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Objective: Block matching serves as the foundation for ultrasound velocimetry techniques such as blood speckle
tracking and echo-particle image velocimetry. Any spatial velocity gradients (SVGs) inside a block-matching pair
will result in tracking error, due to both the finite block size and the ultrasound point-spread-function. We assess,
using an in silico sinusoidal flow phantom, the effect of SVG magnitude and beam-to-flow angle on block-match-
ing bias and precision. Secondarily we assess the effect that SVGs have on velocimetry bias when using angled
plane-wave compounding.
Methods: The magnitude and angle of SVGs were varied by adjusting the wavelength and direction of a sinusoidal
flow profile. Scatterers displaced by this flow profile were used for simulating ultrasound radio frequency data at
discrete time points. After beamforming, the 2-D flow field was estimated using block matching. Two imaging
sequences were tested, a single plane-wave and a three-angled plane-wave.
Results: Smaller sinusoidal flow wavelengths resulted in increased bias and reduced precision, revealing an inverse
relationship between sinusoidal flow wavelength and tracking error, with median errors ranging from 69%−90%
for the smallest flow wavelengths (highest SVGs) down to 3%−5% for the largest (lowest SVGs). The SVG angle
was also important, in which lateral SVGs (with axially oriented flows) resulted in significant speckle decorrela-
tion and high tracking errors in regions with high SVGs. Conversely, axial SVGs (laterally oriented flow) experi-
enced higher bias in the peak velocity regions of the flow profile. Coherent compounding resulted in higher
velocity errors than using a single transmission for lateral SVGs but not for axial SVGs.
Conclusion: The highest SVGs that could be measured with ≤10% error was when the sinusoidal flow wavelength
was less than 20 times the ultrasound pulse wavelength. The clinical significance is that the high SVGs present in
high kinetic energy flows, such as severe carotid stenosis and aortic regurgitation, will limit the ability to accu-
rately quantify the velocities in these flow structures.
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Introduction

Block-wise tracking methods, such as (blood) speckle tracking and
echo-particle image velocimetry (echoPIV), are emerging alternatives to
ultrasound Doppler for blood flow measurement. Block-matching meth-
ods have the advantage of being able to measure both the magnitude
and angle of the velocity vector while also being robust to aliasing [1].
The basic principle of both echoPIV (and speckle tracking) is to subdi-
vide the acquired images into discrete blocks and find the most likely
location of each block’s texture in the subsequent frame, thereby mea-
suring the speckle displacement [2]. For small inter-frame scatterer dis-
placements, the speckle motion follows the underlying scatterer motion,
allowing for the estimation of the blood velocity in each block.

However, in the presence of a spatial velocity gradient (SVG), there is not
a single displacement that is valid for all velocity streamlines in the block,
resulting in bias and increased variance in the displacement estimate. In the
field of optical particle image velocimetry (PIV), Scarano [3] found that
larger block sizes resulted in increased underestimation of peak
displacements in flows with SVGs. In ultrasound imaging the spatial resolu-
tion of the imaging system, approximated by the point-spread-function
(PSF), will also act as a filter on the spatial velocity frequencies present in
the region of interest. Friemel et al. [4] have shown that the magnitude and
direction of SVGs influence the correlation of the speckle pattern over time,
where purely axial motion with a lateral gradient resulted in more rapid
speckle decorrelation than lateral motion with an axial gradient (Fig. 1). Fos-
ter et al. [5] found that the presence of SVGs in a Doppler range-cell reduced
measurement precision. Similarly, Wu et al. [6] found that a laterally ori-
ented flow with a parabolic profile could be accurately estimated, but large
errors were associated with the same profile oriented axially (in the linear
gradient regions).

When imaging blood flows in the heart and large blood vessels, the
high blood velocity necessitates the use of high-frame-rate ultrasound
imaging, where plane-wave or diverging-wave transmit sequences are
used, instead of the conventional focussed-wave imaging technique. The
use of unfocussed transmit waves has the drawback of reduced image
quality and thus multiple waves from different virtual sources are often
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Figure 1. Coherently compounded (three angles) beamformed radio frequency
data of two scatterers with different motion patterns: (a) no motion, (b) one
third λ/PRI relative motion in lateral direction and (c) one third λ/PRI relative
motion in axial direction. All images share the same dynamic range. Inspired by
Friemel et al. [4]. PRI, pulse repetition interval.

Figure 2. The simulated flow field with a sinusoidal velocity profile along the î
axis. The flow field is rotated relative to the simulated linear array with beam-
to-flow angle θ. The wavelength of the sinusoidal pattern (Λ) is made to be rela-
tive to the transmitted pulse wavelength (λ). Inset: Simulated 5 MHz transmit
pulse.
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combined, for instance via angular-compounding or synthetic aperture imag-
ing [7,8]. However, these methods assume that scatterers are static between
a set of transmissions used to form a higher-resolution PSF. Previous studies
have identified that imaging artefacts and low-pass velocity filtering occur
when this stationarity assumption is violated [9−11], but these studies
focussed on uniform flows and did not investigate the additional effect of
spatial velocity gradients on the process of coherent summation.

In the work described here, we investigated the effect of SVGs on
block-matching accuracy and precision using an in silico flow phantom
inspired by Scarano [3]. We also investigate the effect that angular com-
pounding and the method of compounding has on block-matching accu-
racy in the presence of SVGs. The primary objective of this study was to
determine how SVGs affect the accuracy and precision of block matching
and secondarily to determine how angular compounding is affected by
the magnitude and direction of SVGs.

Methods

The in silico framework for simulating fluid motion, ultrasound radio fre-
quency (RF) data acquisition, image formation, speckle tracking and error analysis
is described in this section. Briefly, a flow field propagates scatterers that are used
for simulating ultrasound back-scattered RF data on a frame-by-frame basis. The
RF data are then beamformed before speckle tracking and the estimated velocity
fields are comparedwith the originally definedflowfield.

Sinusoidal flow phantom

The main principle of the sinusoidal flow phantom (Fig. 2) is that the
degree of SVGs present in the flow field varies by the wavelength of the
sinusoid (Λ), which is related to the ultrasound pulse wavelength (λ)
using a scalar multiplicand (c):

Λ � cλ �1�
Smaller values of c result in higher SVG magnitudes and vice versa.
The steady-state flow field was simulated in 3-D with 3 principal axes

(bi;bj; bk). The stream-wise (bj) velocity component of the flow field was
modulated along the gradient axis (bi) in a sinusoidal pattern. No gradi-
ent was present along the other principal axes and all other velocity
components were 0. The velocity �bv� at point [i, j, k] was computed
using

bv
vi � 0
vj � a cos�2πi=Λ�
vk � 0

8<
: �2�

where a is peak velocity amplitude (λ/pulse repetition interval [PRI]).
This results in a velocity gradient �∇bv� [s−1] at point [i, j, k]:

∇v̂

∂v
∂i

� �2πa sin�2πi=Λ�
Λ

∂v
∂j

� 0

∂v
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The phantom was then transformed into the transducer’s reference
frame (Cartesian):

bvx;y;z �
cosθ 0 sinθ
0 1 0

� sinθ 0 cosθ

2
4

3
5bvi;j;k � �x0; y0; z0� �4�

where θ is the rotation angle around the bj axis (adjusting the beam-to-
flow angle) and [x0, y0, z0] is a translation (between the origins of the
probe and phantom). In this study a fixed translation of [0, 0, 40 mm]
was used.
Ultrasound simulations

Scatterers were uniformly distributed into a cuboidal region
(16.4 × 3 × 16.4 mm3) at a density of 10 scatterers per resolution cell to
simulate fully developed speckle. Scatterers were propagated in the flow
field over 30 transmit-receive events, where the RF back-scatter from
the scatterers was simulated using Field II [12,13]. The sampling fre-
quency, medium sound speed and frequency-independent attenuation
were set to 100 MHz, 1540 m/s and 0.5 dB/cm, respectively.

Fully developed speckle was confirmed by computing the mean-to-
standard deviation ratio of the envelope of beamformed RF signal to be
1.91 ± 0.15 (assessed over 100 randomly distributed blocks of ≈ 3 × 3
mm2), which was sufficiently close to the theoretically expected value of
1.91 [14].
Probe

A 128-element linear array transducer (pitch = λ = 308 µm) was
simulated with a kerf of 30 µm. The element height was 5 mm, which
provided a natural elevation focus at approximately 20 mm depth. The
−6 dB elevational beam width was 2.5 ± 0.6 mm over the phantom
region of interest (≈ 30−50 mm).
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Ultrasound sequence

Two plane-wave sequences were tested: one using a single transmit
steered at 0°, and a three-angled transmit scheme [−6.7°, 0°, 6.7°]. This
angle sequence was used as a trade-off between PSF, frame rate and
keeping the region of interest (green box in Fig. 3) insonified for all
angles.

For both sequences, a Tukey apodization window (α=0.5) was used
in transmit, over the full aperture. A three-cycle Hanning tapered pulse
with 50% bandwidth was used (see inset of Fig. 2).

Beamforming

Beamforming was performed (in the XZ plane, Y = 0) using the stan-
dard delay-and-sum implementation of the UltraSound ToolBox [15]. A
Tukey apodization window (cosine fraction = 0.5) was used in receive,
with an f-number of 1.1 (computed using the directivity of the elements,
as recommended by Perrot et al. [16]). A square pixel size of λ/6 (≈ 51
µm) was used for beamforming, as recommended by Saris et al. [17].

Compounding methods

Two compounding methods were tested: (i) coherent compounding
[7] and (ii) correlation compounding [18,19]. For coherent compound-
ing the beamformed RF data were summed for all angles before speckle
tracking, so block matching was performed between compounded
plane-wave images. For correlation compounding, instead of coherently
summing separate angles in the spatial domain, the correlation maps of
each angle are averaged after performing cross-correlation between like-
angle pairs. The difference between these two compounding methods is
that coherent compounding assumes that there is negligible scatterer
displacement between angled acquisitions, while correlation compound-
ing only assumes that there is negligible acceleration.

Speckle tracking

Speckle tracking was performed using a 2-D echoPIV implementa-
tion. Because no ultrasound contrast agent was used, this is equivalent
to a 2-D blood speckle tracking implementation. Two sets of images (ref-
erence and target) were subdivided into equally sized square blocks
with a 75% overlap. The cross-correlation of corresponding blocks was
Figure 3. B-mode image of 45° rotated phantom with scatterers (blue dots) and
flow pattern (red arrows) overlaid. Green box indicates the area used for accuracy
assessment. Note that scatterers are shown in the XZ plane but are uniformly dis-
tributed along the y-axis.
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then calculated (block matching), where the peak of the cross-correla-
tion function corresponded to the displacement of the speckle between
those two blocks [2].

An iterative block-matching approach was used, meaning that the
block matching was repeated multiple times, using the previous itera-
tion’s displacement estimation as input for deforming the target image
set (using cubic interpolation). Six iterations were performed, with
the square block size (l × l) halving in size every second iteration
(i.e., l = 8→ 8→ 4→ 4→ 2→ 2λ).

This scheme was found optimal on average for all flow directions and
flow wavelengths (Λ); see Appendix S1 (online only) for more details.

As the flow was steady over time, all frames were used for correlation
averaging, where the correlation maps of multiple frame-pairs are aver-
aged together before determining the displacement (30/Nangles frames
in total).

Sub-pixel interpolation was performed using a 2 × 3 parabolic fitting
(independent three-point fitting in both x and z). The final output was a
75 × 75 rectilinear grid of vectors with a spacing of 205 × 205 µm.
Experimental design

In this study, we performed three different experiments (constant
and experimental parameters are summarized in Tables 1 and 2,
respectively):

1. Assessing the effect of SVG magnitude and direction on tracking
error for a single-angle plane-wave sequence. Λ/λ = [2.5, 5,10, 20,
40] with gradient angles (d) of 0°, 45° and 90°.

2. Assessing if the tracking error would be equivalent in the lateral and
axial directions if the flow wavelength was varied as a ratio of the
PSF dimension in each direction (Λ/lPSF) instead of the pulse wave-
length (as in Experiment 1). For axial SVGs (θ = 0°), the gradients
align with the axial PSF (lpsf = 1; Fig. 4c); thus, Λ/λ remained the
same as in item 1, whereas, for lateral SVGs (θ = 90°), the gradients
align with the lateral PSF (lPSF = 1.9; Fig. 4b); thus, Λ/λ ≈ [5, 10,
20, 40, 80]. This ensured that the SVG magnitudes were constant rel-
ative to the anisotropic ultrasound PSF.

3. Assessing the effect of angled plane-wave compounding. Simulations
using Λ/λ = [2.5, 5, 10, 20, 40] and θ = [0°, 90°] were simulated
for a three-angled plane-wave sequence and compared with the sin-
gle angle sequence of item 1. Both coherent and correlation com-
pounding were tested.
Table 1
Constant properties

Medium Values

Sound speed (m/s) 1540
Density (kg/m3) 1020
Attenuation (dB/m) 50
Probe
Number of elements 128
Pitch = λ (µm) 308
Element width (µm) [278, 5000] (x, y)
Sequence
Angular decimation factor 10
Transmit apodization window Tukey (α= 0.5)
Receive apodization window Tukey (α= 0.5)
Receive f-number 1.1
Pulse repetition frequency (Hz) 10,000
Speckle tracking
Similarity measure Normalized cross-correlation
Overlap (%) 75
Image deformation Cubic interpolation
Square block size (λ) 8→ 8→ 4→ 4→ 2→ 2
Phantom
Maximum velocity (λ/PRI) 1/3

PRI, pulse repetition interval.



Table 2
Experimental variables

Variable Values

Experiment 1: Effect of spatial velocity gradient magnitude and direction
Λ/λ 2.5, 5, 10, 20, 40
θ (°) 0, 45, 90
Number of angles 1 [0°]
Experiment 2: Effect of anisotropic PSF
Λ/lPSF 2.5, 5, 10, 20, 40
θ (°) 0, 90
Number of angles 1 [0°]
Experiment 3: Effect of compounding
Λ/λ 2.5, 5, 10, 20, 40
θ (°) 0, 90
Number of angles 1 [0°], 3 [−6.7°, 0°, 6.7°]
Compounding method Coherent, correlation

PSF, point-spread-function.
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In all cases, the peak velocity amplitude of the sinusoidal flow pat-
tern was fixed (a = 1/3A/PRI ∼ 1.0 m/s). A more extensive experiment
on the effect of peak displacement amplitude is available in Appendix S2
(online only).
Error analysis

Only the inner two-thirds of the phantom extent (≈ 11 × 11 mm2) were
used for error analysis to avoid spurious vectors near the edge of the phan-
tom. Error was assessed using the range-normalized magnitude of the error
between the speckle tracking and ground truth velocityvectors:

Error � ∥Vst � Vgt∥
max ∥Vgt∥

� � ×100% �5�

where Vst and Vgt refer to the co-located speckle tracking and ground
truth fields of N vectors, each with [x, y] components. Error is a vector
of N scalars representing the error at each point in the flow grid. The
errors were normalized to the maximum of the ground truth velocities
and presented as a percentage.

Bias was assessed using the median error and precision using the
interquartile range: (median [25th percentile, 75th percentile]).
Figure 4. (a) Beamformed radio frequency data of a single scatterer at 40 mm
depth using a single plane-wave sequence. (b, c) Full-width half-maximum of
the PSF (referred to as lPSF) along the x- and z-axes, respectively. The PSF for the
three-angled sequence was similar, with an lPSF of 1.7, 1.0 λ [x, z]. PSF, point-
spread-function.
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Results

Effect of SVG magnitude and direction

Using the data of Experiment 1, the effect of SVG magnitude and
angle can be observed in Figure 5 and Table 3 (using a single transmit
angle). Laterally oriented flows (green lines in Fig. 5) tend to underesti-
mate the peak velocities of the flow profile more than axially oriented
flows (with diagonal flows falling in between). However, axially ori-
ented flows (blue lines in Fig. 5) have increased variance compared to
diagonal and lateral flows and overestimate velocities near the zero-
crossings of the flow profile (Fig. 5c). The correlation profile (maxi-
mum-normalized cross-correlation values) for axial flows was strongly
modulated by the velocity profile (Fig. 5g−k). However, for lateral
flows, this was not the case, as correlation profile values remained high
(≥0.9) even when error was high (Fig. 5c, 5h).

In Experiment 2, the anisotropic PSF dimensions (Fig. 4) were taken
into account, and the flow wavelength was varied as a function of the
PSF width in the gradient direction instead of the pulse wavelength. We
can observe in Figure 6a that the axially oriented flows (lateral SVGs)
experienced lower error on average than laterally oriented flows (axial
SVGs), which is in contrast to the results obtained in Experiment 1
(Fig. 5a). Additionally, we see that the errors in the peaks of the velocity
profile are lower for axially than laterally oriented flows (Fig. 6b). How-
ever, in the zero-crossing regions of the velocity profile (region where
SVGs are locally the highest), axially oriented flows experience higher
errors than laterally oriented flows.
Effect of SVGs on angular compounding

In Experiment 3, the effect that SVGs have when using angular com-
pounding for speckle tracking is shown in Figure 7. For axial flows, using
a single plane-wave resulted in the lowest errors, followed by correlation
compounding and then coherent compounding (Fig. 7a). Observing the
velocity magnitude profiles for axial flow (Fig. 7c−g), it can be seen that
correlation compounding had lower error at the peaks of the velocity
profile than coherent compounding, whereas coherent compounding
experienced lower error near the zero-crossings of the profile than corre-
lation compounding. Using a single transmit angle resulted in the lowest
error. The three-angled sequences experienced stronger modulation of
their correlation profile than the single-angled sequence (Fig. 7m−q).

For lateral flows, there was a smaller effect of angular compounding
on tracking accuracy (Fig. 7h−l), where correlation and coherent com-
pounding only provided minor improvements to peak velocity accuracy
over the single transmit sequence in medium/high SVG cases (Fig. 7i,
7j). There was also no appreciable modulation of the correlation profile
(Fig. 7r−v), except in the case of very strong SVGs (Λ/λ ≤ 5).
Speckle correlation

Figure 8 shows the cross-correlation maps (used to estimate the dis-
placement vector) for the first iteration of the block-matching sequence,
where the difference between axial and lateral flows in the peak gradi-
ent (zero-crossing of the velocity profile) and peak velocity (zero-cross-
ing of the velocity gradient profile) can be appreciated. The speckle
motion for these different flow regions, flow directions and number of
transmit angles is shown in Video S1 (online only). Note the splitting of
the correlation peak in the axially oriented peak gradient region when
using correlation compounding. Using coherent compounding, in the
same region, results in vertical correlation ridges due to the vertical
dark bands in the image (caused by motion-induced speckle decorrela-
tion; see Video S1c, S1d). Laterally oriented flows are not as affected by
compounding, but blurring of the correlation peak is observed for the
three-angle sequences. In all cases, the single angle produces the most
prominent cross-correlation peak.



Figure 5. (a) Error per flow wavelength ratio. (b−f) Velocity magnitude and (g−k) maximum cross-correlation profiles along the gradient axis. Lines represent median
and shaded areas extend to the interquartile range. Hue indicates the direction of flow (gradient is perpendicular to this direction).
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Discussion

We have shown that the magnitude and angle of SVGs can severely
impact block-matching accuracy and precision. We also observed that
using angled plane-wave compounding in the presence of SVGs results
in reduced accuracy and precision for lateral SVGs, compared with a sin-
gle angle.
5

Beam to velocity-gradient angle

Block-matching methods are often referred to as angle-independent
velocity estimators; however, it is clear from these results that tracking
accuracy is affected by the orientation of spatial velocity gradients. For
axially oriented gradients, with the fluid flowing laterally, the majority
of error occurs in the peak-velocity region of the flow profile (Figs. 5c−f



Table 3
Experiment 1 results

Λ/λ Median error [interquartile range] (%)

Axial flow Diagonal flow Lateral flow

2.5 89.5 [59.5, 130.2] 88.2 [52.2, 136.4] 69.0 [38.6, 92.0]
5 49.2 [29.8, 76.2] 34.4 [21.1, 50.2] 45.0 [24.2, 60.9]
10 17.3 [10.7, 26.1] 19.2 [12.6, 26.9] 20.7 [13.2, 27.8]
20 8.2 [4.9, 12.3] 9.0 [5.8, 12.7] 6.5 [3.6, 8.9]
40 4.8 [2.8, 7.3] 4.5 [2.6, 6.7] 2.6 [1.5, 3.7]
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and 6b). While for laterally oriented gradients, with axially flowing
fluid, errors are highest around the zero-crossings of the flow profile
(where the maximum gradients occur; see Figs. 5c−e and 6c). In the
case of laterally oriented gradients with axial flow, the scatterers’ rela-
tive positions within the resolution cell change over time, which then
interact with the phase sensitive RF pulse, causing significant speckle
pattern changes from frame to frame (Video S1b). This results in the
observed error increase in high SVG regions. For axially oriented gra-
dients with lateral flow, the relative positions of the scatterers also
Figure 6. Analysis of velocimetry error when directional anisotropy of the PSF is acco
dently). Axially oriented flows have lower errors on average (a) and in the regions of t
SVG regions (c) is higher for axial flows, even after taking the anisotropic PSF into acc
PSF, point-spread-function; SVG, spatial velocity gradient.

6

change over time, but their phase with respect to the incident RF pulse
is constant, avoiding speckle decorrelation (Video S1f).
Anisotropic PSF

One may expect that if the SVG magnitudes were equal relative to the
PSF in each direction then the error would also be equivalent in each
direction. From Experiment 2, where the gradients were scaled relative
to the PSF dimension (lpsf), we see that the anisotropic PSF alone does
not explain the angle dependence, although overall accuracy is now
higher for axial flows (lateral SVGs) than for lateral flows (axial SVGs)
(see differences between Figs. 5a and 6a). Accuracy in the peak-velocity
regions is higher for axially oriented flows (Fig. 6b), while the accuracy
in the peak-gradient (zero-crossings of the velocity profile) regions is
still lower (Fig. 6c) than for laterally oriented flows.

The difference in peak-velocity accuracy between axial and lateral
flows (where gradients are≈ 0) is likely due to the anisotropic PSF aswell,
where a larger PSF dimension results in a bias towards lower velocities.
This bias likely occurs during the sub-pixel estimation step of the
unted for (flow wavelength varied as a function of lPSF in each direction indepen-
he velocity peaks (b) than laterally oriented flows. However, the error in the high
ount. *Flow wavelength too large for zero-crossing data to fit in the field of view.



Figure 7. Effect of spatial velocity gradients and angular compounding technique on speckle tracking error for maximum displacement = 1/3 λ/PRI. Boxplots showing
median and interquartile range of error for axially (a) and laterally oriented (b) flows. (c−l) Median velocity magnitude profiles for axial (c−g) and lateral (h−l) flows
with shaded region indicating the interquartile range. (m−v) Maximum normalized cross-correlation profiles for axial (m−q) and lateral (r−v) flows. PRI, pulse repeti-
tion interval.
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velocimetry process, where it is known from optical PIV that larger PSFs
(called particle image diameter in the PIV field) result in higher errors
[20].

In the peak-gradient regions (Fig. 6c), only lateral SVGs result in
speckle decorrelation, due to the interaction between the varying
7

relative axial scatterer locations and the phase sensitive RF pulse. These
results corroborate existing literature on the angle-dependent decorrela-
tion effect of SVGs when imaging with ultrasound [4−6]. Similarly,
Rossi et al. [21] found that blood speckle tracking accuracy was severely
reduced when imaging a parabolic flow profile (elevational SVGs) across



Figure 8. Mean normalized cross-correlation maps centred around the peak gradient region (a−h) and peak velocity region (i−p) for axial flow (laterally oriented gra-
dients: a−d and i−l) and lateral flow (axially oriented gradients: e−h and m−p). Shaded regions in sinusoidal profiles at the top of the figure indicate the extents of the
interrogation window and the stream-wise velocity for the peak gradient and peak velocity regions. Displacement amplitude = 1/3 λ/PRI and Λ/λ = 20. PRI, pulse
repetition interval.
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the elevational beam width, compared with a flat flow profile (no eleva-
tional SVGs).

While our simulations have been performed without SVGs along the
elevational axis, we expect that a similar relationship will hold between
elevational gradients with axial flows and lateral gradients with axial
flows (decorrelation due to out-of-phase summation of scatterers within
a resolution cell).

Thus, for measurement of axially oriented flows, one should be
mindful of the relationship between the PSF and corresponding
SVGs in the cross-beam direction. Reducing the width of the lateral
PSF, by decreasing the f-number, increasing the transmit frequency
or enlarging the receive aperture (either physically or by optimizing
receive apodization), may help to reduce tracking errors associated
with SVGs.

Gradient magnitude

By decreasing Λ/λ, the SVG magnitude is increased independently
of the velocity magnitude. For an accuracy of ≈90%, the minimum
Λ/λ achievable was 20, which increased to 40 for a more stringent
requirement of ≈95% accuracy. In general, the trend was that error
halved when Λ/λ was doubled.
8

Effect of angular compounding method

For lateral SVGs (axial flow), it is clear from Figure 7 (and Appendix
S2) that the three-angled sequences (whether using correlation or coher-
ent compounding) resulted in increased error and variance compared to
a single-angled sequence. Note the reduced maximum cross-correlation
values around the zero-crossings of the velocity profile for correlation
compounding, compared with coherent compounding (Fig. 7m−q).
Looking at the correlation map in the zero-crossing region for correla-
tion (Fig. 8a) and coherent (Fig. 8b) compounding, the reason for the
increased variance and error can be appreciated: the correlation map of
the correlation compounding sequence splits in two (i.e., into a positive
and negative displacement peak), as opposed to the correlation map for
coherent compounding, which forms a vertical “ridge” (due to the
motion-induced out-of-phase RF summation) but still maintains a single
peak centred around zero displacement. Put more simply, by increasing
the number of angles, the time between frames is increased, which
allows for larger relative scatterer motion within the PSF, resulting in
more speckle decorrelation between frames.

For axial SVGs (lateral flow), the choice of compounding method was
far less impactful, with both methods performing equivalently. This can
be attributed to the relatively wide lateral beam-width modulation,
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which coherently sums even for high velocities. (In Appendix S2, in
which higher velocities are tested, the beginning of incoherence can be
observed in Fig. S2v for the three-angled sequences.) Here the improved
image resolution (reduced PSF width) afforded by the angular com-
pounding results in slightly improved tracking accuracy (Fig. 7b).

Note that there have been solutions proposed to reduce coherent
compounding artefacts associated with scatterer motion, including mod-
ified transmission orders of the different angles [9,22], motion compen-
sation [9−11,22] and use of interleaved transmit sequences [8]. How
these methods perform in the presence of strong flow gradients is cur-
rently unknown, although any motion compensation requirements may
be hindered by the speckle decorrelation that occurs in the case of high
lateral SVGs.

In practically all cases, a single plane-wave acquisition scheme pro-
vided the lowest bias and highest precision.

Correlation profiles

The maximum normalized cross-correlation values obtained during
block matching are often used as an indicator of tracking quality. Here
we observed that the correlation values obtained using block matching
did not correlate at all with the tracking accuracy of laterally oriented
flows. For instance, see Figure 5g−h (green line), in which correlation
values of ≥0.9 were consistently achieved even though errors were high
(Fig. 5b, 5c; green line). Thus, the correlation values obtained should be
used with caution when used as a surrogate for tracking accuracy.

Clinical implications

There are a few important clinical implications that are revealed by
this study. First, the dependence on SVG direction for tracking accuracy
implies that the imaging view should be carefully selected depending on
the flow aspect of interest. For instance, in wall shear rate or wall shear
Figure 9. (a) Indicative Λ/lPSF values for common high velocity flow structures of in
indicates the inverse proportional fit to the data, with shaded regions indicating the un
cases, both apical view (AV) and parasternal view (PV) options are shown, where th
Carotid and cardiac references obtained from two studies [23,24] and five studies [
PSF, point-spread-function.
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stress measurements, velocity profiles are required near the vessel wall
(where the SVGs are maximized), implying that the vessel should be
aligned so that the blood flows laterally relative to the transducer (SVGs
aligned axially). Note that there will still be the issue of wall-filter and
multiple reflection artefacts to contend with, but the effect of SVGs on
speckle decorrelation will be minimized in this orientation. Another
example is in cardiac imaging, where apical views are most often used
for vector flow imaging to capture the flow in and out of the left ventri-
cle. In this case, the flow will be aligned axially (SVGs aligned laterally),
leading to spurious vector measurements at the edges of the jet flow pro-
files, where SVGs are expected to be high.

We also observed that using angular compounding resulted in signifi-
cantly higher error and variance for axial flows with lateral SVGs. This
implies that when imaging high SVG flow structures, such as left ventric-
ular filling and ejection, very few or no compounding angles should be
used. Another solution is to rearrange the imaging view so that these
flow structures are oriented laterally rather than axially (e.g., by using a
parasternal long axis view instead of apical views).

For the linear array simulated in this study, we observed that the
flow wavelength (Λ) should be at least 20 times the pulse wavelength
(λ) for ≤10% error. For vascular flow, where a parabolic flow profile is
often used as a simplification, only one side of the sinusoidal profile is
required, meaning that the flow profile width can be ≤10λ. To extend
this concept further, it is more appropriate to evaluate estimation error
as a function of Λ/lPSF because the lateral PSF is not solely determined
by the pulse wavelength, especially in cardiac imaging using phased
arrays. Going further with the assumption of parabolic flow profiles, we
can determine what Λ/lPSF values and their associated errors can be
expected for typical high velocity flow structures (Fig. 9). The Λ/lPSF
and error values in Figure 9 are optimistic as parabolic flow profiles are
not often encountered in high-velocity cardiovascular flows [4]; thus,
the SVGs are expected to be higher in practice. Additionally, Figure 9
does not take into account the influence of SNR, clutter, clutter-filtering
terest (assuming parabolic flow profiles with diameter D; see inset). Dashed curve
certainty of the fit. (b) Values used to produce Λ/lPSF estimates in (a). For cardiac
e gradient axis is aligned with the PSF along the x-axis for AV and z-axis for PV.
25−29], respectively. CCA, common carotid artery; ICA, internal carotid artery;
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or beamforming errors, which will increase velocimetry errors by differ-
ent extents depending on the imaging situation. However, Figure 9 does
show that SVGs can be expected to be a limiting factor for accurately
assessing pathological flow structures (such as regurgitant and stenotic
jets). For cardiac imaging, it is also interesting to note that even though
the expected median errors are lower for axially oriented flows, it may
be more beneficial to image flow in a parasternal view, so that the flow
gradients through the valves can align with the axial PSF, rather than
the much wider lateral PSF when imaging apically.

Note that the sinusoidal flow phantom was chosen so that the SVG
strength could be varied independently of displacement amplitude and
also relative to the ultrasound pulse wavelength. However, the flow pat-
terns produced by this phantom are not physiological. They are intended
to only serve as a tool for determining whether the SVGs present in a
given physiological flow scenario will be a limiting factor for a given
imaging system.

Conclusions

We have shown that both the magnitude and beam-to-flow angle of
the SVGs in a flow structure influence block-matching accuracy and pre-
cision. Axially oriented flows, with lateral SVGs, were most affected by
SVG magnitude, where out-of-phase summation of backscattered RF
resulted in significant speckle decorrelation. On the contrary, laterally
oriented flows, with axial SVGs, were not affected by speckle decorrela-
tion but tended to have better velocity estimates in the high gradient
regions but underestimated peak velocities more than for axial flows.
We have also shown that angular compounding can degrade tracking
performance for axial flows with lateral SVGs. We demonstrated that the
minimum wavelength of the sinusoidal flow profile that can be mea-
sured with ≤10% error was 20 times the pulse wavelength (for a 128-
element λ-pitch linear array).
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