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Background: Ischemic stroke, which has a high incidence, disability, and mortality rate, is mainly caused
by carotid atherosclerotic plaque. The difference in the geometric structures of the carotid arteries inevitably
leads to the variability in the local hemodynamics, which plays a key role in the formation of carotid
atherosclerosis. At present, the combined mechanisms of hemodynamic and geometric in the formation of
carotid atherosclerotic plaque are not clear. Thus, this study characterized the geometric and hemodynamic
characteristics of carotid atherosclerotic plaque formation using four-dimensional (4D) flow magnetic
resonance imaging (MRI).

Methods: Ultimately, 122 carotid arteries from 61 patients were examined in this study. According to the
presence of plaques at the bifurcation of the carotid artery on cervical vascular ultrasound (US), carotid
arteries were placed into a plaque group (N=69) and nonplaque group (N=53). The ratio of the maximum
internal carotid artery (ICA) inner diameter to the maximum common carotid artery (CCA) inner diameter
(ICA-CCA diameter ratio), bifurcation angle, and tortuosity were measured using neck three-dimensional
time-of-flight magnetic resonance angiography 3D TOF-MRA). Meanwhile, 4D flow MRI was used to
obtain the following hemodynamic parameters of the carotid arteries: volume flow rate, velocity, wall shear
stress (WSS), and pressure gradient (PG). Independent sample #-tests were used to compare carotid artery
geometry and hemodynamic changes between the plaque group and nonplaque group.

Results: The ICA-CCA diameter ratio between the plaque group and the nonplaque group was not
significantly different (P=0.124), while there were significant differences in the bifurcation angle (P=0.005)
and tortuosity (P=0.032). The bifurcation angle of the plaque group was greater than that of the nonplaque
group (60.70°£20.75° vs. 49.32°+22.90°), and the tortuosity was smaller than that of the nonplaque group
(1.07+0.04 vs. 1.09+0.05). There were no significant differences between the two groups in terms of volume
flow rate (P=0.351) and the maximum value of velocity (velocitymax) (P=0.388), but the axial, circumferential,
and 3D WSS values were all significantly different, including their mean values (all P values <0.001) and the
maximum value of 3D WSS (P<0.001), with the mean axial, circumferential, 3D WSS values, along with
the maximum 3D WSS value, being lower in the plaque group. The two groups also differed significantly in
terms of maximum PG value (P=0.030) and mean PG value (P=0.026), with these values being greater in the
nonplaque group than in the plaque group.
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Conclusions: A large bifurcation angle and a low tortuosity of the carotid artery are geometric risk factors

for plaque formation in this area. Low WSS and low PG values are associated with carotid atherosclerotic

plaque formation.
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Introduction

The latest data from the Global Burden of Disease (GBD)
study indicates that stroke is the primary cause of death and
disability in adults in China, imposing a massive economic
burden upon patients and society (1). Stroke can be divided
into ischemic and hemorrhagic types. According to the
latest statistical data in China, ischemic stroke accounts for
about 70% of stroke cases, making it the most common
type of stroke (2). Ischemic stroke refers to blockage of
blood vessels in the brain or neck and interruption of
cerebral blood flow supply that leads to nerve cell death
and neurological dysfunction (3). Atherosclerosis is the
most common cause of ischemic stroke. The common
carotid artery (CCA) ascends from the aortic arch and
branches into the internal and external carotid arteries. The
internal carotid artery (ICA) system supplies the anterior
two-thirds of the cerebral hemisphere and some parts of the
diencephalon, thus providing about 70% of the blood to the
brain (4). Carotid artery atherosclerosis or other diseases
may reduce the cerebral blood supply due to carotid artery
stenosis, thus leading to ischemic stroke (5). The formation
mechanism of atherosclerotic plaque involves lipids in
the blood accumulating under the vascular endothelium,
macrophages phagocytizing lipid substances to form foam
cells, smooth muscle cells migrating from the muscular layer
to the subendothelium and transforming into fibroblasts,
and subsequent occur necrosis, hemorrhage, calcification,
and inflammatory changes (6). The primary mechanisms
of ischemic stroke are the rupture of atherosclerotic plaque
leading to thrombosis and the stenosis of the vascular lumen
and hemodynamic changes caused by plaque (7).

Systemic arteries are subject to systemic risk factors
of atherosclerosis, including age, gender, hyperlipidemia,
hypertension, hyperglycemia, smoking, and obesity, but
atherosclerosis plaque has specific predilection sites (8).
The bifurcation of the CCA is the most common location
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of carotid atherosclerotic plaque, which is closely related
to the geometric characteristics and hemodynamic factors
of the bifurcation of the CCA (9). Therefore, identifying
the potential geometric characteristics and hemodynamic
that contribute to the formation of carotid artery plaques is
highly relevant to the clinical context.

Hemodynamics is a branch of fluid mechanics that
revolves around the mechanics of blood flow in the vascular
system (10). In hemodynamics, bulk flow refers to the
central part of the flow of blood in blood vessels, while wall
shear stress (WSS) refers to the interaction at the interface
of the blood flow and vessel wall (11). More specifically,
WSS is the shear stress exerted by a fluid in the tangential
direction on the wall, which determines the degree of
interaction between the fluid and the wall (12). WSS can
be divided into axial WSS and circumferential WSS. Axial
is the direction of the central axis of the blood vessel,
circumferential is the direction along the circumference
of the blood vessel wall, and three-dimensional (3D) WSS
is a combination of axial and circumferential WSS (13).
Hemodynamic parameters include basic parameters such
as blood flow velocity, volume flow rate, and advanced
parameters such as WSS, pressure gradient (PG), wall
pressure, pulse wave velocity (PWV), energy loss (EL), and
turbulent kinetic energy (TKE) (14). Velocity is measured
as the blood flow velocity through a given section in a unit
of time, volume flow rate as a blood flow volume through
a given section in a unit of time, WSS as the force of blood
flow on the vessel wall along the tangent direction of the
vessel, PG as a pressure change per unit distance, wall
pressure as the mechanical pressure of blood flow acting
perpendicular to the surface of the lumen PWV=Ad/At,
where Ad represents the distance between two measurement
planes within the blood vessel, and At represents the time
shift of the flow velocity curve. EL as the ratio of lost energy
to vessel volume in the deformation cycle, and TKE as the
rapid velocity fluctuations within a single imaging voxel
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independent of direction (i.e., a turbulence flow intensity
measurement parameter), which can be used to evaluate the
degree of blood flow turbulence and the severity of vascular
lesions.

The early, more commonly used hemodynamic
measurement techniques included ultrasound (US) and
computational fluid dynamics (CFD), but US is not accurate
in measuring advanced parameters. CFD can calculate flow
fields at higher spatial and temporal resolution (15,16), but
the accuracy is limited by the application of the fluid model
and wall function, the precision of the boundary conditions,
and the validity of the underlying assumptions (17-19).
Four-dimensional (4D) flow magnetic resonance imaging
(MRI) is a vascular imaging technique based on phase-
contrast MRI (PC-MRI). It can directly measure highly
comprehensive hemodynamic parameters iz vivo from any
direction and angle during different cardiac cycles and can
visualize blood flow direction and condition (20). 4D flow
MRI has been widely used in large blood vessels of the
heart, with relatively few applications for the head and neck
blood vessels.

Research suggests that the geometric characteristics of
the common carotid bifurcation play a role in the formation
of atherosclerosis by influencing hemodynamics and
are potential imaging markers for predicting the risk of
atherosclerosis (21). The commonly used parameters for
evaluating the geometric characteristics of the carotid artery
include the ratio of the maximum ICA inner diameter to the
maximum CCA inner diameter (ICA-CCA diameter ratio),
bifurcation angle, and tortuosity. Although these geometric
parameters are key independent predictors of early carotid
artery wall thickening and plaque formation (22), they are
not widely accepted in clinical practice and not included in
clinical decision-making.

Therefore, to further clarify the hemodynamic and
geometric mechanisms of carotid atherosclerotic plaque
formation, we aimed to characterize the combined
geometric and hemodynamic characteristics of carotid
atherosclerotic plaque formation using 4D flow MRI.
We present this article in accordance with the STROBE
reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-23-1827/rc).

Methods

This study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013) and was
approved by The Ethics Committee of the Second Hospital

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

of Lanzhou University (No. 2024A-616). Informed consent
was taken from all participants.

Participants

We recruited 73 patients with unilateral or bilateral carotid
plaques from August 2022 to August 2023, with 12 patients
with low-quality imaging being excluded from the study.
Ultimately, 122 carotid arteries from 61 patients were
examined. Among the patients, 8 had plaque in the bilateral
carotid arteries, and 53 had plaque in the unilateral carotid
artery. Among the carotid arteries, 69 had plaques (32 left
carotid arteries with plaque and 37 right carotid arteries
with plaque), and 53 had no plaque (29 nonplaque left

carotid arteries and 24 nonplaque right carotid arteries).

Examination protocol

All patients underwent neck vascular US, three-dimensional
time-of-flight magnetic resonance angiography 3D TOF-
MRA), and 4D flow MRI examinations. Moreover, 12
patients underwent high-resolution vascular wall MRI of
the head and neck.

An iU22 ultrasonic diagnostic apparatus (Philips,
Amsterdam, the Netherlands) was used to perform standard
scanning on the transverse and longitudinal sections of the
bilateral CCA, ICA, and external carotid artery of a population
at high risk of atherosclerosis. This population included
those with risk factors of hypertension, hyperlipidemia,
hyperglycemia, coronary heart disease, smoking, alcoholism,
obesity, and family history of atherosclerosis. Those with >3
risk factors and over 40 years old were required to undergo
neck vascular US examinations regularly.

The position, size, and echo of the carotid atherosclerotic
plaque scanned were recorded, and the plaque surface
and shape were observed. The absorption and reflection
of sound waves vary among different the components of
carotid artery plaque, resulting in different grayscale US
manifestations of carotid artery plaque. With the vascular
wall as a reference, the normal vascular wall has three layers
of echogenicity: moderate echogenicity (inner membrane
layer), low echogenicity (middle membrane layer), and high
echogenicity (outer membrane layer; posterior without
acoustic shadows). The echo is the same as that of the bone,
and plaque with posterior acoustic shadows is considered to
be strongly echogenic plaque (calcified plaque). According
to the internal echo of the plaque, carotid artery plaques
can be divided into the following three categories: (I)

Quant Imaging Med Surg 2024;14(7):4348-4361 | https://dx.doi.org/10.21037/qims-23-1827


https://qims.amegroups.com/article/view/10.21037/qims-23-1827/rc
https://qims.amegroups.com/article/view/10.21037/qims-23-1827/rc

Quantitative Imaging in Medicine and Surgery, Vol 14, No 7 July 2024

hypoechoic plaques, the echo inside the plaque is lower
than that in the intimal layer of the blood vessel wall; (II)
isoechoic plaques, the echo within the plaque is relatively
consistent with the echo of the intimal layer of the blood
vessel wall, and (III) hyperechoic plaques, the echo within
the plaque is equal to or slightly higher than that of the
outer membrane layer of the blood vessel wall. Two-
dimensional grayscale US indicates homogeneous echogenic
plaque if the internal echoes are uniform and consistent;
meanwhile, it indicates heterogeneous echogenic plaque
if more than 20% of the echoes are inconsistent within
the plaque (23). Research (24-26) has shown that carotid
artery plaque with an uneven surface, irregular shape, low
echogenicity, and mixed echogenicity is mainly unstable,
while that with a smooth surface, regular appearance, and
high echogenicity is mostly stable. In this study, patients
with stable plaque at the bifurcation of the unilateral or
bilateral common carotid arteries were included. The
evaluation criteria for stable plaque were as follows: (I)
protruding from the vascular lumen or with a focal intima-
media thickness IMT) >1.5 cm and greater than 50%
of the surrounding IMT; and (II) a regular morphology,
smooth surface, and a homogeneous high echogenicity or
isoechogenicity.

The 4D flow MRI and 3D TOF-MRA scans were
performed using a 3.0 T MRI scanner (Ingenia CX,
Philips) with a 32-channel head-neck coil. The 4D flow
MRI was acquired using a volumetric and a time-resolved
PC method. The scanning parameters were as follows:
repetition time (TR) =5.6 ms, echo time (TE) =3.0 ms,
flip angle=8’, field of view (FOV) =200 mm x 200 mm
x 50 mm, matrix size =200x200, slice number =50
(axial), Slice thickness =1 mm, ACQ (acquisition) voxel
size =1 mm x 1 mm x 1 mm, recon (reconstruction)
voxel size =0.391 mm x 0.391 mm x lmm, and velocity
encoding (VENC) =100 cm/s. 4D flow MRI scanning
requires patients to wear a finger pulse clamp for capturing
real-time dynamic changes in hemodynamics during the
cardiac cycle. After scanning, three phase maps representing
three directions and an amplitude map were obtained.
The total scan time of the 4D flow was approximately
16 minutes depending on the heart rate of the participants.
Twenty frames were reconstructed through view sharing.

3D TOF-MRA utilizes the inflow enhancement effect
of flowing blood in gradient echo sequences for vascular
imaging, which is a noncontrast vascular imaging technique.
The scanning parameters were as follows: TR =17 ms,

TE =3.5 ms, flip angle =18", FOV =190 mm x 190 mm x
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104 mm, matrix size =344x216, slice number =160, slice
thickness =20 mm, and voxel size =0.55 mm x 0.88 mm
x 1.3 mm. The total scan time was 1 minute and 32 seconds.

Image analysis

Measurement of the carotid artery geometry was conducted
via 3D TOF-MRA as displayed in Figure 1. The measured
geometric parameters included the following: (I) ICA-
CCA diameter ratio, the ratio of the ICA maximum inner
diameter to the CCA maximum inner diameter; (II)
bifurcation angle, the two tangent lines along the outer wall
of internal and external carotid arteries (denoted as o); and
(IIT) tortuosity of the carotid artery, the distance along the
center of the CCA-ICA lumen (with the starting and ending
points being 1 cm above and below the bifurcation of the
carotid artery) divided by the straight distance of the CCA-
ICA lumen center (with the starting and ending points
being 1 cm above and below the bifurcation of the carotid
artery).

The procedure for 4D flow MRI processing is displayed
in Figure 2. 4D flow MRI data were imported into the
CVI42 v. 5.14 software (Circle Cardiovascular Imaging,
Calgary, AB, Canada) for processing and parameter
measurement. The processing steps included the following:
(I) preprocessing, including automatic offset correction
and antialiasing to identify and remove low-quality
images; (II) segmentation, including the segmentation of
the target blood vessels along their centerline; and (III)
analysis, including visualization and quantitative analysis.
In quantitative analysis, the analyzed plane is placed
perpendicular to the bifurcation of the CCA, and the lumen
contour in the amplitude image is manually adjusted to
improve the accuracy of the measurement. At this moment,
the color coded axial and sagittal images are visualized. The
measured hemodynamic parameters included the following:
volume flow rate, maximum velocity (velocity,,,,), axial mean
WSS (WSS,,....), circumferential WSS, ..., 3D maximum
WSS (WSS,..0), 3D WSS, ..., maximum PG (PG,,,), and
mean (PG,,,,). Velocity, vector, pathline, and streamline
visualization was performed.

Interobserver and intraobserver consistency analysis

Forty carotid arteries were randomly selected to test the
interobserver and intraobserver reproducibility via intraclass
correlation coefficients (ICC). Observer 1 and observer
2 separately evaluated the 40 randomly selected carotid
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Bifurcation angle o = 26.5°
Tortuosity L/D =1.05

ICA/CCA-diameter ratio =0.83
Bifurcation angle a =83.8°
Tortuosity L/D =1.04

Figure 1 Measurement of the geometric characteristics of the carotid artery. (A) 3D TOF-MRA. (B) High-resolution vessel wall magnetic

resonance imaging. (A,B) Images of the same patient showing the bifurcation of the bilateral carotid arteries without plaque. (C) 3D TOF-

MRA. (D) High-resolution vessel wall magnetic resonance imaging. (C,D) Images of the same patient showing the bifurcation of the left

carotid artery with plaque. ICA, internal carotid artery; CCA, common carotid artery; o represent bifurcation angle; L, the distance along

the center of the CCA-ICA lumen, with the starting and ending points being 1 cm above and below the bifurcation of the carotid artery; D,

the straight distance of the CCA-ICA lumen center, with the starting and ending points being 1 cm above and below the bifurcation of the

carotid artery; 3D TOF-MRA, three-dimensional time-of-flight magnetic resonance angiography.

arteries (including the carotid artery geometric and 4D flow
MRI hemodynamic parameters), with ICC >0.75 indicating
good interobserver consistency. Observer 1 reanalyzed the
40 randomly selected carotid arteries one month after initial
analysis, with ICC >0.75 indicating good intraobserver
consistency.

Statistical analysis

All statistical analyses were performed using the GraphPad

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Prism 9.5.1 (GraphPad Software, Inc., La Jolla, CA, USA).
Classification variables are represented as frequencies and
percentages. According to the normality test, all continuous
variables corresponded to a normal distribution. Therefore,
continuous variables are represented as the mean = standard
deviation. The independent samples #-test was used to
compare continuous variables between two groups. A violin
chart was used to visualize the distribution of continuous
variables. P<0.05 was considered to indicate a statistically
significant difference.
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Figure 2 Four-dimensional flow MRI hemodynamic parameter measurement flowchart. A plane was placed in the bifurcation of the

common carotid artery (left first of lower row), and every plane was divided into several voxels. The volume flow rate was defined as the

mean volume flow rate of all voxels. The 20 time points represent different times of cardiac cycles (right panel of the lower row). The

volume flow rate of this plane was the mean volume flow rate at 20 time points. MRI, magnetic resonance imaging.

Results
Demographic characteristics

The demographic characteristics of the 61 patients are listed
in 7able 1. The 122 carotid arteries from these 61 patients
were divided into a plaque group (N=69) and nonplaque group
(N=53). Among the 61 patients (mean age 61.9+8.9 years), 31
were male, 30 were smokers, 30 had hypertension, 32 had
diabetes, and 22 patients had hyperlipidemia. The mean
heart rate was 69.7+11.1 times/min.

Geometric characteristics of the carotid artery among the
plaque group and nonplaque group

The geometric characteristics of the carotid artery among

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

plaque group and nonplaque group are displayed in Table 2.
The difference in the ICA-CCA diameter ratio between the
plaque group and the nonplaque group was not statistically
significant (P=0.124), while there were significant
differences in bifurcation angle (P=0.005) and tortuosity
(P=0.032), as shown in Figure 3, with the bifurcation
angle of the plaque group being greater than that of the
nonplaque group (60.70+20.75° vs. 49.32+22.90°) and the
tortuosity being smaller (1.07+0.04 vs. 1.09+0.05).

Hemodynamic changes in the plaque group and nonplaque
group

The hemodynamic changes in the plaque group and
nonplaque group are summarized in Table 2. The plaque
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group and the nonplaque group showed no significant
difference in volume flow rate (P=0.351) or velocity,,,
(P=0.388). However, there were significant differences
in the axial, circumferential, and 3D WSS, including the

Table 1 Patient demographic data

Characteristic Value

Patient characteristic*

Age (years) 61.9+8.9
Male 31 (50.8)
Smoking 30 (49.2)
Hypertension 30 (49.2)
Diabetes 32 (52.5)
Hyperlipidemia 22 (36.1)
Heart rate (times/min) 69.7+11.1
Plaque identification
With plaque 69
Without plaque 53

Data are presented as mean + standard deviation, number (%)
or number. *, for the entire cohort of 61 patients; ’, for the 122
carotid arteries (69 plaque and 53 nonplaque).

axial, circumferential, and 3D WSS, ... (all P values <0.001)
and the 3D WSS, (P<0.001). There were also significant
differences in the PG,,,, (P=0.030) and PG,,.,, (P=0.026), as
displayed in Figure 4. The axial WSS,.,,, circumferential
WSS.eans 3D WSS, and 3D WSS,.... of the plaque group
were lower than those of the nonplaque, as were the PG,,,,
and PG,,..,. Figure 5 shows the velocity, vector, pathline,
streamline, and WSS maps of the plaque group and
nonplaque group.

Discussion

In this study, we finally included 61 patients with unilateral
or bilateral carotid atherosclerotic plaques and analyzed
the correlation between the geometric characteristics and
hemodynamic parameters of 122 carotid arteries and the
formation of plaques at the bifurcation of the CCA.

The common carotid bifurcation angle and the
tortuosity of the ICA were found to be the major geometric
factors for the formation of atherosclerotic plaque in
the common carotid bifurcation area. The larger the
bifurcation angle and the lower the tortuosity are, the
more likely plaque formation is to occur. A longitudinal
study showed that in the absence of ICA stenosis, the
larger the bifurcation angle of the CCA is, the thicker

Table 2 Geometric characteristics and hemodynamics parameters of the carotid arteries

Parameters Plaque group (N=69) Nonplaque group (N=53) P

Geometric characteristics
ICA-CCA diameter ratio 0.74+0.12 0.78+0.15 0.124
Bifurcation angle (°) 60.70+20.75 49.32+22.90 0.005
Tortuosity 1.07+0.04 1.09+0.05 0.032

Hemodynamics
Volume flow rate (mL/s) 4.99+1.43 5.22+1.17 0.351
Velocity,., (cm/s) 45.06+10.60 46.69+9.91 0.388
Axial WSS,,.. (Pa) 0.23+0.06 0.29+0.07 <0.001
Circumferential WSS, (Pa) 0.15+0.04 0.18+0.04 <0.001
3D WSS,.., (Pa) 0.25+0.08 0.33+£0.13 <0.001
3D WSS,,... (Pa) 0.16+0.05 0.22+0.10 <0.001
PG (P2) 0.47+0.19 0.55+0.21 0.030
PGirean (P2) 0.21+0.09 0.25+0.11 0.026

Data are presented as mean + standard deviation. ICA, internal carotid artery; CCA, common carotid artery; WSS, wall sheer stress; PG,

pressure gradient.
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Figure 4 Hemodynamic changes among the plaque group and nonplaque group. (A) Volume flow rate among the plaque group and

nonplaque group. (B) Velocity,,,, among the plaque group and nonplaque group. (C) Axial WSS, among the plaque group and nonplaque

group. (D) Circumferential WSS, among the plaque group and nonplaque group. (E) 3D WSS, ., among the plaque group and nonplaque

group. (F) 3D WSS, ., among the plaque group and nonplaque group. (G) PG,,.,, among the plaque group and nonplaque group. (H) PG,

among the plaque group and nonplaque group. ¥, P<0.05; ***, P<0.001; ****, P<0.0001. ns, no statistically significant difference; 3D, three-

dimensional; WSS, wall shear stress; PG, pressure gradient.

the vascular wall thickness over time, which is an
independent risk factor for carotid atherosclerotic plaque
formation (27). This is similar to the conclusion of Bijari
et al. (28), who found that the lager bifurcation angle of
the carotid artery is a predictive indicator of vessel wall
thickening at the early stage of atherosclerosis. Phan
et al. (29) analyzed computed tomography angiography
(CTA) images of 178 patients, reporting that geometric
characteristics and anatomical structure were independent

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

of traditional vascular risk factors for carotid artery stenosis.
In addition, they demonstrated that the bifurcation angle
was independently positively correlated with ICA near
the CCA bifurcation stenosis, and that the greater the
bifurcation angle was, the narrower the ICA near the CCA
bifurcation was. This indirectly indicates that a larger
bifurcation angle is more conducive to plaque formation of
the ICA near the CCA bifurcation. The bifurcation angle

influencing hemodynamics is the fundamental cause of this
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Figure 5 Visualization of the velocity, vector, pathline, streamline, and WSS maps from left to right, respectively. Upper row (A-E): the

bifurcation of the carotid artery with plaque (as indicated by the arrow). Lower row (F-]): the bifurcation of the carotid artery without

plaque. WSS, wall shear stress.

phenomenon, and previous CFD studies have proven that a
greater bifurcation angle is associated with greater disorder
in the blood flow in this area, with this in turn promoting
the formation of atherosclerosis (30-32).

In our study, we also found that high ICA tortuosity
exerted a protective effect for patients with carotid
atherosclerosis, as high ICA tortuosity can delay or prevent
the formation of atherosclerotic plaque by increasing spiral
flow and reducing disturbed flow (33). A previous study
on the data set of 50 models of human carotid bifurcation
showed that intense spiral blood flow can inhibit the blood
flow disturbance at the carotid bifurcation and that high
carotid artery tortuosity contributes to the occurrence and
development of spiral flow patterns, thus preventing the
formation of atherosclerotic plaque (34). This is consistent
with the results of another CFD study, which showed that a
high tortuosity of the internal carotid and coronary arteries
can prevent atherosclerosis by suppressing “disturbed flow”
and increasing spiral flow (35,36). Research also indicates
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that helical characteristics and use of high-tortuosity stents
to induce laminar and helical flow can prevent the formation
of atherosclerotic plaque and reduce the probability of
vascular restenosis (37-39). Strecker ez al. reported that
higher tortuosity indeed has a protective effect for patients
with existing carotid artery stenosis and can reduce the risk
of vascular restenosis (27). Other studies have indicated
that the increase of spiral flow can reduce the deposition
of low-density lipoprotein—a substance that contributes to
atherosclerosis—in the vascular wall (40,41).

We further found that the ICA-CCA-diameter ratio
of the plaque group was lower than that of the nonplaque
group, which is similar to the results of Phan ez al. (29),
who reported a decrease in ICA-CCA-diameter ratio
to be associated with the development of carotid artery
stenosis. A baseline analysis of a study population also
found a decrease in ICA-CCA-diameter ratio to be an
independent predictor of an increase in carotid artery wall
thickness (42). Additionally, an iz vivo CFD study involving
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both patients and volunteers demonstrated that disturbed
flow is enhanced by local expansion of ICA spheres (21).
Therefore, atherosclerosis is prone to occur at the carotid
bifurcation. Although we found that the ICA-CCA-
diameter ratio of the plaque group was lower than that of
the nonplaque group, the difference was not statistically
significant, which may be related to the sample size.

Our results also suggest that the geometry of the carotid
artery is an important risk factor for the early development
of atherosclerosis and plaque formation, which can be
primarily attributed to the geometry of the carotid artery
exerting an effect on hemodynamics. 4D flow MRI
facilitates the measurement of all hemodynamic parameters
with excellent temporal and spatial resolution (43). We used
4D flow MRI technology to evaluate the hemodynamic
condition of the carotid artery in a plaque group and the
nonplaque group. The analysis results showed that values
of the axial, circumferential, and 3D WSS,,..., as well as 3D
WSS, in the plaque group were significantly lower than
those in the nonplaque group.

The WSS value is associated with degeneration and
weakening of the artery wall’s elastic fibers, as well as
extracellular matrix imbalance. Low WSS is widely believed
to significantly contribute to plaque formation and to
initiate the atherosclerotic cascade reaction (44). Long-
term investigation discovered that low WSS at baseline is
an independent predictor of long-term increased carotid
artery wall thickness (45). An investigation using US and
a 12-year follow-up found that 48 patients experienced
plaque growth in a location with low WSS (46). The
cause of plaque formation may be a decrease in blood flow
velocity, which prolongs the residence time of blood in the
blood vessels, leading to persistent interactions between
lipids and the vascular wall (47). Research indicates that low
WSS can increase the uptake of low-density lipoprotein,
leading to the formation of lipid components in plaque;
in addition, low WSS values directly affect the vascular
endothelium (48). Cumulatively, these reactions promote
the development of atherosclerosis. Meanwhile, studies have
found that after the formation of atherosclerotic plaque,
high WSS can cause certain alterations in endothelial cell
behavior, exacerbate inflammation, stimulate the progress
of atherosclerotic lipid core in the vascular wall, and
contribute critically to the factors that trigger vulnerability
to plaque formation and final rupture (49).

In addition, some studies (21,22,27) have shown that the
carotid bifurcation angle is negatively correlated with WSS,
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while the tortuosity is positively correlated with WSS;
that is, a large carotid bifurcation angle and low tortuosity
are correlated with low WSS, and they are independent
predictors of atherosclerotic plaque formation, which is
consistent with the results of our study. A study using CFD
and MRI on 13 patients undergoing carotid artery surgery
showed that a larger carotid bifurcation angle results in a
lower WSS, which was found to cause vascular restenosis in
a S-year follow-up (50).

Few studies have used PG value to detect plaque
formation. In our study, we discovered that the nonplaque
group’s PG,,,, PG,..., values were significantly higher than
those of the plaque group. Another study compared the
PG value between healthy participants and patients with
carotid atherosclerotic stenosis and found that the PG value
of patients with stenosis was low (51). From this, it is not
possible to determine whether a low PG value causes plaque
formation; rather, this can only suggest that the PG value
is lower after plaque formation. A different study using
4D flow MRI to assess the correlation between carotid
hemodynamics and age in healthy adults observed that the
PG value decreased with age, with old age being one of
the risk factors for atherosclerotic plaque formation, which
indirectly shows that low PG value can promote plaque
formation (52).

The major highlight of our study was that 4D flow MRI
technology was used to obtain comprehensive hemodynamic
parameters of the carotid artery and was demonstrated to be
capable of visualizing the direction and condition of blood
flow, which has a degree of clinical relevance. Moreover, we
not only examined the hemodynamic factors that affect the
formation of carotid plaque but also evaluated geometric
factors.

Despite these findings, some limitations to our study
were present and should be addressed. First, we employed
a cross-sectional design and measured hemodynamics
based on the presence or absence of plaque, which lacked
longitudinal follow-up to determine whether low WSS and
PG promote plaque formation. Second, we only measured
a single plane and did not obtain data for multiple planes
upstream and downstream of the plaque, while a variety
of factors such as different locations of the plaque (e.g.,
outer wall, side wall) were not considered. Therefore,
the measurement of WSS was insufficiently detailed.
The ability to measure WSS in vivo has long been a goal
of clinical research, but most techniques do not have
sufficient spatial resolution near the artery wall to make
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an accurate measurement. Third, prior to the start of this
study, although PASS software was used to calculate the
sample size and the sample size of the study met the set
requirements, we believe the sample to be insufficiently
large. A large amount of 4D flow MRI data from multiple
centers are needed for further validation. Future research
addressing these limitations will contribute to a more
comprehensive understanding of the geometric and
hemodynamic factors related to the formation of carotid
artery plaques.

Conclusions

As an initial and exploratory study, this work showed that
a large bifurcation angle and low tortuosity of the carotid
artery are geometric risk factors for plaque formation in
this area. Low WSS and low PG are associated with carotid
atherosclerotic plaque formation.
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