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Abstract—Tensor velocity imaging (TVI) in a 3-D volume is investigated through simulations and experiments
conducted using a Vermon 3 MHz 1024 element phased
array (Vermon S.A., Tours, France) along with the experimental scanner SARUS. The flow-rig with a parabolic
flow profile was positioned along the x direction. The
data is acquired by a recursive interleaved synthetic
aperture sequence with 5 emissions at a pulse repetition
frequency of 5 kHz to produce estimates at a volume rate
of 500 Hz. A directional transverse oscillations velocity
estimator based on cross-correlation is used to estimate
the velocity components in the three Cartesian directions.
The simulations were performed at peak velocities (v p )
from 0.1 m/s to 1 m/s. At v p = 1 m/s, the estimates were
achieved with relative mean bias (RB) less than -13.3%
and relative mean standard deviation (RSD) less than 5%.
The experiments were conducted at a v p of 0.25 m/s, and
the estimates for (vx ,vy ,vz ) were obtained with RBs of
(5.35, 3.02, 1.00)% and RSDs of (5.03, 4.87, 1.27)%.

I. I NTRODUCTION
Two-dimensional (2-D) vector flow imaging (VFI)
reveals the in-plane velocity, whereas the blood flow in
the body is inherently in 3-D. Tensor velocity imaging
(TVI), defined as estimation of the 3-D velocity in a
volume over time, provides the full flow information.
To get the 3-D TVI, it is possible to use row-column
addressed probes [1]–[3], matrix probes [4]–[8], or multiple probes [9]–[11]. The capability at electronical beam
steering at any direction is one of the main advantages
of matrix probes [12]. Such a probe has been used to
estimate the volumetric velocity in-vivo [13]. However,
the developed technique provided estimations of only
the axial velocity in the whole volume. In another
work, the authors used a 1024 element matrix probe to
get a 3-D velocity estimation by a single plane wave
emission [4]. However, the small aperture size limited
the captured volume size. In [5], volumetric velocity
estimation was achieved at a volume rate of 50 Hz

by gating over multiple heart beats, which leads to the
prerequisite of a steady heartbeat and sometimes breathhold. The approaches that cover the volume through
lines, planes, or gating have slow volumetric coverage.
However, in [14], continuous data was provided by
using recursive interleaved synthetic aperture (SA) VFI.
The 3-D velocity vectors were estimated by emitting
5 interleaved ultrasound pulses at a pulse repetition
frequency ( f pr f ) of 15 kHz, and employing a directional
transverse oscillations (TO) SA velocity estimator.
This paper is a continuation of previous work [14], and
evaluates the performance of the estimator on measured
data. A 3-D version of the TO method with a recursive
interleaved SA sequence [14] is used in simulations
using Field II [15], [16], and a flow-rig set-up to estimate
the tensor velocity at a high volume rate of 500 Hz.
This approach provides full flow information with high
accuracy and is applicable for diagnosing cardiovascular
diseases. The provided high volume rate leads to the
opportunity of volumetric imaging of complex flow and
vortices.
Section II presents the method, Section III gives the
details of the simulation and measurement set-ups, and
Section IV reports the obtained results along with the
relevant discussions. Finally, Section V concludes the
paper.
II. M ETHOD
This section describes the recursive interleaved sequence used for data processing and explains the velocity
estimator. The principles of interleaved SA and recursive
interleaved SA are explained in details in [17] and [18].
Interleaving repeats each emission in the sequence twice,
and constructs the HRI pairs by separately combining
the odd and even emissions. By recursive imaging the
HRIs are updated with each emission. Fig. 1 is adapted
from [18] to illustrate the recursive SA sequence with 4
interleaved emissions. One low resolution image (LRI)

Prior to doing correlation to estimate vx and vy , the axial
oscillation is removed from the signal [18]. Then, the
corresponding lines in HRVi and HRVi + 1 (i is odd)
are correlated, and the correlation functions calculated at
each pair of HRVs are averaged. Furthermore, temporal
averaging is obtained by averaging over correlations of
16 sets of HRVs. The velocity is estimated as
v = ∆x. f pr f ,

(1)

where, ∆x is the spatial shift found by the decorrelation
estimator.

III. S ET- UP, P ROCESSING , AND M ETRICS

Fig. 1: Illustration of the recursive SA emission sequence
where a new HRI is created after each pulse emission.
The first number in sequence definition is the emission
(virtual source), and the second number in parentheses
is the sequence number used. Adapted from [18]

is formed by each emission and 4 interleaved LRIs are
summed together to produce a high resolution image
(HRI). In Fig. 1, the first number is the emission (virtual source), and the second number in parentheses is
the sequence number used. A new HRI is created for
each emission. In this work, 3-D volumes are produced
instead of 2-D images. Five interleaved low resolution
volumes (LRVs) are summed to produce each high resolution volume (HRV). The HRVs are updated after every
emission as presented in Fig. 1. One of the main advantages of the recursive interleaved SA is the imaging of
the flow at a very high volume rate equal to the f pr f . The
two HRVs are only Tpr f =1/ f pr f seconds apart by interleaving the two sequences, and so the highest detectable
velocity is independent of the number of emissions in the
sequence [18]. Three lines are beamformed through each
individual image point to perform the velocity estimation
at every single point in the whole insonified volume
in front of the probe. The lines are focused in the x,
y, and z directions. Double-peak Hanning apodizations
along the x and y directions are employed in receive to
generate a transverse oscillation in respective directions.

The simulations were performed in Field II [15], [16].
A flow-rig at a depth of 20 mm with a parabolic flow
profile with different peak velocities of [0.1, 0.25, 0.5, 1]
m/s was simulated. The flow was along the x direction
of the transducer ([θxz , θxy ] = [90 0]◦ ), where θxy and
θxz are the rotation of the probe against flow direction in
the xy and xz planes. The emitted pulse was a 3 MHz,
3-cycle sinusoid. The sampling frequency ( fs ) was 70
MHz.
The measurements used the Vermon 1024-element
fully addressed 2-D transducer (Vermon S.A., Tours,
Franc) [19] in combination with the experimental ultrasound scanner SARUS [20]. The probe was positioned
above a rubber tube (Ø=12 mm) at a depth of 18 mm,
and blood mimicking fluid with a parabolic flow profile
was circulated by a controllable flow pump. The volume
flow was recorded by a Danfoss Magnetic flow meter
MAG 1100 (Danfoss, Nordbor, Denmak), and the flow
rate was adjusted to provide a peak velocity of 0.25
±0.01 m/s. The beam-to-flow angle was 90◦ . Each HRV
was made with 5 interleaved emissions (from virtual
sources behind the transducer with steering angles of
0, ±6◦ in x, and ±6◦ in y directions) at an f pr f of 5
kHz by the recursive interleaved SA sequence. The setup parameters are summarized in Table I.
The separation in time between the correlated HRVs
is 1/ f pr f , and a new estimate is produced for every other
high resolution volume. Echo cancelling was performed
by subtraction of the mean value of the HRVs from the
individual HRVs. The data were processed offline, and
the 3-D cross-correlation TO velocity estimator was used
to produce the vx , vy , and vz components simultaneously
in the full volume. Corresponding lines at pairs of two
HRVs were correlated, and the correlation functions of
16 pairs were averaged to produce one velocity profile
estimate.

TABLE I: Set-up parameters
Value
1024
3.0
3
1480
von Hann
0.3
5
5
-2
0, ±6◦ in x, and y
12
18
20

Unit

Variable

MHz

f0

m/s

c

mm
kHz

Pi

[

xz

5

,

xy

]= [90, 0]°
vx

4

RSD [%]

Parameter
No. elements
Centre frequency
Cycles in excitation
Speed of sound
Transmit apodization
Element pitch
Pulse repetition frequency
No. emissions
Transmit F-number
Steering angles
Vessel diameter
Measurement depth
Simulation depth

f pr f

vy
vz

3
2
1
0
0.1

mm
mm
mm

0.25

0.5

(a)
[

,
xz

xy

]= [90, 0]°
vx

5

¯ =
RB

0

vz

-5
-10

Ns

∑
v peak Ns n=1

vy

RB [%]

The relative mean bias (RB) and standard deviation
(RSD) were calculated for each velocity component to
evaluate the estimation results, using:
1

1

Peak velocity [m/s]

Ø

v̄(n) − vtrue (n)

(2)

-15
0.1

0.25

0.5

1

Peak velocity [m/s]

and
¯ =
RSD

v
u
1 u
t

v peak

Ns
1
σ (v̄(n))2 ,
∑
Ns − 1 n=1

(b)

(3)

where v peak is the peak velocity in the vessel, v̄ is the
mean estimated velocity, vtrue is the true velocity present
in vessel, and Ns is the number of discrete samples inside
the vessel lumen.
IV. R ESULTS AND DISCUSSION
A flow phantom with parabolic flow profile and peak
velocities of [0.1 0.25 0.5 1] m/s are simulated to
investigate the performance of the estimator at different
peak velocities. RSD and RB metrics at the central 90%
of the profiles as a function of peak velocity present
in the flow phantom are reported in Fig. 2. Overall,
the RSD values do not increase markedly for increasing
peak velocity, whereas there is a rise in RB. It should
be noted that, ideally, the highest detectable velocity
is proportional to vmax ' λ f pr f . Therefore, detection of
higher velocities could be possible by increasing f pr f
beyond 5 kHz. Fig. 3 shows the estimated mean velocity
profiles of the three components from the centre of
the full estimated volume from the measured data. The
RSD values for (vx , vy , vz ) were (5.03, 4.87, 1.27)%
and the RBs were (5.35, 3.02, 1.00)%. The estimator
performs almost similarly on measured and simulated
data. There is a small increase in the calculated metrics
compared with the same case in the simulated data with
the RSDs of (2.26, 3.46, 0.78)% and the RBs of (1.39, -0.03, -0.08)%. The higher RSDs and RBs for the

Fig. 2: Performance metrics for the simulation results
at different peak velocities present in a flow phantom
positioned at [θxz , θxy ] = [90 0]◦ . The solid blue line
represents the metrics for vx , the dashed red line for vy ,
and the dotted yellow line shows vz . (a) RSD, (b) RB.

experiments are likely due to the presence of noise in the
measurements. The results presented in Fig. 3 show that
the estimates follow the expected profiles. A parabolic
profile is observed in the x direction, and the estimated
velocity is close to zero in the other two directions.
The estimated small velocity in y and z directions could
be due to the non-quadratic probe aperture [5], [14].
Overall, the estimation results on the simulated and also
the measured data demonstrate that the TVI at a high
volume rate of 500 Hz is achievable with high accuracy
by the proposed recursive interleaved SA sequence along
with the TO cross-correlation based velocity estimator.
V. C ONCLUSION
A 3-D TVI technique using a matrix transducer array
and a directional transverse oscillations synthetic aperture velocity estimator was investigated using simulations and experiments on a flow-rig. The flow-rig was
positioned along the x direction. Different peak velocities
were considered in simulations and the estimations were
obtained with RB and RSD less than -13.3% and 5%,
respectively. The experimental results confirm the possi-
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Fig. 3: Estimated tensor velocity components for the flow-rig with a parabolic flow profile along the x direction.
Profiles are from the centre of the volume. (a)vx , (b) vy , (c)vz . The true profiles are in red, the mean estimates are
shown in blue and the gray shade is the standard deviation calculated for the 25 estimated velocity profiles.

bility of doing high volume rate TVI in a 3-D volume
in practice with high accuracy. The TVI is performed
with a volume rate of 500 Hz, which makes it possible
to visualize rapid fluctuations in flow. Additionally, the
provided continuous data allows for capturing very low
velocities.
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