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Objective: To investigate the value of Vector Flow Imaging (V Flow) in the assessment of post-stenotic turbulence in the canine arterial stenosis model.

Materials and Methods: Canine femoral artery stenosis models were established using ameroid constrictors in 12 beagle dogs. 50% and then 70% femoral artery stenoses were confirmed by selective femoral artery angiography. V Flow was used to measure femoral artery flow turbulence index (Tur) preoperatively as a baseline. After establishing of a 50% and then 70% stenoses, the Tur indices were recorded in the femoral artery at 1, 3, 5, 7, 9, 11, 13, 15, 17, and 19 mm distal to the stenosis.

Results: Baseline Tur indices of normal canine femoral arteries were <1% in 11 of 12 cases (91.7%). Distal to a 50% stenosis, the Tur index (>1%) was recorded in 83.3–100% cases between 1 and 9 mm, 41.7–58.3% between 11 and 17 mm, and 16.7% at 19 mm. For a 70% stenosis, the Tur index (>1%) occurred in 81.8–100% cases between 1 and 17 mm distal to the stenosis, and 63.6% at 19 mm. The Tur index peaked around 7 mm or 2.3 times of the initial vessel diameter (3 mm) downstream for a 50% stenosis and 11 mm or 3.7 times of vessel diameter downstream for a 70% stenosis.

Conclusion: V Flow with Tur index measurement adds quantitative information of post-stenotic turbulence when assessing an arterial stenosis with ultrasound. Tur index of 1% seems a useful threshold for assessment of flow turbulence in this small sample study. Further studies with larger sample size are needed to evaluate the value of V Flow in clinical applications.
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INTRODUCTION

Arterial stenosis/occlusion is a common vascular pathology and most commonly caused by atherosclerosis (1, 2). Other causes of this condition include Takayasu's disease, Burger's disease (thromboangiitis obliterans), fibromuscular dysplasia, adventitial cystic disease of the popliteal artery, popliteal artery entrapment, endofibrosis of the external iliac artery (iliac artery syndrome in cyclists), thoracic outlet syndrome, etc. (2, 3). Depending on the artery or arteries involved, arterial stenosis/occlusion may result in ischaemia of the brain, viscera, upper or lower limbs and cause relevant ischaemic symptoms.

Duplex ultrasound scanning has been widely used to evaluate arterial stenosis in various parts of the human body, including carotid, upper limb, visceral/renal, aortoiliac and lower limb arteries (4–6). Duplex ultrasound assessment of arterial stenosis includes observation of intraluminal plaque, measurement of velocities and evaluation of post-stenotic turbulence, as well as the profile of the waveform (7). Traditionally, flow turbulence is qualitatively assessed by the appearance of multiple colors on the color Doppler image and spectral broadening on the spectral Doppler waveform. On the spectral Doppler waveform, the spectral window is the black zone between the spectral line and the baseline. Spectral broadening is widening of the spectral line and filling of the spectral window (8). However, neither the color Doppler image nor the spectral Doppler waveform assessment is quantitative. Recently, high frame rate vector flow imaging (V Flow) has become available (9–11) and it is capable to quantitatively evaluate flow turbulence (11, 12). Most published studies using V Flow have been investigations on carotid arteries for blood flow visualization, wall shear stress measurement and volume flow estimation, as well as in the assessment of arterial stenosis before and after carotid artery stenting (13–21).



MATERIALS AND METHODS

The experiment study was performed between April 2020 and July 2020. The study was approved by the PLA General Hospital Medical Ethics Committee.


Establishment of Canine Femoral Artery Stenosis Model

Twelve beagle dogs aged 12–24 months were purchased from the Animal Experiment Centre of Nongnong (Beijing) Biotechnology Co. Ltd. (Beijing, China). Preoperative duplex ultrasound scanning was performed to confirm that internal diameters of the canine femoral arteries were 3.0 ± 0.1 mm.

The aim of this study is to explore the value of V Flow in the evaluation of post-stenotic turbulence in the canine arterial stenosis model.

Ameroid constrictors with inner diameters of 2.5 mm (Research Instruments SW, USA) were used to create canine femoral artery stenosis. An ameroid constrictor has an inner ring of casein that is surrounded by a stainless-steel sheath. Casein is a hygroscopic material that swells as it slowly absorbs body fluid and the stainless-steel sheath forces the casein to swell inwardly. This results in the internal diameter of the constrictor decreasing gradually over a few weeks.

Under general anesthesia, the right canine femoral artery in the groin was dissected and applied with 3 ml lidocaine-papaverine solution (50 mg/2.5 ml lidocaine and 15 mg/0.5 ml papaverine) to prevent vasospasm. An ameroid constrictor ring was then placed over the artery.

An arterial duplex ultrasound scan was performed 4–5 h after the surgery to exclude femoral artery spasm. A selective right femoral artery angiogram with was then performed with 2 perpendicular projections via left femoral artery catherization (OEC 9900 Elite mobile C-arm imaging system, GE Healthcare, USA). The establishment of the 50% canine femoral artery stenosis using the constrictor ring was confirmed when the angiogram demonstrated 50% stenosis (45–52%) (Figure 1).


[image: Figure 1]
FIGURE 1. Selective right femoral artery angiogram shows a canine femoral artery stenosis (50%).


Post-operative arterial duplex ultrasound scan was repeated at 7–8 days. Peak systolic velocity ratio (PSV at the stenosis / PSV proximal to the stenosis) of 4 indicates a 70% stenosis. Confirmation of 70% canine femoral artery stenosis was obtained when the right femoral angiogram demonstrated an arterial stenosis of 68–72% at the site of the constrictor ring.



V Flow Ultrasound Assessment of Canine Femoral Artery

All ultrasound assessments were performed with a Mindray Resona 7 ultrasound system (Shenzhen Mindray Bio-Medical Electronics Co., Ltd., Shenzhen, China). A 3-11 MHz linear array transducer (L11-3U) was used for the examination. The ultrasound system was equipped with V Flow mode, and is capable of obtaining blood flow turbulence index (Tur) at regions of interest (ROI). V Flow uses a series of arrows to represent blood flow direction and velocity. The arrow orientation indicates the direction of blood flow, and the arrow length and color represent the flow velocity. The longer the arrow, the higher the velocity. The range of velocities from high to low are expressed by colors from red to orange, to yellow, and to green (Figure 2). Tur indices were calculated by the ultrasound system using the following equation:
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Where

[image: image]

N: number of velocity measuring points in the ROI, θi: flow velocity angle at ith measuring point, and Tur indices ranged from 0 to 1 (0–100%), 0 indicates pure laminar flow which means that all flow directions are exactly the same. The bigger the Tur is, the more turbulent the flow is (11).


[image: Figure 2]
FIGURE 2. Vector flow imaging (V Flow) of a canine femoral artery.



V Flow Acquisition

V Flow ultrasound images of the right femoral artery in all 12 dogs were recorded preoperatively as a baseline and then after the placement of an ameroid constrictor when the femoral artery stenosis reached 50% and then 70%. Grayscale ultrasound was used first to display the longitudinal view of the femoral artery. The “V Flow” tab was activated to enter the V Flow mode and 1.5 s of V Flow cine loop was captured with image width of 2.4 cm, depth of 1.5 cm and arrow density of 10%. The heart rate (HR) of the experimental dog was simultaneously recorded.



Tur Index Measurement

A V Flow cine loop recorded in the ultrasound system was uploaded, and then the “Velocity ROI” box was positioned to the predefined area of the femoral artery for Tur index measurement. The width of the ROI was 2 mm and the depth was the internal diameter of the artery. Tur indices were measured preoperatively, and then 1, 3, 5, 7, 9, 11, 13, 15, 17, and 19 mm distal to the femoral artery stenosis at 50% and then 70%. Export Tur index data of 1.5-s V Flow cine loop (~2–3 cardiac cycles) to a .CVS file containing 500-600 Tur indices, each was from one of 500–600 V Flow frames.



Tur Index Calculation

Tur indices at different cardiac phases are different even in the same ROI (10) and it is not always possible to determine each frame of the V Flow image captured from the specific moment of a cardiac cycle. Therefore, the averaged Tur index during one cardiac cycle from the beginning of the recorded V Flow cine loop was calculated for each observation. Number of frames in one cardiac cycle (N) is calculated based on the V Flow frame rate (FR) and the HR at the time:
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The mean Tur index from one cardiac cycle was calculated by the sum of Tur indices from the first frame to Nth frame divided by N.





RESULTS

Diameters of the right canine femoral arteries in 12 beagle dogs were 2.9–3.1 mm based on preoperative duplex ultrasound assessment.

Baseline Tur indices obtained from the femoral artery prior to the placement of the ameroid constrictor were shown in Table 1. The Tur index <1% was in 11 of 12 arteries (91.7%).


Table 1. Baseline Tur indices (%) in 12 canine femoral arteries.
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Post-stenotic Tur indices recorded between 1 and 19 mm distal to a 50% stenosis following ameroid constrictor placement in 12 canine femoral arteries are shown in Table 2. The Tur index (>1) occurred in 83.3–100% of the cases between 1 and 9 mm distal to the stenosis. The number of cases with Tur index (>1%) decreased to 41.7–58.3% between 11 and 17 mm distal to the stenosis, and only 16.7% at 19 mm (Table 2 and Figure 3). Figure 4 shows Tur index changes in relation to distances distal to a 50% stenosis. Based on a canine femoral artery diameter of 3 mm, post-stenotic Tur index increased immediately distal to the stenosis and reached its maximum value at 5–11 mm or 1.7–3.7 diameters downstream in 9 of 12 cases (75%) with most at 7 mm or 2.3 times the vessel diameter downstream (5/12). The Tur index decreased sharply afterwards (Table 2 and Figure 4).


Table 2. Tur indices (%) distal to a 50% stenosis in 12 canine femoral arteries.
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FIGURE 3. Percentage of Tur indices (>1%) in relation to distances distal to a 50% stenosis (above) and a 70% stenosis (below) in 12 canine femoral arteries.



[image: Figure 4]
FIGURE 4. Tur index changes in relation to distance distal to a 50% stenosis in 12 canine femoral arteries.


Post-stenotic Tur indices distal to a 70% stenosis are shown in Table 3. Post-stenotic segment spasm occurred in Case 2. The PSVs in the segment were ranged from 128 cm/s to 198 cm/s, and the Tur index (<1%) occurred in 9 of 10 measurement sites (Table 3 and Figure 5). This case is not included in the calculation for mean, standard deviation, number of cases with Tur <1%, number of cases with Tur>1%, and number of cases with maximum Tur. In the remainder of 11 cases, the Tur index (>1%) was 81.8–100% between 1 and 17 mm distal to the stenosis, and 63.6% at 19 mm (Table 3 and Figure 3). Figure 6 shows Tur index changes in relation to distances distal to a 70% stenosis. Based on a canine femoral artery diameter of 3 mm, post-stenotic Tur index increased immediately distal to the stenosis and reached its maximum value at 5–11 mm or 1.7–3.7 diameters downstream in all 11 cases (100%) followed by a decrease (Table 3 and Figure 6).


Table 3. Tur indices (%) distal to a 70% stenosis in 12 canine femoral arteries.
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[image: Figure 5]
FIGURE 5. V Flow ultrasound image of a canine femoral artery with post-stenotic segment spasm.



[image: Figure 6]
FIGURE 6. Tur index changes in relation to distance distal to a 70% stenosis in 12 canine femoral arteries.


Figure 7 displays mean Tur index changes distal to a 50% stenosis (solid line) and a 70% stenosis (dot line). It appears that post-stenotic Tur index increases were higher and lasted longer in arteries with a 70% stenosis than those with a 50% stenosis. It is needed to point out that Tur index values in both groups had a large standard deviation (see error bars in the figure).


[image: Figure 7]
FIGURE 7. Mean Tur index changes distal to a 50% stenosis (N = 12) and a 70% stenosis (N = 11) in canine femoral arteries (error bars represents standard deviation of the means).




DISCUSSION

Blood flow in a straight artery with near uniform diameters is generally considered to be close to laminar flow (22). Non-laminar flow in an artery can be observed when it becomes bifurcated, dilated, tortuous, downstream to a stenosis, or has an arteriovenous communication (23). It is believed that post-stenotic turbulence is related to post-stenotic dilation and wall shear stress (24). Since blood behaves as a non-Newtonian fluid and changes its viscosity when flow velocity changes, this further complicates flow turbulence, which has been investigated by a series of numerical studies (25–28). Evaluation of post-stenotic flow turbulence is important in the diagnosis of arterial stenosis, and included in many duplex ultrasound diagnostic criteria (8, 29, 30). The study of flow turbulence is also helpful in understanding of the mechanism of formation and progression of vascular disorders as well as in the design of medical devices that mimic or alter blood flow (31).

Conventional ultrasound systems are able to measure blood flow velocities with spectral Doppler and observe flow direction with color Doppler imaging. Spectral Doppler and color Doppler are based on Doppler principle and angle-dependency. Therefore, Doppler ultrasound only estimates the axial component of flow velocity and is limited by the vessel geometry. When flow turbulence is present in an artery, blood flows in multiple directions. These ultrasound systems can only provide qualitative information regarding flow turbulence by multiple colors on color Doppler imaging and spectral broadening on pulsed wave (PW) Doppler spectrum representing various flow velocities and multiple flow directions. However, evaluations of flow turbulence by both color Doppler imaging and PW Doppler spectrum are qualitative and have their limitations. If the color velocity scale is set below the mean velocity of blood flow, aliasing may appear throughout the vessel lumen that makes it difficult to identify flow turbulence on color Doppler. On the PW Doppler spectrum, spurious spectral broadening can result from a large Doppler angle, a large sample volume (>3.5 mm), a sample volume located close to the vessel wall, or a high PW Doppler gain setting (32). V Flow uses multi-directional ultrasound transmission and reception (9) based on plane wave and focus wave interleaved scanning (11). The actual direction of the velocity is reconstructed by the velocity components from different directions. Therefore, it is capable of visualizing and measuring flow velocities in all directions (14). The Tur index measurement makes it possible to assess flow turbulence quantitatively (11, 12). However, it is not fully understood how to apply the Tur index in the assessment of flow turbulence and its clinical significance.

Theoretically, pure laminar flow travels in parallel layers with exactly the same flow directions and the Tur index equals to 0% while most extra turbulent flow with opposite direction flow has a Tur index of 100% (11, 12). In this study, Tur index was <1% (0.02–0.99%) in 11 of 12 normal canine femoral arteries (91.7%). Tur index (>1%) was observed immediately distal to an arterial stenosis, in 10 of 12 cases (83%) distal to a 50% stenosis and 9 of 11 cases (82%) distal to a 70% stenosis. The Tur index peaked within 1.7–3.7 diameters downstream in 9 of 12 cases (75%) to a 50% stenosis and in all 11 cases (100%) to a 70% stenosis. At 19 mm or 6.3 diameters downstream to a stenosis, the Tur index recovered to <1% in more cases with a less significant stenosis (50%) than those with a more significant stenosis (70%), being 83.3% (10/12) vs. 36.4% (4/11).

There is no published threshold of the Tur index for distinguishing turbulent flow from normal flow in a straight artery. This study attempts to explore such a threshold. Tur index of 1% seems a useful threshold for assessment of flow turbulence in this small sample study. Further studies are needed to determine clinically significant thresholds for various clinical applications. Post-stenotic Tur index values had a large standard deviation in arteries with a 50% stenosis and with a 70% stenosis. Therefore, it is less meaningful to compare the mean Tur of the two groups. Nevertheless, it seems arteries with a more severe stenosis had higher and longer lasting post-stenotic Tur index values than those with a less severe stenosis.

It should be pointed out that the size of the canine femoral arteries studied was approximately 3 mm in diameter and much smaller than those most commonly studied human arteries such as carotid and femoropopliteal arteries. Haemodynamic changes including its response to a stenosis in those arteries might be different.


Limitations

There are limitations in this study. Small sample size is an obvious one. Tur indices are not the same for the same ROI at different cardiac phases (11). When a stenosis is present, it is not always possible to determine the precise cardiac phase of a Tur index recorded based on the V Flow velocity waveform. Therefore, Tur index data presented in this study are the averaged Tur indices representing all Tur indices during one cardiac cycle for each observation rather than individual instantaneous values, and may not be the optimal data for the evaluation of post-stenotic flow turbulence. Tur index is a completely direction-based quantification number for turbulent flow. The magnitude information of the velocity has not been considered in quantifying the flow turbulence even though the velocities at different locations within the ROI are different. Current V Flow uses two-dimensional (2D) technology and the Tur index is based on 2D data rather than three-dimensional (3D) data while actual post-stenotic turbulence occurs in a 3D space. A 3D V Flow in the future will deliver a better representation of complex haemodynamic patterns (16).




CONCLUSION

This limited study demonstrates the mean Tur index in a cardiac cycle is generally <1% in a straight artery segment without a stenosis. Flow turbulence indicated by increase in the Tur index occurred immediately distal to a stenosis (50 or 70%). The Tur value reaches its peak in the artery around 2.3–3.7 diameters downstream to a stenosis and recovered to <1% earlier in arteries with a less significant stenosis than those with a more significant stenosis. V Flow can provide additional flow turbulence information when assessing arterial stenosis with ultrasound. Further studies with larger sample size are needed to evaluate the value of V Flow in clinical applications.
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No of cases with Tur >1% (%)"* 981.8) 10009 11(100) 11(100) 11(100) 11(100) 11(100) 10(90.9) 10(90.9) 7 (63.6)
No of cases with maximurm Tur** 0(0) 0(0) 101 3@73) 3(73) 4@64  00) 00 0 0(0)

*Post-stenotic segment spasm occurred in Case 2.
‘Case 2 is excluded from calculation.
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Distance distal to stenosis (mm) 1 3 5 7 9 11 13 15 17 19

No1 342 a2 285 225 141 062 014 019 025 030
No2 194 108 397 463 149 074 018 011 009 015
Nod 2.9 216 1.45 194 135 147 186 282 124 038
No4 14.00 952 1241 189 1345 028 006 207 050 005
No§ 143 023 354 762 991 411 836 620 210 020
No6 087 231 360 346 480 741 ate 38 465 222
Tor (%) No7 8.95 1541 1985 2481 1961 1083 352 03 352 359
No8 262 2.00 633 134 118 064 067 260 086 170
No® 177 028 73 1060 040 188 o0e 035 000 052
No 10 820 786 738 83 332 014  of2 008 006 006
No 11 021 447 170 2549 264 207 026 017 o2 008
No 12 4.03 3.61 1.63 14756 18.63 564 1.88 1.19 1.09 0.14
Mean 417 5.20 5.98 10.35 6.47 294 1.54 1.64 1.21 0.78
Standard deviation 414 578 537 874 711 3% 18 191 149 113
No of cases with Tur <1% (%) 2067 2(167) 0 0(0) 183  5@27) 7683 6500) 7683 10833
No of cases with Tor > 19% (%) 10833 10633 120100 12¢100 11017 7683 5@17) 6600 5@L)  2(167)

No of cases with maximum Tur (%) 00 2(16.7) 183 541.7) 2(16.7) 183 000 1(83) 0@ 0(0)
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