
Contents lists available at ScienceDirect

Atherosclerosis

journal homepage: www.elsevier.com/locate/atherosclerosis

Morphometry and hemodynamics of coronary artery aneurysms caused by
atherosclerosis
Tingting Fana,b, Zhen Zhouc, Wenxuan Fanga,b, Wenjing Wangc, Lei Xuc,∗∗, Yunlong Huoa,b,∗

a Department of Mechanics and Engineering Science, College of Engineering, Peking University, Beijing, China
b PKU-HKUST Shenzhen-Hongkong Institution, Shenzhen, China
c Department of Radiology, Beijing Anzhen Hospital, Capital Medical University, Beijing, China

H I G H L I G H T S

• A two-step analysis method is proposed to improve the risk assessment of CAAs due to atherosclerosis.

• Patients with the CAA covering a bifurcation have the higher occurrence of myocardial ischemia.

• Patients with the CAA of L/W ≥ 2 covering a bifurcation show the worst hemodynamic environment.
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A B S T R A C T

Background and aims: Atherosclerosis is the first etiology of coronary artery aneurysm (CAA). It is, however,
challenging to inhibit the development of CAA. The aim of the study is to carry out morphometric and hemo-
dynamic analyses in epicardial coronary arteries of patients with CAAs caused by atherosclerosis.
Methods: Various morphometric parameters were obtained from the reconstructed epicardial coronary arterial
trees of 61 patients and multiple hemodynamic parameters were determined from the computed flow fields. A
two-step analysis method was proposed to enhance the risk assessment of CAAs, i.e., coronary artery bifurcation
is the major risk factor for CAA followed by high aneurysm shape index (L/W, where L and W refer to the
aneurysm length and maximum diameter, respectively).
Results: Patients with CAA covering a bifurcation have the higher occurrence (71% and 55% for L/W ≥ 2 and L/
W < 2, respectively) of myocardial ischemia relevant to abnormal hemodynamic parameters in comparison
with those with CAA in one vessel (43% and 40% for L/W ≥ 2 and L/W < 2, respectively). Patients with CAA of
L/W ≥ 2 covering a bifurcation show the worst hemodynamic environment.
Conclusions: Morphometric and hemodynamic studies support the two-step analysis method, which provides a
clinical rationale for the noninvasive assessment of CAAs.

1. Introduction

Coronary artery aneurysm (CAA) is an abnormal dilatation of cor-
onary artery [6] with an incidence of 1.2–4.9% [7]. The ratio of male to
female patients has an approximate value of 3:1 [7]. Coronary ather-
osclerosis is the first cause of CAA [8,9]. Patients with CAAs often have
high blood pressure or have the habit of smoking [6]. Stable angina is
the most common feature in patients with CAAs [10], while myocardial
infarction (MI) occurs owing to the distal embolization or occlusion of
ectatic segment with thrombus [11,12]. Although CAA treatment varies
from medical control to stent insertion and surgical ligation, long-term

prognosis is still controversial and uncertain.
Morphometric and hemodynamic studies have been carried out to

investigate various intracranial aneurysms [13–22]. Multiple para-
meters were used to assess the rupture of intracranial aneurysms de-
spite much debate. In comparison with substantial hemodynamic stu-
dies of intracranial aneurysms, there are relatively few investigations of
CAAs. Marsden and colleagues have recently performed image-based
modeling of hemodynamics in patient-specific CAAs as a result of Ka-
wasaki disease [23,24]. They proposed several hemodynamic para-
meters for potential risk assessment of CAAs, e.g., low wall shear stress
(WSS) within the aneurysm and high WSS gradient (WSSG) at
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aneurysmal necks for developing thrombotic risk stratification. There
is, however, a lack of hemodynamic studies in patient-specific CAAs as
a result of coronary atherosclerosis, which requires more investigations.

The objective of the study was to perform morphometric and he-
modynamic analyses in epicardial coronary arteries with aneurysms as
a result of coronary atherosclerosis. Here, we propose a novel two-step
analysis method to enhance the risk assessment of CAA, i.e., myocardial
ischemia after thrombus formation. Three-dimensional (3D) geome-
trical models of epicardial coronary arteries with CAAs were re-
constructed from CTA images. We determined multiple morphometric
parameters and further classified CAAs into 4 types. A transient 3D fi-
nite volume model (FVM) was used to solve the continuity and Navier-
Stokes equations to compute the flow fields in epicardial coronary ar-
teries with CAAs, from which hemodynamic parameters (including
velocity, velocity curl, time-averaged wall shear stress-TAWSS, oscil-
latory shear index-OSI, and TAWSS spatial gradient-TAWSSG) were
obtained. The significance, implication and limitation of the study were
discussed to aid in clinical decision making.

2. Materials and methods

2.1. Study design

The study retrospectively analyzed the hemodynamics in 61 pa-
tients with CAAs, who underwent the CTA of coronary arteries at the
Beijing Anzhen Hospital, Beijing, China. A total of 80 coronary artery
aneurysms were identified. The study was approved by the Institutional
Review Board (IRB) for the Beijing Anzhen Hospital, which conforms
the declaration of Helsinki.

2.2. Imaging acquisition and electrocardiogram interpretation

Similar to previous studies [5,25,26], prior to imaging acquisition,
patients were given the repeated doses of intravenous metoprolol of
5 mg every 5 min until heart rate was ≤70 bpm or a maximum dose of
15 mg was given. Some patients received sublingual nitroglycerin tablet

(0.4 mg) 3–5 min before CTA examination.
Coronary CTA (CCTA) was performed through three CT scanners

(i.e., 256-row detector CT scanner [Revolution CT, GE Healthcare,
Milwaukee, USA], 320–detector row [Aquilion One; Toshiba, Otawara,
Japan], or dual-source [Somatom Definition Flash; Siemens,
Forchheim, Germany] CT) according to the guidelines of the Society of
cardiovascular computed tomography [27]. The CCTA images were
acquired when 50–60 ml contrast agent (370 mg iodine/ml, Ultravist,
Bayer Schering Pharma, Berlin, Germany) was injected at a rate of
4.5–5 ml/s followed by IV (Intravenous) injection of saline chase of
30–35 ml at a rate of 5 ml/s, similar to a previous study [28].

For all of scanners, prospective electrocardiography gating and
bolus tracking were used for image acquisition. Gantry rotation time
was 0.28 or 0.35 s per rotation. Tube voltage of 100 or 120 kV with
automatically selected tube current were used for image acquisition,
and transaxial images were reconstructed with 0.5, 0.6, or 0.625 mm
section thickness. For helical images, the position of the reconstruction
window within the cardiac cycle was individually selected to minimize
artifacts. Motion-free data sets were collected for analysis. All studies
were considered diagnostic image quality with optimal contrast en-
hancement and no substantial motion artifacts.

ST-segment and T-wave abnormalities were used for evaluation of
myocardial ischemia according to ‘AHA/ACCF/HRS Recommendations
for the Standardization and Interpretation of the Electrocardiogram’
[29,30].

2.3. 3D reconstruction and geometrical model

All digitized data were imported into the MIMICS Innovation Suite
platform (Materialise Company, Belgium) to obtain the 3D geometries,
as shown in Fig. 1 [31,32]. Morphometric data of epicardial coronary
arteries with CAA were extracted. A centerline was formed by a series of
center points in the center on the cross–sectional views of the contour of
the 3D vessel while the best fit diameter, Dfit, was calculated as twice
the average radius between the point on the centerline and the contour
forming the contour of the 3D vessel [5,25]. Moreover, morphometric

Fig. 1. (A–D) Epicardial coronary arteries with aneurysms of types I-IV reconstructed from CTA images of representative patients. (E) Schematic representative of
CAAs of types I and III, corresponding to panels A and B. (F) Schematic representative of CAAs of types II and IV corresponding to panels C and D.
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parameters, W (maximum aneurysm diameter), L (aneurysm length), L/
W (aneurysm shape index), and (sphericity index = (6V)

A

1/3 2/3
, where

V is the aneurysm volume and A is the surface area) in Fig. 1E and F,
were determined in each aneurysm. The reconstruction and imaging
analysis were performed by a student (Tingting Fan) at the College of
Engineering, Peking University as well as a Radiologist (Zhen Zhou) at
the Beijing Anzhen Hospital. The reproducibility of the measurements
showed κ value equals to 0.86.

Based on morphometric data, geometrical models were meshed
using the ANSYS ICEM software (ANSYS Inc., Canonsburg, USA) and
then smoothed using the Geomagic Studio software (3D Systems, Rock
Hill, USA). Similar to previous studies [5,25], a mesh dependency was
conducted such that the relative error in two consecutive mesh re-
finements was < 1% for TAWSS. A total of approximately 500,000
tetrahedral shaped volume elements (element size = 0.25 mm) were
necessary to accurately mesh the computational domain.

2.4. Computational model

The Navier-Stokes and continuity equations were solved using a
finite volume solver, FLUENT (ANSYS Inc., Canonsburg, USA).
Coronary arteries and aneurysms were assumed to be rigid and im-
permeable. Three cardiac cycles were required to achieve convergence
for the transient analysis similar to previous studies [5,25,26,33]. A
constant time step was employed, where Δt = 0.01 s with 84 total time
steps per cardiac cycle. The aortic pulsatile pressure wave, as shown in
Supplementary Fig.1, was measured in a representative patient and
applied to the inlet of epicardial coronary arterial tree. The resistance
boundary condition (see details in the Appendix) was assigned to each
outlet. Although blood is a suspension of particles, it behaves as a
Newtonian fluid in vessels with diameters > 1 mm [34]. Moreover, we
have recently shown negligible difference of TAWSS and OSI between
Newtonian and non-Newtonian (i.e., Carreau fluid) models [33].
Hence, viscosity (μ) and density (ρ) of the solution were set as
4.5 × 10−3 Pa∙s and 1060 kg/m3, respectively, to mimic blood flows
with a hematocrit of about 45% in these arteries. Various hemodynamic
parameters were determined from the computed flow fields (see details
in Supplementary Materials). We further computed SAR-TAWSS [2],
SAR-OSI [3,4], and SAR-TAWSSG [1,5] within CAA region and in
coronary arteries except for CAA region (see detailed definitions in the
nomenclature).

2.5. Statistical analysis

The CAAs were classified as: 1) type I (L/W ≥ 2 and CAA covering a

bifurcation), 2) type II (L/W < 2 and CAA covering a bifurcation), 3)
type III (L/W ≥ 2 and CAA in one vessel), and 4) type IV (L/W < 2 and
CAA in one vessel). Morphometric and hemodynamic parameters were
computed as mean ± standard deviation (SD). ANOVA (SigmaStat 3.5)
was used to detect the statistical difference of these parameters, where
p < 0.05 is indicative of statistical difference.

3. Results

Table 1 lists the demographics of 61 patients with 80 CAAs, which
includes 10 CAAs of type I, 18 CAAs of type II, 29 CAAs of type III, and
23 CAAs of type IV. There is a high ratio of male patients. There are
significantly higher ratios (p < 0.05) of patients of types I and II (CAA
covering a bifurcation) with myocardial ischemia than those of types III
and IV (CAA in one vessel). There is no statistical difference in hy-
pertension, atherosclerosis, and hyperlipidemia among patients of the
four types. Table 2 lists morphometric parameters in patients with CAA.
Patients of types I and III show similar morphometric parameters (no
statistical difference). Surface area and volume of CAA increase
(p < 0.05) in a sequence of types IV, II, and I (and III) while aneurysm
sphericity decreases.

Fig. 1A–D shows the epicardial coronary arteries with aneurysms of
types I-IV, respectively, reconstructed from CTA images of re-
presentative patients. Fig. 2A–D shows velocity streamlines (unit:
m s 1) within the aneurysm at peak systole as well as the color map of
flow velocity (unit: m s 1) and the velocity curl (unit: s 1) on three
planes sectioned through CAAs of types I, III, II and IV, respectively.
The flow distribution is more complex within CAA as compared with
coronary arteries except for CAA region. There are stronger flow vor-
tices within CAAs of types I and II than those within CAAs of types III
and IV, which results in low WSS and high OSI at the site of main artery
opposite to the flow orifice. This is mainly caused by the fractional flow
from the side branch. On the other hand, there are significantly higher
values of the velocity curl on the surface of CAAs of types III and IV in
comparison with CAAs of types I and II.

Fig. 3 shows TAWSS (unit: dynes/cm2), OSI, and TAWSSG (unit:
dynes/cm3) in the epicardial coronary arteries of four representative
patients with CAAs of types I-IV. CAA region has lower TAWSS and
higher OSI than other regions of the coronary artery. Owing to the
complex distribution of TAWSS, OSI, and TAWSSG, we use the scalar
parameters of SAR-TAWSS, SAR-OSI, and SAR-TAWSSG to enhance
quantitative representation of the hemodynamic environment. Table 2
lists these hemodynamic parameters (i.e., SAR-TAWSS, SAR-OSI, and
SAR-TAWSSG) in patients with CAAs of types I-IV. Furthermore, Fig. S1
shows a comparison of these parameters between CAAs covering a

Table 1
Demographics of the study population.

Type I Type II Type III Type IV

Patient No. (aneurysm No.) 7 (10) 11 (18) 23 (29) 20 (23)
Age (year) 56 ± 12 51 ± 19 51 ± 18 58 ± 11
Male (%) 100 77 68 55
Myocardial ischemia (%) 71 55 43 40
Hypertension (%) 56 62 57 59
Hyperlipidemia (%) 42 45 40 64
Diabetes mellitus (%) 0 23 0 18
Smoking (%) 100 46 40 45

Systolic blood pressure (mmHg) 122 ± 14 131 ± 11 124 ± 19 125 ± 13
Diastolic blood pressure (mmHg) 77 ± 15 76 ± 2 78 ± 11 77 ± 13
Fasting glucose (mmol/L) 5.3 ± 0.6 5.9 ± 1.0 5.3 ± 0.7 6.8 ± 3.3
Triglycerides (mmol/L) 1.5 ± 0.5 2.0 ± 0.5 1.9 ± 1.7 3.3 ± 4.3
LDL (mmol/L) 2.0 ± 0.7 2.1 ± 0.5 2.1 ± 0.5 2.6 ± 0.6
HDL (mmol/L) 1.0 ± 0.1 1.3 ± 0.4 1.0 ± 0.2 1.1 ± 0.3
Total cholesterol (mmol/L) 3.5 ± 0.8 4.2 ± 0.4 3.8 ± 0.6 4.8 ± 1.3
BMI (kg/m2) 27.2 ± 2.6 26.2 ± 3.0 25.1 ± 6.2 26.1 ± 2.9

LDL: low density lipoprotein; HDL: high density lipoprotein; BMI: body mass index.
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bifurcation and CAAs in one vessel. SAR-TAWSS and SAR-OSI values
are significantly higher in CAAs with L/W ≥ 2 (CAAs of types I and III)
than those in CAAs with L/W < 2 (CAAs of types II and IV). SAR-
TAWSS values within CAA region increase in a sequence of types IV, II,
III, and I. There is no statistical difference of SAR-TAWSSG between
patients of the four types despite higher values in the segment distal to
the CAA.

4. Discussion

In comparison with invasive coronary angiography and in-
travascular ultrasound (IVUS), noninvasive CTA method is routinely
used to assess CAAs [35]. Here, 3D geometry of the epicardial coronary
arterial tree was reconstructed from CTA images. Based on morpho-
metric data extracted from 61 patients with 80 CAAs due to coronary
atherosclerosis, we computed various hemodynamic parameters. The
key findings are reported as: 1) both aneurysm shape index (L/W) and
coronary artery bifurcation significantly affect the hemodynamics
within CAA region and 2) patients with CAA of type I have the highest
value of SAR-TAWSS within CAA region and the highest occurrence of
myocardial ischemia. The two findings can improve thrombotic risk
assessment and aid in clinical decision making.

The ratio of male to female patients with CAAs owing to coronary
atherosclerosis agrees with previous studies [7–9], which could be as-
sociated with smoking (male: 72.5% vs. female: 11.1%). There is also a
high ratio of patients with myocardial ischemia similar to a previous
study [36]. Multiple morphometric parameters have been proposed for
CAA assessment [9,12], for example, giant CAAs (the maximal diameter
of CAAs > 8 mm) were suggested to take the clinical treatment [37].
There is, however, much debate for the long prognosis and outcome of
CAAs [6]. Hence, hemodynamic analyses were suggested having po-
tentials to provide insights into the effects of aneurysms and to help risk
stratify patients for appropriate medical and surgical interventions
[23,24]. Low WSS, high OSI, and high WSSG, resulting from stagnation
flow, reversal flow, and flow vortex [22,31,38,39], were assumed to be

associated with the increased risk by thrombosis [23,24]. The localized
distribution of WSS, OSI and WSSG over a cardiac cycle cannot be
quantified easily given the complexity of aneurysmal geometry and the
pulsatility of blood flow. Hence, we defined the novel parameters, i.e.,
SAR-TAWSS, SAR-OSI, and SAR-TAWSSG in CAA similar to previous
studies [5,22]. These studies only showed a logic starting point toward
developing such a hemodynamic framework, which still needs more
investigations.

Various morphometric parameters have been proposed to predict
the intracranial aneurysm rupture [22], e.g., dome height/dome dia-
meter, dome height/semi-axis height, dome height/neck width, dome
diameter/neck width, dome height/upstream diameter, aneurysmal
angle, and so on. In comparison with intracranial elastic arteries, cor-
onary muscular arteries are more difficult to have giant CAAs [9],
which is consistent with the present CTA observation (6 giant CAAs in
80 CAAs due to coronary atherosclerosis). Aneurysm shape index and
coronary artery bifurcation were found to be more accurate to char-
acterize CAAs in comparison with other morphometric parameters.
Hence, we classified the CAAs into four types in the study. Patients of
the four types have no statistical difference of atherosclerosis, hy-
pertension, and hyperlipidemia. A comparison between types IV and II
(L/W < 2) and types I and III (L/W ≥ 2) shows higher surface area and
volume of CAA and lower aneurysm sphericity within CAA region of
types I and III, which corresponds to higher values of SAR-WSS and
SAR-OSI. There are flow vortices of large size within CAA region of
types I and III, as shown in Fig. 2, which result in low TAWSS and high
OSI and high values of SAR-WSS and SAR-OSI in Fig. 3. This shows the
significant effect of aneurysm shape index on the hemodynamics within
CAA region, i.e., an increase of L/W deteriorates the hemodynamic
environment. However, the increase of L/W does not predict the out-
come of CAA completely given the higher occurrence of myocardial
ischemia relevant to CAAs of type II as compared with those of type III.

On the other hand, patients with CAAs of types I and II (CAA cov-
ering a bifurcation) have the higher occurrence of myocardial ischemia
than those with CAAs of types III and IV (CAA in one vessel),

Table 2
Morphometric and hemodynamic parameters in patients.

Type I Type II Type III Type IV

Aneurysm No. 10 18 29 23

Morphometric parameters
Average value of L/W 2.7 ± 0.3 1.3 ± 0.2 3.2 ± 1.1 1.5 ± 0.3
Surface area of aneurysm (mm2) 445 ± 195 322 ± 292 482 ± 326 168 ± 86
Volume of aneurysm (mm3) 816 ± 493 399 ± 366 839 ± 744 236 ± 206
Mean Dfit of aneurysm (mm) 6.9 ± 1.2 5.3 ± 2.4 5.9 ± 2.1 4.9 ± 2.0
Surface area of aneurysm

Surface area of vessel
0.27 ± 0.07 0.17 ± 0.07 0.32 ± 0.17 0.13 ± 0.06

Volume of aneurysm
Volume of vessel

0.43 ± 0.11 0.25 ± 0.11 0.44 ± 0.23 0.18 ± 0.11

Lchord (mm) 69 ± 11 66 ± 19 62 ± 14 59 ± 13
Larc (mm) 84 ± 13 85 ± 31 88 ± 32 86 ± 44
L L/chord arc 0.82 ± 0.05 0.80 ± 0.08 0.74 ± 0.14 0.76 ± 0.20
Aneurysm sphericity ( ) 0.86 ± 0.06 0.93 ± 0.27 0.85 ± 0.09 1.01 ± 0.13
Hemodynamic parameters within the CCA region
SAR-WSS (%) 45.4 ± 13.9 23.9 ± 5.1 30.7 ± 8.8 11.4 ± 8.2

p < 0.05 p < 0.05
SAR-OSI (%) 6.7 ± 5.2 0.3 ± 0.2 6.7 ± 5.6 2.2 ± 2.9

p < 0.05 p < 0.05
SAR-WSSG (%) 7.3 ± 4.9 3.7 ± 3.2 6.8 ± 11.6 4..9 ± 3.7

p= 0.14 p= 0.39
Hemodynamic parameters in coronary arteries except for the CAA region
SAR-WSS (%) 14.8 ± 3.1 6.4 ± 8.0 6.2 ± 9.2 1.0 ± 0.4

p < 0.05 p < 0.05
SAR-OSI (%) 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

p= 0.47 p= 0.10
SAR-WSSG (%) 46.9 ± 24.9 50.0 ± 27.4 41.3 ± 17.8 35.3 ± 5.9

p= 0.33 p= 0.29

Mean Dfit of aneurysm (mm): Dfit averaged diameter of the aneurysm.
Larc: the accumulative length along the centerline of coronary artery; Lchord : the straight length from inlet to outlet of coronary artery.
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respectively. Hence, it is required to consider the effect of coronary
artery bifurcation on the outcome of CAA given the complex distribu-
tion of flow patterns at a bifurcation [39,40]. A two-step analysis
method is proposed, i.e., patients with CAAs covering a bifurcation
(group 1) predispose to the incidence of myocardial ischemia caused by
thrombus formation and distal embolization in comparison with those
with CAAs in one vessel (group 2) and further patients with CAAs of
high aneurysm shape index predispose to the incidence of myocardial
ischemia in each group. CAAs of types I and II have significantly higher
values of SAR-TAWSS and SAR-OSI with respect to CAAs of types III and
IV. It is known that hypoxia results in inter-endothelial gaps and en-
dothelial cell apoptosis, which increases endothelial permeability to

macromolecules, causes high concentration polarization of atherogenic
lipids (e.g., low-density lipoprotein-LDL), and promotes inflammation,
ATP depletion, and angiogenesis [41–45]. In contrast, the strong ve-
locity curl on the surface of CAAs of types III and IV can enhance
oxygen flux to the arterial wall [46], which can delay the thrombus
formation in comparison with CAAs of types I and II. Moreover, patients
with CAA of type I (CAA covering a bifurcation and L/W ≥ 2) showed
the worst environment of hemodynamics and the highest ratio of
myocardial ischemia. These hemodynamic changes support the two-
step analysis method.

High TAWSSG can induce strong flow vortices near the arterial wall
[1] and hence increase the LDL permeability [38–40], which

Fig. 2. (A–D) Velocity streamlines (unit: m s 1) within the aneurysm, and color map of flow velocity (unit: m s 1) and velocity curl (unit: s 1) on three planes
sectioned through CAAs of type I (A), type III (B), type II (C) and type IV (D). These parameters were plotted at peak systole. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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deteriorates the hemodynamic environment and contributes to the oc-
currence of myocardial ischemia. Although high TAWSSG occurs in
vessel segments distal to the CAA, there is no statistical difference of
SAR-TAWSSG between the four groups. Hence, high TAWSSG in distal
segments has a relatively small effect on the two-step analysis method.

4.1. Limitations

Since 61 patients with 80 CAAs were a relatively small sample size,
a large cohort of patients should be selected to support the proposed
two-step analysis method. In comparison with a high risk of rupture for
intracranial aneurysms, CAAs predispose to thrombus formation re-
sulting in myocardial ischemia. CAAs show similar flow patterns and
hemodynamic parameters to intracranial aneurysms. A future study is
required to show molecular and cellular mechanisms associated with
abnormal hemodynamic parameters to explain the different risks be-
tween CAAs and intracranial aneurysms. Furthermore, passive and ac-
tive mechanical properties of the vessel wall are of importance to in-
vestigate the incidence and progression of CAAs [9,47–49] as well as
myocardial ischemia owing to the aneurysm [22]. The effects of triaxial
mechanical properties of CAAs on myocardial ischemia should be
considered in the following studies when experimental measurements
are available.

4.2. Conclusions

Morphometric and hemodynamic analyses were demonstrated in
epicardial coronary arteries of 61 patients with 80 CAAs of types I-IV
owing to coronary atherosclerosis. We proposed a two-step analysis
method to enhance the risk assessment of the CAA, i.e., coronary artery
bifurcation is the major risk factor for CAA followed by high aneurysm
shape index. Patients with CAAs covering a bifurcation have the higher
occurrence of myocardial ischemia and higher values of SAR-TAWSS
and SAR-OSI as compared with CAAs in one vessel. Moreover, patients

with CAA of L/W ≥ 2 covering a bifurcation showed the highest value
of SAR-TAWSS, SAR-OSI, and SAR-TAWSSG and the highest occurrence
of myocardial ischemia. This study provided a clinical rationale for the
noninvasive assessment of CAAs and warrants future prospective clin-
ical trials.
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