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Abstract— In this paper, a flow estimation method based on
transverse oscillation is applied, in high frame rate conditions, to the
data collected using a convex array. All simulations were based on
the transmission of the “natural” diverging wave due to the convex
geometry of the probe when all elements are simultaneously excited.
Transverse oscillation was introduced in the tangential direction in
post-acquisition in the Fourier domain. Finally, 2D velocity vectors
were extracted thanks to a phase-based estimator. Velocities were
estimated with a bias of 8% of the peak velocity and a standard
deviation lower than 7 %. The method is now ready for experimental
tests on flow phantoms and in vivo studies.
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I. INTRODUCTION

Cardiovascular diseases are known to induce modifications
in artery properties such as elasticity, influencing the blood flow
patterns and wall motions [1]-[3]. Ultrasound imaging is
commonly used in hospitals to visualize blood vessels with
frame rates typically below 100 images per second. Over the last
two decades, ultrafast (high frame rate) imaging has been
developed, allowing to produce more than 1000 images per
second, depending on the depth of interest. This increased
framerate allows the study of fast transient phenomena, and thus
represents a powerful diagnosis tool [4].

In order to evaluate the health conditions of blood vessels a
typical approach consists in measuring parameters related either
to hemodynamics or to wall mechanics. These two aspects are
usually studied separately even if wall and flow motions are
inherently linked and should, therefore, be analyzed together.
Several studies have been published on estimating the blood and
tissues motion simultaneously using linear probes [5]-[10].
However, to the best of our knowledge, no similar results have
been obtained using a convex probe.

Developing specific methods for convex probe geometry can
be useful for the detection of cardiovascular diseases in vessels
that are usually accessed by such probes. For example,
aneurysm, a vascular disease characterized by a local increase in
vessel diameter superior to 50%, develops in 80% of cases in the
abdominal aorta. The presence of such disease induces
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significant changes in wall mechanics and blood flow patterns
[3]. The abdominal aorta is a deep artery and is therefore
typically scanned with convex probes thanks to their relatively
low frequency and large field of view.

Our final objective is to simultaneously estimate blood flow
and tissue motion at high frame rate using a convex probe. This
paper presents a preliminary study of the estimation of the 2D
vector flow.

High frame rate vector flow imaging (HFR-VFI) produces
detailed 2D velocity maps of medical interest like proven by the
literature on carotid imaging using linear arrays. However, only
a few studies present methods for using HFR-VFI with convex
arrays. Either low frame rates are employed (< 100 fps, [11]) or
contrast agents are used [12]. The transition from linear to
convex geometry is not trivial, as all steps from beamforming to
motion estimation must be suitably adapted to the convex
geometry of the probe.

Transverse oscillation has been developed for flow
estimation in 2D [13], [14]. Our group was among the first to
combine the HFR transmission of plane waves with the use of
transverse oscillation for HFR-VFI [15]. Transverse oscillation
has been used by Jensen ef al to access blood flow with a convex
probe first in simulations [16] and then in livers in vivo but at a
relatively low framerate ( < 100 fps [11], [17], [18]). In this
paper, we propose to combine transverse oscillation with
diverging wave emission using a convex probe.

In the following section, the material and the transverse
oscillation method in convex geometry are presented. Section I11
presents the results. Finally, Sections IV and V conclude the
paper with a discussion of the results and a conclusion.

II. MATERIAL AND METHOD

A. Data acquisition

A straight vessel of 2 cm radius at 7 cm depth, with a laminar
steady flow of 0.4 m/s peak velocity was simulated by Field II
[19], [20]. The vessel was set perpendicular to the probe axis.

One naturally divergent wave (no delays in transmission, no
compounding) was emitted at the pulse repetition frequency
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(PRF) of 4 kHz with a convex array of similar properties as the
C5-2 Philips probe. The acquisition parameters are detailed in
Table . Beamforming was achieved using a conventional delay-
and-sum (DAS) algorithm with f; =1 in receive. The
simulation was performed 20 times over different set of
scatterers for repeatability evaluation.

TABLE L. ACQUISITION PARAMETERS
Probe pitch 424 um
Probe number of elements 128
Probe radius of curvature R =412 mm
Transmit frequency fo=3.125 MHz
Sampling frequency 12.5 MHz
Transmit burst 5-cycle sinusoidal burst
Speed of sound c=1540 m/s
Pulse repetition frequency PRF =4000 Hz
Transmit apodization Rectangular
Receive apodization Rectangular
Number of simulations 20
Number of frames per simulation 20

B. Flow estimation

Flow estimation was performed using the transverse
oscillation technique. All following operations are carried out in
the polar coordinate system of the probe since the point spread
function (PSF) is invariant with angle in this domain.
Interpolation over a Cartesian grid was used for visualization
purpose only. Transverse oscillation is introduced in post-
processing by multiplying the 2D Fourier spectrum of each RF
image by a mask made of two Gaussians [21]. In this way, only
the desired tangential wavelengths are preserved. The resulting
Fourier spectrum is composed of four spots corresponding to the
radial (natural) and tangential (introduced with the mask
multiplication) frequencies. The natural radial oscillation due to
ultrasound has a wavelength of A, = 0.25 mm. Transverse
oscillation was introduced with a wavelength of 1 = 1.12°,
resulting in a wavelength of 1.8 mm at 5 cm depth (phantom
starting depth) and of 2.6 mm at 9 cm depth (phantom ending
depth) at the middle of the probe. The PSFs obtained after the
transverse oscillation filtering in polar and Cartesian system are
shown in Figure 1.

After this filtering, 2D analytical signals were extracted by
selecting two different quadrants in the Fourier domain [22].
This technique assumes that the 2D oscillations now present in
the RF images can be described as the product of two 1D
oscillation signals. Each extracted analytic signal corresponds to
one 1D oscillation signal and a phase base motion estimator can
be used to recover motions. First, phase estimation is performed
using a technique similar to the approach by Kasai et a/ [23] for
the classic 1D case

Cartesian

Polar

Wihout TO

With TO

Figure 1: PSFs obtained at 5°, 5 cm radial distance, before and

after transverse oscillation (TO) filtering, in polar and Cartesian

coordinates; 2D oscillations can be seen after transverse

oscillation filtering; PSF orientations are visible in Cartesian
t+T/,
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where R, and R, denote the complex autocorrelation
function of the first and second quadrant analytic signal,
respectively, £ is the angle function and T the ensemble length.
For each 20-frame long estimation, the ensemble length was set
at T = 16 frames. Spatial averaging was performed onto the
complex autocorrelation estimates to reduce noise in the
velocity estimation, a 2D rectangular window of size 1 mm (4
A) per 2.24° (2 Ag) was used. Here, the analytical signals
extracted correspond to the two upper regions in the Fourier
domain, i.e. to respectively the negative radial and negative
tangential frequencies, and the negative radial and positive
tangential frequencies. Then motion in the polar system was
recovered from the phase shift

r =X (G + )
—cx Pt 2)
Vg = M;:F X (¢p1— ¢2)

where ¢ is the speed of sound (m/s), f, the transmit
frequency (Hz) and f, (degree™!) the tangential frequency of the
transverse oscillation. The radial velocity v, and the tangential
velocity v, thus obtained are expressed in m/s and degree/s. The
tangential motion is converted into m/s

Vg (i, mys = sin(ve (i, )oss) * (R +737) (3)
where (i,j) denotes pixel coordinates and 7;; the radial

distance of such pixel. R is the radius of the convex probe.

The tangential and radial velocities are projected into axial
v, and lateral v, velocities

{‘Ux(i,j) =v,.(i,j) X sin(B(i‘j)) + v (i,)) X cos(e(i,j)) @

v,(i,)) = v.(i,j) X sin(ﬁ(i‘j)) —vy(i,)) X cos(H(l-J-))

where 0; ; denotes the polar angle of the pixel of coordinates

@J)-
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Figure 2: (a) Mean 2D flow velocity map of one of the simulated vessel phantom superimposed on its B-mode image; (b) Mean absolute
angle between the ultrasound beam and the estimated blood flow for one simulation over the entire vessel height; (c) Mean radial (left)
and tangential (right) velocities at the middle of the phantom (z =7 cm) in all simulations, the estimation loses in accuracy with the lateral
distance due to loss of signals intensity and PSF orientation; (d) Mean axial (left) and lateral (right) velocities inside the vessel phantom
over a 5 cm lateral field of view for all simulations, the residual axial estimate has a maximum absolute value lower than 0.01 m/s, the

lateral velocity is estimated with an NRMSE lower than 5%.

III. RESULTS

For visualization purpose, the estimated velocities were
interpolated over a Cartesian grid. Results are shown Figure 2.

Figure 2 (a) shows the motion vectors superimposed to
color-coded velocities over a 5 cm wide field of view (FOV) for
one simulation. Figure 2 (c) shows the mean estimated radial
(left) and tangential velocities (right) in the middle of the vessel
in all simulations. As expected, the estimation is more accurate
alongside the propagation of the ultrasound beams (radial
direction) where the oscillations are naturally present. The

estimation accuracy is lower near the image edges due to a lack
of signal and to the increase deformation of the PSF with the
lateral distance. The FOV in which the tangential velocity can
be estimated with a normal root mean square error (NRMSE)
lower than 8% of the peak velocity is equal to 5 cm.

Figure 2 (d) shows the mean axial (left) and lateral (right)
velocities over a 5 cm FOV for all simulations. Axial and lateral
velocities are recovered from the radial and tangential velocities
by using eq. (4). The axial blood velocity is correctly recovered
with an NRMSE lower than 5% of the peak velocity. The
residual axial estimate has a maximum absolute value lower than
0.01 m/s.
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Figure 2 (b) shows the absolute angle between the ultrasound
beam and the estimated blood flow for one simulation. The
NRMSE is lower than 8% of the peak velocity over a 5 cm wide
FOV.

IV. DISCUSSION

These results are encouraging, proving the ability of the
method of estimating tangential and radial motions over a large
FOV (5 cm) and up to a depth of 9 cm. The axial and lateral
motions can be recovered accurately and easily understandable
2D velocity maps can be displayed (Figure 2 (a)). Nevertheless,
this work is only preliminary and further studies are planned.
The effect of clutter, which may yield tissue artifacts inside the
vessel lumen, was not taken into account here. Since the final
goal of this work is to simultaneously obtain tissue and blood
motions, it could be interesting to use the information on tissue
motion to create a temporal adaptive clutter filter [24] allowing
more accurate blood flow estimation near the vessel walls.
Tissue motion does not have the same properties as blood flow,
therefore the parameters of the transverse oscillation and phase
based motion estimator should be adapted accordingly.

V. CONCLUSION

In this paper, an imaging method able to detect the 2D blood
flow pattern at 4 kHz frame rate using a convex probe has been
presented. A phase-based motion estimator was used together
with the transverse oscillation technique adapted to a divergent
wave insonification. The results are promising and the estimated
radial and tangential motions enable accurate recovery of axial
and lateral motions. Velocity maps of the 2D blood flow can be
displayed and have the potential to provide a useful visualization
diagnostic tools for clinicians.
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