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ABSTRACT

Conventional Ultrasound (US) Doppler methods for blood
flow imaging are limited to velocity estimations only in the
axial direction, i.e. along the beam direction. Transverse
oscillations (TO) methods extend blood investigations
towards multidimensional estimates, and detailed
descriptions of complex and fast blood flows are achievable
by high frame-rate (HFR) imaging methods. In this work,
TO are coupled with plane-waves (PWs) to reconstruct
radio-frequency (RF) images with bi-directional oscillations
in the pulse-echo field. The achieved RF images are
exploited by a 2D phase-based displacement estimator to
produce 2D-vector flow maps. A preliminary simulation
study confirmed the capability of the method to produce the
designed oscillations in the RF pulse-echo fields as well as
the possibility to obtain 2D-vector maps with errors lower
than 10% in many different conditions.

Index Terms— Ultrasound, blood-flow imaging, high
frame-rate imaging, plane waves, transverse oscillations

1. INTRODUCTION

The most important limitation of conventional US blood
flow imaging is the estimation of only one component of the
blood velocity vector (i.e. along the axial direction) [1]. To
extend the estimation along multiple directions, the multi-
beam approaches [2] combine several Doppler
measurements ([3], [4]). Furthermore, the 2D cross-
correlation function has been used to achieve bi-dimensional
blood maps of the 2D-vector velocity, first by Trahey et al.
(the “speckle-tracking” methods [5]), and, more recently, by
Udesen et al. [6], exploiting the transmission of plane waves
(PWs) at high frame-rate (HFR). Similar results are obtained
in [7], where PWs imaging has been coupled with a
frequency-domain algorithm. Another technique for blood
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flow imaging is the “transverse oscillations” (TO) theory
[8], [9], which has been implemented in a real-time
commercial system (BK Medical ApS, Denmark).

In this work, TO are coupled with PWs imaging to achieve
2D-vector maps of blood flow. The method implements an
original parallel beamforming in reception, which consists
in a dynamic apodization on the received signals to
generate, in the pulse-echo field of the entire RF image,
controlled oscillations in both the axial and the transverse
direction. Such double oscillating images are exploited by a
phase-based  estimator,  previously  proposed  for
elastographic applications [10], to obtain the 2D-vector
maps. In the following sections, the method is presented and
tested by simulations in different conditions.

2. METHODS

2.1. Plane-waves transverse-oscillations imaging

64 elements of a linear array transducer are excited by
sinusoidal bursts, to transmit plane-waves at 15 kHz pulse
repetition frequency (PRF). The same elements are used to
receive the echoes backscattered by the region of interest
(ROI) under investigation. Each point of the i** RF image
(in the following, RF;) is obtained by a conventional delay
and sum beamforming [11]:

64
RF;(z,x) = Z w; RF; (T(&‘j,Z, x)) )

j=1

where j indicates one of the probe elements, & is the
transducer element position, (z,x) are the axial and lateral
coordinates of the point, w; is the receive apodization
weighting function, RF; is the received radio-frequency
signals, and 7 the travelling time from the point (z, x) to the
transducer element (&;).

Transverse oscillations in the pulse-echo field are obtainable
through a dynamic beamforming in receive [12]. Here, a
double Gaussian for the receive apodization function wj is
employed:
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where x, is the position of the Gaussian peaks on the
transducer, and g, is their width at half maximum. Note that
w; depends on z because, according to the TO theory, x,
has to be modulated as a function of depth (z) to obtain an
oscillation with a constant transverse wavelength (4,):

Az 3)
X9 = 1

where 1,= c/f, is the axial oscillation, c the speed of sound
and f, the burst central frequency.

The apodization function is defined on a convenient subset
of elements, and, as notable from (2), it is laterally centered
on x. In general, if L is the width of each mainlobe of the
Gaussian apodization, one axial line located at x is obtained
by the beamforming of the 2L channels selected in the
neighborhood of x (i.e. L in each direction) (see Fig. 1).
Since the RF dataset is the same for each line that has to be
reconstructed, a parallel beamforming in receive is
adoptable, to strictly reduce the algorithm execution time.

Transducer elements (j)

Apochz_éncm (wJ)

]

Depth (z) [mm]

3.4 -1.7 0 +1.7  +3.4
Lateral axis (x) [mm]

Fig. 1. The PWs-TO imaging method, with the apodization
function on 64 RX channels and 16 elements for the Gaussian
main-lobe (L), and a B-mode image of the simulated setup. As
example, the point (x,z) = (0.12,25), located on the element
j =33, has been obtained beamforming the adjacent 32 RF
channels (i.e. j = {17,48}). The red dash-dotted lines correspond
to the apodization function for the point (x,z) = (—3.4,22), and
the green dotted lines correspond to the point (x, z) = (3.4, 28).

2.2. 2D-vector phase-based estimator

The 2D-vector image is achieved by the phase-based
estimator proposed by [10], that defines a mesh of blocks on

the RF; and locally calculates the 2D displacement (d,,d,)
between two equivalent blocks that belong respectively to
two consecutive RF;:

P+,
27 4nmf, x -

Y=,

4rf,

where ; and 1, are the phase differences between the
analytical images of the two RF;, calculated respectively on
the orthants 1 and 2. The velocity vector is obtained
multiplying for the frame-rate (FR) the 2D displacements:

U= (d,z+ d®) FR = v,2 + v, % .

An extended vector map is obtained repeating the estimation
on all the blocks defined into the ROI. Finally, velocities are
filtered by a mean temporal filter on 20 frames.

2.3. Simulation setup

A Field II-based [13] [14] software has been used to
simulate the scatterers movement inside a vessel phantom
located at 25 mm depth, inclined of 70° with respect to the
beam direction, with a 4 mm internal radius (see Fig. 1). The
scatterers (25/mm’ density) have been shaped to a parabolic
steady flow with a 100 cm/s velocity peak, and the
backscatter intensity was -20dB with respect to the walls.
The 64 elements of the linear probe (110% bandwidth @ 8
MHz, 245 pm pitch) have been excited by N, sinusoidal
cycles at f, central frequency. Transverse oscillations at A,
lateral wavelength have been generated apodizing the 64 RX
channels with a double Gaussian function on 32 elements
(L=16 elements for each mainlobe), and an RF; extended on
32 lateral lines has been obtained.

The method performance at reference setup conditions (the
bolded values in Tab. 1 represents “reference setup”) has
been compared with different conditions, obtained swapping
each single parameter to different values.

A stationary echo-canceling filter has been used on 20 RF;,
to remove the backscattered contributions of the walls [6].
Setting the speed of sound (c) to 1480 cm/s and the system
sampling frequency to 50 MHz, the spatial resolution §, was
14.8 pm in the axial direction, whereas in the lateral
direction &, is 245 pm (i.e. the pitch). Finally, the phased-
based algorithm has been employed adopting a block of
(32x12) samples (axial and lateral size, respectively).

Tab. 1 — Simulation setup

PWs-TO parameters Value

No. transmit cycles (N¢) [3,5,8, 11, 14]

Central frequency (f) [5,6,7,8] MHz

Lateral wavelength (4,) [0.49, 0.74, 0.98, 1.23, 1.47, 1.72,
1.96] mm

Tab. 1. Simulation setup. The “reference setup” corresponds to the
parameters in bold type. Note that the values for the lateral
wavelengths correspond to [2, 3,4, 5, 6, 7, 8] lines.
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2.4. Performance metrics

The method performance has been evaluated by the relative
bias and the standard deviation of the estimated velocity (¥)
compared to the theoretical parabolic profiles (v) calculated
on 20 lines, uniformly distributed in the centre of the ROI.
Metrics of each velocity component are defined as follows:

Ny Ng Ny
1 1 1 "
= D e )
j=1 i=1 k=1

Ny Ng Ny
0= D i D > (B3 pi) ~ vz x))
v Nl‘lv()ZNd'lekl v v
j= i= =

where (Zi, Xj, pk) indicates the point (z;, x;) of the frame py,
v, is the component of the peak velocity, N; is the number
of estimation lines (20), N, is the number of axial samples
and Ny is the number of frames (499).

3. RESULTS

3.1. Pulse-echo field

The method capability to obtain double oscillating fields is
demonstrated by Fig. 2, where a block of a simulated RF;,
obtained in the “reference setup” conditions (f, = 6 MHz, 1,
= 1.47 mm), is considered.
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Fig. 2. The pulse-echo field of a block located at the center of a
simulated vessel. In a) the double oscillating field. In b) the RF
signal, and, in c), the TO signal are shown, both referred in a) to
the vertical and the horizontal white sections, respectively. In d),
the 2D-DFT of the block of a).

In particular, Fig. 2a shows the pulse-echo field of a single
block located at the center of the vessel. The oscillations of
an illustrative block along the axial and lateral directions are
respectively illustrated in b) and c), and the 2D Discrete
Fourier Transform (2D-DFT) of the block is shown in d).
Pulse-echo field estimations on a block point out an axial
oscillation f, = 6.12 MHz, and the lateral oscillation (1, =
1.49 mm). The squared waveform is due to the poor lateral
sampling frequency.

3.2. Blood flow simulations

The simulations were obtained changing the fundamental
parameters of the PWs-TO method: the number of transmit
cycles (Fig. 3a), the central frequency (Fig. 3b) and the
lateral wavelength (Fig. 3c). The effects of the variation on
the estimated velocity components (v,, v,) are evaluated in
terms of the bias and the standard deviations defined in
section 2.4.
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Fig. 3. Velocity performance metrics (bias and standard deviations)
as functions of the varying parameters indicated in Tab. 1: in a) the
number of transmit cycles (N;), the central frequency in
transmission (f,), and the lateral wavelength (4,). Underlined
values in the x-axis correspond to the “reference setup”.
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In Fig. 4, a vector map obtained by the method is illustrated.
The gray-scaled B-mode image of the simulated vessel,
obtained by the demodulation of the RF;, is overlaid by the
vector map that describes the parabolic blood flow.
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Fig. 4. A vector map of the simulation at the reference setup. The
number of the arrows is undersampled by a factor of 50 with
respect to estimations, in order to facilitate the comprehension by
the reader.

Method performance is described also by the histograms of
Fig. 5, which illustrates the distributions of the velocity
components obtained in a single block located at the center
of the vessel. The mean values of each distribution result in
the components of the velocity vector centered into the
block.
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Fig. 5. Histograms of the distribution of the axial (a) and the lateral
(b) velocities inside a block located at the geometrical center of the
vessel (the same of Fig. 2). Red line indicates the simulated
velocity, while the dashed green line indicates the estimated
velocities (i.e. the mean value of the distribution).

4. DISCUSSION AND CONCLUSION

In this paper, a new method for US imaging, based on the
PWs transmission and the TO theory, is presented. The
method has been coupled with a phase-based estimator to
achieve 2D vector maps of simulated blood flows.

The method performance is described with simulations
obtained changing specific parameters of the US system.
The pulse-echo field in Fig. 2 Fig. 4shows that the here
proposed PWs-TO beamforming is capable to generates
images with the expected oscillations in the pulse-echo
field. The quality of such images is adequate for the phase-
based estimator, achieving extended 2D-vector maps of the
blood velocity ( Fig. 4) with performance metrics around
10%. In particular, if the number of burst cycles (N;) is
increased (Fig. 3a), the power in transmission is higher, and
better performance is obtained. Increasing N is commonly
adopted in TO imaging based on the receive beamforming
(e.g. the double Gaussian apodization) [15], in order to
compensate the attenuation of RF signals, that is
unavoidable to obtain the oscillations in the transversal
direction.

Results of Fig. 3b corresponds to the TO theory, that
suggests the use of lower central frequencies to obtain better
transverse oscillations (and performance), although it is
important to remain in the full-band of the transducer.

Fig. 3c outlines the drop of performance with lower A,.
Such errors are unrelated with the aliasing, which
commonly affects the displacement estimators which are
based on the calculation of the phase difference of complex
signals. Using a so high frame-rate, the lateral peak
velocities (93cm/s at 70° of beam-to-flow angle)
corresponds to a lateral displacement (0.03 mm at 15kHz
frame-rate) in the order of 4, /20, which is much lower than
the theoretical aliasing limit (1,/2). Results of Fig. 3c
highlight that if A, is lower than 5 times the pitch (1.23
mm), the performance drops because the phase of transverse
oscillation is quantized with a number of points that is
insufficient for the estimator, and, according to the theory,
fast TO oscillations cannot be obtained for extended depths.

Future work will be done to illustrate the method capability
to obtain the designed double-oscillations fields, with point
spread functions and statistical indexes (bias and standard
deviation), that aimed to describe quantitatively the
oscillations obtained with different system parameters.
Results will also guide the optimization of the displacement
estimator, and different block sizes in the axial and the
lateral directions will be tested. The performance in terms of
the computational load will be estimated and compared to
other methods implementations. To evaluate the method
sensitivity to different conditions, blood flow simulations
will be performed changing the beam-to-flow angle, the
barycenter depth and the velocity profile of the vessel. In-
vitro and in-vivo experiments will be made, to test method
performance in operative conditions.
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