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Abstract
Background: Atherosclerotic plaque locations in the carotid
bulb increasingly have been found to be associated with
patterns of ischemic lesions and plaque progression. How-
ever, the occurrence of carotid bulb plaque is a complex
process. We aimed to investigate plaque characteristics and
geometric and hemodynamic parameters among patients
with body and apical plaques of the carotid bulb and to
identify the mechanism of bulb plaque formation and
location. Methods: Consecutive patients with single carotid
bulb stenosis (50–99%) were enrolled retrospectively. Pa-
tients were divided into body and apical plaque groups

based on plaque location. Plaque location and character-
istics were identified and measured on high-resolution
vessel wall magnetic resonance imaging. Geometric param-
eters were derived from time-of-flight magnetic resonance
imaging. Computational fluid dynamics simulations were
performed to quantify wall shear stress (WSS) and four
associated WSS-based metrics on the plaque side, on the
non-plaque side, and in different parts of the lesion. Plaque
characteristics and geometric and hemodynamic parame-
ters were compared, and their associations with the plaque
location were determined. Results: Seventy patients were
recruited (41 body plaques and 29 apical plaques). WSSplaque
values were lower than WSSnon-plaque values for all plaques
(median [interquartile range], 12.59 [9.83–22.14] vs. 17.27

Lei Ren, Rongjie Xu, and Chenxi Zhao contributed equally and share
first authorship.

karger@karger.com
www.karger.com/jvr

© 2023 S. Karger AG, Basel Correspondence to:
Shuang Xia, xiashuang77 @ 163.com

D
ow

nloaded from
 http://karger.com

/jvr/article-pdf/doi/10.1159/000531584/3941282/000531584.pdf by N
ankai U

niversity user on 15 Septem
ber 2023

https://www.karger.com/jvr
https://www.karger.com/jvr
https://www.karger.com/jvr
https://doi.org/10.1159/000531584
mailto:karger@karger.com
https://www.karger.com/jvr


[11.63–27.63] Pa, p = 0.001). In a multivariate binary logistic
regression, the tortuosity of the stenosed region, the mag-
nitudes of the mean relative residence time, and the mini-
mum transverse WSS in the proximal part of the lesion were
the key factors independently associated with plaque loca-
tion (p = 0.022, 0.013, and 0.012, respectively). Conclusions:
Plaque formation was associated with the local flow pattern,
and the tortuosity and proximal-specific hemodynamics
were significantly associated with plaque location in the
carotid bulb. © 2023 S. Karger AG, Basel

Introduction

Carotid artery atherosclerotic stenosis occurs when a
plaque narrows the vessel lumen, an event that is prev-
alent in the carotid bulb and is increasingly considered
the leading cause of ischemic stroke [1, 2]. Plaque loca-
tions in the stenotic carotid bulb can be divided into body
plaque and apical plaque according to anatomical features
[3]. Previous studies have demonstrated that bulb plaque
location is associated with the progression of plaque
formation [4]. Hyperlipidemia and a lesion pattern of
small, scattered ischemic lesions occur more frequently in
patients with body plaques [3, 5]. Consequently, plaque
location has drawn increasing clinical attention as an
important indicator and mechanism of ischemic stroke.

High-resolution vessel wall imaging (HR-VWI) has
been shown to be of use in evaluating the location and
characteristics of carotid plaques [6, 7]. The combination
of patient-specific geometric models extracted frommed-
ical imaging modalities and finite element-based compu-
tational fluid dynamics (CFD) has emerged as an im-
portant tool for the estimation of hemodynamics [8]. The
geometric properties of the carotid artery have been
reported to be associated with plaque occurrence
[9–11]. For example, potentially atherogenic flow con-
ditions occur predominantly at the proximal internal
carotid artery (ICA) [12], and carotid atherosclerotic
plaques tend to occur near arterial bifurcations or bends.

Low and oscillatory wall shear stresses (WSS) have
long been considered risk factors for atherosclerosis
[13]. Previous histopathological studies have shown
significant differences in plaque surface conditions
between the upstream and downstream of the stenosis
[14]; it can be deduced that the flow status near the
plaques is different among the proximal part, the distal
part, and the most severely narrowed level (NL). Never-
theless, some controversy persists. Some studies found
that the high WSS appeared on the plaque shoulders,

whereas others found the maximum values appeared at
the top of plaque hills, as well as the thrombus region
and the thickest region of plaque [15]. Few studies of
this field have assessed plaque characteristics via HR-
VWI. Moreover, descriptors of the complex multidirec-
tional nature of WSS have been proposed,
i.e., transverse WSS (transWSS, calculated as the
time average of wall shear stress components perpen-
dicular to the mean flow direction), a new multidirec-
tional WSS metric, may be important in atherosclerosis
development [16]. However, few studies of this field
have assessed transWSS and other multidirectional
WSS metrics on different parts of the carotid bulb
atherosclerotic lesion.

The present study sought to test the hypothesis that
differences in the local flow pattern are an important
mechanism for plaque formation in carotid bulb steno-
sis. Besides hemodynamics, geometry and plaque char-
acteristics may be associated with plaque location. Our
goals included the following: (1) to visually and quan-
titatively evaluate the specific local flow pattern around
plaque in carotid bulb stenosis; (2) to further demon-
strate the relationships between hemodynamics, geom-
etry, plaque characteristics, and plaque location; (3) to
investigate whether hemodynamics and geometry can
provide an incremental contribution to different plaque
locations.

Materials and Methods

Study Participants
This was a retrospective cross-sectional study, from September

2016 to March 2021, and 346 patients with carotid bulb stenosis
were analyzed in a HR-VWI and magnetic resonance angiography
(MRA) database in Tianjin First Central Hospital. Patients with
single atherosclerotic plaque in carotid bulb stenosis (50–99%)
were included. The degree of stenosis was defined as 50–99% as
detected by MRA, according to the guidelines of the North
American Symptomatic Carotid Endarterectomy Trial (NASCET).
The detailed inclusion and exclusion criteria are presented in
Figure 1. Patient demographics and vascular risk factors were
collected during patient hospitalization.

Imaging Examination
Patients were scanned with a 3-T magnetic resonance imaging

machine (MAGNETOM Prisma; Siemens Healthcare, Erlangen,
Germany) with a 64-channel head coil. The protocol for each
patient included inversion-recovery-prepared sampling perfection
with application-optimized contrast using different flip angle
evolutions (IR-SPACE) and time-of-flight MRA. The detailed
imaging parameters are provided in the online supplementary
material (for all online suppl. material, see https://doi.org/10.1159/
000531584).
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Plaque Characteristic Analysis
Quantitative and qualitative analyses of plaque characteristics

and plaque location were performed on IR-SPACE sequences by
two independent neuroradiologists with >3 years’ experience each.
As described in previous studies [17], the degree of stenosis, plaque
length, maximum wall thickness (WT), and the percent wall
volume (%WV) were determined, and the presence of plaque
composition and high-risk plaque were identified [18]. The details
of the plaque characteristics are shown in Figure 2a. Based on the
involvement of the carotid bulb, body plaques were regarded as
plaques in the transitional zone of the bulb and common carotid
artery, and apical plaques were regarded as plaques in the transi-
tional zone of the bulb and the proximal cervical ICA segment,
respectively. Specially, for differentiation of extended plaques, the
location of the main involvement area of the plaque and the level of
the most severe stenosis were considered [3, 5]. The anatomic
definitions are shown in Figure 2b. Strong interreader reprodu-
cibility was obtained for both plaque characteristics and plaque
location (intraclass correlation coefficient: 0.86–0.97).

Geometry Reconstruction and Analysis
Geometry reconstruction was derived from the MRA images. A

segmentation protocol was established using 3D Slicer (version 4.11;
https://www.slicer.org), an open-source software, to identify the
boundaries of the arterial lumen and employed to generate a
three-dimensional (3D) model from the two-dimensional contours.
The reconstructed 3D vessel model was used for both geometry and

CFD analysis. Then, using the vascular modeling toolkit extension,
similar to prior studies [19, 20], geometric parameters were further
calculated. They included (a) bifurcation angle, calculated as the angle
between the projections of ICA and external carotid artery vectors
onto the bifurcation plane; (b) ICA planarity, calculated as the angle
between the out-of-bifurcation plane components of the common
carotid artery and ICA vectors; and (c) the tortuosity of the stenosed
region, an emerging descriptor of carotid stenosis, calculated using the
following formula between the vessel centerline at the proximal and
distal ends of the stenosed region: centerline length/Euclidean
distance-1. An illustration of all the geometric parameters is provided
in online supplementary Figure 1.

Computational Fluid Dynamics and Analysis
The above vascular lumen models were imported into ICEM

(ANSYS Inc., Canonsburg, PA, USA) software, and to conduct
finite volume analyses, a tetrahedral mesh was used to represent
discretization in the physical domain, facilitating the calculation of
the numerical solution. Finite-element meshes comprised approx-
imately 560,000 tetrahedral elements on average, with a maximal
element size of 0.3 mm, which has previously been shown to be
sufficient for resolving wall shear stresses in the carotid bifurcation
models [21]. The blood flow simulation was fulfilled by solving the
Navier-Stokes and continuity equations in Fluent (ANSYS). Blood
flow was assumed to be a laminar, incompressible, and Newtonian
fluid, with a density of 1,050 kg/m3 and a viscosity of 0.0035 Pa*s
[22]. To ensure fully developed velocity profiles at the inlet and to
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Fig. 1. Flow chart of the study population. HR-VWI, high-resolution vessel wall imaging; MRA, magnetic
resonance angiography.
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minimize the influence of outlet boundary conditions, flow ex-
tensions of the inlet and outlets were set to extend at least five
diameters of upstream and downstream of the bifurcation, re-
spectively [13]. The user-defined function of velocity was edited
based on the ultrasound centerline velocity measurements made at
the common carotid inlets of twenty healthy volunteers. A 3-cycle

normalized pulsatile mass flow rate was set at the extended inlet
(online suppl. Fig. 2), and zero pressure was set at the extended
outlets [23]. No slip and rigid boundary conditions were imposed
at the walls. The simulation time step size was set to 0.01 s, running
267 steps (2.67 s, equal to 3 cardiac cycles); the resulting data from
the third cardiac cycle were used for post-processing and data
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Fig. 2. Evaluation of plaque compositions on HR-VWI and
schematic diagram of the study design. a From the left to right
column are plaques with lipid-rich necrotic core (LRNC),
calcification (CA), intraplaque hemorrhage (IPH), and fibrous
cap rupture (FCR). b Schematic diagram of the study design.
Plaque locations are divided into body and apical plaques.
Wall shear stress metrics simulated by CFD analysis are

measured in three regions: (1) the proximal part of the lesion
(between the first normal diameter proximal to the stenosis
and the most severely NL); (2) the distal part of the lesion
(between the first normal diameter distal to the stenosis and
the most severely NL); and (3) the most severely NL. HR-VWI,
high-resolution vessel wall imaging; CFD, computational fluid
dynamics.
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analysis. The lumen time-averaged WSS (TAWSS) contour at the
position of the most severely NL was divided into plaque side and
non-plaque side according to the plaque boundary on HR-VWI.
Each side was then equally divided into three regions, and the
center point of each region was then measured. WSSplaque and
WSSnon-plaque were defined as the mean values of TAWSS at the
three center points on the plaque side and non-plaque side,
respectively. Following the methods of Gallo et al. [13], maximum,
minimum, and mean values of four WSS-based metrics were
measured: the TAWSS magnitude, oscillatory shear index
(OSI), relative residence time (RRT), and transWSS. We specif-
ically analyzed the hemodynamics in the proximal part, distal part,
and the most severely NL of the lesion. Details of the CFD analysis
are provided in Figure 2b and online supplementary materials.

Statistical Analysis
Continuous variables were reported asmean ± standard deviation

or median with interquartile range (IQR), and categorical variables
were reported as proportions. Patient demographics, risk factors,
plaque characteristics, and geometric and hemodynamic parameters
were compared among patients grouped by plaque location. χ2 tests

were used for categorical variables. Independent-sample t test and
Mann-Whitney U test were used for continuous variables. Univariate
logistic analysis was performed to assess the association between each
variable and body plaque. Multivariate binary logistic regression
analysis incorporated variables that had p < 0.05 in the univariate
analysis. The receiver operating characteristic curve was used to
evaluate the efficacy of each variable and combination included in the
multivariate analysis for the diagnosis of the presence of body plaque.
A comparison of the difference in the area under the curve (AUC)
between the variables was evaluated using the Z test. All statistical
analyses were performed using SPSS software (IBM Version 28.0,
Chicago). p < 0.05 was considered statistically significant.

Results

Patient Demographics
A total of 70 patients with single plaque (mean ±

standard deviation age, 66 ± 7 years; 58 men) were
included in the final analysis; 41 and 29 patients were

C
o
lo
r
ve
rs
io
n
av
ai
la
b
le

o
nl
in
e

a

b c d

e f
g

Fig. 3. Distribution of TAWSS magnitude, velocity, and vector
direction in the stenosed carotid bulb. TAWSS and velocity are
presented as color coded, vector direction is presented as arrows.
Contour plots of velocity axial cut planes with in-plane velocity
vectors (a) and velocity magnitude (b) of the stenosed segment.
Flow is represented as low velocity (short blue) vectors upstream
and downstream of stenosis; flow demonstrates increased veloc-
ity at the most severely NL cross-section (e). The lumen TAWSS

contour at the position of the most severely NL, visualized from
different angles (c, f), corresponding to sagittal (d) and axial
(g) slices (respectively) of HR-VWI. Plaque presents in the area
(dotted line) where a decrease in the WSS value is accompanied
by low flow velocity (in-plane velocity vectors), rather than
around the high WSS zone. TAWSS, time-averaged wall shear
stress; HR-VWI, high-resolution vessel wall imaging; WSS, wall
shear stress.
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classified into groups with body plaque or apical pla-
que, respectively. We found no evidence of a statisti-
cally significant difference between the two groups in
terms of sex, age, or carotid stenosis risk factors (in-
cluding hypertension, diabetes mellitus, coronary ar-
tery disease, prior stroke, smoking, and alcohol use)
(p > 0.05).

Local Flow Pattern of Plaque Formation
Plaque presented around the area where a decrease

in the WSS value was accompanied by low flow veloci-
ty. In addition, the flow pattern at the most severely
NL was characterized by laminar flow. Each narrow-
est cross-sectional level of lumen was divided into
plaque side and non-plaque side according to the
plaque boundary to quantify local WSS. Hence,
WSSplaque and WSSnon-plaque values were measured
for all 70 plaques. WSSplaque values were lower than
WSSnon-plaque values (median [IQR], 12.59 [9.83–22.14]
Pa vs. 17.27 [11.63–27.63] Pa; p = 0.001). A represen-
tative case is shown in Figure 3.

Plaque Characteristics and Geometric Parameters
between Groups with Body and Apical Plaques
Body plaques (compared to apical plaques) had greater

maximum values for WT (6.05 ± 1.46 mm vs. 4.80 ± 0.92
mm, respectively; p < 0.001) and plaque length (16.64 ±
4.90 mm vs. 13.43 ± 5.71 mm; p = 0.014). No statistically

significant differences were detected for stenosis, %WV,
or other plaque characteristics (Table 1). In addition, as
listed in Table 1, tortuosity of the body plaques’ stenosed
region (compared to apical plaques) was greater (11.07 ±
6.47% vs. 5.92 ± 4.34%, respectively; p < 0.001). No
statistically significant differences were detected in other
geometric parameters.

Hemodynamic Parameters between Groups with Body
and Apical Plaques
In general, significant hemodynamic differences be-

tween the two groups were found in two WSS-based
metrics (RRT and transWSS) of the proximal part and the
most severely NL of the lesion. Specifically, the body
plaque group (compared to the apical plaque group)
exhibited lower values in the proximal part of the lesion
for OSI (median [IQR], 0.004 [0.001–0.02] vs. 0.01
[0.001–0.04], respectively; p = 0.022), RRT (median
[IQR], 0.13 [0.09–0.21] Pa−1 vs. 0.17 [0.09–0.54] Pa−1;
p = 0.011), and minimum transWSS (median [IQR], 0.09
[0.05–0.13] Pa vs. 0.15 [0.07–0.22] Pa; p = 0.006). In the
most severely NL, the body plaque group (compared to
the apical plaque group) had higher maximum OSI
(median [IQR], 0.03 [0.01–0.20] vs. 0.001
[0.001–0.006], respectively; p = 0.021) and RRT (median
[IQR], 0.05 [0.02–0.12] Pa−1 vs. 0.03 [0.02–0.04] Pa−1; p =
0.023). A comparison of the hemodynamic parameters of
the two groups is shown in Table 2.

Table 1. Comparison of plaque characteristics and geometric parameters between patients with body and apical plaque in the
carotid bulb

Parameters All n = 70 Body plaque n = 41 Apical plaque n = 29 p value

Mean±SD or n (%)

Plaque characteristics
Stenosis, % 64.02±10.20 65.36±10.48 62.13±9.66 0.193
Maximum WT, mm 5.53±1.40 6.05±1.46 4.80±0.92 <0.001*
Plaque length, mm 15.31±5.45 16.64±4.90 13.43±5.71 0.014*
%WV, % 79.68±8.70 79.75±8.50 79.58±9.13 0.943
Presence of calcification 43 (61.43) 28 (68.29) 15 (51.72) 0.161
Presence of LRNC 17 (24.29) 13 (31.70) 4 (13.79) 0.189
Presence of IPH 25 (35.71) 17 (41.46) 8 (27.59) 0.233
Presence of FCR 4 (5.71) 1 (2.44) 3 (10.34) 0.189
Presence of high-risk plaque 41 (58.57) 27 (65.85) 14 (48.28) 0.141

Geometric parameters
Bifurcation angle, degree 51.76±9.33 51.60±10.36 51.99±7.82 0.863
ICA planarity, degree 14.03±12.94 15.23±14.10 14.03±13.62 0.388
Tortuosity of the stenosed region, % 8.94±6.20 11.07±6.47 5.92±4.34 <0.001*

MaximumWT, maximumwall thick; %WV, percent wall volume; LRNC, lipid-rich necrotic core; IPH, intraplaque hemorrhage; FCR,
fibrous cap rupture; ICA, internal carotid artery; SD, standard deviation. *p < 0.05.
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Correlation of Plaque Location with Plaque
Characteristics and Geometric and
Hemodynamic Parameters
The results of the logistic regression analysis are

detailed in Table 3. The univariate regression showed
that a maximum WT, plaque length, tortuosity of the
stenosed region, mean OSI, mean RRT, minimum
transWSS in the proximal part, and maximum OSI
and maximum RRT in the most severely NL were
significantly associated with body plaques (p < 0.05).

When the above variables were entered into a multi-
variate model and the model was adjusted for age and
sex, tortuosity of the stenosed region (odds ratio [OR]
1.32; 95% confidence interval [CI]: 1.04, 1.66; p =
0.022), mean RRT (proximal) (OR, 0.80; 95% CI:
0.68, 0.95; p = 0.013), and minimum transWSS (prox-
imal) (OR, 0.87; 95% CI: 0.77, 0.97; p = 0.012) remained
significant factors. A comparison of these three varia-
bles is shown in Figure 4a–c. Representative cases are
shown in Figure 5.

Table 2. Comparison of hemodynamic parameters between patients with body and apical plaque in the carotid bulb

Parameters median [25–75p] All n = 70 Body plaque n = 41 Apical plaque n = 29 p value

Proximal part of the lesion
Maximum TAWSS, Pa 82.31 [61.06–136.75] 81.65 [63.98–150.40] 87.72 [58.83–137.30] 0.416
Minimum TAWSS, Pa 0.69 [0.36–1.86] 0.69 [0.37–1.47] 0.90 [0.28–2.28] 0.432
Mean TAWSS, Pa 14.27 [9.40–19.79] 14.20 [9.98–19.78] 14.34 [7.54–21.67] 0.488
Maximum OSI 0.36 [0.22–0.46] 0.39 [0.18–0.44] 0.31 [0.15–0.44] 0.297
Minimum OSI 0.001 [0.0007–0.006] 0.001 [0.0008–0.005] 0.001 [0.0006–0.007] 0.841
Mean OSI 0.007 [0.001–0.02] 0.004 [0.001–0.02] 0.01 [0.001–0.04] 0.022*
Maximum RRT, Pa−1 1.66 [0.60–7.10] 1.73 [0.90–6.91] 1.54 [0.45–13.79] 0.084
Minimum RRT, Pa−1 0.01 [0.007–0.02] 0.01 [0.007–0.02] 0.01 [0.007–0.02] 0.771
Mean RRT, Pa−1 0.14 [0.09–0.26] 0.13 [0.09–0.21] 0.17 [0.09–0.54] 0.011*
Maximum transWSS, Pa 39.63 [29.90–55.05] 40.19 [30.21–67.69] 37.18 [27.16–49.90] 0.214
Minimum transWSS, Pa 0.10 [0.06–0.17] 0.09 [0.05–0.13] 0.15 [0.07–0.22] 0.006*
Mean transWSS, Pa 5.05 [3.28–6.81] 5.19 [3.66–6. 50] 4.80 [2.26–7.30] 0.237

Distal part of the lesion
Maximum TAWSS, Pa 98.51 [59.38–151.93] 95.29 [55.75–156.90] 108.00 [64.25–140.40] 0.532
Minimum TAWSS, Pa 0.344 [0.16–0.61] 0.33 [0.14–0.53] 0.41 [0.22–0.70] 0.843
Mean TAWSS, Pa 12.16 [6.87–24.18] 9.42 [6.50–18.79] 13.84 [10.75–24.43] 0.763
Maximum OSI 0.40 [0.21–0.43] 0.37 [0.21–0.44] 0.44 [0.24–0.47] 0.266
Minimum OSI 0.008 [0.002–0.01] 0.009 [0.002–0.04] 0.004 [0.001–0.03] 0.648
Mean OSI 0.03 [0.01–0.06] 0.04 [0.01–0.05] 0.03 [0.01–0.04] 0.228
Maximum RRT, Pa−1 9.80 [4.74–24.90] 10.74 [5.07–49.09] 9.06 [3.68–17.17] 0.147
Minimum RRT, Pa−1 0.01 [0.007–0.02] 0.01 [0.006–0.02] 0.009 [0.007–0.02] 0.739
Mean RRT, Pa−1 0.30 [0.16–0.60] 0.36 [0.18–0.69] 0.25 [0.14–0.49] 0.147
Maximum transWSS, Pa 39.04 [26.50–65.55] 37.96 [25.08–67.01] 43.59 [29.83–65.88] 0.653
Minimum transWSS, Pa 0.09 [0.05–0.18] 0.09 [0.05–0.18] 0.09 [0.05–0.20] 0.443
Mean transWSS, Pa 4.58 [2.77–7.20] 3.86 [2.51–7.15] 4.96 [3.32–7.31] 0.743

Narrowed level
Maximum TAWSS, Pa 58.67 [46.49–96.45] 55.37 [44.19–96.47] 69.69 [47.63–103.09] 0.712
Minimum TAWSS, Pa 34.09 [16.69–56.03] 32.77 [11.65–55.84] 34.18 [23.62–57.85] 0.615
Mean TAWSS, Pa 45.26 [29.49–73.92] 43.25 [24.27–74.79] 54.59 [37.01–77.15] 0.689
Maximum OSI 0.02 [0.005–0.17] 0.03 [0.01–0.20] 0.001 [0.001–0.006] 0.021*
Minimum OSI 0.002 [0.001–0.01] 0.003 [0.001–0.01] 0.001 [0.001–0.02] 0.488
Mean OSI 0.003 [0.002–0.01] 0.005 [0.001–0.02] 0.002 [0.002–0.01] 0.124
Maximum RRT, Pa−1 0.03 [0.02–0.07] 0.05 [0.02–0.12] 0.03 [0.02–0.04] 0.023*
Minimum RRT, Pa−1 0.02 [0.01–0.02] 0.02 [0.01–0.03] 0.01 [0.01–0.02] 0.097
Mean RRT, Pa−1 0.25 [0.15–0.40] 0.32 [0.15–0.55] 0.20 [0.14–0.30] 0.266
Maximum transWSS, Pa 24.55 [19.86–39.31] 25.17 [17.45–36.64] 24.49 [21.54–40.48] 0.467
Minimum transWSS, Pa 6.23 [2.92–15.84] 4.83 [2.10–16.83] 7.20 [3.54–14.97] 0.616
Mean transWSS, Pa 14.37 [10.39–26.50] 14.22 [9.43–26.97] 15.79 [10.90–26.30] 0.545

Data are median with interquartile range (IQR). TAWSS, time-averaged wall shear stress; OSI, oscillatory shear index; RRT, relative
residence time; transWSS, transverse wall shear stress. *p < 0.05.
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The AUCs of tortuosity of the stenosed region, mean
RRT (proximal), and minimum transWSS (proximal) for
predicting the presence of body plaque were 0.78 (95%CI:
0.67, 0.87), 0.60 (95% CI: 0.48, 0.72), and 0.67 (95% CI:
0.55, 0.78), respectively. The AUC for the combination of
tortuosity of the stenosed region, mean RRT (proximal),
and minimum transWSS (proximal) was 0.93 (95% CI:
0.84, 0.98). The combination had a significantly higher
AUC than tortuosity of the stenosed region (Z, 3.02; 95%
CI: 0.05, 0.24; p = 0.003), mean RRT (proximal) (Z, 4.19,
95% CI: 0.17, 0.48; p < 0.001), and minimum transWSS
(proximal) (Z, 3.63, 95% CI: 0.12, 0.39, p < 0.001) alone
(Fig. 4d, e). Overall, the combination increased the
sensitivity and specificity to approximately 90%.

Discussion

This study demonstrated plaque formation presented
around the area where a decrease in the WSS value was
accompanied by low flow velocity. Additionally, signifi-
cant hemodynamic differences between plaque locations
were found in the proximal part and the most severely NL
of the plaque. Notably, the tortuosity of the stenosed
region, proximal-specific RRT, and transWSS were in-
dependently associated with plaque location, and the
combination of the above geometric and hemodynamic
variables (compared with any variable alone) provided an
incremental contribution to different plaque locations.

Previous studies have shown that low shear stress
magnitude appeared to induce the development of
atherosclerosis [24], but the WSS was assigned to either

the upstream or downstream vessel wall in those in-
vestigations. In the present study, we analyzed the
distribution of WSS magnitude at the specific most-
stenosed level and further confirmed that plaque for-
mation presented in the area where a decrease in the
WSS value was accompanied by a decrease in the flow
velocity. This observation is consistent with the results
of a previous study reporting that WSS varies with
velocity [25]. Local flow pattern around the plaque is an
important mechanism for plaque formation in carotid
bulb stenosis.

The tortuosity of the stenosed region was associated
with the presence of body plaques in our study. A
previous study suggested that geometry might influ-
ence the site of atherosclerosis development [5]. Addi-
tionally, tortuosity has been shown to be a significant
and independent predictor of plaque formation in the
carotid artery [19, 26]. No evidence of a difference was
found in the bifurcation angle or ICA planarity between
plaque locations in our study, although the above
geometric variables were thought to be influential
predictors of disturbed flow [9, 26]. We hypothesize
that, considering the carotid geometry’s potential con-
tribution to plaque location, tortuosity might be the
major parameter of interest, although the other param-
eters might contribute differently. Alternatively, other
parameters may lack influence in patients with ad-
vanced atherosclerotic disease due to inward
remodeling.

We chose to evaluate spatial differences in local
hemodynamics by dividing lesions into three regions;
we believe that our investigation is the first to apply

Table 3. Univariate and multivariate logistic analyses of the factors associated with body plaque of the
carotid bulb

Univariate analysis Multivariate analysis

OR 95% CI p value OR 95% CI p value

Maximum WT 2.42 1.44, 4.05 0.001 1.39 0.54, 3.56 0.496
Plaque length 1.14 1.02, 1.26 0.020 1.18 0.97, 1.45 0.107
Tortuosity of stenosed region 1.27 1.10, 1.46 0.001 1.32 1.04, 1.66 0.022*
Mean OSI (proximal) 0.57 0.33, 1.00 0.046 3.57 0.54, 3.95 0.111
Mean RRT (proximal) 0.98 0.95, 1.00 0.043 0.80 0.68, 0.96 0.013*
Minimum transWSS (proximal) 0.93 0.88, 0.99 0.014 0.87 0.77, 0.97 0.012*
Maximum OSI (NL) 1.30 1.00, 1.70 0.047 1.62 0.94, 2.82 0.085
Maximum RRT (NL) 1.03 1.00, 1.06 0.037 1.02 0.97, 1.07 0.455

OR, odds ratio; CI, confidence interval; WT, wall thickness; OSI, oscillatory shear index; RRT, relative
residence time; transWSS, transverse wall shear stress; NL, narrowed level. *After adjustment for age, sex, and
mean blood pressure.
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this differentiation to the carotid bulb. Our study
showed that the hemodynamics in the proximal and
most severely narrowed stenosis regions were the main
influencing factors of plaque location. We hypothesize
that different plaque locations have unique histolog-
ical and anatomic features and are differentially ex-
posed to disturbed flow [27]. Additionally, we found
that RRT was related to plaque location in the carotid
bulb. Previous work has shown that RRT demonstrates
temporal fluctuations [28]; body plaques are mainly
located in the local dilation of ICA [29], which is
known to promote more flow separation. We infer
that the greater increased pressure gradient induced by
the body plaque pathology results in lower residence
time than apical plaque. In addition, we also found that

transWSS played an important role in plaque location.
transWSS represents a multidirectional disturbed
blood flow, which may be indicative of vascular wall
dysfunction [30]. Interestingly, a previous report sug-
gested that the highest transWSS values were observed
at uncommon locations for atherosclerosis [16]. Be-
cause it is well known that body plaque occurs more
frequently than apical plaque, our results further con-
firmed that apical plaques exhibited higher transWSS
than body plaques.

There are some limitations to this study. First, like
most human studies on hemodynamics and atheroscle-
rosis, the present work was a cross-sectional study. Never-
theless, geometry, hemodynamics, and plaque are influ-
enced by each other. Local WSS is dependent on vascular
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Fig. 4. a–c Comparison between groups with body and apical
plaques in tortuosity of the stenosed region, mean RRT (proximal),
and minimum transWSS (proximal) (p < 0.05). d ROC curve for
determining the presence of body plaque. The combination of
tortuosity of the stenosed region (a), mean RRT (proximal) (b),
andminimum transWSS (proximal) (c) improved the AUC to 0.93
(0.84–0.98), which was significantly higher than that obtained with

each variable alone (vs. tortuosity of the stenosed region, mean
RRT [proximal], and minimum transWSS [proximal]: p = 0.003,
p < 0.001, and p < 0.001, respectively). e Working hypothesis for
the interplay between wall shear stress and plaque location. RRT,
relative residence time; transWSS, transverse wall shear stress;
ROC, receiver operating characteristic; AUC, area under curve.
*p < 0.05, **p < 0.01, ***p < 0.001.
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geometry, and the vascular response to plaque formation
or plaque growth induces a change in geometry, which in
turn leads to changes in the local WSS [16]. Therefore,
this specific relationship during plaque formation and
progression deserves further investigation in a larger
sample and prospective validation is needed. Second,
our study only quantified WSS in patients with moderate
and severe stenoses (50–99%), this study design limited
the present study, the predictive value of specific hemo-
dynamics for plaque formation and location in the car-
otid bulb will have to be explored by further research,
normal subject should be included, and longitudinal
research is warranted. Finally, non-Newtonian fluidmod-
els incorporating patient-specific boundary conditions
(e.g., phase contrast flow), and blood properties are
needed in future simulations to increase the accuracy
of WSS quantification.

Conclusion

Our findings suggest that plaque formation is associ-
ated with the local flow pattern and that the tortuosity of
the stenosed region and proximal-specific hemodynamics
are significantly associated with plaque location in the
carotid bulb. Our study represents a step forward in
utilizing CFD based on noninvasive vascular imaging
for studying the hemodynamic features of carotid bulb
atherosclerotic stenosis disease. The current findings
should be confirmed in large series with more patient-
specific data in carotid blood flow simulations, and
further in-depth studies in this area could lead to a better
understanding of the pathophysiological processes and
mechanisms of atherosclerotic stenosis, perhaps ulti-
mately providing new references for the clinical risk
stratification of such patients.
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Fig. 5. Two carotid bulb stenosis cases with distinct plaque
locations. Upper: body plaque. aHR-VWI showed the body plaque
(arrow). b Streamlines showed no obvious disturbed flow in the
proximal part of the lesion. cMean RRT in the proximal part of the
lesion was 0.10 Pa−1. dMinimum transWSS in the proximal part of
the lesion was 0.15 Pa. Lower: apical plaque. e HR-VWI showed

apical plaque (arrow). f Streamlines showed a large disturbance in
the flow in the proximal part of the lesion. g Mean RRT in the
proximal part of the lesion was 0.22 Pa−1. hMinimum transWSS in
the proximal part of the lesion was 0.18 Pa. HR-VWI, high-
resolution vessel wall imaging; RRT, relative residence time;
transWSS, transverse wall shear stress.
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