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Abstract—This study aims to investigate the clinical feasibility
of simultaneous extraction of vessel wall motion and vectorial
blood flow at high frame rates for extraction of -clinical
markers. If available in the clinic, such a technique would
allow better estimation of plaque vulnerability and evaluation
of overall arterial health of patients. In this study, both healthy
and patient volunteers were recruited and scanned using a
plane-wave acquisition scheme that provided a dataset of 43
carotid recordings in total. The vessel wall motion is extracted
based on the complex autocorrelation of the signals received,
while the vector flow is extracted using the transverse oscillation
technique. Wall motion and vector flow are extracted at high
frame rates, which allows visual appreciation of tissue movement
and blood flow simultaneously and with fine temporal resolution.
Several clinical markers are extracted, along with p-values. From
all of the potential markers, young healthy volunteers have
smaller artery diameter (7.32 mm) compared to diseased patients
(9.56 mm), 66 % of diseased patients have backflow, a carotid
with a pulse wave velocity extracted from the wall velocity that
is greater than 7 m/s is always a diseased vessel, and the peak
wall shear rate decreases as the risk increases. Based on both
the pathological markers and the visual inspection of tissue
motion and vector flow, we conclude that the clinical feasibility of
this approach is demonstrated. Larger and more disease-specific
studies using such an approach will lead to better understanding
and evaluation of vessels, which can translate to future use in
the clinic.

Index Terms—vessel wall motion, vectorial flow, arterial
properties, high frame rate, clinical study, carotid

I. INTRODUCTION

LTRASOUND has been used with Doppler to assess
Ucardiovascular properties since the 1950s [1], and
more broadly through the 1970s [2]. Nowadays, ultrasound
imaging is widely used with Doppler for routine check-ups
and for evaluation of vessel disease, such as atherosclerosis
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and aneurysms [3]. Vessel diseases alter the geometry of
the arterial system, which impacts on the flow circulation
and can create turbulent and complex flow patterns. These
characteristics can be assessed through ultrasound imaging
with Doppler techniques. These diseases, as well as aging
and the overall health of a patient, also influence the vessel
wall motion and the stiffness of the vessels [4].

Tissue motion has been studied and shown to be related to
the biomechanical and geometric properties of the arterial
system [4]. In clinics, pulse wave velocity (PWV) is used
as a clinical marker [5] as it is related to Young’s modulus
through the Moens-Korteweg equation [6], [7]. PWV is used
as a gold standard measurement, according to the foot-to-foot
technique, which consists of detection of the time shift of
the pressure waves between two distinct vessels [8], [9].
Unfortunately, this approach can only provide an overall
estimate with imprecise distance measurements, and it does
not reflect local vessel stiffness. In the research setting at
high frame rates, PWV can be extracted from the wall
velocity and it represents a robust index [10] that is directly
linked to arterial stiffness [4]. Recently, PWV has been used
as a local marker of pathology and it has been shown to
be feasible and of particular interest [11], [12]. For flow
markers, it has been shown that a low wall shear rate (WSR)
can facilitate the development of plaques, whereas high
WSR after plaque development can increase the risk of
inflammation and rupture [13]. As the wall and flow patterns
are both related to the characteristics of vessels, an imaging
technique that can provide information from both of these
media simultaneously should be relevant for characterization
of vessel diseases. Such a technique should provide clinical
markers from the vessel wall and blood flow independently,
and wall/flow markers will also reflect the inherent connection
between these two media. As wall motion and blood flow are
inherently linked, having both measurements simultaneously
from a large region of interest should be relevant for
clinicians, such as to quantify the vulnerability of plaques.
A rigid plaque coupled with turbulent flow represents high
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risk of disruption [14]. By obtaining more information from
simultaneous measurements, we aim for better detection, more
precise diagnosis, and improved monitoring of vessel diseases.

However, in clinical practice, only 1D Doppler spectrum and
color Doppler flow estimates at relatively low frame rates are
used, as recommended in the current guidelines [15], [16].
Consequently, most clinical studies are based on 1D flow
imaging only, and ultrasound acquisitions are performed using
a relatively low frame rate (below 100 images per second).
Color Doppler is used for qualitative detection of abnormal
flow, while the Doppler spectrum is used for quantification
and requires an angle correction to provide a correct Doppler
velocity [17]. Consequently, an accurate estimate needs a
beam-to-flow angle below 60° [17], which can be difficult
in clinical cases. To overcome this angle correction, a
cross-beam Doppler approach can be used [18], although
this can result in considerable errors in estimates [19]. Also,
geometric spectral broadening strongly affects estimates, with
typical errors greater than 20% [20]. Meanwhile, 2D vector
flow, which can provide all of the velocity components in
the acquisition plane at each measurement point and at high
frame rates (above 1000 images per second), has been under
development for years in a research setting [21], [22], and
has been shown to describe complex flow patterns that occur
in the carotid bulb [23].

To obtain vector velocity fields, a technique that can yield
2D vector flow, known as transverse oscillation (TO), was
developed [24], which can be used in combination with high
frame rate ultrasound sequences. This approach is based on
the creation of a lateral oscillation in ultrasound images by
modifying the lateral point spread function of the system.
This method can be used for transmission, receiving, or
post-processing by adaptive filtering. More recently, TO has
been extended to tissue motion estimation [25], and validated
for simultaneous extraction of wall and flow motion using
both phantoms [26] and the common carotid artery of healthy
volunteers [27]. Moreover, TO for flow characterization
has already been used and validated in pre-clinical and
small clinical studies. Notable examples here are: volume
flow estimation in the carotid [28] and the arteriovenous
fistula [29], velocity and volume flow estimation in the
ascending aorta [30], and flow complexity assessment in the
carotid [23]. Recently, TO has been compared to spectral
Doppler and validated with magnetic resonance in the carotid
in a small volunteer population [31].

For both tissue and flow estimations, only a few groups have
worked on their simultaneous assessment due to the technical
limitations. Such a study combines difficulties from both
tissue and flow imaging. In 2006, Tortoli et al. [32] developed
a system that avoided the need for the beam-to-flow angle
estimation and that extracted wall deformation and WSR. In
2008, Hasegawa and Kanai [33] proposed a phase-tracking
method for wall motion that was coupled to power Doppler
for blood flow. Three years later, Luo and Konofagou [34]
carried out a feasibility study using speckle tracking, for

both wall and flow estimation in the mouse heart in vivo.
More recently, Ekroll et al. [35] evaluated a quantitative
angle-independent 2D vector velocity estimator for both wall
motion and flow assessment, as evaluated on realistic carotid
simulations and in-vivo carotids. In 2018, Fekkes et al. [36]
extracted simultaneously the vascular strain and blood vector
velocity at with both a high-frequency probe and a standard
frequency probe in a phantom study. Then in 2019, Goudot
et al. [37] used vector flow imaging in carotid stenosis to
evaluate wall shear stress. Unfortunately, none of these studies
used these wall motion and flow velocity estimates further to
measure the carotid properties in a clinical context. However,
in this field, the recent translation to the clinic of advanced
ultrasound methods has shown great clinical potential [38].
Notable examples include tracking of myocardial motion
together with vortex dynamics [39], development of a
portable vector flow imaging scanner [40], and application
of super-resolution to breast cancer evaluation [41]. Such a
translation to the clinic also appears relevant for wall motion
and vector flow in the arterial system.

The study presented in this article follows on from two
previous studies that used the TO technique for simultaneous
wall motion and flow estimation on phantoms [26], and
in-vivo carotids from volunteers [27]. The aim of the present
study is to now demonstrate the clinical feasibility of
simultaneous vessel wall motion and flow vector velocity
measurements and their potential interest through marker
evaluation.

II. METHODS
A. Healthy and patient volunteer populations

Healthy volunteers were recruited along with volunteer
patients from St. Olavs Hospital, Trondheim, Norway. The
study received approval from the Research Ethics Board
and written consent was obtained from the volunteers for
the scanning. Their carotids were recorded using a research
ultrasound scanner (VantageTM 256 system; Verasonics,
Redmond, Washington, USA) with a linear probe array
(9L-D; General Electric Company, Boston, Massachusetts,
USA), following standard clinical routine examinations
using an ultrasound system (Vivid™ E95; General Electric
Company, Boston, Massachusetts, USA). All of these
acquisitions were performed in the hospital by cardiologists.
Prior to the imaging, thermal and acoustical measurements
were taken to estimate the thermal and mechanical indices,
in addition to the heating of the transducer surface. These
indices were updated and shown in real time on the
scanner during the imaging for the navigation acquisition
sequence. All of the measurements are within the limits
set by the international standard IEC 60601-2-37:2004 [42]
(measurements: MI = 0.375, TIS = 2.961, TIB = 5.91, TIC =
5.91, P = 216.8 mW, ISPTA = 382 mW/cm?, A T = 0.23 °C).

Common carotid arteries were imaged in the healthy
volunteers (12 individuals: 10 males/2 females) and patient



IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL 3

TABLE I
ACQUISITION PARAMETERS

Parameter Value
Probe 9L-D, GE
Number of elements 192 elements
Pitch 229 pm
Speed of sound 1 540 m/s
Transmission frequency 4.8 MHz
Sampling frequency 19.2 MHz
Transmission pulse 2.5 cycles
PRF 12 000 Hz
Steering angle [-15°; 15°]
Transmission/receiving apodization Rectangular
Acquisition duration 15s
Compounding 2 plane waves
Images per second 6 000
Beamforming DAS, Fy = 1.5

volunteers (12 individuals: 6 males/6 females); an additional
case of stenosis in an internal carotid artery (male) is also
reported. The carotids on both sides were scanned once
during the examinations, for 1.5 s each. As the geometry and
severity of disease can vary from one side to the other, the
two carotids from each volunteer are considered as different
datasets for the analysis. From the 24 common carotid arteries
of the patients, three were out of plane, and two had strong
clutter, so these were excluded from further analysis. All of
the other acquisitions were suitable for analysis (from healthy
volunteers and the additional case). The volunteer patients
(19 carotids: 10 males/9 females) were subdivided into two
categories: those without any apparent disease (13 carotids: 9
males/4 females) and those with apparent disease (6 carotids:
1 male/5 females), as diagnosed by the cardiologists during
the clinical routine with the medical scanner, or based on
their medical history. In the pathological subgroup, two
carotids are from a patient who had had a stroke, one had
a stenosis localized later (in the internal carotid), two had
plaques, and one was greatly calcified. The healthy volunteers
(24 carotids: 20 males/4 females) were arbitrarily separated
into two subgroups: younger than 35 years old (18 carotids:
14M/4F) or 35 years old or older (6 carotids: 6 males/O
females).

To achieve a high frame rate (6 000 Hz) with a large field
of view, two plane-wave acquisition schemes were used and
summed after the beamforming, to increase the signal-to-noise
ratio prior to estimation. The acquisition parameters are
summarized in Table I. The channel data were recorded
from the research scanner, after which the beamforming and
processing were performed off-line using MATLAB (The
MathWorks, Natick, Massachusetts, USA) by author V.P.. All
of the measurements and potential markers were extracted
using the same dataset (i.e., without sequential acquisition).

B. Tissue motion estimation

For wall displacement, an axial phase-based estimator was
used. This is based on the phase measurement of the complex

TABLE II
MOTION ESTIMATION PARAMETERS

Flow

1 frame (0.17 ms)
60 frames (10 ms)

Parameter Tissue

Lag
Ensemble length

12 frames (2 ms)
1 frame (0.17 ms)

Spatial window Hann Rectangular
Spatial window size (x X z) 2 mm X 1 mm 2 mm X 1 mm

TO wavelength N/A 0.8 mm

FWHM of TO N/A 2.0 mm

autocorrelation of the received signals, as originally proposed
by Kasai et al. [43]:

_ PRF ¢ A®(r)
o7 Af, 0w

where v, is the axial component of the velocity, PRF is the
pulse repetition frequency, 7 is the lag used for the estimation
of the phase shift A@, c is the speed of sound, and f. is
the center frequency. The left side of the equation does not
depend on the lag as long as there is no aliasing and on the
assumption of constant velocity in the observation window.
The initial wall position (based on the first frame) is manually
segmented, after which the wall is automatically tracked
along the axial axis using the estimator described above.

(D

Vz

Motion estimation is performed using spatial filtering onto
the lag 7 autocorrelation estimate in the complex domain, to
reduce the variance of the estimates. The motion estimation
parameters used in this study are summarized in Table II.

C. Temporal adaptive clutter filtering

Before flow estimation, the clutter signals need to be
attenuated. In this study, finite impulse response filters were
used, as they are numerically stable and as their cut-off is
directly proportional to the tissue velocities. Instead of using
one cut-off velocity for each acquisition, a temporal adaptive
approach was used [44]. For each frame, a cut-off velocity was
calculated based on the maximum estimated tissue velocity
in that frame. As tissue velocities vary through the cardiac
cycle, filters with a temporal adaptive cut-off velocity can
achieve better performance than non-adaptive filters [35], [45].
In this study, we used finite impulse response equiripple
filters of order 200, stopband attenuation of 70 dB, and
cut-off frequencies corresponding to twice the maximum tissue
velocity in each frame.

D. Flow estimation

For 2D flow estimation, the TO approach was used. This
approach is one way to separate the Doppler shift along
two different virtual receiving apertures, related to two
virtual receiving angles, which can be implemented in the
post-processing. The main advantage of this post-processing
approach is that the subapertures can be chosen retrospectively
to avoid aliasing in the estimates. These two receiving
subapertures create a lateral oscillation in the image that can
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be set.

Transverse oscillation is introduced by filtering in the Fourier
domain [46] after clutter filtering. When using this method, the
2D Fourier spectrum of each ultrasound image is multiplied
by a Gaussian function, to isolate the signal from the desired
lateral frequency. This function is defined by the wavelength
of the lateral oscillation and the full width at half-maximum
(FWHM). After filtering, the f-k spectrum contains four
signal regions due to the natural axial oscillation of the
radio-frequency images and the lateral oscillation introduced.
Once the signals contain a 2D oscillation, additional filters are
applied to produce two analytic signals, each with a frequency
content from a single quadrant in the Fourier domain (Hann’s
approach) [47]. Each of these analytic signals corresponds to
one of the two subapertures. This process implicitly assumes
that the 2D oscillation can be described as the product of
two 1D oscillation signals. The phase shift between temporal
frames is then estimated for each of the analytic signals
using the autocorrelation estimator. After phase estimation, the
corresponding axial and lateral velocities are calculated using
the relations:

_ PRF ¢ A®! (1) + Ad (1)

T M T 2
_PRFLA(I)I (1) — AP (7)

T A4f, T

Uz

Vg

where A®! and A®! are the phase shifts calculated from the
first and second quadrants, respectively, and f, is the lateral
frequency introduced during filtering for the TO introduction.

Flow estimation is performed using spatial filtering onto the
lag 7 autocorrelation estimate in the complex domain, to
reduce the variance of the estimates. The motion estimation
parameters used in this study are summarized in Table II.

E. Carotid properties: standard measurements

As previously explained, the development of cardiovascular
diseases influences the flow field as well as the properties of
the vessel wall. After motion estimation, several characteristics
can be extracted. The quantitative parameters that are
estimated in this study based on tissue and flow estimates are
described above.

From the wall velocity estimates:
« Wall velocity range (AVyqi, mm/s)
o Mean diameter (d, mm)
o Arterial strain (S, %)

From the flow velocity estimates:
« Peak systolic velocity (PSV, m/s)
o Resistivity index (RI, %)
o Backflow (B, ratio of acquisitions with backflow in the
group, %)

The wall velocity range is the difference between the

maximum and minimum wall velocities along both walls
during the cardiac cycle. This value represents the deformation
of the vessel itself due to mechanical waves and blood
pressure. It is expected to decrease when the arterial wall
thickness or stiffness increase. The mean diameter is averaged
over several cardiac cycles and the entire field of view.
Pathologies influence the artery geometry, and thus the artery
diameter; remodeling that occurs with aging also contributes
to modifications to this parameter [48]. The arterial strain
is the relative difference between the largest and smallest
diameter during the heart cycle [49]. This value represents
the response of the artery to the stress (i.e., blood pressure);
stiff and calcified arteries are less compliant than healthy
ones, and patients admitted after a stroke show lower arterial
strain on average (typical value lower than 5 %) [50].

Peak systolic velocity is averaged along the centerline of the
lumen, equidistant from both of the walls, based on the vector
velocity field. This value is directly related to the maximum
blood flow rate. In the case of a narrowing upstream, this
value increases; also, the overall remodeling and compliance
of the arterial system influence this velocity. The resistivity
index is the ratio between the end-diastolic velocity and the
peak systolic velocity (PSV); the end-diastolic velocity and
the PSV are averaged along the centerline of the lumen. The
resistivity index is related to the vascular resistance of the
downstream vascular bed, which is primarily used for stenosis
assessment. In the case of atherosclerosis, it is affected by
both upstream and downstream diseases. The resistivity index
is a marker of atherosclerosis risk if it is higher than 80 %
in the renal arteries [51] and has been studied in the carotid
artery as a potential marker [52]. The waveform can be mono
or triphasic in arteries. Triphasic flow indicates a backflow
during the cardiac cycles, which has been evaluated in the aorta
already using vector flow imaging [53]. In a normal carotid
artery, backflow should not occur. If observed, it indicates a
malfunction of the blood circulation, and as such, an abnormal
recirculation [49]. Backflow is detected if a negative velocity is
estimated along the centerline of the lumen during the cardiac
cycles.

F. Carotid properties: advanced measurements

Wall stiffness can be assessed through PWYV, which is
directly linked to the elasticity of the medium [4]. The PWV
can be estimated based on the wall acceleration maps at the
dicrotic notch, which corresponds to the closure of the aortic
valve [54]. For each spatial position in the wall, the velocity
estimates are differentiated over time to estimate the wall
acceleration. Figure 1 illustrates this for one spatial point in
the wall during a cardiac cycle. Two peaks can be observed
in Figure 1. The first peak (around 50 ms) corresponds to
a mechanical wave after the opening of the aortic valve,
whereas the second peak (around 300 ms) corresponds to
another mechanical wave that occurs at the closure of the
aortic valve, where the PWV can be extracted. For each point
along the vessel, the passage of the pulse wave is defined
as the midpoint between the two time points in which the



IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL 5

(a)

w
= 6
£
E
> 4
©
K]
o 2
>
s
X
2 0
-2
-4
0 50 100 150 200 250 300 350 400
Time (ms)
(b)
100
80
N& 60
£
S 40
c
2 20
o
Q
° 0
8
© -20
s
% -40
-60
-80
0 50 100 150 200 250 300 350 400
Time (ms)

Fig. 1. (a) Temporal evolution of the wall velocity (mm/s) for a point in the
upper wall. (b) Acceleration (cm/s?) computed over time based on (a). The
peak around 300 ms corresponds to the dicrotic notch for the PWV estimation.
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Fig. 2. Acceleration map (cm/s?) along the upper wall for a patient
volunteer. The PWYV is estimated at the dicrotic notch (closure of aortic valve,
acceleration peak at 300 ms), as defined at the midpoint of the half-maximum.

acceleration is half the maximum value at the dicrotic notch;
these midpoints are used instead of the maxima because they
are less sensitive to noise. The maximum is roughly at 300 ms
in Figure 1b. The temporal position of the peak is different
for each position along the wall, due to the propagation of
the pulse wave. Thus, the PWV can be estimated by using
linear regression to estimate the propagation speed of the
peak acceleration. An example is provided in Figure 2, with
the bandwidth at half-maximum shown at around 300 ms.
For each carotid, the final PWYV value is the average of the
measurements on the upper and distant walls, using as many
cardiac cycles as possible (typically from 1 to 3).

Another characteristic is the wall shear rate (WSR), which
provides indirect information on the shear forces applied by
the flow on the vessel wall. It has been shown that a low WSR
can facilitate the development of plaques, whereas a high WSR
after plaque development can increase the risk of inflammation
and rupture [13]. This marker can be extracted from the vector
flow maps as follows, knowing the position and orientation of

the wall [55]:
ov

WSR = n 3)
where v is the 2D flow velocity, and n is the wall normal.
In this study, the WSR is evaluated for each patient 1 mm
away from the upper and lower walls, over time. The mean
WSR (mWSR) and the peak WSR (pWSR) are extracted as
potential indicators. While the WSR is calculated along both
walls without averaging, the mWSR is averaged over the
cardiac cycles, and the pWSR is the maximum WSR detected
over the cardiac cycles.

wall

To sum up here, the advanced measurements are:
« Pulse wave velocity (PWV, m/s)
o Mean wall shear rate (mW SR, s~ 1)
« Peak wall shear rate (pW SR, s~ 1)

G. Statistical hypothesis tests

The statistical tests were performed using R 3.6.1 [56].
Except for the backflow, a permutation test was used. This
statistical test builds sampling distributions for each group
combination by resampling the observed data by permutations
and reassigning each observation to a group. Then the
experimental difference between one group and another can
be evaluated on this permutation distribution, which is normal.

For the backflow, because this parameter is a categorical
variable for each measurement, the p-values cannot be
evaluated using the previous test. To compute the p-values
in such a case, Fisher’s exact tests were used. This statistical
test is based on the analysis of a contingency table.

III. RESULTS
A. Flow and tissue visualization

Due to the simultaneous wall and flow velocity
measurements, it becomes possible to study and visualize
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Fig. 3. Tissue motion and flow velocity estimates superimposed with B-mode images for a healthy volunteer (a, c, e) and a patient volunteer (b, d, f) at three
different times: at the start of systole (a, b); at the systolic peak (c, d); and at the end of systole (closure of aortic valve) (e, f). The top-left plot in each
image is the lateral flow velocity in the center of the lumen, and the top-right plot is the scale for the wall velocity (mm/s). For the flow, the colormap gives
the magnitude of the flow (m/s), and the arrows represent both orientation and magnitude. For (e, f), the arrows are not shown for better flow visualization,
because the vessel is in an active contracting phase and the arrows will overlap with the flow estimates. The carotids were recorded with the brain to the left

of the images.

both of these characteristics at the same time. An example of
the visualization is shown in Figure 3. For one of the healthy
volunteers (Figure 3a, b, c), the flow is mainly parabolic
(qualitative inspection) during the cardiac cycle, without any
backflow or unusual flow pattern, and the walls move in
correspondence to the cardiac cycle. For one of the patient
volunteers (Figure 3d, e, f) who was admitted following a
stroke coupled with plaques and calcifications, the radius of
the artery is larger compared to the healthy volunteer. The
flow shows an unusual pattern at the systolic peak (Figure 3e)
close to the upper wall, with a low flow region; the wall was
not moving around this region, and the flow was globally

lower compared to the healthy volunteer. At the end of systole
(Figure 3f), a complex flow pattern occurred, with backflow
in the carotid, and a vortex is visible close to the carotid
bifurcation (left of the image).

B. Carotid properties

The groups were compared in terms of the tissue estimates
(Figure 4), flow measurements (Figure 5), and -carotid
properties (Figure 6). Table III summarizes all of the results
as means and standard deviations, while the p-values for all
of the possible combinations of groups and sub-groups are
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given in Table IV.

The wall velocity range (AV,qy, Figure 4a) decreases
with increased age and from the healthy volunteers to the
patient volunteers. Furthermore, the wall velocity range
separates the young healthy volunteers from the older healthy
volunteers (p-value < 0.01), and the healthy volunteers
from the patient volunteers (p-value < 0.001). The artery
diameter (d, Figure 4b) is significantly greater for the patient
volunteers than the healthy volunteers. The artery diameter
separates both of these groups (p-value < 0.001); however,
no significant differences are observed within the groups. The
arterial strain (S, Figure 4c) decreases with increased age and
is lower for patient volunteers than for healthy volunteers,
with significant differences between the young and older
healthy volunteers (p-value < 0.01) and between the healthy
volunteers and the patient volunteers (p-value < 0.001).

Similar observations are found for the PSV (Figure 5a).
Here, the older healthy volunteers have significantly lower
PSV than the young healthy volunteers (p-value < 0.01),
and the patient volunteers have significantly lower PSV than
the healthy volunteers (p-value < 0.001). The resistivity
index (RI, Figure 5b) appears to decrease with increased
age, and it separates young healthy volunteers from older
healthy volunteers (p-value < 0.01) and the two subgroups
of patients (p-value < 0.05); however, it fails to separate the
healthy volunteers from the patient volunteers. Backflow (B,
Figure 5c¢) is observed primarily in the patient volunteers with
apparent pathologies. It is observed in 67% of these carotids,
compared to less than 10% of all of the carotids in the other
groups, with the difference between the two subgroups of
patient volunteers significant (p-value < 0.05); it also separates
the healthy volunteers from the patient volunteers (p-value <
0.05).

The PWV (Figure 6a) appears to increase with the risk. In
this study, a value greater than 7 m/s always corresponds to
a patient volunteer with a diseased carotid. PWV separates
the healthy volunteers from the patient volunteers (p-value
< 0.01) and the older healthy volunteers from the patient
volunteers with a pathology (p-value < 0.05). The mWSR
(Figure 6b) is lower for the patient volunteers than the healthy
volunteers, with significant difference between these groups
(p-value < 0.001). The pWSR (Figure 6c) is also higher for
the healthy volunteers than for the patient volunteers, with a
significant (p-value < 0.001), and also significantly higher
for young healthy volunteers compared to the older ones
(p-value < 0.01).

Repeatability was also evaluated across the cardiac cycles for
the volunteers with at least three measurements of the same
parameters (related to heart rate and the initial position of the
recording in the cardiac cycle). All of the flow measurements
have low standard deviations, with less than 2 % for PSV
for young healthy volunteers; for instance: PSV = 1.197 m/s
+ 0.6 % (typical example). The standard deviations were less
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Fig. 4. Wall velocity range (AV,,q;1) (a), diameter of the artery (d) (b),
and arterial strain (S) (c). V and P indicate the healthy volunteers and
patient volunteers; lower cases Y, O, N, and P indicate the young, old,
non-pathological, and pathological subgroups.
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TABLE III
METRICS EXTRACTED FROM THE HEALTHY AND PATIENT VOLUNTEER POPULATIONS

Healthy volunteers Patients
Young Older All Non-pathological Pathological All
Metrics pnto pnto nto pnto pto pnto
N =18 N =6 N =24 N =13 N =6 N =19
AVipqu (mm/s)  7.36 4 1.89 4.12 £1.57 6.55 + 2.29 3.05 +1.29 3.73+1.79 3.26 +1.45
Tissue d (mm) 7.72+£0.58 8.00 £ 0.74 7.80 + 0.62 9.28 +0.62 9.56 + 1.12 9.38 +0.80
S (%) 8.48 £2.44 5.14 £2.26 7.65 £2.77 3.21 £1.22 3.19£0.93 3.20£1.11
PSV (mfs) 1.154+0.16 0.90 +£0.13 1.09 £0.19 0.62 +0.16 0.67 +0.20 0.63 +£0.17
Flow RI (%) 82.81 +4.66 74.83+6.66 80.61+£6.18 79.56 £+ 3.76 84.87+5.39 81.24+4.89
B (%) 5.56 £ N/A 0+ N/A 417+ N/A 769+ N/A 66.67 £ N/A 26.32+ N/A
PWYV (m/s) 4.03 £0.98 4.90 £0.79 4.26 +1.00 5.16 £1.18 7.26 £1.94 6.21 £2.11
Advanced  mWSR (s—1) 210 £+ 39 227 £ 25 214 + 36 158 4+ 42 134 4+ 42 150 4 42
pWSR (s~ 1) 1027 + 148 784 £ 121 966 + 176 521 £ 137 513 £+ 141 519 + 134
TABLE IV

P-VALUES BETWEEN THE GROUPS AND SUBGROUPS DEPENDING ON THE METRIC. V AND P INDICATE THE HEALTHY VOLUNTEERS AND PATIENT
VOLUNTEERS, RESPECTIVELY; LOWER CASES Y, O, N, AND P INDICATE THE YOUNG, OLD, NON-PATHOLOGICAL, AND PATHOLOGICAL SUBGROUPS,

RESPECTIVELY.
Metrics V-P Vy-Vo  Pn-Pp Vy-Pn Vy-Pp Vo-Pn Vo-Pp V-Pn V-Pp P-Vy P-Vo
Tissue AVipall < 0.001 0.001 0.356 < 0.001 <0.001 0.135 0.698 < 0.001 0.009 < 0.001
h d < 0.001 0.340 0.499 < 0.001 <0.001 <0.001 < 0.001 <0.001 <0.001 <0.001
S < 0.001 0.007 0981 <0.001 <0.001 0.079 < 0.001 <0.001 <0.001 0.009
Fl PSV < 0.001 0.002 0528 <0.001 <0.001 0.002 < 0.001 <0.001 <0.001 0.002
ow RI 0.814 0.003 0.376 0.057 0.518 0.154 0.323
B 0.331 0.824 0.337 0.691 0.089
Advanced PWV 0.001 0.068  0.138 0.085 < 0.001 0.701 0.140 < 0.001 0.001 0.162
mWSR <0.001 0.343 0.273 0.002 < 0.001 0.003 0.001 < 0.001 <0.001 <0.001 <0.001
pWSR < 0.001 0.002 0.905 < 0.001 <0.001 0.001 0.004 < 0.001 <0.001 <0.001 <o0.001

than 10 % for the pathological patient volunteers; for instance:
PSV = 0.849 m/s &+ 5.3 % (typical example). The tissue
measurements are also accurate, with less than 10 % for all
of the population; for instance: arterial strain: S = 9.38 %
+ 9.5 % (young healthy volunteer), S = 3.24 % + 8.36 %
(pathological patient volunteer). The PWV values are also
repeatable through the cardiac cycles, with standard deviation
of less than 10 %: PWV = 3.60 m/s £ 3.0 % (young healthy
volunteer). Comparisons of the two carotids for the same
volunteers show significant differences; for instance: PWV
(right / left) = 4.45 m/s / 6.41 m/s (older healthy volunteer,
increase of 44.05%); PWV (right / left) = 9.29 m/s / 6.42 m/s
(patient, decrease of 30.89%, right carotid with a plaque).

C. Additional case (internal carotid stenosis)

An additional example is included to show the potential
extension and the feasibility of this method with more complex
geometry and advanced diseased. This case is not included
in the previous measurements as it is a different artery.
Figure 7 shows an internal carotid artery of a patient with
severe stenosis. In the stenotic region, the wall moved slower
compared to the overall upper wall (Figure 7a). Moreover, the
pWSR was greater at this position. Before the stenosis, the
flow was parabolic (qualitative inspection), whereas after the
stenosis, a jetstream is seen with potential out-of-plane flow
surrounding the central jet (Figure 7b).

IV. DISCUSSION AND CONCLUSION

The feasibility of simultaneous measurements of the vessel
wall motion and the blood flow velocity was investigated
here in a relevant clinical context and at high frame rates.
The wall motion and the flow were extracted for all of the
healthy volunteers. For the patient volunteers, excluding the
out-of-plane acquisitions, the feasibility was around 90%,
which is relatively high; the remaining 10% is due to the
strong clutter in the flow. Furthermore, advanced clinical
markers such as PWV and WSR were investigated, and
statistical analysis was performed by comparing the groups
of healthy volunteers to the patient volunteers with different
diseases.

The visualization of the tissue motion and flow shows similar
results for all of the healthy volunteers, with uniform motion
in the wall and a qualitative parabolic flow profile. In the
patient volunteers, the resulting images show complex flow
patterns, vortices, and low-velocity regions close to the wall.
The vector velocity fields allow detailed analysis of the flow
patterns compared to the conventional color Doppler imaging,
where only one component of the velocity can be extracted.
The technique can also be used for the detection of unusual
wall motion. In this study, the method highlights motionless
parts of the arterial wall.

Using the measured parameters, it was possible to separate
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Fig. 7. Flow and tissue velocity estimates superimposed with the B-mode
images for the internal carotid artery with stenosis (a). Tissue velocity is
replaced with the local pWSR along the wall (b). The top-left plot in each
image is the lateral flow velocity in the center of the lumen, and the top-right
plot in (a) is the scale for the wall velocity (mm/s), while the colors in
the wall in (b) represent the peak wall shear rates (s~1). For the flow, the
colormap gives the magnitude of the flow (m/s), while the arrows represent
both the orientation and the magnitude. The carotids were recorded with the
brain to the left of the images.

the healthy volunteers from the patient volunteers, the young
from the elderly, and the patient volunteers with an apparent
disease from the others.

Several aspects can be defined as limitations here. First, due
to the small number of patients, this study must be regarded
as proof of concept, or a pilot study for transfer to the
clinic, and not a full clinical study. The grouping was not
disease-specific due to the limited number of patients, and it
is not possible to correlate the different disease parameters as
some diseases can have opposite behaviors. Such grouping
could reveal more disease-specific behavior, such as higher
PSV for stenosis or increased PWV for rigid plaques. In this
study, the markers revealed overall trends for validation. Also,
the grouping of the patients was based on the observations of
the cardiologist during the conventional screening. However,
this does not exclude undetected diseases in the arterial system
or hypertension/ hypotension. This aspect might explain the
difficulty in the separation of the two subgroups of patients
and the variability in the measurements for the two subgroups.
Some missing histories might also lead to bias for the patients.

Even if most of the computation is automatic here,
inter-observer or intra-observer variation might lead to
different measurements, and this should be estimated in any
extended study. Moreover, the out-of-plane motion might
affect the estimates, and aligning of the probe to the carotid
geometry is challenging, especially in the patient population.
The 2D tracking of the wall was impossible in the patient
population due to noisy and probably inaccurate lateral
tracking, which resulted in the use of an axial velocity
estimator; out-of-plane motion is the possible explanation
here. Moreover, this limitation is certainly at the origin of
errors in the measurements of the WSR for the complex flow
that is not in the scan plane. A solution might be to use a
3D imaging technique for both the tissue and flow motion
estimations. Unfortunately, 3D imaging is still challenging
in vivo, especially for the extraction of vector velocity fields
in the flow. However, significant progress has already been
made, as demonstrated by Papadacci et al. [57] in a feasibility
study of color and tissue Doppler with a single beat in the
left ventricle. Finally, the WSR was measured in this study,
and not the wall shear stress. Although the stress due to the
passing blood flow would be better represented by the wall
shear stress, this value is dependent on the value of the blood
viscosity (WSS = uW SR, where p is the viscosity of the
flow), which can change locally in the arterial system. We
also limited our study to nine potential markers, although
many other potential markers exist, such as, for instance,
vortography [58], flow complexity [59], pulse wave extracted
from the flow, or longitudinal motion in the wall [60]. The
increase in the number of markers would make the analysis
challenging. One possible solution would be the use of
artificial intelligence to analyze all of the markers, and also to
automatically segment the lumen, as for cardiac imaging [61].

Overall, this study shows the feasibility of the investigated
methods in a clinical context using a research scanner. The
velocity-derived measurements were successfully extracted for
both the healthy volunteers and the relevant patient volunteer
population, including complex geometries with stenosis and
remodeling. Future studies should include more carotids with
different profiles, to specifically evaluate the potential clinical
benefits. The next step will be a longitudinal study to
determine whether the combination of wall motion and flow
estimates will lead to better detection of high-risk profiles and
early detection of plaques, and will assist the clinician in the
vulnerability assessment of plaques, to decide whether surgical
treatment is appropriate. Depending on the benefits, closer
collaborations with clinicians must be established to assess
the feasibility of the potential application of this technique to
the clinic.
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