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Performance Assessment of Row-Column
Transverse Oscillation Tensor Velocity Imaging

using Computational Fluid Dynamics Simulation of
Carotid Bifurcation Flow

Lasse Thurmann Jørgensen, Marie Sand Traberg, Matthias Bo Stuart, Jørgen Arendt Jensen

Center for Fast Ultrasound Imaging, Department of Health Technology, Technical University of Denmark,
DK-2800 Lyngby, Denmark

Abstract—In this work the accuracy of row-column tensor
velocity imaging, i.e., 3-D vector flow imaging in 3-D space
over time, is quantified on complex, clinically relevant flow.
The quantification is achieved by transferring flow simulated
using computational fluid dynamics to a Field II simulation
environment and this allows for a direct comparison between
the actual and estimated velocities. Carotid bifurcation flow
simulations were performed with a peak inlet velocity of 80 cm/s,
non-rigid vessel walls, and a flow cycle duration of 1.2 s. The flow
was simulated from two observation angles and it was acquired
using a 3 MHz 62+62 row-column addressed array at a pulse
repetition frequency (fprf ) of 10 and 20 kHz. The tensor velocities
were obtained at a frame rate of 208.3Hz, at fprf = 10 kHz, and
the results from two velocity estimators were compared. The
two estimators were the directional transverse oscillation cross-
correlation estimator, and a proposed auto-correlation estimator.
Linear regression between the actual and estimated velocity
components yielded for the cross-correlation estimator an R2

value in the range of 0.89−0.91, 0.46−0.77, and 0.91−0.97 for
the x-, y- and z-components, and 0.87 − 0.89, 0.40 − 0.83, and
0.91−0.96, when using the auto-correlation estimator. The results
demonstrates that a row-column addressed array can with just
62 receive channels measure complex 3-D flow fields at a high
volume rate.

Index Terms—Tensor velocity imaging, 3-D flow estimation,
Row-column addressed probes, volumetric imaging, Computa-
tional fluid dynamics, Motion correction.

I. INTRODUCTION

Hemodynamics reveals the condition of the cardiovascular
system. For example, blood pressure gradients, volume flow,
and velocity have all been shown to be predictors of various
cardiovascular diseases [1]–[4]. Ultrasound enables the real-
time acquisition of these metrics and they can be derived from
1-D Doppler techniques [5]–[8], i.e., 1-D velocity estimation
in a single point, color flow mapping [9]–[12], i.e., 1-D
velocity estimation in 2-D space, or 2-D vector flow imaging
(VFI) [13]–[15], i.e., 2-D velocity estimation in 2-D space.
See [16], [17] for a comprehensive review of the different
flow estimation method in ultrasound.

Generally, the lower the dimensionality of the flow estima-
tion, the more assumptions must be applied to the underlying
3-D flow geometry. For instance, 1-D Doppler estimations are
angle-dependent and require the operator to compensate for

the flow direction manually. Furthermore, it is assumed that
the direction does not change during the measurement. 2-D
VFI is angle-independent, but assumes that the out-of-plane
flow is negligible.

A full description of the flow can only be obtained through
high-frame-rate tensor velocity imaging (TVI), i.e., 3-D vector
flow imaging in 3-D space over time. Such velocity estimation
would enable, e.g., estimations of volume flow without making
assumptions of the vessel’s cross-sectional area and velocity
distribution [14], and estimations of pressure gradients without
assuming negligible out-of-plane flow [13].

High-frame-rate TVI can be performed using 2-D array
probes, but such probes comes with several design challenges.
The initial 2-D probe design addresses each element of the
array independently [18], [19]. But, this design severely limits
the probe surface area, because the number of channels
increases quadratically with the number of elements in the
array’s side-length, N . As a consequence it is from a man-
ufacturing and processing standpoint practically impossible
to achieve a low F-number at large depths with the fully
addressed array. A solution is to instead use row-column
addressed arrays (RCAs), which can achieve high volumetric
image quality with only a fraction of the fully addressed
array’s channels [20]–[22]. The RCA addresses the 2-D array
by rows and columns, reducing the number of channels from
N2 to 2N . The lower channel count makes it easier to
produce and makes real-time volume imaging feasible on
current ultrasound platforms. Though, one of the trade-offs
of channel reduction is that multiple emissions are required
to resolve the volume. Other 2-D transducer design solutions
include 2-D sparse arrays [23], [24] and 2-D arrays with sub-
aperture beamforming [25], but the number of channels with
these solutions still increases quadratically with N , albeit at
a slower rate. RCAs are unique in that they effectively are
1-D arrays capable of volumetric imaging; hence, they are
considered relatively straightforward to implement on current
systems.

RCAs with synthetic aperture (SA) imaging techniques can
acquire volumetric images suitable for velocity estimations at
fast volume rates [26], [27]. The SA sequence isonify the
volume with defocused emissions from different angles, and
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a low-resolution volumetric image (LRV) is beamformed for
each emission. A high-resolution volumetric image (HRV)
is obtained by summing over the LRVs in the sequence,
and dynamic focusing in transmit is achieved, because the
LRVs combine coherently at the position of the scatterers
[28], [29]. Because each position in the volume is focused
simultaneously, it is possible to perform TVI in the entire
field of view (FoV) with an arbitrary density of 3-D velocity
vectors. SA imaging significantly improves the volumetric
coverage of the velocity estimate compared to previous meth-
ods, which estimate the 3-D velocities line-by-line [30], [31].
Furthermore, power Doppler imaging performed with RCA
SA imaging techniques has also recently been demonstrated
as an efficient method of visualizing blood vessel structures
in 3-D [32]–[35].

One concern about the RCA SA imaging is motion effects.
Motion effects will cause an axially moving object to appear
shifted in the lateral direction erroneously, and this reduces the
accuracy of the estimated velocities [27]. Applying motion
correction can reduce the motion effects significantly [27].
However, the effectiveness of the motion correction depends
on the spatial gradient of the axial velocity, i.e., the lower the
gradient is throughout the FoV, the more effective the method
is at recovering the actual position of the moving object. The
motion correction method has currently only been validated
on constant laminar pipe flow with a radius of 6 mm [27], but
the velocity gradient can be much higher in vivo. As such, it is
unknown whether the SA RCA imaging system can estimate
complex flow fields accurately.

It is, however, exceedingly challenging to assess the es-
timator accuracy from in vivo measurement. Holbek et al.
[36] quantified the estimator accuracy on measurements of
the common carotid artery by comparing the results to the
flow estimations obtained using magnetic resonance imaging
(MRI). Here the 3-D velocity estimations were acquired line-
by-line using a fully addressed array, and the compared metrics
were peak magnitude velocities and flow rate. Also, Wigen et
al. [37] compared estimates of peak velocities with the peak
velocities acquired using MRI. Here 3-D cardiac flow was
estimated using a 2-D array with sub-aperture beamforming,
and ECG-gating was employed to achieve full volumetric cov-
erage. Though MRI comparisons provide some level of confir-
mation about the accuracy, the evaluated metrics are typically
based on the average and maximum magnitude velocity over
a larger volume. Furthermore, the MRI measurement is not
performed simultaneously with the ultrasound measurement.

In this work the SA RCA velocity estimator accuracy is di-
rectly determined on complex flow fields using simulations of
pulsatile blood flow in the carotid artery. This was achieved by
coupling the output from computational fluid dynamics (CFD)
simulations with Field II [38], [39]. The CFD analysis allows
for a detailed assessment of the estimator on complex flow
fields by comparing the predicted value with the actual velocity
and the approach has also previously been used to validate 2-
D VFI systems [40]–[43]. In this work, two row-column SA
tensor velocity estimators are examined using CFD. The first
is the transverse oscillation (TO) cross-correlation presented
in [44] and the other is a proposed version of the TO auto-

correlation approach, explicitly developed for SA-based TVI.
The results from both are used to evaluate whether a 3 MHz
62+62 row-column probe can capture the complex flow field
of the carotid artery at a high frame rate.

The rest of the paper is organized as follows; Section II
describes the applied emission sequence, Section III presents
the two tensor velocity estimators and Section IV covers
motion effects and correction. Lastly, Section V-VII describes
the evaluation setup and interprets the results.

II. ROW COLUMN EMISSION SEQUENCE

RCAs effectively consist of two orthogonal 1-D arrays,
i.e., the row and column array. The 1-D arrays achieve a
large surface area with few channels because the elements
are elongated in elevation. In this work, the row aperture is
defined as having its elements positioned along the y-axis, and
the column aperture as having its elements positioned along
the x-axis. As such, the row aperture can only focus in the
zy−plane, and column aperture can only focus the zx−plane.

The point spread function (PSF) of the chosen sequence is
anisotropic in the xy−plane, and the resolution thus differs
in the x- and y-direction (see Fig. 1). The direction with
the highest transverse resolution depends on which aperture
is used in receive. If the column aperture is used in receive,
the resolution is higher along x than along y and vice versa if
the row aperture is used in receive. Since resolution affects the
estimator accuracy, the transverse velocity component was es-
timated in the direction with the highest transverse resolution.
Therefore, it was necessary to interchange the transmitting and
receiving aperture at regular intervals to obtain the x- and y-
velocity components.

The implemented emission sequence is similar to the one
presented in [26], and the geometry of the sequence’s row
and column emissions is visualized in Fig. 2. Furthermore,
the transducer specifications are equivalent to the transducer
utilized in [22], [26], [27], [36]. See Table I for a summary
of both the transducer and sequence parameters. The row
and column emissions were separately used to create the
HRVs. The HRVs obtained from the row emissions are used
to estimate the x- and z-velocity component and the HRVs
obtained from the column emissions are used to estimate the
y- and z-velocity component. Note that the axial velocity is
estimated regardless of the aperture configuration and as such
the axial velocity is estimated at a higher rate. Each HRV
was obtained using M = 12 defocused emissions, emitted
with a sliding aperture of 16, Hanning weighted, elements,
and a transmit F-number of -2. The sliding aperture was
translated linearly in steps of 2.2λ, and the back-scattered
signal was beamformed using a CUDA C++ implementation of
the RCA delay-and-sum beamformer [45]. Dynamic Hanning
apodization with an F-number of 1 was applied in receive
when estimating the axial velocities, and double-peak receive
apodization was applied when estimating transverse velocities.
The double peak apodization generates transverse oscillations
along the axis of the receiving aperture and is used to obtain
the transverse velocity component in both estimators (see
Section III). The distance between the two peaks was set to 32
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Fig. 1. Field II simulated PSF of the imaging sequence shown in three planes which all intersects the point target located at (x, y, z) = (0, 0, 20) mm. The
top row (a) shows the PSF when transmitting with row aperture and receiving with column aperture, and the bottom row (b) shows the PSF when transmitting
with the column aperture and receiving with the row aperture. Note that the PSF is rotated 90° around the z-axis, when the transmitting and receiving aperture
are interchanged.

elements, and the double peak apodization function consisted
of two Hanning windows, each with a length of 32 elements.

The transmitting and receiving aperture are interchanged
each time an HRV-pair is acquired. The emissions used to
construct the HRV-pair were emitted in an interleaved order
such that the duration between the pair, 1/fprf,eff , equals
the pulse repetition period, 1/fprf [26], [44]. The interleaved
sequence is visualized in the diagram shown in Fig. 3. The
diagram shows that the LRV acquisition order for constructing
two consecutive HRVs, HRV1 and HRV2 is

LRV1,1, LRV1,2, LRV2,1, LRV2,2, . . . , LRVM,1, LRVM,2.

Here the LRV’s first index denote the emission source
location and the second index denotes whether it is used to
construct HRV1 or HRV2, using the following equation

HRVl =
M∑
k=1

LRVk,l. (1)

Because of the interleaved acquisition order the LRVs used
to construct HRV1 are 1/fprf apart from the LRVs used to
construct HRV2. This reduces the decorrelation rate between
the HRV-pair and allows for longer sequences to be used,
which is essential for RCA imaging. However the trade-off is

that the imaging system becomes more vulnerable to motion
effects because emission source location changes slower (see
Section IV); note that the emission source location only
changes for every third emission, i.e. the duration between
two emission source locations, ∆t, is 2/fprf . Despite this,
it has still been found that the TO cross-correlation estimator
requires interleaving to perform reliably with longer sequences
[26].

As mentioned previously, the HRVs obtained with the
row emissions are used to estimate the x- and z-velocity
component and the HRVs obtained with the column emissions
are used to estimate the y- and z-velocity component. The
velocity estimates are obtained by averaging over L = 16
HRV-pairs acquired from the row and column emissions.
The sequence uses 2M row emissions and 2M column
emissions to create one HRV-pair from the row emissions
and one HRV-pair from the column emissions. The resulting
averaging period is therefore 4ML/fprf = 76.8ms, when
fprf = 10 kHz. This average is continually updated each
time an HRV-pair is obtained from both the column and
row emissions, so the 3-D velocity estimates are updated
at a rate of fprf/4M ≈ 208.3Hz. To assess whether this
averaging period is reasonable for capturing the pulsatile flow,
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TABLE I
TVI SIMULATION PARAMETERS

Parameter Value Unit Variable

No. elements 62+62
No. receive channels 62
Center frequency 3 MHz f0
Excitation pulse 2 cycled sin.
Speed of sound 1540 m/s c

Element pitch 0.27 mm
No. emissions 12 M
Transmit apodization von Hann
No. active elements 16
Pulse repetition frequency 10, 20 kHz fprf
F-number
(transmit/receive)

-2/1

the acquisition was performed for an fprf of both 10 and
20 kHz.

III. TENSOR VELOCITY ESTIMATORS

A. Cross-correlation estimator

The implemented RCA TO cross-correlation estimator was
first presented in [44] and later expanded in [27] to include
motion correction to increase the accuracy. In this work both
estimators also utilize motion correction and the method is
described in Section IV.

The cross-correlation method estimates the 3-D velocity
components separately by applying 1-D cross-correlation on
line segments beamformed in the direction of the velocity
component. When estimating the transverse velocity compo-
nents, i.e., the velocity in the x- and y-direction, the axial
frequency component is reduced by combining axial and
transverse quadrature signals [44]. This filtration process is
derived by modeling the beamformed signal as

s(x′, z, t) = A(x′, z) e2jπfz(z+vzt+ϕz)

cos(2πfx′(x′ + vx′t+ ϕx)). (2)

Here x′ denotes the transverse position and is equal to either
x or y dependent on whether rows or columns are used in re-
ceive, and fz , fx′ , ϕz , and ϕx′ denote the frequency and phase
component in the axial and transverse direction. The model
is derived by assuming double peak receive apodization [46]
and A(x′, z) denote a real-valued function of amplitude, which
mathematical expression depends on the window function used
in the apodization.

Note that the output of the beamformation is the quadrature
signal with respect to z, as it is assumed that the RF channel
data was matched filtered using an analytical representation
of the filter. Note also that the signal is modeled as a 2-
D signal. This is because the point-spread function (PSF) is
anisotropic in the x- and y-direction for the implemented SA
sequence. The lowest frequency component is found along the
direction orthogonal to x′ and z, and the phase shift along this
direction is considered negligible, hence it is not included in
the model. For this reason, it is a requirement to alternate

between receiving with rows and columns to estimate both
transverse velocity components (See Section II).

The axial frequency component in (2) is reduced with the
following operation [47]

s̃(x′, z, t) = sr(x
′, z, t)s∗c(x

′, z, t) =

A(x′, z, t)2e4jπfx′ (x′+vx′ t+ϕx), (3)

where

sr(x
′, z, t) = R{s(x′, z, t)}+ jHx′{R{s(x′, z, t)}}, (4)

and

sc(x
′, z, t) = I{s(x′, z, t)}+ jHx′{I{s(x′, z, t)}}. (5)

Here I{·} and R{·} are, respectively, the real and imaginary
part of the signal, Hx′ denotes the Hilbert transform along x′,
and the s∗c(x

′, z) is the complex conjugate of sc(x′, z).
The axial filtration is essential for the 1-D cross-correlation

estimator, because it reduces the decorrelation rate between
two consecutive transverse line segments. However, it is not
necessary to reduce the transverse frequency components,
when estimating the axial velocity, because the axial frequency
component is much higher than the other two components. For
this reason, the velocity can be estimated directly from the real
part of the beamformed axial line segments.

Unbiased, normalized cross-correlation is used for the spa-
tial shift estimation, which for two consecutive discrete line
segments r1,i(n) and r2,i(n) in CN is defined as

R12(m) =
1

|N −m|

KL∑
i=1

N∑
n=1

r∗1,i(n)r2,i(n+m)

|r1,i(n)||r2,i(n)|
. (6)

Here m denotes the lag, K denotes the number of correlations
averaged over the neighbouring area and L denotes the number
of correlations averaged over time. In this work, K = 9 × 9
and the positions of the K averaged cross-correlation functions
cover a square region with an area of (2λ2).

The lag at the maximum correlation coefficient, mp, signi-
fies the displacement between the two signals. The maximum
of the cross-correlation function R12 and the neighbor values
are then fitted with a second-order polynomial to increase
the resolution of the displacement lag [48]. This continuous
displacement lag at the fitted peak is calculated as

mpq = mp −
R12(mp + 1)−R12(mp − 1)

R12(mp + 1)− 2R12(mp) +R12(mp − 1)
,

(7)
and converted to velocity using

v = mpq
cfprf,eff

2fs
. (8)

Here fs denotes the sampling rate, c is the speed of sound in
the medium.
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Fig. 2. Geometry of the emission sequence. Blue and red squares show the surface area of the column- and row aperture. The dark gray object shows the
surface of the carotid artery, and the outlined triangles show a 2-D representation of the emitted fields from the M = 12 emission source locations.

Fig. 3. Diagram of the interleaved emission sequence. The sequence consists of 2M emissions emitted from the row aperture and 2M emissions from the
column aperture. An LRV is obtained from each emission, and the emission source location is repeated twice before it is changed. This yields two sets of
LRVs, which are 1/fprf apart. The two sets consist separately of the initial and repeated emissions, and they form the HRV-pair used for the (auto-/cross-)
correlation. Note that the LRVs’ color and second index indicate whether it is used to construct HRV1 or HRV2, and the LRVs first index denotes which of
the M = 12 emission source locations are used. The velocity estimation is obtained by averaging over L = 16 correlations. The correlations from the row
emissions yield the x and z velocity components, and correlations from the column emissions produce the y and z velocity components. Adapted from [26].

B. Auto-correlation estimator

The proposed auto-correlation estimator is a combination
between the approach presented in [49] and [47]. The pro-
posed method obtains the transverse analytical signal using
the beamformation method presented [49], and it induces the
transverse oscillation and reduces the axial frequency using
the approach presented in [47]. The estimator. The estimator
is designed such that each sample point of the axial and
transverse quadrature signal is obtained independently from
each other. This is achieved by RF channel data pre-processing
instead of applying the Hilbert transformation directly on
the beamformed volume. The reason for this design choice
is that applying transverse and axial Hilbert transform post-

beamformation necessitates a large volume sampled at the
Nyquist sampling rate. However, it is often unnecessary to
obtain velocity estimates at such a high density in the entire
volume. In this case, it can be more efficient to apply the
transformation via the channel data instead. Obtaining the axial
quadrature signal via the channel data can be achieved using an
analytic representation of the matched filter, and the transverse
quadrature signal can be obtained by applying the following
channel weighting during delay-and-sum beamformation [49]

w(x′) = 1− j sgn(x′), (9)

where sgn(·) denotes the sign function. The downside of
applying the Hilbert transform via the channel data is that it
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increases beamforming calculations per image point. However,
this is compensated for by the often fewer image points needed
to obtain the wanted velocity estimates.

From the Hilbert transformed data, (2) and (3) can be
formed and subsequently used for velocity estimation. Let s1,i
and s2,i denote two samples consecutive in time from (2) and
s̃1,i and s̃2,i denote two samples consecutive in time from (3).
The axial and transverse velocity is then given by

vz =
∆ϕzfprf,eff

2πfz
, (10)

and

vx =
∆ϕxfprf,eff

4πfx
, (11)

where

∆ϕz = tan−1

( KL∑
i

R{s1,i}I{s2,i} − I{s1,i}R{s2,i}
R{s1,i}R{s2,i}+ I{s1,i}I{s2,i}

)
,

(12)

and

∆ϕx = tan−1

( KL∑
i

R{s̃1,i}I{s̃2,i} − I{s̃1,i}R{s̃2,i}
R{s̃1,i}R{s̃2,i}+ I{s̃1,i}I{s̃2,i}

)
.

(13)

The spatial axial frequency component fz is often set to
equal the center frequency of the emitted pulse (f0) divided
by c. However, the accuracy can be improved, if it is estimated
directly from the measured data [47]. In this work, fz is esti-
mated as the average instantaneous frequency of RF channel
data. From fz the spatial transverse frequency component, fx,
can be approximated as

fx =
z

fzd
, (14)

where d is the distance between the two peaks used in
the receive apodization, when using the acquisition procedure
described by Jensen and Munk [46].

In this work, auto-correlation estimates were acquired by
averaging over K = 9×9×9 neighboring points corresponding
to a volume of (2λ)3, where λ denotes the emitted pulse’s
wavelength. When using the cross-correlation estimator, K =
9 × 9 neighboring correlations were averaged corresponding
to an area of (2λ)2. Each line segment used for the cross-
correlation consists of N = 32 samples, and Hanning weight-
ing was applied along the length of the segments before the
correlation. As a result, the auto-correlation estimator uses,
in this implementation, about one-third as many beamformed
points per velocity estimate (complex points counted twice).
Lastly, the line segments’ sampling rate was set to λ/16 when
beamforming along the axial direction and 2.5λ/16 in the x-
and y-direction. Note that 2.5λ is approximately the transverse
wavelength at 1 cm depth.

IV. MOTION EFFECTS AND CORRECTION

The motion effects in RCA SA systems have been described
in detail in previous work [27]. They occur when the imaged
object moves during SA acquisition. The severity of the motion
effects depends on which direction the object is moving; if it
moves in a transverse direction, a slight blurring occurs, and
if it moves in an axial direction, the object’s position will
erroneously appear to be shifted laterally. The lateral shift is
far more detrimental to the imaging accuracy, and it can, under
the assumption of plane wave emissions, be approximated by
the following equation

∆D = vz∆t(sin(∆θ/2))−1, (15)

where ∆θ is the emission angle change between emissions
and ∆t is the time difference between emission angles, which
is 2/fprf when using the interleaved emission sequence (see
Section II). The direction of the shift depends on which
aperture is used in receive. If the row-aperture is used, then the
shift will occur in the x-direction, and if the column-aperture
is used the shift be along the y-direction.

From (15), it is evident that the shift, ∆D, is inversely
proportional to ∆θ. However, ∆θ cannot simply be increased
to reduce the shift, because grating lobes appear at the spatial
periodicity of

Λ = (2fz sin(∆θ/2))−1, (16)

so the spatial frequency of the grating lobes increases with
∆θ. The options are therefore seemingly to either increase ∆θ
while restricting the field of view or to increase fprf . However,
another option is to apply motion correction [27]. Here 3-D
velocities are first estimated and then used to keep the moving
objects stationary between the summed LRVs. This was found
to significantly improve the imaging accuracy and thus the
accuracy of the subsequent velocity estimates. For this reason
motion correction is applied when using both estimators.

V. EVALUATION SETUP

The estimators are evaluated on simulations of stationary
laminar flow in a straight pipe with a radius, R, of 6mm
and complex flow in the carotid bifurcation. The pipe flow is
simulated with peak velocities, v0, ranging from 10 cm/s to
150 cm/s at a depth of 20mm. The flow is acquired at beam-
to-flow angles, α, of 60°, 75°, and 90° and at two rotation
angles, β, of 0° and 45°. Here the flow direction in terms of
α and β is given by

o⃗(α, β) =

sinα cosβ

sinα sinβ

cosα

 . (17)

The flow direction relative to α and β has also been
illustrated in Fig. 4. Note that α equals the beam-to-flow angle,
and β dictates the amount of out-of-plane flow.

The simulated RF data was obtained using Field II, and the
flow scatterers movement were determined by the parabolic
flow profile

v(r) = v0(1− r/R)2, (18)
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Fig. 4. Flow direction relative to the rotation angles α and β. The blue
cylinder represent the straight tube of the simulated flow-rig and the blue,
green and red axis, i.e. z′, y′ and z′, shows the tube’s object coordinate
system. The axes of the object coordinate system is defined such that it is
parallel to the x-, y- and z-axis, when α = β = 0°, and such that the blue
axis, i.e. the z′-axis, points along the length of the tube. this reason the z′-
axis equals the direction of the laminar flow, o⃗(α, β), as defined by (17).

where r denote the radial coordinate from the center of the
vessel. Note that the flow profile for each velocity component
is given by (vx, vy, vz)(r) = v(r)o⃗(α, β). The performance
of the estimator is quantified by the mean bias, B, and mean
standard deviation, σ̄ of the estimates across the tube, and both
performance parameters are normalized by peak velocity.

For the bifurcation flow simulation, the scatterers’ move-
ments were determined from the velocity field obtained from
CFD simulations performed using COMSOL Multiphysics™ v.
5.6. Here the geometry of the carotid artery was acquired from
an MR scan of a healthy volunteer, and the CFD simulation
was performed using non-rigid walls, a peak inlet velocity of
80 cm/s, and a flow cycle period of 1.2 s. The inlet velocity
profile as a function of time and space was obtained by using
the Wormersley-Evans model [48], where the density and
viscosity of the blood was set to 1030 kg/m3 and 4.1mPa s
[50]. The frame rate of the CFD velocity data was set to 40
Hz, and linear interpolation was used to increase this rate
to equal fprf , when moving the scatterers in the Field II
simulation. The scatterer amplitude was normally distributed,
and the scatterer position was initially uniformly distributed
inside the vessel’s lumen with a density of 10 scatterers per
λ3. To maintain a fixed amount of scatterers inside the vessel,
new scatterers were generated at the inlet each time a scat-
terer exited the outlet. The starting position of the generated
scatterer was determined by a probability distribution function
directly proportional to the velocity component orthogonal to
the inlet. This creates an infinite loop of scatterers assuming
the flow rate at the inlet and outlet is equal. In the supplemental
materials, video 1 shows an example of scatterers’ positions
throughout the first pulse cycle. Note that only one-fourth of
the scatterers are shown to make the movements more visible.

Because only the flow is simulated, echo-cancellation was
not applied to the RF data. The results, therefore, reflect the

performance of the estimators and the 62+62 RCA under ideal
conditions. However, since the sequence uses a high fprf , it
is expected that that tissue signal can be effectively reduced
by subtracting the signal by the moving average. Though, this
assumption needs to be verified in future work on in vitro and
in vivo measurements.

The estimator performance for the bifurcation flow is de-
termined through linear regression between the actual and
predicted velocity. The velocities considered are those inside
the boundaries of the vessel obtained over a 3.5 s period in a
volume of 1 × 1 × 1.6 cm3 surrounding the bifurcation. For
visualization purposes, velocities outside the boundary are set
to zero by thresholding power Doppler signals less than -50
dB from the maximum.

Furthermore, the bifurcation flow is estimated from two
placements of the probe. Fig. 5 shows the vessel’s geometry
from the two orientations as well as the volume boundaries,
where the velocities are estimated. Note that in a 2-D imaging
system, it is not possible to obtain a view of the bifurcation
from the orientation shown in Fig. 5b, and only with TVI can
the same flow be captured from both orientations.

VI. RESULTS

A. Stationary laminar flow

The mean bias, B, and standard deviation, σ̄, of the x-
, y-, z-velocity component at the different values of v0, α
and β are summarized in Fig. 6 and 7. The performance
difference between the two estimators is generally within a
range of 1 − 2%, and in most cases the cross-correlation
estimator performs slightly better. However, note that the auto-
correlation estimator also uses one-third as many beamformed
points per velocity estimate. At α = 60°, β = 0° and
v0 = 150 cm/s aliasing occurs, when estimating the axial
component with the auto-correlation estimator. This curiously
does not occur when β = 45°, despite the axial velocity
component being just as large.

B. Carotid artery bifurcation flow

Fig. 8 shows a qualitative comparison between the actual ve-
locity from the CFD reference against the estimated velocities
from the two estimator. The velocities were captured during
peak systole, and the figure shows the velocities in two cross-
sections: (x, z)|y=0mm and (y, z)|x=5mm. Both estimators
perform similarly in both cross-sections, and the figure shows
that the estimators are able to capture the vortex in the
yz−plane and the slight backflow seen in the upper branch
of the bifurcation in the xz−plane.

Fig. 9 shows a comparison of the average velocity magni-
tude in the volume over time obtained using an fprf of 10 and
20 kHz. The velocity estimates were obtained using the cross-
correlation estimator, and the flow estimated corresponds to
the flow simulated in orientation 2 (see Fig. 5).

The performance of the TVI estimators on the complex
bifurcation flow are summarized in Table II and III. The
table includes the coefficient of determination, R2, root mean
squared error, RMSE, slope and intercept from the linear re-
gression analysis between the actual and the predicted velocity
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Fig. 5. The carotid artery (dark grey surface) with respect to the RCA aperture (light gray square). The Carotid bifurcation flow is simulated from two
observation angles, and the vessel geometry in the two transducer orientations is shown in (a) and (b). The blue volume highlights the region where the 3-D
velocities are estimated.

components and magnitude. An example of the data used
in the regression is visualized in Fig. 10. The figure shows
the estimates obtained with the auto-correlation estimator
and an fprf = 10 kHz in a 2-D histogram, as well as the
resulting regression line. The supplemental material includes a
video (video 2) showing an example of the tensor velocity
estimates used for the regression and two additional videos
(video 3 and video 4) showing the estimates, in the
cross-sections seen in Fig. 8. Note that the TVI shown in the
videos was acquired using the cross-correlation estimator at
an fprf of 20 kHz and the flow estimated corresponds to the
flow simulated in orientation 1 (see Fig. 5).

VII. DISCUSSION

This study demonstrates that an RCA with just 62 elements
in receive can capture the complex 3-D flow field of the carotid
bifurcation in simulations. At fprf = 10 kHz the velocities
were captured at a frame rate of 208.3Hz using volumetric
SA imaging, which enables TVI with an arbitrary density of
3-D velocity vectors in the acquired volume. The 3-D velocity
field captured by the RCA shows details of the flow, only
possible using 3-D imaging systems. For example, the vortex
and the out-of-plane flow shown in Fig. 8 cannot be captured
simultaneously using 2-D imaging systems. Therefore, the
3-D imaging system is far more capable of estimating any
quantitative metric derived from flow, including volume flow
rate, vorticity, and the shear stress on the vessel walls.

The two TVI estimators was shown to perform similarly,
both when estimating the stationary laminar flow and the
carotid bifurcation flow. In the result from the stationary flow
(Fig. 6 and 7) it is shown that both the relative standard
deviation and bias of the two estimator are generally within
a range of 1 − 2% from each other. The results also shows
a large bias increase in Fig. 7 when α = 60°. The reason
for this increase is motion effects, i.e., the erroneous lateral
shift modeled by (15), and the severity increases with the

axial velocity. That is why the bias increase is less severe
at α = 75° and practically non-existing at α = 90°. The bias
also decreases when β is increased from 0° to 45°. This is
explained by the fact that the lateral shift, caused by motion
effect, is orthogonal to the flow when β = 0°, but moves
partially with the flow when β = 45°. The motion effects will
therefore appear less severe in the latter case. Compared with
the lateral velocity estimates, the bias of the axial velocity
estimates is far more resistant to an increasing v0. One reason
is that the axial velocity is estimated from acquisitions from
both apertures, whereas the lateral components are estimated
from acquisitions from either the row- or column-aperture.
Furthermore, the motion correction was also found to be most
effective on the axial velocity estimates.

In the results from the carotid bifurcation flow (Table II
and III) it can be seen that the R2 values from the cross-
correlation estimator ranges from 0.89 − 0.91, 0.46 − 0.77,
and 0.91−0.97, for the x-, y- and z-component, while the R2

values from auto-correlation estimator ranges from 0.87−0.89,
0.40− 0.83, and 0.91− 0.96. The cross-correlation estimator
achieved in most configurations better precision, i.e., a lower
RMSE value, than the auto-correlation estimator. The cross-
correlation estimator yield in comparison a median relative
reduction in RMSE of −12.05%, with an interquartile range
of −7.11%− (−17.38%).

Increasing the fprf from 10 kHz to 20 kHz yields a slightly
more accurate regression model parameters but has, in most
cases, only a minor impact on the RMSE. The RMSE of
the y-component is impacted the most and increasing the
fprf yield a relative median increase in RMSE of 9.56%,
with an interquartile range of 11.67% − (4.92%). However,
the absolute change in RSME between the estimators, pulse
repetition frequencies, and transducer orientations was at most
found to be 0.60 cm/s which can be considered a small change
considering the peak velocity in the FoV was > 60 cm/s.

The complex flow simulations also allows for better parame-
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TABLE II
ESTIMATOR STATISTICS FOR BIFURCATION FLOW ACQUIRED FROM TRANSDUCER ORIENTATION 1

Auto-correlation Cross-correlation

10 kHz 20 kHz 10 kHz 20 kHz

vx vy vz |v| vx vy vz |v| vx vy vz |v| vx vy vz |v|
R2

(∼)
0.89 0.44 0.96 0.89 0.89 0.40 0.96 0.89 0.91 0.51 0.96 0.91 0.91 0.46 0.97 0.92

RMSE
(cm/s)

3.73 1.56 0.84 3.70 3.79 1.73 0.83 3.75 3.17 1.28 0.78 3.16 3.19 1.48 0.75 3.17

Slope
(∼)

0.80 0.73 0.91 0.80 0.83 0.76 0.93 0.83 0.78 0.69 0.90 0.78 0.80 0.73 0.91 0.80

Intercept
(cm/s)

2.17 0.21 -0.07 2.12 1.99 0.18 -0.08 2.01 1.83 0.21 -0.05 1.78 1.69 0.20 -0.06 1.69

TABLE III
ESTIMATOR STATISTICS FOR BIFURCATION FLOW ACQUIRED FROM TRANSDUCER ORIENTATION 2

Auto-correlation Cross-correlation

10 kHz 20 kHz 10 kHz 20 kHz

vx vy vz |v| vx vy vz |v| vx vy vz |v| vx vy vz |v|
R2

(∼)
0.87 0.83 0.91 0.87 0.88 0.81 0.91 0.88 0.89 0.76 0.92 0.89 0.91 0.77 0.92 0.91

RMSE
(cm/s)

4.06 1.56 0.47 4.07 3.97 1.72 0.49 3.97 3.68 1.83 0.45 3.75 3.42 1.84 0.46 3.50

Slope
(∼)

0.76 0.79 0.82 0.77 0.80 0.82 0.85 0.80 0.78 0.76 0.82 0.78 0.81 0.77 0.84 0.81

Intercept
(cm/s)

2.77 -0.32 -0.21 2.69 2.38 -0.27 -0.18 2.33 2.24 -0.74 -0.18 2.33 1.97 -0.59 -0.15 2.02

ter optimization for diagnostic imaging. With simple Poiseuille
flow, averaging over a large region only has a slight negative
impact on the estimator’s accuracy relative to the increase in
precision. This is, however, not the case with more complex
flow structures, and it is therefore more appropriate to perform
parameter optimization on clinically relevant flow.

One example on how the CFD flow simulations can be
used for parameter optimization is demonstrated in the results
comparing the pulse profiles estimated using an fprf of 10 kHz
and 20 kHz (see Fig. 9). The profile at fprf = 10 kHz was
obtained with a temporal averaging of 78 ms, and the profile at
fprf = 20 kHz was obtained with a temporal averaging of 39
ms. The two outputs are, however, surprisingly similar, despite
the significant difference in averaging period. At 20 kHz the
most significant difference between the actual and estimated
velocity was found to 6.14%, and at 10 kHz the largest
difference was found to be 8.44%. This suggests that using
a larger averaging period with the implemented pulse profile
is viable.

One concern of the cross-correlation estimator is that its
averaging area is more constrained than the auto-correlation
estimator because the beamformed line segments must be of
a certain length for the estimator to acquire usable results.
Therefore, the auto-correlation estimator also serves as a
reference to determine whether the constraint is an issue when
estimating complex flow structures. This was not found to
be the case with the used setup, and the cross-correlation
estimator achieves similar if not slightly better results, though
with about three times more beamformed points per velocity

estimate.
Improvements to the results can be obtained using an RCA

probe with a higher f0. However, increasing f0 makes the sys-
tem more sensitive to motion effects (see Section IV). There-
fore, minimizing the trade-off between motion effects and
spatial resolution either by optimizing the emission sequence
or developing new non-linear methods of RCA imaging are
important subjects for future research.

Lastly, other research which has utilized an equivalent probe
design has shown good correspondence between the results
obtained with Field II simulations and the measurements [22],
[26], [27], [36]. It is, thus, believed that similar estimator
performance can be obtained from measurement of in vitro
and in vivo flow, under the assumption of effective echo-
cancellation. Furthermore, compared to 2-D imaging systems,
transducer noise should also theoretically be less of an issue,
because 3-D data acquisition allows for 3-D smoothing of the
data. Nevertheless, future work entails evaluating the RCA
TVI estimator in vitro and in vivo.

VIII. CONCLUSION

Carotid bifurcation flow beneath a 3MHz 62+62 RCA was
simulated using Field II and CFD to assess RCA’s capability
of capturing clinical relevant flow with volumetric SA imaging
techniques. The flow was simulated with a peak inlet velocity
of 80 cm/s, non-rigid vessel walls, and a flow cycle period
of 1.2 s. It was found that both the TO cross-correlation
estimator and the proposed auto-correlation estimator could
resolve the dynamic 3-D flow field. From linear regression
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Fig. 6. Estimator standard deviation against peak velocity, v0, at different
beam-to-flow angles, α, and rotation angles, β. The blue line shows the
performance for the cross-correlation estimator and the red line shows the
performance of the auto-correlation estimator.

analysis between the actual and predicted velocity it was found
that the cross-correlation estimator achieves R2 values in the
range of 0.89 − 0.91, 0.46 − 0.77, and 0.91 − 0.97, for the
x-, y- and z-component, while the auto-correlation approach
achieves R2 values in the range of 0.87 − 0.89, 0.40 − 0.83,
and 0.91 − 0.96. Overall the cross-correlation estimator was
found to be more precise though the most significant difference
in RMSE between estimators, fprf and transducer orientations
was 0.60 cm/s, which is a relative small change considering the
peak velocity in the FoV is > 60 cm/s. A similar performance
was also observed in simple pipe flow simulation, where the
absolute differences in relative mean bias and the standard
deviation mainly were within 1 − 2%. The results from both
estimators indicate that RCAs present a viable approach to
high frame rate SA-based TVI, despite the low channel count.
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