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Abstract—Local flow patterns influence stent patency, while blood flow quantification in stents is challenging.
The aim of this study was to investigate the feasibility of 2-D blood flow quantification using high-frame-rate, con-
trast-enhanced ultrasound (HFR-CEUS) and particle image velocimetry (PIV), or echoPIV, in patients with aor-
toiliac stents. HFR-CEUS measurements were performed at 129 locations in 62 patients. Two-dimensional blood
flow velocity fields were obtained using echoPIV. Visual inspection was performed by five observers to evaluate
feasibility. The contrast-to-background ratio and average vector correlation were calculated and compared
between stented and native vessel segments. Flow quantification with echoPIV was feasible in 128 of 129 locations
(99%), with optimal quantification in 40 of 129 locations (31%). Partial quantification was achieved in 88 of 129
locations (68%), where one or multiple limiting issues occurred (not related to the stent) including loss of correla-
tion during systole (57/129), short vessel segments (20/129), loss of contrast during diastole (20/129) and shadow
regions (20/129). The contrast-to-background ratio and vector correlation were lower downstream in the imaged
blood vessel, independent of the location of the stent. In conclusion, echoPIV was feasible in stents placed in the
aortoiliac region, and the stents did not adversely affect flow tracking. (E-mail addresses: stefan.
engelhard@gmail.com, s.a.j.engelhard@utwente.nl, sengelhard@rijnstate.nl) © 2022 The Author(s). Published
by Elsevier Inc. on behalf of World Federation for Ultrasound in Medicine & Biology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION

Local arterial blood flow patterns affect atherosclerotic

disease progression and may predict the outcome of

endovascular treatment. A widely investigated mecha-

nism here is low or oscillatory wall shear stress (WSS),

which causes disturbances in endothelial cell growth,

leading to the formation of atherosclerotic plaques

(Malek et al. 1999; Slager et al. 2005;

Conway et al. 2009).

When these plaques lead to disabling symptoms, or

patients do not respond to exercise therapy, surgical or
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endovascular revascularization may be indicated. Endo-

vascular treatment of atherosclerotic lesions in the aor-

toiliac tract often involves the use of a stent, particularly

in more advanced stages. A single stent suffices in most

unilateral cases, but treatment with a configuration of

multiple stents is required in more extensive lesions

involving the aortic bifurcation. A common method used

to treat these lesions is the “kissing stent” (KS) tech-

nique, in which two stents are simultaneously deployed

in the common iliac arteries, protruding into the aorta

(Fig. 1B). This technique is hampered by geometrical

mismatches and subsequent disturbed local flow patterns

(Sharafuddin et al. 2008; Groot Jebbink et al. 2015). A

newer technique is the covered endovascular reconstruc-

tion of the aortic bifurcation (CERAB) technique
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Fig. 1. Overview of stent configurations and measurement locations. The stent wires (black lines) are drawn on a sche-
matic representation of the aortoiliac arteries (red). (A) In patients with a short single stent, one measurement location
was sufficient to capture the inflow and outflow regions (left side). In patients with longer stents, two measurement loca-
tions were chosen to capture both regions (right side). (B, C) In the KS (B) and CERAB (C) configurations, 3 measure-
ment locations were chosen to capture the inflow region and both outflow regions of these complex stent configurations.

CERAB = covered endovascular reconstruction of the aortic bifurcation; KS = kissing stents.
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(Reijnen 2020), in which a funnel-shaped aortic cuff is

placed in the aorta and two iliac limbs are subsequently

placed in the smaller portion of this cuff, making a tight

connection and mimicking the natural bifurcation

(Fig. 1C). A study by Groot Jebbink et al. (2017)

reported a beneficial flow profile in vitro in the CERAB

inflow region, compared with the KS, which could

explain its apparent superior performance. Unfortu-

nately, patient-specific in vivo mechanisms causing stent

re-occlusion often remain unclear, but may also be

related to blood flow. Accurate quantification of these

blood flow patterns may therefore aid in improving the

outcomes of endovascular treatment.

Blood flow quantification in the aortoiliac region is,

however, challenging, especially in and around stents.

Current clinical workflow includes conventional B-mode

ultrasound, combined with pulsed wave Doppler mea-

surement, that is, duplex ultrasound (DUS). However,

conventional Doppler ultrasound provides only 1-D

blood flow velocity estimations along the transducer

axis, which are often inaccurate in complex anatomic

regions where the direction of the flow cannot be deter-

mined reliably by the ultrasonographer (Gill 1985;

Ubbink et al. 2001).

Phase contrast magnetic resonance imaging (MRI)

can provide 3-D quantification of blood flow patterns in

large volumes of interest (Pelc et al. 1991), although it is

relatively expensive and time consuming and, therefore,

less likely to be implemented in a standard clinical work-

flow for vascular patients. Furthermore, accurate flow

quantification is deemed unfeasible inside some types of

stents, as they cause disturbances in the magnetic field

leading to imaging artifacts (Bunck et al. 2012;

Avitabile et al. 2018).

These limitations can be overcome by newer ultra-

sound techniques, such as high-frame-rate contrast-
enhanced US (HFR-CEUS) combined with particle

image velocimetry (PIV), or echoPIV. PIV is a flow

tracking method that was originally applied in fluid

dynamics research, in which seeded particles are used to

scatter light from a thin laser sheet onto a high-speed

camera (Westerweel and Adrian 2011). This method was

first adapted using a clinical ultrasound machine by

(Kim et al. 2004). However, the use of conventional,

line-scanning ultrasound imaging resulted in underesti-

mation of high velocities (Poelma 2017;

Vos et al. 2020). Recent echoPIV methods use plane-

wave and diverging-wave ultrasound imaging to obtain

several thousands of images per second. This high-

frame-rate echoPIV technique has been successfully

used to quantify high-velocity (»1 m/s) blood flow in

animal studies of the aorta and heart (Leow et al. 2015;

Toulemonde

et al. 2017)

A recent study reported that 2-D blood flow

quantification with echoPIV in the aortoiliac tract is

feasible in patients with untreated aortoiliac occlusive

disease (Engelhard et al. 2021). However, echoPIV in

patients with stents is more challenging because of

possible attenuation artifacts caused by the metal

stent struts. Therefore, this study aimed to investigate

the feasibility of 2-D blood flow quantification with

echoPIV in and around stented vessel segments of

patients with aortoiliac disease.

METHODS

Between August 2018 and March 2021, HFR-

CEUS measurements were performed on patients with a

single stent or a complex stent configuration (KS or

CERAB) (Fig. 1B, 1C). Demographic data were

retrieved from electronic health records and used as a
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reference; clinical imaging data were used to determine

the location and type of the stents. The study was con-

ducted in accordance with Good Clinical Practice guide-

lines, approved by an institutional review board

(NL63077.091.17) and registered at the Netherlands

Trial Register (NTR6980). All patients provided written

inform consent prior to enrollment. The measurement

protocol and data analysis were similar to those in an

earlier feasibility study in untreated patients with aortoil-

iac occlusive disease (Engelhard et al. 2021).

HFR-CEUS measurements

All HFR-CEUS measurements were performed

within 2 mo after stent placement, using a Vantage 256

US System (Verasonics, Kirkland, WA) connected to a

curved array transducer (GE C1-6D, General Electric

Company, Boston, MA; 3.4-MHz center frequency, 192

elements, 66-mm elevation focus, 0.35-mm pitch). Prior

to the HFR-CEUS measurements, the appropriate imag-

ing location was confirmed using DUS on an iU22 US

machine (Philips Healthcare, Best, The Netherlands).

In patients treated with a single stent, measurements

were performed in one or two locations, to cover both the

inflow and outflow tracts of the stent (Fig. 1A). Four

measurements per location were performed, with

mechanical indexes (MIs) of 0.05 and 0.1, and acquired

after a 0.5- or 1.0-mL Sonovue (Bracco Imaging, Milan,

Italy) microbubble contrast injection. In patients with a

KS or CERAB configuration, three locations were mea-

sured: the aortic inflow tract and both iliac outflow tracts

(Fig. 1B, 1C). In these patients, two measurements per

location were performed at both MIs after the adminis-

tration of 1.0 mL of contrast (because of limitations in

total dosage).

Microbubble arrival was monitored with the Vera-

sonics, using a low-frame-rate, three-angled diverging

wave pulse inversion (PI) sequence, with six acquisitions

per frame and 100 frames/s (fps). Each HFR-CEUS

recording started when the initial contrast bolus had

passed and a quasi-stable concentration of contrast signal

was established, 20 to 60 s after contrast injection.

Images were then acquired for 2.5 s using a three-angled

acquisition scheme with a single diverging wave for

each angle (�18˚, 0˚ and +18˚), 6000-Hz pulse repetition

frequency, 2.23-MHz center frequency and 1-cycle pulse

length. Contrast-specific pulse sequences were not

applied.

Data analysis

All data were processed offline using MATLAB

(R2019b; The MathWorks, Natick, MA, USA). All

HFR-CEUS images were reconstructed using the Vera-

sonics reconstruction software (version 4.0), by coherent

compounding of the beamformed in-phase quadrature
(IQ) data obtained with the three transmit angles, result-

ing in a total frame rate of 2000 fps.

Clutter suppression was performed on the com-

pounded IQ data, with the region of interest (aorta

and/or iliac artery) cropped out. A singular value

decomposition (SVD)-based filter was used (Yu and

Lovstakken 2010; Demene et al. 2015), with auto-

matic rank selection based on the spatial distribution

of blood and tissue signal in the decomposed spatial

similarity matrix (Baranger et al. 2018). In this simi-

larity matrix, distinct subspaces occur where the sin-

gular vectors representing tissue and blood signal

correlate with themselves, but ideally not with each

other. A single lower threshold was used without a

higher rank cutoff, as bubble signal was also visible

in higher-order singular values.

EchoPIV analysis was performed on the signal

envelope using a custom PIV implementation in MAT-

LAB (Voorneveld et al. 2018a, 2018b). This implemen-

tation calculated the blockwise normalized cross-

correlations in the Fourier domain between each pair of

image subregions (i.e., kernels) in four iterations (two

iterations with a square block size of 32 pixels, or

5.6 mm and two iterations of 2.8 mm, with 75% overlap,

resulting in a 0.69-mm vector resolution), using a win-

dow deformation scheme with linear interpolation. For

each iteration, parabola peak fitting was used to estimate

the subpixel displacement (within a 2 £ 3-pixel win-

dow). Between iterations, velocity vectors based on a

correlation value <0.1 were assumed to be erroneous,

and median outlier detection was applied to find addi-

tional erroneous vectors. These erroneous vectors were

then discarded and subsequently interpolated from sur-

rounding valid vectors.

Post-processing after PIV analysis consisted of

correlation averaging over 10 frames, finally resulting

in 200 velocity fields per second. Spatial and tempo-

ral smoothing was then applied to these velocity

fields using a temporal moving average filter (three

ensembles) and a spatial Gaussian filter

(s = 0.5 £ 0.5 and extent = 3 £ 3). All velocity data

and a selection of HFR-CEUS data (raw channel data

and IQ data) were stored in a repository that can be

accessed (with author permission) at https://www.doi.

org/10.4121/c.5615425.

Feasibility scoring
All velocity data sets were visually inspected and

scored independently by five investigators (S.E., M.v.

H., E.G.J., J.V., M.M.P.J.R.), with a final score based

on consensus, using a previously described methodol-

ogy (Engelhard et al. 2021). For each location, the

best measurement was selected from the different

https://www.doi.org/10.4121/c.5615425
https://www.doi.org/10.4121/c.5615425
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MIs and contrast dosages and used to assess feasibil-

ity, in three categories:

1. Unfeasible, meaning blood flow could not be visualized.

2 Partial, meaning blood flow was adequately visual-

ized, but only in a subregion of the imaged vessel or

during one part of the heart cycle, because of one or

multiple limiting issues.

3 Optimal, meaning blood flow was visualized in the

entire imaged blood vessel, during the entire cardiac

cycle, without any limiting issues.

Limiting issues included:

1 Loss of correlation during systole because of high

velocities or complex flow, including out-of-plane

flow.

2 Short vessel segments in the US image resulting from

the complex 3-D anatomy of the arteries.

3 Loss of contrast during diastole caused by destruction

of microbubbles as a result of repetitive insonations.

4 Shadow regions caused by calcified atherosclerotic

plaques or other attenuating structures, leading to

erroneous vectors.
Stented versus native vessel segments
To quantify the influence of the stents on the visualization of

contrast microbubbles and tracking performance of the PIV

algorithm, the contrast-to-background ratio (CBR) and vec-

tor correlation were calculated for each frame in separate

parts of the imaged vessel with and without a stent, that is,

the stented and native vessel segments (Fig. 2).
Fig. 2. Region selection for calculation of the contrast-to-backgr
regions in the stent (white squares) were compared with the reg
both the inflow and outflow tracts of the stent were used for the c
for this analysis. For the contrast-to-background ratio, the ratio
and black squares) and tissue regions (blue squares) was calcul
(white lines) was manually drawn, based on the unfiltered hig

modalities (conventional duplex ultrasound, angiog
Peri-procedural angiography images, DUS images

(made with the Phillips iU22) and low-frame-rate PI

images (made with the Verasonics) were used to deter-

mine the location of the stents on the HFR-CEUS

images. The CBR and vector correlation were then cal-

culated in all measurements where (i) the proximal or

distal stent edge could be precisely determined and (ii)

contrast microbubbles were visible in both the native

and stented vessel segments, over a length of more than

two vessel diameters, excluding shadow regions with

decreased US signal (Fig. 2).

To calculate the CBR and vector correlation, four

regions were selected in the native and stented vessel

segments, together with two tissue regions that were

needed for the CBR (Fig. 2). CBR was then computed in

all frames, for the native and stented vessel segments,

using the equation

CBR dBð Þ ¼ 10 log
RMSc1�4

RMSt1�2

� �2

ð1Þ
with RMS representing the root-mean-square signal

strength of the contrast and tissue regions. Vector corre-

lation was defined as the average of all maximum-cross-

correlation values, ranging between 0 and 1, for all

image kernels within the selected native and stented ves-

sel regions. Finally, the CBR and vector correlation val-

ues were averaged for all frames and for systolic and

diastolic frames separately, to allow comparison of these

two periods within the cardiac cycle.

Statistical analysis

Statistical analysis was performed with SPSS ver-

sion 27 (IBM, Armonk, NY, USA). Categorical variables
ound ratio and normalized average vector correlation. The
ions in the native vessel (black squares). In this example,
omparison. Shadow regions (red arrows) were disregarded
of the signal intensity between the contrast regions (white
ated. Vessel wall delineation (red lines) and stent location
h-frame-rate, contrast-enhanced ultrasound data and other
raphic images and pulse inversion live view).



Fig. 3. Overview of the number of patients included and HFR-
CEUS measurements performed. HFR-CEUS = high-frame-

rate, contrast-enhanced ultrasound; US = ultrasound.
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(in the visual feasibility scoring) are represented as num-

ber of cases (%). Continuous variables (in the quantita-

tive comparison of stented and native vessel segments)

are expressed as the median (interquartile range [IQR]).

Inter-observer agreement on the feasibility categories

was calculated using the intra-class correlation

coefficient, based on a mean-rating, absolute-agreement,

two-way mixed-effects model (Koo and Li 2016). Dif-

ferences in CBR and vector correlation were tested with

a paired t-test for normally distributed data and a Wil-

coxon signed rank test for non-normally distributed data

(including all cases in which one of the two compared

variables was not normally distributed). A p value <0.05

was considered to indicate statistical significance.

RESULTS

Eighty-five patients were enrolled, 23 of whom

were excluded for several reasons: 9 planned HFR-

CEUS measurements were canceled, in 3 cases because

of COVID-19 restrictions. In 7 patients, placement of an

intravenous canula was not successful after one single

attempt. In another 7 patients, the inflow and outflow

regions of the stent could not be located on either US

machine, and therefore, no HFR-CEUS measurements

were attempted (Fig. 3). HFR-CEUS data were success-

fully acquired at 129 locations in 62 patients (42 men,

median age: 67 y, IQR: 60�76 y, median body mass

index: 26.2, IQR: 24.2�27.5). These included 42

patients with a single stent (Fig. 1A) and 20 patients

with a complex stent configuration (KS in 8 cases,

CERAB in 12 cases) (Fig. 1B, 1C).

Feasibility scoring

Two-dimensional flow visualization with echoPIV

was feasible in 128 of 129 locations (99%) where HFR-

CEUS data were acquired. Optimal visualization was

achieved in 40 locations (31%) and partial visualization

in 88 locations (68%). These vector fields suffered from

loss of correlation during systole in 57 of 129 cases, or

45% (Fig. 4A; Video S1, online only). Short vessel seg-

ments (Fig. 4B; Video S2, online only), loss of contrast

during diastole (Fig. 4C; Video S3, online only) and

shadow regions (Fig. 4D; Video S4, online only) all

occurred in 20 of 129 cases, or 16%. The intra-class cor-

relation coefficient (for the agreement between observers

in the feasibility scoring) was 0.664 (95% CI: 0.611,

0.717).

Stented versus native vessel segments

Twenty-five inflow regions and 42 outflow regions

met the criteria for comparison of the stented vessel seg-

ment with the native (non-stented) segment (Fig. 2).

These imaged regions contained several types of stents,
including 11 Advanta V12 stents (Maquet Getinge

Group, Rastatt, Germany), 16 BEgrafts (Bentley

InnoMed GmbH, Hechingen, Germany), 10 Everflex



Fig. 4. Examples of limiting issues resulting in partial flow visualization. Vessel walls were manually drawn with red
lines (arteries) or blue lines (veins), and stents are represented by white lines. (A) Loss of correlation during systole (red
arrow) in the origin of the right common iliac artery (CIA), near the proximal edge of the stent (Video S1). (B) A short
segment of the left CIA with the left common iliac vein (CIV) also in the image (Video S2). (C) Loss of contrast during
diastole in the left external iliac artery (EIA). A systolic frame is shown on the left, and a diastolic frame is shown on the
right (Video S3). (D) A shadow region (red arrow) caused by bowel gas (yellow arrow), just distal to the iliac bifurcation

(Video S4). IIA = internal iliac artery.
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stents (Medtronic plc, Minneapolis, MN, USA), 16

Express stents (Boston Scientific Corp., Marlborough,

MA, USA), 2 SMART stents (Cordis, Hialeah, FL,

USA) and 12 Viabahn stentgrafts (W. L. Gore and Asso-

ciates, Flagstaff, AZ, USA). An overview of stent char-

acteristics and the number of stents in both regions is

provided in Table 1.

At the inflow regions, the CBR and vector correla-

tion in the stented vessel segments were lower, compared

with that in the native vessel segments (Table 2 and

Fig. 5A, 5C). For the outflow regions, the CBR and
vector correlation were higher in the stented vessel seg-

ments than in the native vessel segments (Table 3 and

Fig. 5B, 5D). These differences were statistically signifi-

cant in both the inflow and outflow regions, for all

frames and both the systolic and diastolic phases of the

cardiac cycle (p < 0.05), except for the average vector

correlation in all frames at the inflow regions (p = 0.059)

(Fig. 5C).

In both the inflow and outflow regions, CBR was

significantly higher during the systolic phase than in the

diastolic phase, independent of the stent location



Table 1. Overview of stent characteristics, including the number of imaged stents in the inflow and outflow regions

Name Manufacturer Material Cover Number of cases
in inflow region

Number of cases
in outflow region

Advanta V12 Maquet Stainless steel PTFE 3 8
BEgraft Bentley Cobal-chrome PTFE 5 11
Everflex Medtronic Nitinol — 4 6
Express Boston Scientific Stainless steel — 8 8
SMART Cordis Nitinol — — 2
Viabahn Gore Nitinol PTFE 5 7

Nitinol = nickel aluminum alloy; PTFE = polytetrafluoroethylene.

Table 2. CBR and average vector correlation at the stent inflow regions*

Inflow Native vessel segment Stented vessel segment

All frames Systole Diastole All frames Systole diastole

CBR 10.1 (4.7) 13.1 (4.1) 8.4 (5.9) 7.8 (5.6) 10.2 (3.7) 5.6 (5.9)
Correlation 0.77 (0.17) 0.57 (0.36) 0.82 (0.21) 0.71 (0.19) 0.44 (0.19) 0.80 (0.35)

CBR = contrast-to-background ratio.
* Data are expressed as the median (interquartile range) and organized similarly to Figure 5 (in which the inflow regions are illustrated in panels

A and C), with the stented vessel segment on the right side.

Fig. 5. CBR and mean vector correlation values during all frames (blue), systole (red) and diastole (yellow). Boxes rep-
resent upper and lower quartiles, and whiskers indicate highest and lowest values. The native vessel segment is shown
on the left for the inflow regions while it is shown on the right for the outflow regions, similar to their locations on the
ultrasound images. *Statistically significant difference (p < 0.05). (A) CBRs in the 25 selected inflow regions. (B) CBRs
in the 42 selected outflow regions. (C) Correlation in the 25 selected inflow regions. (D) Correlation in the 42 selected

outflow regions. CBR = contrast-to-background ratio.
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Table 3. CBR and average vector correlation at the stent outflow regions*

Outflow Stented vessel segment Native vessel segment

All frames Systole Diastole All frames Systole Diastole

CBR 9.5 (5.4) 13.0 (6.8) 5.6 (7.8) 6.6 (4.8) 10.0 (5.3) 4.8 (4.4)
Correlation 0.69 (0.22) 0.42 (0.20) 0.79 (0.20) 0.64 (0.22) 0.41 (0.12) 0.63 (0.46)

CBR = contrast-to-background ratio.
* Data are expressed as the median (interquartile range) and organized similarly to Figure 5 (in which the outflow regions are illustrated in panels

B and D), with the stented vessel segment on the left side.
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(Tables 2 and 3 and Fig. 5A, 5B). Conversely, vector

correlation was significantly lower during the systolic

phase than in the diastolic phase (Tables 2 and 3 and

Fig. 5C, 5D).
DISCUSSION

This study determined that 2-D flow visualiza-

tion is possible inside stented aortoiliac arteries. Spe-

cifically, echoPIV measurements were feasible in

99% of the measured locations, in and around stents

in the aortoiliac region. Optimal quantification was

achieved in 31% of all locations. In these locations,

blood flow was visualized in the entire imaged vessel,

including the stented vessel segment, during the

whole cardiac cycle. These data could be used to

accurately quantify local arterial flow disturbances,

using echoPIV-derived flow parameters such as vector

complexity and vorticity. In an earlier study, it had

been reported that these flow parameters can be used

to distinguish disturbed blood flow from undisturbed

blood flow in areas without an increased peak systolic

velocity that would typically not be identified as

problematic with DUS (Engelhard et al. 2021).

Another study by Hansen et al. (2019) found that

these parameters are better suited for the assessment

of stenosis severity than the conventional peak

systolic velocity ratio obtained with DUS.

If algorithms for accurate vessel wall detection and

near-wall flow quantification can be further improved,

these flow fields can also be used to calculate parameters

such as WSS and the oscillating shear index, which are

closely related to the development and progression of ath-

erosclerotic lesions (Malek et al. 1999;

Conway et al. 2009; Frydrychowicz et al. 2009;

Harloff et al. 2010). In the future, echoPIV could be used

as a low-cost, easy-to-use tool for flow quantification

inside stents in the current workflow of vascular clinics.

For example, local flow patterns may be evaluated during

endovascular procedures, to improve the stent positioning

or stent configuration in real time. Alternatively, local

flow disturbances may be monitored during patient fol-

low-up with echoPIV, to allow early re-intervention pre-

venting stent occlusions.
In 68% of the locations, partial flow quantification

was achieved. Here, blood flow could still be adequately

visualized, but only in a subregion of the imaged vessel

or during a part of the cardiac cycle. In these locations,

several limiting issues prevented optimal quantification.

Some of these issues, such as calcifications and out-of-

plane blood flow, affect US imaging in general, while

others apply only to echoPIV. However, it is important to

note that none of these limiting issues were related to the

stent, as the same limiting issues were already found and

discussed in our study in untreated patients with aortoiliac

occlusive disease (Engelhard et al. 2021). These limiting

issues can be overcome with further improvement of the

echoPIV technique, including microbubble stability, 3-D

imaging and near-instantaneous data processing. This

would allow visualization of the full flow field in complex

3-D anatomies, with direct feedback to optimize imaging

location and acquisition settings, further increasing the

robustness of the echoPIV technique. If these improved

echoPIV algorithms are implemented in the next genera-

tion of commercially available ultrasound machines, the

technique could be easily adopted into the clinical

workflow.

The CBR and vector correlation were higher in

the native vessel segments at the inflow region when

compared with the stented vessel segments, but lower

at the outflow region. In other words, the CBR and

vector correlation was consistently higher upstream in

the imaged vessel, regardless of the position of the

stent. This can be explained by destruction of the

microbubbles while they pass through the image

plane, with increasing exposure to US leading to a

higher fraction of destroyed bubbles. This results in a

downstream decrease in CBR and subsequent

decrease in correlation. Voorneveld et al. (2018a)

used this downstream contrast difference to calculate

the specific microbubble destruction rate for multiple

US acquisition settings. In conclusion, while differen-

ces in CBR and vector correlation were observed in

downstream distance, no additional influence of the

stent on these quality parameters was found. These

results hold in a variety of stent types, made from

different materials, that were investigated in this

study. This makes flow quantification inside stents
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with echoPIV superior to 4-D flow MRI, in which

several stent types, such as stainless-steel stents,

cause artifacts that render flow quantification unreli-

able (Bunck et al. 2012).

In a previous in vitro study on the performance of

echoPIV in a stented carotid artery phantom, decreased

image contrast was found in the stented region, as

opposed to our study (Hoving et al. 2021). However, this

did not have a negative effect on the velocity estimation.

The lower CBR that occurred during the diastolic

phase, as compared with the systolic phase, can also be

explained by microbubble destruction. Especially in cases

with stagnant flow, CBR gradually decreased during each

heart cycle, until no contrast signal remained at the end

of the diastolic phase. The concentration of microbubbles

was then replenished during systole by new blood coming

into the image. Conversely, correlation values during

diastole were consistently higher, which can be explained

by the lower diastolic blood flow velocities that generally

improve PIV tracking performance.

In the last 17 patients of the cohort (37 locations),

additional measurements were performed at a lower MI

(0.02). Here we also observed complete bubble destruc-

tion during diastole in some patients, especially in cases

with stagnant flow. Furthermore, some of these measure-

ments resulted in poor image quality with contrast signal

close to the noise floor.

To reduce bubble destruction and thereby improve

the ability of echoPIV to visualize stagnant flow, image

settings should be optimized in the future for each

patient specifically. Alternatively, advanced imaging

sequences could be developed that use a lower MI or

frame rate during diastole.

Limitations

The feasibility score in this study was based on

classification by several observers, which is inherently

subjective. However, all observers are experienced in

blood flow imaging and were trained on the application

of the scoring criteria. The intra-class correlation score

was 0.664, indicating moderate agreement between the

observers. Most disagreements occurred in cases where

a minor “borderline” limiting issue occurred, which

some of the observers scored as relevant while others did

not.

Visual inspection of the velocity data revealed that

the PIV-calculated flow patterns in this study closely

matched the movement of contrast microbubbles on the

HFR-CEUS images. In a previous study, we reported a

good match between echoPIV and phase-contrast MRI

findings in healthy subjects (Engelhard et al. 2018).

Therefore, the flow quantification in this study is

assumed to be valid. However, reference measurements

to validate the quantified blood flow velocities were not
performed. Doppler ultrasound measurements were

attempted, but in many cases were not reliable, because

the maximum angle of 60˚ was not achieved or because

the direction of the flow could not be reliably deter-

mined. Phase-contrast MRI could also be used as refer-

ence, but this has several limitations such as averaging

of the velocity data over multiple heartbeats and unreli-

able velocities inside stents. Furthermore, this technique

was not available in our institution at the time of this

study.
CONCLUSIONS

Two-dimensional blood flow visualization with

echoPIV was feasible inside a variety of stents in the aor-

toiliac region. Furthermore, the stents did not cause a

decrease in image quality or tracking performance of the

echoPIV algorithm. Several limiting issues, unrelated to

the stents, remain that prevent optimal flow quantifica-

tion. However, with further development of the tech-

nique, echoPIV could be used in a clinical setting to

improve the outcomes of endovascular treatment in the

aortoiliac tract.
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