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Abstract

Purpose: Detailed blood flow studies may contribute to improvements in carotid artery
stenting. High-frame-rate contrast-enhanced ultrasound followed by particle image veloc-
imetry (PIV), also called echoPIV, is a technique to study blood flow patterns in detail.
The performance of echoPIV in presence of a stent has not yet been studied extensively.
We compared the performance of echoPIV in stented and nonstented regions in an in vitro
flow setup.

Approach: A carotid artery stent was deployed in a vessel-mimicking phantom. High-frame-rate
contrast-enhanced ultrasound images were acquired with various settings. Signal intensities of
the contrast agent, velocity values, and flow profiles were calculated.

Results: The results showed decreased signal intensities and correlation coefficients inside the
stent, however, PIV analysis in the stent still resulted in plausible flow vectors.

Conclusions: Velocity values and laminar flow profiles can be measured in vitro in stented
arteries using echoPIV.
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1 Introduction

Carotid artery stenosis and rupture of atherosclerotic plaque result in a high risk of stroke or
transient ischemic attack. Therefore, in case a patient suffers from severe carotid artery stenosis,
treatment is indicated. The plaque can be removed surgically, or a stent can be placed to reopen
the artery during a minimally invasive procedure. Currently, surgery is preferred over stenting,
due to the higher peri-procedural stroke risk of stenting compared with surgery.1,2 However,
long-term outcomes of stenting are comparable with those of surgery.3,4 This suggests that tech-
nical developments to the peri-procedural process might improve the stenting procedure.
Investigation into carotid artery stenting is therefore of interest.

Analysis and improvement of carotid artery stenting can be supplemented by investigation
of possible blood flow pattern changes after stent insertion. Disturbed blood flow results in
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decreased or oscillating wall shear stresses, leading to vessel wall remodeling. This increases the
risk of atherosclerosis and stenosis.5 In case of stenting, the vessel wall remodeling caused
by blood flow disturbances might result in in-stent stenosis. To capture the possible blood
flow disturbances, detailed and quantitative information is required, provided by 2D or 3D vector
fields obtained from data with high spatial and temporal resolution.

Investigation into imaging techniques to visualize detailed flow patterns in the presence of a
stent is necessary, since current vascular imaging techniques have certain drawbacks. CT angi-
ography does not provide velocity vector fields, and moreover it subjects the patient to harmful
radiation and contrast agents. Magnetic resonance imaging suffers from strong metal artifacts in
the area of the stent.6 Duplex ultrasound, the clinical standard to measure blood velocity by
combining traditional and Doppler ultrasound, has an angle dependency, and flow information
is limited to velocities in a specific sample volume inside the artery.7,8

To our knowledge, there are five ultrasound imaging techniques that are promising for study-
ing flow patterns in a carotid artery stent. Vector Doppler, where two (or more) apertures are
acquired to obtain both the axial and lateral velocity components, overcomes the limitation of
Doppler ultrasound of measuring velocity in only one direction.9–12 Another technique applies
transverse oscillations, i.e., perpendicular to the beam direction, to capture lateral components of
the flow.13–15 An alternative, directional velocity estimation, is a technique where beam forma-
tion at multiple angles is used to find the angled frame with the highest correlation.16 Blood
speckle tracking and echo-particle image velocimetry (echoPIV) are similar postprocessing strat-
egies that can be applied to subsequent ultrasound frames to obtain velocity vectors. Both tech-
niques divide the images into small blocks to estimate the mean displacement in each block
based on chosen similarity index (usually cross-correlation or sum of squared differences).17,18

The main difference between blood speckle tracking and echoPIV is their signal source, where
the former tracks the speckle patterns arising from red blood cell scattering, while echoPIV
tracks intravenously injected microbubbles.19

From these five techniques, echoPIV seems ultimately suitable for imaging through a stent,
since it uses ultrasound contrast agent (microbubbles) to enhance scattering of the moving fluid.
The native blood scattering is very weak, resulting in low SNR. We expect that the stronger
microbubble signal will overcome possible reduced signal intensity inside the stent.

EchoPIV has seen a considerable evolution since the first reported use of the technique in the
medical field in 2004.19 In its early stage, several in vitro studies were performed to validate
the technique,20–23 followed by in vivo studies in the left ventricle of the human heart.22–24

Due to the limited temporal resolution of the clinical ultrasound equipment, the frame rates were
not sufficiently high to capture velocities greater than 0.4 m∕s, which are present in ventricular
flow. High frame rate (HFR) or ultrafast techniques overcome these problems.25 In 2015, the use
of plane wave imaging to achieve HFRs for echoPIV was described.26 Since then, flow patterns
in the carotid artery and the left ventricle were studied in vitro27,28 and in vivo.25,29–32 Moreover,
HFR echoPIV was used in rabbits as proof of concept26 and in humans to study abdominal aortic
flow patterns.33,34

To our knowledge, the performance of echoPIV in the presence of a stent has not yet been
reported other than in our previous preliminary study.35 In this paper, we compare the per-
formance of HFR plane wave echoPIV in a stented region with a nonstented region in a flow
phantom. In vitro flow studies are beneficial because of a controlled environment to change
specific parameters to characterize the performance of the system. Signal intensities are
expected to be lower in the stent than outside the stent, since the ultrasound wavefront will
interfere with the metal struts of the stent. Since the thickness of the stent struts (<100 μm) is
smaller than the wavelength used this study (145 to 230 μm), no strong diffraction and inter-
ference patterns are expected inside the stent. Moreover, the openings of the stent mesh are
larger (>300 μm) than the ultrasound wavelength, so the ultrasound wavefront will not be
blocked by the stent. The expectation is that the stent will have no significant impact on the
resolved flow inside this type of stent. This might be different in stents with thicker struts or a
denser mesh. However, the effects of different stent types is out of the scope of this study.
The effect of one type carotid stent on in vitro echoPIV performance will be verified in
this study.
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2 Materials and Methods

We evaluated the performance of echoPIV inside a stent in an in vitro flow setup. Several ultra-
sound acquisitions with variations from a single reference measurement were performed.
Contrast ratios between stented and nonstented regions were obtained, and PIV analysis was
performed.

2.1 Experimental Setup

Figure 1 shows a schematic representation of the experimental flow setup. A polyvinylalcohol-
gel (PVA-gel) phantom was fabricated using 10 weight% PVA powder [Mw 85,000 to 124,000,
99+% hydrolyzed (363146), Sigma-Aldrich, St. Louis, Missouri] and 90 weight% commercial
cooling agent (Coolant G12+/Longlife -30°C, AllRide). It was subjected to three freeze-thaw
cycles of 17 h of freezing and 9 h of thawing. The phantom had a straight vessel design with
a diameter of 8 mm and a length of 120 mm. Due to shrinking after fabrication, the diameter was
7.2 mm when measurements were performed. A 100-cm straight tube with an inner diameter of
8 mm was placed in front of the phantom to ensure fully developed flow in the phantom. A
commercial self-expanding stent (Wallstent 40 × 10 mm, Boston Scientific, Marlborough,
Massachusetts) was halved to fit in the phantom and one half was deployed halfway the vessel.
In the stented part, the diameter of the vessel was enlarged to 7.8 mm due to outward pointing
radial force of the stent.

The flow setup was filled with a blood mimicking fluid (BMF) consisting of water and 39
mass% glycerin. Theoretically, this mixture has a kinematic viscosity of 3.3 × 10−6 m2∕s at 20°
C. The BMF was circulated through the setup using a gear pump with a continuous flow rate of
0.49 L∕min on average, based on values of carotid artery flow rate reported in the literature36–39

and adapted for the diameter of the phantom. The flow rate was measured by an ultrasonic flow-
meter (UF Ultrasonics Flow Meter, Cynergy3 Components, United Kingdom, 3% accuracy).
The contrast agent, BR-14 microbubbles powder (Bracco Suisse SA, Geneva, Switzerland) was
mixed by hand with 0.4-mL demineralized water, was added to 2 L BMF.

2.2 Ultrasound Measurement Protocol

Ultrasound acquisition was performed using a Verasonics Vantage 256 system (Verasonics Inc.,
Kirkland, Washington) with a Verasonics L12-3v linear array transducer. Two overlapping sub-
apertures of 128 elements of the total of 192 elements were used for each angled planewave acquis-
ition (this was required because the probe was fitted with a single 128 channel interface to the
Vantage system). In total, 250 frames were acquired per dataset. Using the reference settings
(first row of Table 1), an uncompounded frame rate of 8789 frames per second was achieved (pulse
repetition interval of individual frames was 113.78 μs). Automatic singular value decomposition
(SVD) filtering was applied to suppress semistationary signals, while retaining the signal from
the moving microbubbles.33 The angled frames were coherently compounded after SVD-filtering.
No contrast-specific sequences such as pulse inversion or amplitude modulation were used.

Fig. 1 Schematic representation of the experimental flow setup.
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Table 1 shows the settings of all acquisitions. We performed 15 measurements in 30 min,
while BMF was continuously flowing without adding new contrast-agent. Within these 15 mea-
surements, five subcategories can be distinguished. In each subcategory, one of the settings was
changed, i.e., in the first category only the number of steering angles was altered. Each sub-
category contained one measurement with settings equal to the so-called reference setting
(Table 1, first row). We altered the number of steering angles, the angulation of the plane waves,
the transmit frequency, and the transmit voltage. The ultrasound probe was positioned such that
vessel was in the field of view with the stent located at the outflow side of the vessel (referred to
as outflow in Table 1, column 6), except for measurement 4B, where we changed the position of
the stent to the inflow side of the vessel (referred to as inflow in Table 1, column 6).

2.3 Analysis: Contrast Between Nonstented and Stented Regions

The contrast ratio between the signal power inside and outside the stent was calculated. We
manually selected a region of interest (ROI) both inside and outside the stent. Figure 2 shows
that the ROIs are located at the same depth and with an equal distance from the center in the
lateral direction. Although this figure shows the ROIs on the B-mode images, contrast is calcu-
lated using the IQ-data of the reconstructed, concatenated SVD-filtered frames. Contrast is cal-
culated as

EQ-TARGET;temp:intralink-;e001;116;507Contrast ðdBÞ ¼ 10 log10

�
Pnostent

Pstent

�
; (1)

where the power outside the stented area is Pnostent ¼ I2nostent þQ2
nostent and the power inside the

stent is Pstent ¼ I2stent þQ2
stent. I and Q result from the IQ-data.

Contrast values were averaged over 250 frames.

2.4 Analysis: Particle Image Velocimetry

PIV analysis was performed in a modified version of PIVlab40 in MATLAB R2017b (The
Mathworks Inc., Natick, Massachusetts) on the IQ-data of the compounded SVD-filtered frames.
Two iterative interrogation areas of 32 × 32 pixels and 16 × 16 pixels with an overlap of 75%

Fig. 2 Time-averaged SVD-filtered B-mode frame of reference measurement 1 (R1) showing the
ROIs of the nonstented region (blue) and stented region (orange) for contrast analysis. The
stented area is from lateral position 0 mm to the right border of the image. The black arrow indi-
cates the start of the stent.
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were applied on the first 100 frames of each measurement. Due to these interrogation areas, it is
required to have pixels surrounding the ROI. In measurement 3A, the imaging depth was not
sufficient to have the required number of pixels surrounding the contrast-enhanced vessel, there-
fore, PIV analysis could not be completed on measurement 3A (5 MHz transmit frequency).
Outliers were removed and further postprocessing consisted of smoothing using Gaussian filters
and moving averages.

Mean and peak velocity and correlation coefficients were computed and analyzed. The
velocity data and correlation coefficients of each measurement were split into two separate
regions: nonstented and stented (see Fig. 5). The vectors and correlation coefficients in-
between the two regions were not included, to prevent ambiguity about which region the
vectors belonged to.

2.5 Statistical Analysis: Contrast

Within each subcategory (1 to 5), mean contrast values were compared. Also, mean contrast
values of the reference measurements were compared with each other.

A one-way ANOVA was conducted in SPSS (IBM Corp. Released 2019. IBM SPSS
Statistics for Windows, Version 26.0. Armonk, New York: IBM Corp.) to compare contrast val-
ues between measurements with 3, 5, or 7 angles, with different steering angles, with 5, 7, 9, and
11 MHz transmit frequencies, with 5, 10, and 15 V transmit voltage and between the reference
measurements. Tukey post hoc tests were conducted on these measurements to evaluate the indi-
vidual differences. An independent samples T-test was conducted in SPSS to compare the mea-
surements with the stent position on the inflow and on the outflow side.

2.6 Statistical Analysis: PIV

Statistical analysis on PIV results was performed on the five measurements that have equal
settings, the reference measurements. PIV analysis resulted in estimated velocity vectors over
98 timeframes. For mean velocity calculation, all velocity magnitudes per region (stented and
nonstented) were averaged over each frame. For maximum velocity, the maximum velocity
magnitudes of each lateral position per region were averaged over each frame. This resulted
in 98 mean and 98 maximum velocity magnitudes per region for each measurement.

Mean and maximum velocities outside the stent were compared with velocities in the stented
region using independent-samples T-tests in SPSS. Mean and maximum velocities of each frame
were taken as input. Correlation coefficients in and outside the stent were compared using the
same approach.

Mean velocity inside the stent was compared with the theoretical mean velocity using one-
sample T-test in SPSS. The axial theoretical velocity profile, derived from the Hagen–Poiseuille
equation, can be described as

EQ-TARGET;temp:intralink-;e002;116;268vðrÞ ¼ vc

�
1 −

r2

R2

�
; (2)

where vðrÞ is the velocity at radius r of the total vessel radius R, and vc is the center velocity. The
equation for the theoretical mean velocity in the ultrasound image plane was derived by inte-
grating Eq. (2) and dividing it by the diameter of the vessel:

EQ-TARGET;temp:intralink-;e003;116;186vmean ¼
vc
2R

Z þR

−R

�
1 −

r2

R2

�
dr ¼ 2

3
vc: (3)

We assumed vc to be the maximum velocity, which is calculated as

EQ-TARGET;temp:intralink-;e004;116;1282 ×
�

Q
πR2

�
; (4)

where Q is the flow rate measured by the flow meter.
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Using Eqs. (2)–(4), the theoretical mean and maximum velocity in the nonstented region
(diameter is 7.2 mm) are 26.7 and 40.1 cm∕s, respectively. The theoretical mean and
maximum velocity in the stented region (diameter is 7.8 mm) are 22.8 and 34.2 cm∕s,
respectively.

3 Results

3.1 Contrast Between Nonstented and Stented Regions

Mean contrast had a positive value in all measurements, so the intensity was higher in the non-
stented region than in the stented part of the vessel (Fig. 3). Since mean contrast values were
small (in the range of 0 to 3 dB), this difference was hardly visible in the time-averaged SVD
frames (Fig. 2). The measurements using transmit voltage of 5 and 15 V showed a large spread
compared with all other measurements.

Figure 3 shows boxplots of the contrast measurements where statistically significant
differences within subgroups are indicated. One-way ANOVA showed a statistically significant
difference (p < 0.001) in contrast value within each subgroup. Increasing the number of angles
resulted in statistically significant lower contrast, thus less difference between nonstented and
stented areas. A steering angle of 15.5 deg shows lowest contrast value, compared with 5.5- and
10.5-deg steering angles. Transmit frequency had less influence on intensity between the two
areas. The contrast was significantly lower when the stent was positioned on the outflow side
compared with the inflow side. In the transmit voltage subgroup, the lowest contrast was seen
using 5 or 10 V compared with 15 V.

The reference measurements were also significantly different (p ¼ 0.012). Tukey’s post hoc
test revealed that only reference measurements one and five differed significant (p ¼ 0.006)
(Fig. 4).

6

4

2

0

-2

-4

3 a
ng

les
 (R

1)

5 a
ng

les

7 a
ng

les

5.5
 st

ee
rin

g a
ng

le

10
.5 

ste
eri

ng
 an

gle
 (R

2)

15
.5 

ste
eri

ng
 an

gle

5 M
Hz t

ran
sm

it 
fre

q

7 M
Hz t

ran
sm

it 
fre

q

9 M
Hz t

ran
sm

it 
fre

q (
R3)

11
 M

Hz t
ran

sm
it 

fre
q

Sten
t p

os
iti

on
 ou

tfl
ow

 (R
4)

Sten
t p

os
iti

on
 in

flo
w

5V
 tr

an
sm

it 
(R

5)

10
 V

 tr
an

sm
it

15
 V

 tr
an

sm
it

C
on

tr
as

t (
dB

)

p=0.024

p=0.003
p<0.001
p=0.009

p<0.001
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3.2 Particle Image Velocimetry

PIV analysis showed laminar flow patterns in the entire vessel (Fig. 5). Notice the increased
diameter in the stented region. Mean and maximum velocities were lower in the stented region
than in the nonstented region (Table 2). The difference between the two regions was larger for
the mean velocity (4.32 cm∕s) than for the maximum velocity (2.58 cm∕s). Correlation coef-
ficients were consistently lower in stented region (0.72) than in nonstented region (0.82)
(Table 2).

PIV-derived velocities were compared with theoretical values. The mean velocity inside the
stent (22.48 cm∕s, SD ¼ 0.435) was significantly different from the theoretical mean velocity
(22.8 cm∕s); p ≪ 0.001.
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Comparison of the five reference measurements resulted in significant differences in mean
and maximum velocities and in correlation coefficients. Some measurements were not sta-
tistically significantly different as depicted the boxplots of Fig. 6.

4 Discussion

In this study, we have evaluated the effect of a carotid artery stent on contrast agent signal inten-
sity and the accuracy of echoPIV-derived velocities inside the stented region. To evaluate the
difference in signal intensity between the stented and nonstented regions, the contrast between
these two regions was calculated. The contrast analysis shows that, on average, signal intensity is
lower in the stented region than outside the stent. PIV analysis resulted in lower velocity values
and correlation coefficients in the stented region than in the nonstented region. To analyze the
difference from a ground truth, the velocity in the stent was compared with an estimated theo-
retical value. A statistically significant difference was seen between mean velocity in the stent
and the theoretical mean velocity.

This study is a continuation of our previous preliminary experiments on the effect of a stent
on HFR echoPIV.35 To the best of our knowledge, these are the first studies that report about HFR
echoPIV in a stent. EchoPIV is an emerging technique to study blood flow patterns in detail, and
it might be ultimately suitable for analysis of in vivo stent performance, because the enhanced
scattering of the moving fluid might overcome a possible reduction of image quality caused by
the stent. The setup has been improved since the previous study. We now used a linear array
transducer with a shorter elevation depth and a better ultrasound-eligible phantom material, to
overcome the limitations reported in that study. For this study, we have added the analysis of

(a) (b)

(c)

Fig. 6 Boxplots of reference measurements showing (a) mean velocities, (b) maximum velocities,
and (c) correlation coefficients for nonstented and stented regions. The horizontal lines above the
boxplots indicate no significant difference (p > 0.05).
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several settings on the effect of imaging through a stent and elaborated on contrast and velocity
estimations. The decreased correlation coefficients and signal intensities in the stent are consis-
tent with data obtained in our previous study.35

We conclude that contrast measurements are reproducible over time, however, the results of
velocity analysis seem not that reproducible. This is based on the five measurements with equal
settings, the so-called reference measurements. Contrast was only significantly different between
reference measurements 1 and 5 (Fig. 4), while the results of PIV analysis showed significant
differences between most reference measurements (Fig. 6). A possible explanation for this lack
of consistency is the variability in flow control, as the pump operated within a range of 0.46 and
0.52 L∕min. Moreover, contrast is a ratio of two intensity values, while velocity and correlation
coefficient are absolute values, which are more prone to subtle changes.

From literature and previous experiments, we know that microbubbles are disrupted by the
pressure of the ultrasound beam.33,41,42 Theoretically, the microbubble signal would be lower at
the outflow side of the vessel, because the microbubbles are exposed longer to the ultrasound
beam. In our reference setup, the stent is positioned at the outflow side of the vessel, therefore we
cannot distinguish if a lower signal strength in the stented part would be caused by the stent or by
disrupted bubbles. Measurement 4 is performed to check this. If bubbles were measurably
destroyed during one measurement, we would expect to see a lower value for contrast in meas-
urement 4B (stent on the inflow side). In that case, the signal intensity in the stent would be
higher (more bubbles), and the signal intensity outside the stent would be lower (less bubbles).
However, our results show a significantly increased contrast value in measurement 4B.
Therefore, we do not assume that the difference in contrast between the two regions in all other
measurements are due to destroyed bubbles at the outflow side. The decreased correlation coef-
ficients in the stented part, also present in measurement 4B, confirm these thoughts.

There are differences between stented and nonstented regions in both contrast measurements
and PIV outcomes. On average, the contrast has a positive value, which means that the signal
intensity is lower in the stent than outside the stent. This is a logical result of imaging through a
stent, because imaging through a grid of metal wire can attenuate the ultrasound waves, resulting
in less enhanced signal in the stented region. Mean and maximum velocities are also lower in the
stented region of the phantom. Since the diameter of the phantom was increased by the forces of
the stent, we expected to see lower velocities in the stent. Due to this diameter difference, it is
difficult to determine if the metal wires of the stent also contributed to the decrease in velocity
estimation. Correlation coefficients were also significantly lower in the stented region. As cor-
relation coefficients indicate quality of PIV analysis, we can conclude that quality of velocity
estimation decreases when imaging through a stent. However, the quality of PIV in a stented
vessel is acceptable, since PIV analysis still showed laminar flow profiles and plausible velocity
values.

PIV settings, such as the size of the interrogation area, should be carefully chosen. These
settings depend on, for example, expected velocities, pixel size, and point spread function. We
used two iterative interrogation windows of 32 × 32 pixels and 16 × 16 pixels, commonly used
sizes and 2D Gaussian peak fitting as subpixel displacement estimation method. The maximum
velocity of ∼40 cm∕s and the effective frame rate of ∼3 kHz results in a displacement of
∼0.7 pixel per frame. This satisfies the design rule of a displacement less than a quarter of the
interrogation area.43 However, the downside of subpixel displacement is that the results are more
prone to error. Possible solutions to improving accuracy would be skipping frames for PIVanaly-
sis (increasing the effective frame-to-frame displacement to over 1 pixel) or increasing the res-
olution of the beamforming grid (decreasing pixel size—however, this would incur higher
computation costs).

Comparison with theoretical velocities and profiles is difficult in this set of measurements.
Mean velocity in the stented region differed significantly from the theoretical value. It turns out
that comparison with a theoretical profile is complicated, because the field of view is probably
not in the center of the vessel. This is based on the observation that the diameter in the images
does not correspond to the real diameter. Moreover, the slice thickness, and thereby averaging of
velocities, contributes to the differences with theoretical velocities. Due to these differences, we
cannot define a certain offset for velocities obtained by echoPIV imaging through a stent.
However, there is also no definition of such a deviation or correction factor for clinical

Hoving et al.: In vitro performance of echoPIV for assessment of laminar flow profiles. . .

Journal of Medical Imaging 017001-11 Jan∕Feb 2021 • Vol. 8(1)



Duplex in carotid stents. Some studies showed increased peak systolic velocities in the stent,44–46

whereas others showed no difference47 or stent-dependent deviations.48

A large variance in contrast is visible in measurements 5A and 5C of the transmit voltage
subcategory, with standard deviations of 1.25 and 1.59 dB, respectively (Fig. 3). In comparison,
the pooled standard deviation of all contrast measurements is 0.97 dB. The larger spread in these
two measurements could be due to alterations to the setup because of changing the position of the
stent in measurement 4B. However, measurement 5B has a standard deviation of 0.74 dB, which
is significantly lower and does not support this explanation for large spread. Another explanation
might be bubble disruption, as we know this occurs at higher transmit voltages.33,41,42 The
increased contrast in the measurement of 15 V transmit voltage can be explained by the severe
bubble disruption, as we expect to see lower signal intensity at the outflow side of the vessel after
bubble disruption at high pressure. Also, during the measurement, bubble concentration will
become lower, this can explain the larger spread in the measurement. We see an increase of
contrast value over time for measurement 5C; however, this trend is not present in other mea-
surements (Appendix, Fig. 7). Therefore, we cannot draw conclusions on the role of bubble
disruption in the larger spread at higher transmit voltages.

Our measurements show a decrease in contrast values when the number of angles increases
(measurements 1A-C, Fig. 3). If the stent is seen as an obstruction to the ultrasound signal, then
approaching the vessel from different angles would result in less signal loss. The more angles
are used, the more signal will reach the bubbles, and therefore lower contrast values will
be seen.

A limitation of this study is the restriction to one stent type. Future in vitro studies should
focus on the effects of HFR echoPIV in other stent types, since the cell areas (open structures of
the stents) differ between different stent types. This may influence the ultrasound signal pro-
trusion through the stent. Another limitation is the restricted comparison with the theoretical
flow profiles. As indicated before, the possible cause of the deviation from the theoretical flow
profile, especially in the nonstented part, is the positioning of the ultrasound transducer. This will
remain a critical and challenging issue in future experiments. However, since the diameter of the
vessel was enlarged by the stent and the transition zone was short, we do not know for sure if
there was a fully developed flow profile in the stent. The stent itself, creating a “rough surface,”
will also influence the flow profile. To investigate the effect of the metal of the stent on the
ultrasound performance, the stent should ideally not change the diameter nor the surface rough-
ness of the vessel. For comparison with in vivo situations, pulsatile flow conditions and com-
parison with theoretical Womersley profiles are highly recommended. Besides the pulsatile flow,
in vivo situations are far more complex than this simplified ideal and straight vessel without
bifurcation, which may also be of influence of the performance of echoPIV in in vivo stents.

5 Conclusions

This study shows that velocity profiles in the presence of a stent can be measured using echoPIV
in an in vitro setup. The stent causes a decrease in signal intensities of contrast agent. This results
in decreased correlation coefficients after PIV analysis. Both observations correspond to our
expectations that a Wallstent causes the image quality to decrease. However, our results show
that the quality with a correlation coefficient of 0.7 is still sufficient to perform PIV analysis.
Velocity vectors of continuous flow within clinical range of carotid flow rates (0.49 L∕min) can
be obtained in a stented phantom. Future work should focus on pulsatile flow conditions and in
vivo effects of stent on the quality of echoPIV.

6 Appendix A: Contrast Values Over Time

We visualized contrast for each frame separately, to check whether contrast increases because of
bubble disruption. Bubble disruption occurs at higher transmit voltages. Therefore, measurement
5 is of interest to see this effect. Figure 7 shows an increase in contrast over time in measurement
5C (transmit voltage 15 V). However, a decrease over time is visible in measurement 5B (trans-
mit voltage 10 V).
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