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Abstract: Objective: This study seeks to evaluate the value of the high-frame-rate vector flow imaging

technique in assessing the hemodynamic changes of carotid atherosclerotic stenosis in aging people

(>60 years old). Methods: Aging patients diagnosed with carotid atherosclerotic stenosis who

underwent carotid high-frame-rate vector flow imaging examination were prospectively enrolled.

A Mindray Resona7s ultrasound machine equipped with high-frame-rate vector flow function was

used for ultrasound evaluation. First, B mode ultrasound and color Doppler flow imaging were

used to evaluate carotid stenosis. Then, the vector arrows and flow streamline detected by V Flow

were analyzed and the wall shear stress values (Pa) at the carotid stenosis site were measured. All

check for patients were divided into symptomatic and asymptomatic groups according to whether they had
updates acute/subacute stroke or other clinical symptoms within 2 weeks before ultrasound examination.
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WP Clinical Application of ultrasound, and the combined diagnosis in carotid atherosclerotic stenosis were compared. Results:

High-Frame-Rate Vector Flow Finally, 88 patients with carotid atherosclerotic plaque were enrolled (71 males (80.7%), mean age
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WSS value of symptomatic carotid stenosis (1.4 £ 0.15 Pa) was significantly higher than that of
asymptomatic carotid stenosis (0.80 £ 0.08 Pa) (p < 0.05). Taking the wall shear stress value > 0.78 Pa

as the diagnostic criteria for symptomatic carotid atherosclerotic plaque, the area under receiver
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operating characteristic curves was 0.79 with 87.1% sensitivity and 69.6% specificity. The area under
receiver operating characteristic curves of the combined diagnosis (0.966) for differentiating severe
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creativecommons.org/ licenses /by / Carotid atherosclerotic stenosis is the main cause of ischemic stroke, which may cause
40/). long-term disability and mortality in aging people [1,2]. It has been reported that mod-

1. Introduction
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erate and severe (50-99%) carotid stenosis might affect 9% of the general population of
aging people (>60 years old) and cause 10% of all strokes [3-5]. The medical burden of
patients with carotid stenosis is severe. Symptomatic carotid stenosis refers to patients
with previous stroke or transient ischemic attack (TIA), or a combination of these [4]. The
imaging screening and follow-up of symptomatic carotid stenosis is of great significance
to the prognosis and quality of life of the aging patients. According to European Society
for Vascular Surgery guidelines, current clinical indication for surgery in carotid stenosis
patients includes >70% carotid stenosis in symptomatic patients on non-invasive imaging
modalities or >50% stenosis on DSA [6]. The identification of the stenosis rate is of great sig-
nificance in the clinical decision-making process. Magnetic resonance imaging (MRI) could
assess the property and morphology of the atherosclerotic plaque, with typical features
including the lipid core and intraplaque hemorrhage [7]. However, the longer scan time,
higher cost, and metal contraindications were the main disadvantages of MRI [7,8]. Com-
puted tomography angiography (CTA) showed the potential in clinical diagnosis and fluid
dynamics of carotid plaques [9,10]. The potential exposure to radiation limited its clinical
applications. Ultrasound is the first-line medical imaging modality for the assessment of
the hemodynamics of carotid stenosis. The common ultrasound manifestations of carotid
atherosclerotic stenosis are the increase in carotid intima media thickness, atherosclerotic
plaque formation, local lumen stenosis, and increased peak systolic velocity at the stenosis
site [11]. Despite the limitations of ultrasound in diagnosis of carotid stenosis such as calci-
fication or the subjectivity of the observer, previous studies have shown that the sensitivity
and specificity were 82% and 76% in diagnosing severe carotid stenosis, and 34% and 85%
in diagnosing moderate carotid stenosis by conventional ultrasound [12]. Accurate diag-
nosis of carotid stenosis makes a difference to the patients’ treatment decisions [13]. The
diagnostic value of different degrees of carotid stenosis still needs to be further improved.

The high-frame-rate vector flow imaging technique (V Flow) is a novel ultrasound
technique that can facilitate the assessment of carotid arteries using the intuitive and
quantitative vector arrows [14,15]. It can depict the blood flow features of carotid arteries
in a real-time scan, especially the complex blood flow [16]. In addition, V Flow can
provide the quantitative parameter named wall shear stress (WSS), which is the frictional
force between blood flow and the endothelial surface of the vessel wall [17-19]. Non-
invasive measurement of WSS may provide more information in the diagnosis and decision-
making process of carotid stenosis [20]. In our previous work, V Flow proved to be a
feasible imaging method for the WSS assessment of the common carotid artery in healthy
volunteers [18]. However, the value of V Flow for assessing the carotid stenosis in aging
patients has not been reported.

The aim of this study was to explore the value of V Flow in assessing symptomatic
carotid atherosclerotic stenosis and evaluating the degree of carotid stenosis in aging people
(>60 years old).

2. Methods
2.1. Patients

This prospective study was approved by the Ethics Committee of Zhongshan Hospital,
Fudan University (no. B2019-295R), and informed consent was obtained in all patients.
The inclusion criteria were as follows: (1) patients older than 60 years old (aging patients);
(2) patients with carotid stenosis caused by carotid atherosclerotic plaques; (3) patients who
underwent V Flow imaging examination before surgery; (4) digital subtraction angiography
(DSA) or CTA examination was the gold standard for the carotid stenosis. Exclusion criteria
included (1) patients’ carotid could not be observed clearly on B mode ultrasound (BMUS);
(2) DSA or CTA indicated complete carotid occlusion.

All patients were divided into symptomatic and asymptomatic groups according to
whether they had clinical symptoms within 2 weeks before the ultrasound examination
and/or whether their head MRI showed acute/subacute stroke [7,21]. Clinical symptoms
include classic TIA and anterior circulation ischemic stroke [22], as well as monocular
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symptoms (amaurosis fugax or retinal artery occlusion) ipsilateral to the carotid atheroscle-
rotic plaque [7,23]. Baseline characteristics of patients, including sex, age, and risk factors
for atherosclerotic plaque (hypertension, diabetes, and hyperlipidemia) were recorded.

2.2. Ultrasound Examination

The examination was performed using Mindray Resona7s (Shenzhen Mindray Bio-
Medical Electronic Co., Shenzhen, China) with a L9-3 linear array probe. The ultrasound
machine was equipped with a novel V Flow function for carotid vector flow imaging. The
patients laid in a supine position with a thin pillow behind the neck. First transversal and
longitudinal BMUS scans were performed on the common carotid artery, internal carotid
artery, and external carotid artery. The carotid atherosclerotic plaque was detected and
measured. For carotid stenosis, the echogenicity of atherosclerotic plaques, the residual
lumen diameter, and distal normal lumen diameter of the carotid artery stenosis were
observed. The peak systolic velocity (PSV), end-diastolic velocity (EDV), and resistance
index (RI) at the carotid stenosis site and common carotid artery were measured by color
Doppler flow imaging (CDFI). The carotid artery stenosis rate can be calculated by the
following: Stenosis rate = (1 — residual lumen diameter at the stenosis/normal lumen
diameter at the distal of the stenosis) x 100% [24]. The stenosis degrees of the carotid
artery were stratified into the categories of mild (<50%), moderate (50-69%), or severe
(70-99%) degrees according to North American Symptomatic Carotid Endarterectomy Tria
(NASCET) criteria [24,25]. The diagnosis of carotid stenosis was in accordance with the
Society of Radiologists in Ultrasound Consensus Conference for carotid artery stenosis by
gray-scale and Doppler US [25].

After the carotid artery stenosis was clearly detected on BMUS, the “V Flow” mode
was switched to. Then, the “Update” button was pressed to acquire the dynamic V Flow
image. The V Flow scanning settings were as follows: the frequency was 5.0 MHz, the
depth was 2—4 cm, the V flow arrow density was 10%, and the arrow life cycle was 25 ms.
The direction, color, and streamline of vector arrows were observed and recorded. The
vector arrows were defined as follows: the redder vector arrow was associated with the
faster blood flow; the greener vector arrow was associated with the slower blood flow; the
longer vector arrow was associated with the faster blood flow; and the direction of the
vector arrow signifies the direction of blood flow. In addition, flow streamlines represent
the overall flow of blood. Then, the WSS value during the systolic phase of the cardiac cycle
at the carotid stenosis site was measured. The WSS value on the vessel wall as a function of
time was estimated on ultrasound machine by the following;:

I*N—> —> (t)

> NuZ (1

where y is blood viscosity; % denotes the direction of % and is a unit vector; H is the

vector velocity; and Ar; is the distance between the ith Veloc1ty measurement and the WSS
measurement location [20].

All ultrasound examinations were performed by a radiologist with > 5 years’ experi-
ence in carotid ultrasound examination.

2.3. Gold Standard

DSA or CTA examinations were performed as gold standard for the patients with
carotid stenosis. The inner diameter of the distal normal lumen was taken as the reference
inner diameter (A), and the inner diameter of the residual lumen at the stenosis segment was
taken as the measurement value (B). The degree of carotid stenosis was (1 — B/A) x 100%
according to NASCET criteria [24].
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2.4. Statistical Analysis

The independent samples t-test was used to compare the WSS values of carotid
atherosclerotic stenosis. Correlation analysis was performed using Pearson’s correlation
coefficient. Receiver operating characteristic curves (ROC) was used to compare the ef-
ficacy of WSS values in assessing the symptomatic carotid stenosis. Comparison of the
diagnostic value of WSS, conventional ultrasound, and the combined diagnosis in carotid
atherosclerotic stenosis was analyzed. All data were calculated using the software program
GraphPad prism 7 (GraphPad Software, Inc., Boston, MA, USA) and MedCalc (MedCalc
Software, Ltd., Ostend, Belgium); p < 0.05 was statistically significant.

3. Results
3.1. General Characteristics

Finally, 88 patients (mean age 67.6 4= 5.4 years) with carotid atherosclerotic plaque were
enrolled, including 71 males (80.7%) and 17 females (19.3%). Hypertension, diabetes, and
hyperlipidemia were identified in 47.7%, 10.2%, and 19.3% of patients as the potential risk
factors for carotid atherosclerotic plaques. All patients were divided into the symptomatic
group (32, 36.4%) and asymptomatic group (56, 63.6%). According to DSA or CTA results,
there were 44 cases of mild carotid stenosis, 15 moderate carotid stenosis, and 29 severe
carotid stenosis (Table 1).

Table 1. Summary characteristics of the patients.

Value (Mean + SD)/Number (Percentage)

Gender
Female 17 (19.3%)
Male 71 (80.7%)
Age (years) 67.6 (5.4)
Hypertension 42 (47.7%)
Diabetes 9 (10.2%)
Hyperlipidemia 17 (19.3%)
Clinical symptom
Symptomatic 32 (36.4%)
Asymptomatic 56 (63.6%)
Stenosis Grade
Mild 44 (50.0%)
Moderate 15 (17.0%)
Severe 29 (33.0%)

3.2. Conventional Ultrasound Imaging Features

Among all carotid plaques, 37 (42.0%) were hypoechoic, 27 (30.7%) were mixed echoic,
18 (20.5%) were hyperechoic, and 6 (6.8%) were isoechoic on BMUS. Meanwhile, 37 mild
stenosis cases, 26 moderate stenosis, and 25 severe stenosis were diagnosed on BMUS. The
mean PSV measured at the site of carotid stenosis was 164.25 4+ 104.42 cm/s, and the RI
value at the carotid stenosis site was 0.70 =+ 0.10.

3.3. V Flow Imaging Features

The success rate of V Flow imaging was 96.7% (88/91), including 98.3% (59/60) of
patients with mild to moderate carotid stenosis and 93.5% (29/31) of patients with severe
stenosis. These three patients with failed V Flow dynamic imaging were excluded. The
reason for the failed V Flow dynamic imaging in three patients was the occlusion of acoustic
shadows caused by large calcifications in the carotid plaques, which affected the effect of
vector flow dynamic imaging.

The V Flow dynamic imaging shows that the length of the vector arrows at site of the
carotid stenosis was longer than the surrounding vessel wall (Figure 1). The color of vector
arrows at the carotid stenosis site was orange or red with faster flow velocity (Figure 1).
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However, the most common vector arrows at the distal and proximal sites of the stenosis
were slower green or yellow vector arrow (Figure 1).

Figure 1. High-frame-rate vector flow imaging of the carotid stenosis. Moderate stenosis of the right
internal carotid artery (61, male) (A) and severe stenosis of the left internal carotid artery (67, male)
(B). The vector arrows at the stenosis (arrow) site became longer and the color of the vector arrow
was red. V Flow could intuitively show changes of flow velocity at the carotid stenosis site. Complex
blood flow such as vortex (short green or yellow vectors) (asterisk) could be detected at the distal
area of the stenosis.

The V Flow streamline showed that there was complex blood flow such as reflux and
vortex at the distal area of carotid stenosis, which were represented by reversed or spiral
vector arrows. V Flow could provide blood flow visualization of the complex blood flow at
the distal area of the carotid stenosis (Figure 1).

3.4. Diagnostic Value of WSS Value in Distinguishing Symptomatic Carotid Stenosis

The WSS value of symptomatic carotid stenosis (1.4 &= 0.15 Pa) measured at the stenotic
segment was significantly higher than that of asymptomatic carotid stenosis (0.80 & 0.08 Pa)
(p < 0.05) (Figure 2). Taking a WSS value > 0.78 Pa as diagnostic criteria for symptomatic
carotid atherosclerotic stenosis, the AUROC was 0.79 with 87.1% sensitivity and 69.6%
specificity (Figure 3). Furthermore, significant differences in WSS values of symptomatic
and asymptomatic patients were independent of the carotid stenosis grade (p < 0.05).
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Figure 2. The wall shear stress (WSS) value of the asymptomatic and symptomatic carotid stenosis.
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Figure 3. The diagnostic value of wall shear stress (WSS) in distinguishing between the asymptomatic
and symptomatic carotid atherosclerotic stenosis.

3.5. Comparison of Diagnostic Efficacy of WSS Value and Conventional Ultrasound in Carotid
Atherosclerotic Stenosis

The mean WSS value of the stenotic segment in mild, moderate, and severe carotid
stenosis was 0.53 & 0.14 Pa, 0.99 + 0.51 Pa, and 1.66 & 0.87 Pa, respectively (p < 0.05). The
Pearson correlation between the mean WSS value and the degree of the carotid stenosis
was 0.65 (p < 0.05).

With WSS value > 0.90 Pa as the cut-off value, the AUROC for severe carotid atheroscle-
rotic stenosis was 0.90 with 86.2% sensitivity and 83.1% specificity. For conventional ultra-
sound, the sensitivity and specificity for severe carotid atherosclerotic stenosis were 79.3%
and 96.6%, respectively (Table 2). No significant difference was detected between the WSS
value and the conventional ultrasound for diagnosing severe carotid stenosis (p > 0.05).
However, the AUROC of the combined diagnosis (0.966) was significantly higher than that
of the conventional ultrasound and WSS value with 89.7% sensitivity and 93.2% specificity
(p < 0.05) (Figure 4).
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Table 2. The diagnostic value of conventional ultrasound in carotid stenosis.

DSA or CTA Total
C tional Ult d
onventiona rasoun Severe Stenosis (n = 29) Mild or Moderate Stenosis (n = 59)
Severe stenosis 23 2 25
Mild or moderate stenosis 6 57 63
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Figure 4. The comparison of diagnostic efficacy of wall shear stress (WSS), conventional ultrasound,
and combined diagnosis in differentiating the severe carotid atherosclerotic stenosis.

4. Discussion

Aging was reported as one of the main risk factors related to carotid atherosclerotic
stenosis, and the elder populations > 60 y are the high-risk group of carotid stenosis [26].
Individuals with carotid atherosclerosis are at an increasing risk of future cardiovascular
disease, such as myocardial infarction (heart attack), ischemic stroke, and peripheral arterial
disease [27]. Comparing to conventional imaging methods, V Flow is a brand new vector
flow imaging technology which could provide various additional quantitative and intuitive
parameters for the evaluating the hemodynamics of the carotid artery [15]. WSS is the
frictional force between blood flow and the endothelial surface of the vessel wall [17,18].
The local hemodynamic factors such as WSS influence the initiation and progression
of atherosclerosis plaques [28]. It is well known that low and oscillatory WSS values are
associated with thickening of the arterial intima and the development of atherosclerosis [29].
Meanwhile, the high WSS has been reported to be closely associated with coronary plaque
rupture [28,30,31]. The V Flow technique is convenient to measure the WSS value at the site
of carotid stenosis. For patients with a high WSS value, carotid endarterectomy should be
recommended to avoid plaque shedding during surgery. The preoperative identification of
the vulnerable plaque is critical to the surgical option. However, the relationship between
the WSS values detected by V Flow and carotid plaque vulnerability has not been elucidated.
Our results showed that the WSS value of symptomatic carotid stenosis was significantly
higher than that of asymptomatic carotid stenosis (p < 0.05). Patients with higher WSS
values have poor plaque stability, and carotid endarterectomy should be performed to
avoid intraoperative plaque shedding. Tuenter et al. also reported that higher maximum
WSS detected by MRI was associated with vulnerable plaque components [32], which is
consistent with our results. Then, we further investigated the efficacy of WSS values in
diagnosing symptomatic carotid atherosclerotic stenosis. Taking a WSS value > 0.78 Pa
as the diagnostic criteria for symptomatic carotid stenosis, the AUROC for diagnosing
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symptomatic carotid atherosclerotic stenosis was 0.79 with 87.1% sensitivity and 69.6%
specificity. The WSS value of the carotid stenosis measured by V Flow may be a potential
indicator for predicting vulnerable plaque and plaque rupture.

V Flow measures the axial and transverse vector velocity and direction of the blood
flow, providing both spatial and temporal vector information without the need for angle
correction [16]. A previous study has proved that the V Flow measures the flow velocity
more accurately than CDFI [33]. Meanwhile, the vector arrows at the stenosis site became
longer, and the color of the vector arrow was red in our research. The color and length
of vector arrows provide visual quantification of the blood flow. Vector flow mapping
technology shows promising results in the quantitative assessment of differences in the
hemodynamics of the vascular flow field between patients with hypertension and normal
controls [34]. Complex blood flow such as vortex (short green or yellow vectors) could be
visually detected at the distal region of the stenosis by V Flow in our study. CDFI has also
been used to detect blood flow disturbances at carotid bifurcations through assessing blood
flow patterns [35]. However, CDFI has a limited frame rate and cannot quantify complex
blood flow. These limit CDFI in assessing complex blood flow for clinical diagnosis [16].
Previous studies reported that V Flow was more powerful in the assessment of complex
flow patterns than CDFI [14]. By considering the direction, length, and streamline of the
vector arrows in V Flow, flow characteristics of the carotid stenosis can be evaluated visually
for assessing flow patterns.

In our results, the WSS value (1.66 &+ 0.87 Pa) at the carotid stenosis site in patients
with severe carotid stenosis was significantly higher than those with moderate carotid
stenosis (0.99 £ 0.51 Pa) and mild carotid stenosis (0.53 £ 0.14 Pa) (p < 0.05). The WSS value
was positively correlated with carotid stenosis rate (p < 0.05). According to the theoretical
studies, the WSS value was positively correlated with carotid blood flow velocity [20].
These results indicated the accuracy and feasibility of V Flow to measure WSS at the carotid
stenosis site. Higher WSS values could be observed in severe stenosis, which promotes
complex flow or an increased flow velocity [20]. The carotid artery hemodynamic changes
detected by CDFI is the routine approach for assessing carotid stenosis. The reported
sensitivity was 82% and the specificity was 76% for distinguishing severe carotid stenosis
by conventional ultrasound [12]. In our study, there was similar sensitivity and higher
specificity for diagnosing severe carotid stenosis with conventional ultrasound. Taking
the WSS value of the stenosis greater than 0.90 Pa as the cut-off value for severe carotid
stenosis, no significant difference was detected in the performance of the two techniques in
diagnosing severe carotid stenosis (p > 0.05). However, when the combined diagnosis of
WSS value and conventional ultrasound was performed, a significantly higher AUROC was
obtained with 89.7% sensitivity and 93.2% specificity (p < 0.05). The combined use of WSS
and conventional ultrasound has broad application prospects in the diagnosis of severe
carotid stenosis. Combined with V Flow technology ultrasound, carotid stenosis could
be evaluated more comprehensively with the visual quantification of the blood velocity,
streamline, and the measurement of the WSS value. V Flow has potential for distinguishing
severe carotid stenosis, which may help patients make clinical decisions about further
treatment plans.

Limitations

There are several limitations in our study. Limited cases of patients were included.
The majority of enrolled patients were males, because a larger proportion of individuals
with carotid atherosclerosis were men than women. Ultrasound examinations were all
performed by a single radiologist, and future clinical studies need to further explore inter-
or intra-observer agreement.
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5. Conclusions

V Flow imaging technology can detect the hemodynamic changes of carotid steno-
sis. It may be a potential non-invasive imaging tool for the preoperative assessment of
symptomatic carotid stenosis and the degree of carotid stenosis in aging people.
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