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High-Frame Rate Vector Flow Imaging Technique: Initial Application in Evaluating the Hemodynamic Changes of Carotid Stenosis Caused by Atherosclerosis
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Objective: To investigate the value of high-frame rate vector flow imaging technique (V flow) in evaluating the hemodynamic changes of carotid stenosis caused by atherosclerotic plaques.

Methods and Materials: In this prospective study, patients with stenosis rate (diameter) ≥30% caused by carotid atherosclerotic plaques were included. Degrees of carotid stenosis were graded according to North American Symptomatic Carotid Endarterectomy Trial criteria: moderate (30–69%) or severe (70–99%). Mindray Resona 7s ultrasound machine with a linear array transducer (3–11 MHz) was used for ultrasound examinations. The mean WSS value of carotid arteries was measured at the proximal, narrowest region and distal of carotid stenosis. The mean WSS values were correlated with peak systolic velocity (PSV) measured by color Doppler flow imaging and stenosis degree detected by digital subtraction angiography (DSA). The vector arrows and flow streamline detected by V flow dynamic imaging were analyzed. Imaging findings of DSA in carotid arteries were used as the gold standard.

Results: Finally, 51 patients were included. V flow measurements were performed successfully in 17 patients (100%) with moderate-grade stenosis and in 30 patients (88.2%) with severe-grade stenosis. Dynamic V flow imaging showed yellow or red vectors at the stenotic segment, indicating fast speed blood flow (up to 260.92 cm/s). Changes of streamlines were detected in the stenotic segment. The mean WSS value measured at the narrowest region of the carotid artery had a moderately positive correlation with stenosis degree (r = 0.58, P < 0.05) and PSV value (r = 0.54, P < 0.05), respectively. Significant difference was detected in mean WSS value at the narrowest region of the carotid artery between severe carotid stenosis (1.47 ± 0.97 Pa) and moderate carotid stenosis (0.96 ± 0.44 Pa) (P < 0.05).

Conclusion: The hemodynamic changes detected by V flow of the carotid stenosis might be a potential non-invasive imaging tool for assessing the degree of carotid stenosis.
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INTRODUCTION

Carotid stenosis caused by atherosclerotic plaque is the main cause of ischemic stroke and has a high incidence rate among people 65 years or older (1, 2). Preoperative diagnosis of carotid artery stenosis is important for the further choice of treatment as a reasonable treatment method should be selected according to the patient's carotid stenosis degree. Asymptomatic patients with severe carotid artery stenosis or patients with symptomatic moderate carotid artery stenosis require surgical treatment (3, 4). However, currently, the diagnostic sensitivity of carotid stenosis by imaging modalities varies from 31 to 85%, and the specificity varies from 54 to 85% (5). Hemodynamic change, the functional evaluation, is also one of the crucial factors in evaluating carotid stenosis. Combined functional evaluation such as hemodynamic changes (including the blood flow velocity, flow direction, flow pattern, and blood viscosity) of the carotid artery may provide additional information for the diagnosis and decision-making process of the carotid stenosis.

Wall shear stress (WSS) is the frictional force exerted on the endothelial surface of the vessel wall, which is strongly influenced by hemodynamic changes (6, 7). It has been reported to play an important role in the development of carotid plaque. Low and/or oscillatory WSS value affects the morphology, structure, and function of endothelial cells of vessel wall (8, 9). High WSS value promotes the high-risk plaque, rupture of plaque (10, 11). To obtain the WSS value preoperatively is of vital importance for further clinical decision-making process of carotid stenosis. Currently, there are some medical imaging methods that can be used for WSS measurement, including phase contrast magnetic resonance imaging (PC-MRI), computed tomography angiography (CTA), and ultrasound. PC-MRI is the most commonly used MRI methods to measure the WSS value with high tissue resolution (12). However, its disadvantages include low temporal and spatial resolution and long measurement time. Only few studies used CTA to calculate the WSS value; meanwhile, it has the potential of radiation exposure and limitation for analyzing plaque components. Depending on the unique advantages such as convenience, non-radiation, and effectiveness, conventional ultrasound is also the frequently used tool to measure the WSS value.

High-frame rate vector flow imaging technique (V flow) based on ultrasound is an emerging quantitative imaging method for superficial vessels, mainly focused on carotid artery (13). WSS value is the quantitative parameter under the V flow module. Real-time high frame rate V flow has been reported to be able to depict the blood flow characteristics in the carotid artery intuitively, especially in complicated carotid stenosis circumstance (14).

The aim of our study is to investigate the value of V flow in evaluating the hemodynamic changes of carotid stenosis caused by atherosclerotic plaques.



PATIENTS AND METHODS


Patients

This prospective study was approved by the Ethics Committee of Zhongshan Hospital, Fudan University (approval no. B2019-295R), and informed consent was obtained in all patients. The inclusion criteria were as following: (1) patients' aging from 18 to 80 years old; (2) carotid stenosis rate (diameter) ≥30% measured by digital subtraction angiography (DSA); (3) carotid artery stenosis in only one side; and (4) patients planned to accept carotid artery stenting or carotid endarterectomy in our hospital. Exclusion criteria included (1) carotid completely occlusion patients; (2) patients with obvious heart, liver, and kidney dysfunctions; (3) patients with previous carotid artery stenting or carotid endarterectomy history; and (4) carotid artery could not be observed clearly on B-mode ultrasound (BMUS).

The stenosis degrees of the carotid artery measured by DSA were graded according to the North American Symptomatic Carotid Endarterectomy Trial (NASCET) criteria: moderate (30–69%) or severe (70–99%) (15).



Ultrasound Examination of Carotid Artery

All ultrasound examinations were performed with a Mindray Resona 7s ultrasound machine (Shenzhen Mindray Bio-Medical Electronic Co., Shenzhen, China) equipped with a linear array transducer (3–11 MHz). The machine was equipped with updated V flow software for carotid artery analysis.

Ultrasound examinations were performed 1 day before carotid artery stenting or carotid endarterectomy surgery. During ultrasound examination, patients were lying on supine positions with the posterior neck supported by a thin pillow. First, BMUS scans were obtained in the side of carotid artery stenosis in longitudinal and transverse planes, from the initial segment of common carotid artery to the common carotid bifurcation and then to internal and external carotid artery. The plaque echogenicity was observed and documented. Meanwhile, the peak systolic velocity (PSV) value was measured at the narrowest region of the carotid artery by color Doppler flow imaging (CDFI) for three times to obtain the average value.

V flow measurement settings included the following: the frequency is 5.0 MHz, the depth is 2 to 4 cm, the arrow life cycle is 25 ms, and the arrow density is 10%. After obtained clear visualization of carotid stenosis, the “Update” button was pressed to acquire dynamic V flow images. In V flow mode, the blood flow signals were represented by various dynamic vector arrows. Flow velocity was represented by different color and length of the vector arrows. The red vectors mean the high velocities, yellow and orange vectors mean medium velocities, and green vectors mean low velocities (Figure 1). For the length of the vector arrows, the longer the arrows, the faster the flow velocity. Meanwhile, streamlines represent the overall flow of blood (Figure 1). The mean WSS values were measured automatically by adjusting the reference line to coincide with the vascular wall at the peak of systole during the detected cardiac cycle. The WSS value of V flow as a function of time can be estimated by the following:
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where μ is blood viscosity; [image: image] denotes the direction of [image: image] and is a unit vector; [image: image] is the vector velocity; Δri and is the distance between the ith velocity measurement and the WSS measurement location (16). One radiologist with 5 years of carotid ultrasound experience performed V flow scan, who was blind to the patient's clinical data and final pathological findings. The entire process for V flow measurements, from acquisition of the dynamic V flow images to WSS measurements, takes about 3 min 20 s for each carotid artery (Table 1).


[image: Figure 1]
FIGURE 1. Comparison of the vector arrows between stenotic segment and normal carotid artery. The red vectors mean the high velocities, yellow and orange vectors mean medium velocities, and green vectors mean low velocities. The vector arrows in the carotid artery lumen changed from yellow to red color at the stenotic segment (A,B). The complex flow was detected at the distal of the stenosis (asterisk) (A).



Table 1. The V Flow imaging flow chart and the time consumed for wall shear stress (WSS) measurements (s).
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DSA Measurement

DSA was performed in each patient included in our study. Imaging results of DSA during the surgery were used as the gold standard. With NASCET criteria, measuring stenosis is taking the inner diameter of the distal normal lumen as the basic inner diameter (A), and the inner diameter of residual lumen at stenosis segment as the measurement (B). And the degree of carotid stenosis = (1–B/A) × 100% (15).



Statistical Analysis

Continuous variables were expressed as mean ± standard deviation (SD). The relationship between mean WSS value and PSV and that between mean WSS value and carotid artery stenosis degree were calculated by Pearson correlation coefficient. The difference of mean WSS value between moderate and severe carotid stenoses was performed using independent-samples t-test. All data were calculated using the software program SPSS Statistics (version 22.0, IBM, Armonk, NY, USA) and GraphPad Prism (version 7, GraphPad Software, Inc.). P < 0.05 was considered statistically.




RESULTS


Patients Characteristics

Between June 2019 and August 2020, 51 patients were finally included. There were three females and 48 males in the study group, and the mean age was 66.1 ± 5.4 years. Twenty-seven carotid stenoses were in the right carotid artery, and 24 carotid stenoses were in the left side (Table 2). Surgery included carotid artery stenting (n = 42) or carotid endarterectomy (n = 9). According to DSA results (Figure 2), patients were divided into severe grade of carotid stenosis (n = 34) and moderate grade of carotid stenosis (n = 17) (Figure 2).


Table 2. The baseline data of stenotic carotid artery patients.
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FIGURE 2. Digital subtraction angiography (DSA) imaging of patient. The figure displayed the severe carotid stenosis (arrow) in the left internal carotid artery.




B Mode Ultrasound Features

Most patients (n = 47, 92.16%) have stenosis in the internal carotid artery and carotid bifurcation in our study. Among all carotid plaques, 25 (49.02%) were hypoechoic, 19 (37.25%) were mixed echoic, 4 (7.84%) were isoechoic, and 3 (5.88%) were hyperechoic. For morphology features detected by BMUS, eight plaques had lipid necrotic core, 19 plaques had calcifications, and seven plaques had ulcer in this study.

The mean value of resistance index in 51 patients was 0.70 (Table 3).


Table 3. B mode ultrasound features of the carotid stenosis.
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While using CDFI, the average value of PSV measured at the narrowest location of the carotid artery was 214.75 ± 115.12 cm/s (Table 3).



V Flow Measurement

Fifty-one inpatients underwent V flow measurement 1 day before the surgery. V flow measurements were performed successfully in 100% (17/17) of moderate carotid stenosis patients and in 88.2% (30/34) of patients with severe carotid stenosis (P > 0.05).

The length of the blood flow vector arrows became longer at the stenotic segment than the surrounding vessel wall. Meanwhile, the most common colors of the vector arrows were yellow or red at the stenotic segment. Red vectors shown by dynamic V flow imaging indicated fast speed blood flow (180.2 cm/s) at the stenotic segment in moderate- to severe-grade carotid stenosis patients (Figure 3). The streamlines were observed to be changed at the stenotic segment caused by carotid atherosclerosis plaques (Figure 1). Complex disturbed blood flow, for example, vortex, can be intuitively displayed in the distal of the carotid artery to stenosis (Figure 3).


[image: Figure 3]
FIGURE 3. Complex blood flow in the patients with carotid stenosis. Vortex (short green or yellow vectors) (asterisk) can be detected in the distal of carotid stenosis.




V Flow Parameters

The mean WSS value of the narrowest region of the carotid artery had a moderately positive correlation with stenosis rate (r = 0.58, P < 0.05) (Figure 4). Meanwhile, moderately positive correlation was reached between mean WSS value at the narrowest region of the carotid artery and PSV value measured in the narrowest region (r = 0.54, P < 0.05). In addition, the mean WSS value in the narrowest region of severe carotid stenosis (1.47 ± 0.97 Pa) was significantly higher than the moderate carotid stenosis (0.96 ± 0.44 Pa) (P < 0.05). No significant difference of mean WSS value was detected in the proximal and distal of carotid stenosis between the moderate and severe carotid stenoses (P > 0.05) (Table 4).


[image: Figure 4]
FIGURE 4. Correlation of the mean wall shear stress (WSS) values of narrowest region of the carotid artery and the degree of carotid stenosis. The mean WSS value of the narrowest region of the carotid artery had a moderately positive correlation with the degree of carotid stenosis by Pearson correlation coefficient (r = 0.58, P < 0.05).



Table 4. The mean WSS value for different degrees of carotid stenosis (n = 51).
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The mean WSS values were higher at the narrowest region and proximal of stenosis than the distal of stenosis (Table 4). In the severe carotid stenosis, seven patients had PSV value inconsistent with the degree of stenosis. Exclude these seven patients and calculate the WSS value of the severe stenosis group again. The mean WSS value in proximal of stenosis (0.89 ± 0.65 pa) and narrowest region (1.77 ± 0.87 pa) was still higher than the part of stenosis (0.81 ± 0.60 pa) in severe carotid stenosis.



Clinical Examples

Three ultrasound images were shown as the clinical examples of the V flow used in the different degree of carotid stenosis (Figures 5–7). V flow imaging all shows high-velocity flow (red vectors) moving at the carotid stenosis (arrows) (Figures 5–7). WSS point-by-point measurements show a high maximum WSS (WSSmax) value at the narrowest region in the moderate and severe carotid stenoses (Figures 6, 7). Abnormal low mean WSS (WSSmean) values (<0.4 Pa) were detected at the proximal and distal of the mild and moderate carotid stenosis (Figures 5, 6).


[image: Figure 5]
FIGURE 5. Mild carotid stenosis. V flow imaging shows high-velocity flow (red vectors) moving at the carotid stenosis(arrows) (A). Wall shear stress (WSS) point-by-point measurements at the proximal, distal, and narrowest regions had mean WSS (WSSmean) and maximum WSS (WSSmax) values showing in the figures. Abnormal low WSSmean values (<0.4 Pa) were detected at the proximal (0.2–0.3 Pa) and distal region (0.3 Pa) (B). CCA indicates common carotid artery; and ICA indicates internal carotid artery.



[image: Figure 6]
FIGURE 6. Moderate-grade carotid stenosis. V flow imaging shows high-velocity flow (red vectors) at the stenosis region (arrows), accompanied by complex flow at the distal region (asterisk) (A). Wall shear stress (WSS) point-by-point measurements show a high maximum WSS (WSSmax) value of 7.3 Pa at the narrowest region of the far wall (blue dots on A). Abnormal low mean WSS (WSSmean) values (<0.4 Pa) were detected at the proximal (0.2–0.3 Pa) and distal region (0.3 Pa) (B). CCA indicates common carotid artery.



[image: Figure 7]
FIGURE 7. Severe carotid stenosis. V flow imaging shows very high-velocity flow (red vectors) at the narrowest region (arrows) and vortex at the distal of the stenosis (asterisk) (A). Wall shear stress (WSS) point-by-point measurements show a high maximum WSS (WSSmax) value of 15.0 Pa at the narrowest region (blue dot 1 on A) (B). CCA indicates common carotid artery, and ICA indicates internal carotid artery.





DISCUSSION

The current guidelines take degree of carotid stenosis as the main criterion for selecting treatment options. The preoperative diagnosis of degree of carotid stenosis is critical for clinical decision making (3). Besides stenosis degree, the carotid artery hemodynamic changes are the crucial reasons for the formation of carotid atherosclerosis plaques. In addition, preoperative evaluation of carotid artery hemodynamic changes in blood flow velocity, flow direction, streamline, and WSS value is significant for assessing the degree of carotid stenosis. V flow is stable and repeatable in evaluation of blood flow in carotid arteries. Vector flow mapping based on the transverse oscillation can also be used in the visual evaluation of the carotid artery (17). It was reported that the WSS was negatively correlated with age and intima-media thickness, which has potential to be an indicator of atherosclerosis (18). Vector flow imaging method has broad application prospects in the assessment of carotid atherosclerosis.

In our previous work, we reported that different sides of the carotid artery, different locations (initial segment, middle segment, and near-bifurcation segment of the carotid artery) showed no infect on the measurement of WSS values in healthy adults. The interobserver agreement of WSS measurement is excellent (19). V flow imaging method can also be effectively performed in patients with carotid stenosis. In this study, V flow measurements were performed successfully in 100% patients with moderate carotid stenosis and in 88.2%patients with severe carotid stenosis.

V flow adopts the vector projectile imaging method to get the high-frame rate images for dynamic display of the blood flow (14, 20). It can display the blood flow velocity and direction at various points in the blood vessel in real time by vector arrows (14). Normally, the velocity of blood flow close to the carotid vessel wall is slower than the flow near the center of the vessel, and it is common to see the green vector arrows near the vessel wall (21). We evaluated the hemodynamic changes of the patients with carotid stenosis caused by atherosclerosis plaque. The dynamic V flow images showed the flow vectors changed at the stenotic segment. The color of the vector arrows changed from green or yellow to orange or red accompanied by an increase in length of vector arrows at the stenotic segment. In addition, the streamlines also changed in the stenotic segment, which could express the seriousness of the carotid stenosis (14). As the degree of carotid stenosis increases, laminar flow will be disturbed, and the complex distribution of blood flow occurs, such as vortex (22) (Figure 3). V flow can intuitively display the complex disturbed blood flow in carotid stenosis according to their hemodynamic changes (14, 23).

Measurement of WSS value is another unique function of V flow imaging method. With the multidirectional transmissions and receptions methods, the true velocity vectors will be achieved without the correction of angle (24). WSS value analysis will be achieved by setting the measurement reference line parallel to the vessel wall and close to the vessel wall after obtaining dynamic blood flow. The WSS value calculated by V flow is convenient and accurate in evaluating carotid artery function (24, 25). High WSS value was considered to be related with plaque instability (10, 26). Most of the plaque ruptures occur at the narrowest region or the proximal of stenosis (26, 27). In our study, the WSS values measured at the narrowest region and the proximal of stenosis were higher than that in the distal of stenosis in one cardiac cycle. This is consistent with the narrowest region or the proximal of stenosis most likely to rupture and ulcer (28, 29). Therefore, the mean WSS value of the carotid artery measured by V flow may be a potential indicator for predicting plaque rupture.

To our knowledge, this is the first study focused on the WSS value measured by the V flow technology in the evaluation of carotid stenosis. The mean WSS value at the narrowest region of the carotid artery had a moderately positive correlation with stenosis rate (r = 0.58, P < 0.05). In addition, the mean WSS value at the narrowest region of the carotid artery was significantly higher in severe carotid stenosis (1.47 ± 0.97 Pa) than moderate carotid stenosis (0.96 ± 0.44 Pa) (P < 0.05). The WSS measurements at the narrowest region measured by V flow technology have a potential role to distinguish severe carotid stenosis from the moderate ones, which may be helpful for the decision of patient's further treatment plan.

Moderately positive correlation was reached between mean WSS value at the narrowest region of the carotid artery and PSV value measured in the narrowest region (r = 0.54, P < 0.05) in this study. With the increase in carotid stenosis degree, the PSV value measured at the narrowest region of the carotid artery increases. However, when the carotid stenosis rate is >90%, the PSV of some patients will decline (30), which means that the stenosis rate does not match the PSV value. In our results, there were seven patients whose stenosis rate did not match the PSV value. Excluding these patients, the mean WSS value measured at the narrowest region was even higher (1.77 ± 0.87 Pa), which indicated the risk of the plaque rupture.

In mild carotid stenosis, WSSmax values were within the reference range. However, abnormal low WSSmean values (<0.4 Pa) were detected at the proximal (0.2–0.3 Pa) and distal of the stenosis (0.3 Pa), which indicated the plaque is prone to develop. In moderate carotid stenosis, WSS point-by-point measurements show a high WSSmax value at the narrowest region and low WSSmean values at the proximal and distal of the stenosis. Even higher WSS values (15.0 Pa) have been observed at the narrowest region in the severe carotid stenosis, which is accompanied by vortex or turbulent flow. For the patients with a higher WSS value, we may recommend carotid endarterectomy for treatment option for the consideration of the unstable plaque. However, this needs to be further confirmed. The complex blood flow such as vortex and turbulent flows was detected in the carotid stenosis. This finding is consistent with previous literature reports: the presence of high and low WSS values is usually accompanied by complex flow conditions (16, 31).


Limitations

Several limitations exist in our study. As the inclusion criteria of our study were patients planning to undergo carotid artery stenting or carotid endarterectomy, the number of patients with mild carotid stenosis is limited. Second, although DSA can accurately provide the exact location of carotid stenosis and can clearly show the extent and severity of the disease, it still has several limitations: invasive, complicated, and relatively expensive, and DSA is limited in the display of characteristics of plaque. Third, the V flow measurements and WSS value at the opposite site of the carotid artery were not analyzed. Finally, all measurements were performed by one radiologist; further study may focus on interobserver consistency in the future.




CONCLUSION

V flow technology is capable of outlining detailed depiction and visual quantification of complex flow behavior in moderate and severe carotid stenoses, which will provide a comprehensive evaluation of carotid stenosis. In addition, the WSS value will reflect the hemodynamic changes of blood viscosity and flow velocity. With the ability to obtain the WSS value easily, V flow can visually and quantitatively evaluate hemodynamic changes of the carotid stenosis. The hemodynamic changes detected by V flow of the carotid stenosis might be a potential non-invasive imaging biomarker for assessing the degree of carotid stenosis.
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