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Technical University of Denmark, DK-2800 Lyngby, Denmark

Abstract—In this paper, a vector flow imaging method is
presented, which combines the directional transverse oscillation
approach with synthetic aperture sequential beamforming to
achieve an efficient estimation of the velocities. A double-
oscillating field is synthesized using two sets of focused emis-
sions separated by a distance in the lateral direction. A low-
resolution line (LRL) is created for each emission in the first
stage beamformer, and a second beamformer provides the high-
resolution data used for the velocity estimation. The method
makes it possible to have continuously available data in the
whole image. Therefore, high and low velocities can be estimated
with a high frame rate and a low standard deviation. The first
stage is a fixed-focus beamformer that can be integrated in
the transducer handle, enabling the wireless transmission of the
LRLs. The approach does not require any angle compensation
or prior knowledge on the beam-to-flow angle. The feasibility
of the method is demonstrated through simulations and flow
rig measurements of a parabolic flow in a vessel at 90-degree
beam-to-flow angle. The mean bias obtained from 50 independent
measurements is equal to -0.67% for the lateral profile and -
0.43% for the axial profile. The relative standard deviation is
3.19% and 0.47% for the lateral and axial profiles. It is, therefore,
demonstrated that vector velocity estimation can be efficiently
integrated in a portable ultrasound scanner with state-of-the-art
performance.

I. INTRODUCTION

The visualization of blood flow dynamics in a vectorial
form is an effective tool for the assessment of a number
of cardiovascular diseases. The estimation of 2-D velocity
vectors allows the clinicians to extract useful information from
complex flow patterns and perform quantitative measurements.
A number of vector flow imaging (VFI) methods have been
proposed in the literature [1]–[4]. Recently, Jensen [5] pre-
sented a directional transverse oscillation (DTO) approach,
which improves the previous transverse oscillation (TO) im-
plementation.

The integration of VFI in a handheld scanner opens a
wide range of new potential applications. The feasibility of
a color flow mapping sequence implemented in a consumer-
level tablet was demonstrated by Hemmsen et al. [6] based
on synthetic aperture sequential beamforming (SASB) [7], [8].
The fixed-focused ultrasound lines were wirelessly transmitted
to the tablet, where re-focusing and velocity estimation were
performed. The approach was based on directional beam-
forming [9]. Due to the high computational requirements of

the method, given, in particular, by the necessity of cross-
correlating the directional lines for the velocity estimation,
thermal issues compromised the real-time performance of
the imaging sequence. Furthermore, the method requires the
knowledge of the flow angle, which needs to be estimated with
increased computational demand.

In this paper, a VFI method is presented, which combines
SASB with DTO to achieve a more efficient estimation of
the velocities. The method is based on an autocorrelation
approach, and does not require any prior estimation of the flow
angle. Simulations of a parabolic flow profile in a vessel at 90◦

beam-to-flow angle were performed in Field II [10], [11] using
a linear array transducer to demonstrate the feasibility of the
approach. Measurements in a flow rig, finally, demonstrate its
performance in a realistic situation.

II. BACKGROUND AND THEORY

A. Directional Transverse Oscillation

In DTO, a weakly focused beam is emitted and the ultra-
sound field received by all the transducer elements is beam-
formed using two apodized apertures separated by a distance
in the lateral direction. This creates a double-oscillating pulse-
echo field, which allows to estimate the blood velocity in the
axial and lateral dimensions.

At a given depth l, the signal x(k, l,m) is beamformed in
the direction transverse to the direction of propagation of the
ultrasound beam, with k the sample index along the lateral
direction, and m the emission index. The quadrature signal
required for the velocity estimation [12] is then obtained by
performing a Hilbert transform of the lateral signal

y(k, l,m) = Hk{x(k, l,m)}, (1)

where Hk is the Hilbert transform in the direction of k.
A complex signal

rsq(k, l,m) = x(k, l,m) + jy(k, l,m) (2)

is created by combining the in-phase and quadrature lateral
signals, and the lateral wavelength is calculated as:

1

λx(l,m)
= fx(l,m) =

∑N/2
f=−N/2

f
N∆k |Rsq(f, l,m)|2∑N/2

f=−N/2 |Rsq(f, l,m)|2
(3)
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Fig. 1. Imaging setup for SASB DTO with a linear array transducer.

with Rsq the Fourier transform of the directional signal rsq
along the lateral direction, N the number of Fourier coeffi-
cients, f the sample index in the Fourier domain, and ∆k the
lateral spatial sampling period. For the equations involved in
the velocity estimation, readers are referred to [5].

Contrary to conventional TO, the lateral oscillation wave-
length λx is directly estimated as a function of the depth from
the beamformed data, relieving the method of the need to
precisely calibrate the beamformers. λx can also be averaged
over the axial dimension to improve the variance of the
estimate. Furthermore, DTO decouples the lateral wavelength
from the apodization function, maintaining a low bias for the
velocity estimation along the depth.

B. Laterally oscillating field using SASB

In the proposed method, the laterally oscillating field is
synthesized using two sets of virtual sources (VSs) separated
by a distance D, as shown in Fig. 1. Each set is referred
to as virtual aperture (VA). The VSs are obtained by using
a static focus in transmit and receive. For each emission, a
low-resolution line (LRL) is beamformed in the first stage.
A double-oscillating field is then created by the second stage
beamformer from a set of K weighted LRLs - K = 6 in Fig.
1 - in the whole high-resolution image (HRI) at once (dashed
line in Fig. 1). The extent of this image is a function of the
f-number of the VSs and the distance D.

The high-resolution lateral signal xhr(k, l,m) is found at
the depth l in the m-th HRI. The velocity estimation is
performed as explained in Sec. II-A, where xhr is used in place
of x in (1) and (2). A new lateral signal is calculated after
every K emissions. Therefore, the effective pulse repetition
period for the flow estimation, referred to as T eff

prf , is equal to
KTprf , with Tprf the repetition period of the flow sequence.

It must be noticed that, unlike DTO, which estimates the
velocities on a line base, the proposed approach provides ve-
locity estimates everywhere in the HRI. Therefore, continuous

TABLE I
FIXED SIMULATION AND MEASUREMENT PARAMETERS

Speed of sound 1490 m s−1

Transducer parameters
Transducer Linear array -
Element pitch 0.55 λ

Virtual sources parameters
Excitation 4-cycle weighted -
Center frequency 4.1 MHz
Transmit apodization Rectangular -
Receive apodization Hamming -
f-number - f# 1.19 -
Axial position 10 mm
Number of VSs - K 6 -
Effective repetition frequency - feff

prf
1.5 kHz

VA apodization Rectangular -

Beamforming parameters -
Lateral sampling frequency 10 000 1/m
Lateral signal length 32 sample

TABLE II
PARAMETERS VARIED IN SIMULATION

VA distance - D 16 - 24 - 32 - 40 element48 - 56 - 64 - 72

HRI per estimate - M 8 - 16 - 32 -64 - 96 - 128

data is available, and high and low velocities can be estimated
at once with a high frame rate and a low standard deviation.
Furthermore, only one beamformed LRL for each emission
needs to be transmitted from the probe to the processing unit,
if the fixed-focus beamformer is implemented in the probe
handle. As a result, the transmission can be achieved through
a wireless link.

III. METHODS

A. Simulation setup

Simulations were performed in Field II to investigate the
potential of the method. A simulation model was developed in
MATLAB (The MathWorks Inc., Natick, MA, USA), and the
second stage beamformer was implemented using the BFT3
toolbox [13]. The parameters fixed for all the simulations are
reported in Table I. A 0.55λ-pitch linear array transducer was
used with a center frequency of 4.1 MHz. The effective pulse
repetition frequency for the flow sequence was set to feffprf =

1.5 kHz (T eff
prf = 1/feffprf ). The f-number was f# = 1.19.

A parabolic flow in a vessel with a 6 −mm radius located at
a depth of 50 mm with 90◦ beam-to-flow angle was simulated.
At least 20 scatterers per resolution volume were considered to
ensure fully developed speckle. The peak velocity was vmax =
0.2 m s−1. The distance D between the VAs and the number M
of HRIs used per velocity estimate were varied to investigate
their effect on the performance of the approach (Table II).
The mean bias and the relative standard deviation for the
velocity estimation were calculated inside the vessel from 50
independent simulations.

B. Measurement setup

A parabolic flow in a 6 −mm radius tube was scanned in a
flow rig system. The SARUS scanner [14] was connected to a
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Fig. 2. The simulated double-oscillating PSF at 50mm for D = 48 is shown
in the top figure; the signal obtained by sampling the PSF at the peak point in
the lateral direction and its Hilbert transform are shown in the middle image;
the bottom image shows the one-sided spectrum used for the estimation of
the lateral wavelength.

BK Ultrasound (Herlev, Denmark) 2L8 linear array transducer,
which has a center frequency of 4.1 MHz and a 0.55λ pitch.
The volume flow was measured for reference using a magnetic
flow meter (MAG3000, Danfoss, Nordborg, Denmark). The
vessel was located at a depth of 50 mm with a beam-to-flow
angle of 90◦ and a peak velocity of 0.21 m s−1. The same
parameters as in Table I were used for the measurements. The
distance between the VAs was varied as in Table II, while M
was fixed to 32. The pulse repetition frequency of the system
was set to fprf = 9 kHz. Stationary-echo cancelling was
achieved by averaging 16 high-resolution images. The mean
bias and the relative standard deviation were calculated for the
points inside the vessel from 50 estimations with independent
data.

IV. RESULTS

The simulated double-oscillating point spread function
(PSF) at a depth of 50 mm is displayed in Fig. 2 (top) for
D = 48, along with the signal obtained by sampling the PSF at
the peak point in the lateral direction and its Hilbert transform
(middle). The bottom figure shows the one-sided spectrum
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Fig. 3. Mean bias (top) and relative standard deviation (bottom) for the
simulated lateral (red-solid) and axial (blue-dotted) velocity profiles as a
function of the distance D between VAs.
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Fig. 4. Mean bias (top) and relative standard deviation (bottom) for the
simulated lateral and axial profiles as a function of the number M of HRIs
used per estimate.

obtained by Fourier transforming the complex lateral signal.
This is used to estimate the lateral wavelength as in (3).

Fig. 3 shows the mean bias (top) and the relative standard
deviation (bottom) for the simulated velocity profiles as a
function of the distance D. The mean bias for the lateral
profile decreases with increasing D, and the minimum value
for this setup is found for D = 72, and is equal to -0.64%.
The distance D can be thought of as the aperture width
of the DTO system, and has a significant impact on the
lateral oscillation wavelength. Larger distances provide shorter
wavelengths, hence a higher lateral resolution, at the expenses
of a slightly reduced image.

The mean bias and the relative standard deviation as a
function of the number M of HRIs used per estimate are
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Fig. 5. Mean bias (top) and relative standard deviation (bottom) for the
measured lateral (red-solid) and axial (blue-dotted) velocity profiles as a
function of the distance D between VAs.

shown in Fig. 4 for simulated data. The standard deviation is,
in particular, decreased by increasing M , and is equal to 0.86%
and 0.4% for the lateral and axial profiles with M = 128.

Fig. 5 shows the mean bias (top) and the relative standard
deviation (bottom) for the measured velocity profiles as a
function of the distance D. A significant mismatch is noticed
in the mean bias for the measured lateral profile compared
with the simulated one. In particular, a minimum is found for
D = 24, which is equal to -0.67%, and the curve diverges
for increasing values of D. Further research is needed to
investigate the reasons of this inconsistency.

The measured lateral (top) and axial (bottom) velocity
profiles for D = 24 are displayed in Fig. 6. The green curves
show the reference profiles calculated from the measured
volume flow, the blue curves are the mean profiles from
50 independent estimations, and the red curves show +/-3
standard deviations. The mean bias is equal to -0.67% for
the lateral profile and -0.43% for the axial profile. The mean
relative standard deviation is 3.19% for the lateral profile and
0.47% for the axial profile.

V. CONCLUSION

This paper presented a VFI method, which combines DTO
and SASB to achieve an efficient velocity estimation. The
method makes it possible to have continuous data acquisition,
i.e. data used for the estimation is continuously available
everywhere in the HRI. This allows for a high frame rate and
a low standard deviation, and simplifies the implementation of
the stationary-echo filter. Furthermore, if the first stage beam-
former is integrated in the probe handle, wireless transmission
of the ultrasound data to the processing unit can be achieved.
The approach also enables the possibility of implementing
synthetic aperture VFI in cart-based commercial scanners,
owing to the lower computational complexity compared with
previous implementations.
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