The mean ESS values were not substantially differ-
ent, while the maximum ESS values deviated substantially

in individual cases between the two CFD approaches that
applied pulsatile and steady inlet flows.

Early identification of abnormal ESS patterns and
rapid changes in plaque morphology might enable identi-
fication of the early stages of plaques that will evolve into
a high-risk, rupture-prone lesion. A detailed assessment
of blood flow pattern in coronary arteries requires accu-
rate 3D reconstruction of the arterial lumen. Most CFD
analyses have relied on invasive imaging techniques, such
as OCT, IVUS and 3D QCA [3, 13, 24] that were appli-
cable to high-risk patient populations. On the other hand,
identification of an abnormal ESS would be particularly
interesting in low-to-intermediate risk patients who might
require special management when an abnormal ESS is
identified. Coronary CTA has been increasingly used in
scanning patients with suspected coronary artery dis-
ease (CAD) and several CTA-based ESS computational
approaches have been reported [14-16, 25]. Coronary
CTA also facilitates non-invasive assessment of plaque
characteristics. In patients with suspected CAD, CTA-
derived features of high-risk plaque consisting of positive
vessel remodelling (PR) or low attenuation plaque (LAP)
with <30HU appeared to be an incremental risk in pre-
dicting the onset of acute coronary syndrome [26]. This
was partially supported by the fact that both PR and LAP
were associated with inducible myocardial ischemia by
invasive fractional flow reserve as a gold standard [27].
Given the nature of our analysis only using extracted
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Fig. 2 Computations of ESS from ICA and CTA images. a ICA
image shows the presence of an intermediate LAD lesion. b 3D ren-
dering of the CTA image from the same patient. ¢ ESS;, distribu-
tion superimposed on the coronary tree extracted from the ICA
image. Left bottom shows the small portions in the grid where ESS

lumen geometry, it might help better prediction of ath-
erosclerotic plaque evolution or future coronary events
to combine plaque characteristics assessment with focal
ESS analysis that can be fully addressed in a non-invasive
approach with CTA. However, to the best of our knowl-
edge, there is no direct comparison of ESS computa-
tions applied to coronary tree models that are extracted
from both CTA and ICA. In the current study, we used
a validated computational approach [13, 22] to derive
ESS from ICA images and compared it with ESSp,.
Our results showed that segment-based ESS values were
not significantly different when computed from CTA and
ICA images. Nevertheless, the segment-based compari-
son might not represent the detailed comparison between
small regions/portions with customized longitudinal
length and arc-width. Due to the challenge in the co-reg-
istration of the individual small portions from CTA and
ICA, we were not able to compare ESSt, and ESS;¢, in
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was calculated. d ESScr, distribution superimposed on the coronary
tree extracted from the CTA image. ESS;-, ESS derived from ICA,
ESScry ESS derived from CTA, CTA computed tomography angi-
ography, ICA invasive coronary angiography, ESS endothelial shear
stress

the portion level. Therefore, our results should be inter-
preted with caution.

So far, computation of coronary ESS has often relied
on invasive procedures such as QCA, IVUS and OCT,
which are adequate in a high risk patient population [1-6,
19, 28]. Patients with suspected CAD often undergo coro-
nary CTA as part of the work-up for further diagnosis and
many patients of low-to-intermediate risk are identified.
Thus, ESS analysis based on non-invasive coronary CTA
images can be a valuable tool for management of such
patient populations. To date, the methodologies to charac-
terize local ESS distributions have been used for research
purposes only, because no tools were available to sup-
port online ESS computation. Attempts are underway to
speed up the patient-specific 3D reconstruction and the
CFD simulation. Using steady inlet flow instead of pulsa-
tile inlet flow could greatly speed up the simulation. How-
ever, it remains unknown whether the ESS values will be
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affected in the relevant patient population. In this study, we
found that there was no significant difference between ESS
computations based on pulsatile and steady inlet flows, in
terms of their mean and minimum ESS values; however,
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the deviation in the maximum ESS values show wider
scatter. The maximum ESS differed substantially in indi-
vidual patients when applying the two different inlet flow
profiles. The possible reason for this phenomenon might
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Table 3 Comparison between ESS1, and ESS;c, (n=163)

ESScp (Pa) ESS,c, (Pa) P
Mean 4.97 (4.37-5.57) 4.86 (4.27-5.44) 0.58
Minimum 0.86 (0.67-1.05) 0.79 (0.63-0.95) 0.37
Maximum 1450 (12.62-16.38)  13.76 (11.44-16.08)  0.44

Mean, minimal, and maximal values between ESS, and ESS;-, are

similar

Table 4 Comparison between ESSCTA and ESSICA stratified

according to type of CT scanner

ESSCTA (Pa) ESSICA (Pa) P
ADCT (n=89)
Mean 4.71 (3.85-5.57) 4.61 (3.76-5.47) 0.67
Miniimum  0.66 (0.51-0.82) 0.73 (0.54-0.92) 0.43
Maximum  14.15 (11.46-16.84)  13.46 (9.55-17.38)  0.65
DSCT (n=74)
Mean 5.29 (4.44-6.14) 5.15 (4.36-5.94) 0.72
Minimum 1.10 (0.73-1.48) 0.87 (0.59-1.15) 0.11
Maximum 1492 (12.27-17.56)  14.12(11.99,16.24)  0.46

Mean, minimal, and maximal values between ESSp, and ESS;¢, are
also similar when stratified according to two different scanning meth-

ods: ADCT and DSCT

Table 5 Comparison between the steady ESS and pulsatile ESS
derived from CTA (n=10)

Steady Pulsatile P
ESSytean (P2) 4.21+£2.04 3.97+2.05 0.40
ESSy;, (Pa) 0.02+0.02 0.02+0.06 0.95
ESSyax (P2) 80.91+52.70 14576 £156.13 0.12

Mean, minimal, and maximal values between steady and pulsatile are

similar

be as follows: coronary flow varies substantially during
the whole cardiac cycle. It is reflected in the pulsatile flow
profile but not in the steady flow. Therefore, the maximum
flow velocity of pulsatile flow will be much higher than the
mean flow velocity. Since ESS is closely related to the flow
velocity [13], the maximum ESS will likely be higher when
applying pulsatile inlet flow. In addition, higher flow veloc-
ity likely increases flow disturbance in the stenotic seg-
ment, resulting in higher ESS at specific spots while reduc-
ing ESS at other spots.

Limitations

The present study is not without limitations. It was a ret-
rospective study with a small sample size and underrep-
resentation of the left circumflex coronary artery. Patients
with mild or intermediate stenoses were not consecutively
included. Thus, selection bias cannot be excluded. We did
not include correction for clustering in the statistical anal-
ysis of ESS. However, we expect that the correction for
clustering will have little impact on the result, since the
number of segments per vessel is limited as we only ana-
lyzed the stenotic segments with large side branches. We
compared the CTA-derived ESS with ICA-derived ESS, an
imaging modality with lower image resolution compared
with OCT. And the assumption of elliptical cross-sections
in 3D angiographic reconstruction has limited the accuracy
of ICA-derived ESS. Nevertheless, OCT imaging was often
performed in high-risk patient populations and the ICA-
derived ESS that applied in this study was recently shown
to have good agreement with OCT-derived ESS [24, 28].
In addition, we only assessed vessels with de novo lesions
without prior PCI and the impact of the presence of heavy
calcification on the results of this study was not studied.
Finally, we did not use a patient-specific flow profile meas-
ured by invasive Doppler wires but a fixed pulsatile pattern

Table 6 Calculation of ESScpa

based on steady and pulsatile Case ESStean (P2) ESSyin (P2) ESSiax (P2)

inlet flows Steady Pulsatile Steady Pulsatile Steady Pulsatile
1 4.45 3.01 0.01 0.00 38.81 68.28
2 4.14 4.25 0.01 0.01 52.04 86.24
3 1.85 1.95 0.03 0.00 158.88 138.60
4 3.17 3.59 0.02 0.00 43.66 73.58
5 4.75 3.17 0.02 0.01 57.99 89.00
6 1.99 2.53 0.01 0.01 89.70 70.51
7 6.90 5.86 0.03 0.00 159.72 541.02
8 6.21 5.75 0.01 0.01 140.75 287.90
9 7.00 8.08 0.01 0.00 27.13 24.72
10 1.68 1.49 0.08 0.19 40.44 71.77
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with the average magnitude modulated to the average flow
velocity per vessel. Therefore, possible errors in compu-
tation of ESS by the pulsatile flow cannot be completely
excluded.

Conclusions

In vivo assessment of ESS from coronary CTA data is fea-
sible. Our results suggest that geometrical reconstruction
by CTA yields similar results to ICA in terms of segment-
based ESS calculation in patients with mild or intermedi-
ate coronary stenoses. Thus, it has the potential to allow
combined local hemodynamic and plaque morphologic
information for risk stratification in patients suggestive of
coronary artery disease.
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