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A Comparison of Coherence-Based
Beamforming Techniques in High Frame-Rate
Ultrasound Imaging with Multi-Line
Transmission

Giulia Matrone*, Member, IEEE, Alessandro Ramalli, Senior Member, IEEE, Jan d’Hooge, Member,
IEEE, Piero Tortoli, Fellow, IEEE, and Giovanni Magenes, Senior Member, IEEE

Abstract—One of the current challenges in ultrasound imaging
is achieving higher frame rates, particularly in cardiac
applications, where tracking the heart motion and other rapid
events can provide potential valuable diagnostic information. The
main drawback of ultrasound high frame rate strategies is that
usually they partly sacrifice image quality in order to speed-up the
acquisition time. In particular, multi-line transmission (MLT),
which consists in transmitting multiple ultrasound beams
simultaneously in different directions, has been proven able to
improve frame rates in echocardiography, unfortunately
generating artifacts due to inter-beam crosstalk interferences.

This work investigates the possibility to effectively suppress
crosstalk artifacts in MLT, while improving image quality by
applying beamforming techniques based on backscattered signals
spatial coherence. Several coherence-based algorithms (i.e. Short-
Lag Filtered Delay Multiply and Sum beamforming, Coherence
and Generalized Coherence Factor, Phase and Sign Coherence,
non-linear beamforming with p-root compression) are
implemented and compared, and their performance trends are
evaluated when varying their design parameters. Indeed,
experimental results of phantom and in vivo cardiac acquisitions
demonstrate that this class of algorithms can provide significant
benefits as compared to Delay and Sum, well suppressing artifacts
(up to 48.5 dB lower crosstalk) and increasing image resolution (by
up to 46.3%) and contrast (by up to 30 dB in terms of contrast
ratio, and 12.6% for generalized contrast-to-noise ratio) at the
same time.

Index Terms—Beamforming, Coherence Factor, Filtered-Delay
Multiply and Sum Beamforming, High frame rate, Multi-Line
Transmission, Phase Coherence, Sign Coherence, Spatial
Coherence, Ultrasound imaging

1. INTRODUCTION

I :CHOCARDIOGRAPHY is nowadays one of the routine
imaging modalities for the non-invasive inspection of the
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heart and the diagnosis of cardiovascular pathologies, thanks to
its good spatial and temporal resolution, relative low-cost, and
lack of ionizing radiation exposition. Typically, frame rates for
2D image acquisitions in clinical scanners are lower than 100
Hz [1], being limited by the time required to sequentially
transmit and receive a series of focused beams, scanning the
whole region of interest. However, at those frame rates, rapid
heart motions or cardiac events would be missed; therefore,
gaining higher frame rates represents one of the main
challenges in echocardiography. Cardiac high-frame rate (HFR)
imaging could indeed provide potential benefits on intra-frame
motion artifacts and in the diagnosis and follow up of
cardiovascular diseases [2]-[8].

Several HFR techniques have been proposed recently, which
operate in both transmission (TX) and reception (RX) to speed-
up the acquisition time of each frame [9]. These techniques are
based on the transmission of either defocused beams, such as
plane and diverging waves [10], [11], or multiple focused
beams as in multi-line transmission (MLT) [12], [13]. In RX,
they implement multi-line acquisition (MLA) or parallel
beamforming, to form beams along more than one scan
direction simultaneously [14], [15].

Although these methods allow achieving very high frame
rates (e.g., with plane waves, images can be acquired even at
about 10 kHz), at the same time they sacrifice image quality,
either in terms of contrast, resolution or both. In plane and
diverging wave imaging, the lack of focusing degrades image
quality [16], showing coarse resolution and edge-wave related
artifacts [16], [17]. Similarly to plane/diverging wave imaging,
also MLT implies a trade-off between image quality and frame
rate improvement, since the so called crosstalk artifacts appear
in both the axial and lateral directions due to inter-beam
interference [18], decreasing image contrast. Several possible
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solutions have been proposed to address these problems for the
abovementioned HFR techniques, including the application of
spatial compounding [10], [16] or of properly designed
apodization weights [18]-[20], or beamforming strategies more
efficient than standard Delay and Sum (DAS) [17], [21]-[23],
including coherent and adaptive weighting [24]-[26]. However,
the advantage of ML T imaging is that it has lower requirements
in terms of beamforming speed than other HFR methods
providing comparable image quality and similar frame rates (in
the order of hundreds of Hz), as discussed in [1].

In another study [27], we showed that MLT has a detrimental
impact on the spatial coherence of backscattered echoes, which
is heavily influenced by the number and angular spacing of
simultaneous TX beams. Therefore, the aim of this paper is:

1. to introduce coherence-based beamforming methods
in MLT imaging;

2. to compare the imaging performance of such
coherence-based beamformers, by analyzing their
behavior with either single focused beams (single line
transmission, SLT) and MLT.

This study includes beamforming with Coherence Factor
(CF) and Generalized CF (GCF) weighting [28], Filtered Delay
Multiply and Sum (FDMAS) [29] and Short-Lag-FDMAS (SL-
FDMAS) [27] algorithms, non-linear beamforming based on p-
root compression (p-DAS) [30], and Phase and Sign Coherence
(PC, SC) beamformers [31].

Section II introduces the MLT technique and the steps
involved by each of the analyzed beamformers; the
experimental setup and measured outcome parameters are also
illustrated. Section III presents the results obtained in phantom
experiments and in in vivo cardiac imaging. The performance
of the abovementioned methods is further analyzed and
discussed in Section IV, where some conclusions are provided
too.

1I. BEAMFORMING TECHNIQUES IN TRANSMISSION AND
RECEPTION

A. Multi-Line Transmission

MLT achieves high frame rates by transmitting at the same
time Nzx beams along different focusing directions, and then
beamforming in parallel the signals backscattered along the
abovementioned directions. Specifically, the frame rate is
increased Nrx times compared to the standard SLT scan
sequences.

In order to do so, the excitation signal is calculated as the sum
of the excitation pulses that would be used in conventional SLT
to focus along each one of these directions. The Nzx beams are
thus transmitted and then moved by an angular step; by
repeating this process, a full angular sector 0 is covered. If this
sector consists of Nunes scan lines, then the step angle is
Ostep=0/N1ives, and the TX beams are separated by an angle
Orx=0/N1x [18].

As it often occurs with HFR techniques, improvements in the
acquisition time come at the expense of image quality. In this
case, the so-called crosstalk artifacts arise in MLT images, since
interferences occur among the simultaneously transmitted

beams. In particular, TX crosstalk is defined as the result of
interferences between sidelobes of the TX beam and the main
lobe ofthe RX beam, while RX crosstalk is due to interferences
among the TX beam main lobe and RX beam side lobes [18].
In the point spread function (PSF) they appear as side lobes
along the range and cross directions, respectively.

B. Coherence Factor

CF was first introduced in [32], [33] as a parameter able to
measure the quality of RX focusing; later, it was proposed as a
weighting factor to be applied to the beamformed signals [28].
The CF is formally defined as the ratio of the coherent and
incoherent sum of radiofrequency (RF) signals sx(¢) received by
N active elements, after the application of RX focusing delays:

¥
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CF(t) = (D

CF approaches 1 when the coherence of signals is high, i.e.
when the focusing quality is good; otherwise, CF assumes
lower values, down to 0. If used as a weighting factor, each
beamformed line of the CF-weighted final image is obtained as:

Yer()=CFOY(0) @

where y(?) is the DAS beamformer output:

N
W)= s,(1). 3)

n=1

C. Generalized Coherence Factor

GCF [28] is a generalization of the CF. It is based on the
computation of the spectrum Si(k) of su(¢). Then, GCF is defined
as the ratio between the energy at frequencies lower than a
cutoff frequency Mo, and the total energy:
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S, (k) |?
PG @
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1 2
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k=0

where k represents the spatial frequency index. In practice, this
means computing the ratio between the energy received from
directions around the TX beam and the energy received from
all directions. Besides, GCF reduces to CF when My=0, i.e. only
the DC spectral component is considered.

Moy represents a spatial frequency, thus in theory its value is
in the range [0; N/2-1]. In [28] it was shown that sidelobe
suppression decreases as My increases; on the other hand, My>0
should be selected in order to avoid beam-splitting artifacts due
to phase aberrations and artificial black holes in speckle.
However, since a too high My reduces the effectiveness of this
technique, values in the range 1-3 should be generally preferred
for imaging of diffuse scatterers [28].

The GCF-weighted image is obtained as:
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Yoo (1) = GCF (0)y(0). (&)

D. Phase Coherence and Sign Coherence

PC was proposed in [31] to evaluate the coherence of phases
of signals after RX dynamic focusing, which should be higher
where the beam is better focused, and thus where spatial
coherence increases. The PC factor (PCF) is computed as:

PCF([):max{O, 1—lsf(:)} (6)
0y
where oy = 7/3'? is the standard deviation of a uniform

distribution in [-7; 7] and yis a user-defined parameter in the
range [0; 1]. sf{?) is defined as:

5f(0) = minj (g, (). (85 ()] ™)

where o(¢n(?)) is the standard deviation (in the RX aperture
spatial domain) of the instantaneous phases ¢n(f) of received
(and delayed) signals sx(?) at discrete time instant #, and ¢-x(¢) is
equal to ¢n(?) + T when ¢u(?) < 0, or to @u(?) - m when ¢n(z) > 0.

SC [31] instead considers the distribution of signs of received
signals, therefore using a single bit to represent their
instantaneous phase; i.e., for each time instant ¢, bu(f) = -1 if
sa(f) < 0, otherwise bu(f) = +1. The SC Factor (SCF) is thus
defined as:

SCF(1) = |1 —o(b, (t))‘q @®)

where a(bn(f)) is the standard deviation of the signal sample
signs bu(?) (in the RX aperture spatial domain), and g > 0 is
again a user-defined parameter for SCF sensitivity tuning.

PCF and SCF can be then used to weight the DAS
beamformed output y() as follows:

Vecr(t)=PCF(0)y(t), ©
Yo (1) =SCF (1) (). (10)

In [31] it was shown that, by increasing yand g up to 1, for
PCF and SCF respectively, higher imaging performance in
terms of side-lobe suppression and narrowing of the main lobe
(i.e. contrast and resolution) could be obtained; on the opposite,
yand g values equal to 0 made these algorithms behave as DAS.

E. Short-Lag Filtered Delay Multiply and Sum Beamforming
FDMAS beamforming, which is based on the computation of
the RX aperture spatial autocorrelation function, was proposed
in [29]. It was then generalized in [27] to consider only a certain
maximum lag in the computation of the autocorrelation (ML),
leading to a different formulation known as SL-FDMAS:

ML N—-L

Yst-puias@) = D D sign(s, (15, ()]s, (s, 0] 11D

L=1 n=1

where s(f) are the received RF signals after the application of
RX focusing delays. As the cross-multiplication operation
alters the output signal frequency content, generating both a

second harmonic component at 2fy (where /s is the TX central
frequency) and a baseband component, ys.rpuvas(f) is
subsequently obtained by band-pass (BP) filtering ysz-pras(f) on
the second harmonics only, in order to attenuate as much as
possible other frequency components which originate from
such non-linear operations. SL-FDMAS equals FDMAS when
ML is set to N-1.

By tuning ML, a trade-off between resolution and contrast
exists, as demonstrated in [27]: in general, lower ML values
imply higher lateral resolution but also higher side-lobes, i.e.
lower contrast, while the opposite effect is achieved by
increasing ML.

F. Non-Linear Beamforming with p-root Compression

Starting from the FDMAS expression, in [30], [34] a non-
linear beamformer based on p-th root compression (p-DAS)
was proposed by generalizing this formalism through the use of
a p-th root and p-th power as follows:

N N r
Vpas (1) = sign{z sfgn(sn(t))f’\/sn<t>} > sign(s, (OWs,(0)] -
n=l1 n=I1
12)

Also in this case, the non-linear p-th root and p-th power
operations distort the frequency content of the output signal, in
which artificial harmonics at multiples of the TX central
frequency appear. Thus, in the end yp-p4s(¢) has to be BP-filtered
around the fundamental frequency component. Like FDMAS,
p-DAS is a coherence-based beamformer, where the p
parameter can be used to tune the contrast/resolution
performance of the algorithm on the final image. Increasing p
generally improves resolution and contrast, but degrades
speckle uniformity [30].

G. Ultrasound Imaging Setup

Experimental acquisitions were performed by means of the
64-channel ULA-OP research scanner [35], [36] connected to a
128-element phased array probe (model PA230, Esaote S.p.A.,
Florence, Italy) with a 170 pm pitch. Only the 64 odd elements
of the probe were used in order to maximize the aperture width,
so the actual pitch was 340 um. The central frequency was 2
MHz, and a 2-cycle Hanning-weighted sinusoidal burst was
used as the excitation signal. Its amplitude was 25 Vp, in the
SLT case, while in MLT it was reduced proportionally to the
number of TX beams, i.e. 25/Nzx Vpp, since 25 Vpp was the
maximum output amplitude of the linear transmitter onboard
the ULA-OP system. Moreover, as shown in [37], with such
amplitude limitation MLT’s safety is guaranteed without risks
of any thermal or mechanical effect. The TX focus was set at
70 mm depth. Pre-beamforming signals were collected by the
probe, sampled at 50 MHz and sent to the computer via USB
for beamforming and image analysis. Acquisitions were carried
out using two different phantoms. The first one consisted of
four vertically-aligned nylon wires (100 pm diameter)
immersed in water at increasing depths, while the second one
was a commercial tissue-mimicking phantom (model 040GSE,
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CIRS Inc, Norfolk, VA, USA). Also in vivo cardiac imaging
experiments were performed on a young healthy volunteer. This
study was approved by the local ethics committee, and
informed consent was received from the participant.

Data from a 90°-wide image sector corresponding to 192
scan lines were acquired. After beamforming, the obtained RF
image lines were demodulated using the Hilbert transform,
normalized and logarithmically compressed to obtain the final
B-mode image. SLT and MLT with 4, 6 and 8 TX beams (i.e.
4-, 6-, 8-MLT) were implemented. Tukey apodization was
applied in TX in all cases, to reduce TX crosstalk, as proposed
in [18], while the following techniques for RX crosstalk
suppression were compared: DAS with Tukey RX apodization
(DAS-T), SL-FDMAS with ML equal to 10 or 32, and standard
FDMAS (ML=63); p-DAS with p=3 and 4; CF-weighted DAS;
PCF and SCF beamforming with y and ¢ equal to 0.2, 0.4, 0.6,
0.8, 1, respectively; GCF with My=1, 2, 3,4, 5. For SL-FDMAS
and p-DAS signals, the BP filter frequency boundaries were set
to 2-6 MHz and 1-3 MHz, respectively.

H. Image Quality Metrics

Imaging performance was evaluated in terms of lateral
resolution (LR) at -6 dB, considering the wire in water at 75
mm depth (i.e. nearest to the TX focus), of contrast ratio (CR)
and generalized contrast-to-noise ratio (GCNR, [38]):

CR= 2ozoglo(”“y‘" } 13)
Hpck
GCNR=1= [mindpyy (3), Pyt () (14

where uos and pscr represent the mean of envelope-detected
signal values (before log-compression) inside the cyst and in
the background, respectively, while pcs and ppea are the

p-DAS (p=4)

probability density functions of the enveloped signal y inside
and outside the cyst, respectively. The GCNR in fact provides
an analysis of contrast-to-noise ratio (CNR) that takes into
account the probability density function of image values inside
and outside the cyst target, so as to be resistant to dynamic range
alterations. We decided to consider such metrics since non-
linear and/or adaptive beamforming algorithms could change
the beamformed signals dynamic range [39], thus comparisons
in terms of standard CNR could be altered as a consequence. In
this work, two circular areas (5 mm diameter) at the same depth,
inside and outside the phantom anechoic cyst at ~70 mm, were
considered to compute the abovementioned parameters (see
yellow circles in Fig. 2). Besides, RX crosstalk (XT) was
evaluated by computing the ratio between the peak amplitude
of the Point Spread Function (PSF) (i.e. the wire in water) at 75
mm depth and the highest peak of artifacts due to crosstalk.

III. RESULTS

A. Phantom Images

Images of the nylon wires immersed in water are presented
in Fig. 1, while Fig. 2 shows CIRS phantom images; in both
cases only 4-MLT was considered, to permit a qualitative
comparison between images obtained with different
beamformers. In Fig. 3 the measured parameters (LR, XT, CR
and GCNR) are reported, again in the 4-MLT case. A full
representation of all the obtained outcome metrics is instead
provided by the bar plots in Fig. 4, where bars represent relative
values obtained with the different beamformers and SLT/MLT,
with respect to DAS-T ones. Normalization values, i.e. the
measurements obtained with DAS-T beamforming, are listed in
Table I as a reference.

By looking at Fig. 1, it can be immediately noticed that an
improvement in lateral resolution occurs when coherence-based

-70 -60 -50 -40 -30 -20 ~-10 0 ,70 60 -50 -40 -30 _20 _10

o

GCF (M, —1)

SCF (q 1)

-50 0 50

X [mm] x [mm] X [mm]
30 20 -10 0 60 -50 -40 380 -20 -10 0O -70 -60 -50 -40 -30 20 -10 0
EEETT T EE__ 0
SL-FDMAS (ML 63) CF PCF (y=1)
-50 50 -50 50

X [mm]

x [mm]

X [mm]

Fig. 1. Images of the nylon wires in water, acquired with 4-MLT and different RX beamformers, displayed over a log-scale with a 70 dB dynamic range: DAS
with Tukey RX apodization, p-DAS with p=4, GCF with Mo=1, SCF with ¢g=1, SL-FDMAS with ML=63 (i.e. FDMAS), CF, and PCF with y=1.
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|
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|
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Fig. 2. Images of the CIRS phantom, acquired with 4-MLT and different RX beamformers, displayed over a log-scale with different dynamic ranges: DAS with
Tukey RX apodization, p-DAS with p=4, GCF with M=1, SCF with g=1, SL-FDMAS with M1=63 (i.e. FDMAS), CF, and PCF with y=1. Yellow circles on the
DAS-T image represent areas used to evaluate performance metrics.

beamforming methods are used, as nylon wires at all depths
look narrower than DAS-T ones. With DAS-T, a LR of about
2.6 mm is achieved with both SLT and MLTs, while with
coherence-based beamformers LR ranges from 1.4 mm with
SL-FDMAS (ML=10) to 2.2 mm with GCF (Fig. 3), i.e.
improvements of ~46% and ~14%, respectively, as compared
to DAS-T (Fig. 4). Very good values (about 1.5-1.7 mm, ~40%-
33% better than DAS-T) are achieved also with p-DAS, PCF
and SCF with high y and ¢ values, respectively. Almost the
same results are obtained again for all MLTs. In general,
decreasing ML or My and increasing p, y or ¢ makes SL-
FDMAS, GCF, p-DAS, PCF and SCF achieve a better
resolution, respectively (Fig. 4). LR with CF is better (1.9 mm
vs. 2.2 mm) than with GCF (Fig. 3-4).

All  coherence-based  beamformers achieve better
performance than DAS-T in terms of RX crosstalk rejection too
(Fig. 4), with PCF at low y values the only exception (e.g., a 4.4
dB higher XT is obtained in 6-MLT with y=0.2). Actually, also
GCF with My=5 is outperformed by DAS-T in 8-MLT (Fig. 4),
but only by 0.5 dB. The abovementioned improvement can be
observed by looking at Fig. 1, where only the DAS-T image
shows visible RX crosstalk peaks at the left and right sides of
each nylon wire. For example, XT with DAS-T goes from -42.8
dB in 4-MLT to -34 dB in 8-MLT (Table I), while it reaches
values down to -91.3 dB and -81.5 dB with p-DAS (p=4) in 4-
MLT and 8-MLT, respectively (Fig. 4). Moreover, an improved
XT-rejection can be observed when increasing ML, p, v, and ¢
for SL-FDMAS, p-DAS, PCF and SCF, respectively. For
CF/GCF instead XT is better suppressed when decreasing Mo
from 5 to 0 (Fig. 4). If we consider 4-MLT (Fig. 3), for example,
in the best case we have a stronger XT rejection of-19.2 dB for
FDMAS, -48.5 dB for p-DAS (p=4), -36.6 dB for CF, -29.1 dB

for GCF (My=1), -16.6 dB for PCF (y=1) and -31 dB for SCF
(g=1), with respect to DAS-T.

Two further plots, showing the lateral and axial sections of
the wire at 75 mm depth have been provided as supplementary
material (FigurelS.tiff). In these plots, sidelobes corresponding
to RX and TX crosstalk artifacts have been further highlighted
by colored arrows.

Images of the tissue mimicking phantom (Fig. 2), are
displayed over different dynamic ranges, chosen in order to
obtain a histogram of pixel gray-scale levels almost equal to
that of DAS-T. This procedure was implemented so as to
provide a better visibility to images, in particular to those
obtained with coherence-based beamformers, which, due to the
improved contrast resolution, usually look darker and with
more black areas in the background [39]. Even if in this way
almost the same mean gray level is obtained for all images, Fig.
2 shows that coherence-based beamformers are still able to
bring improvements as compared to DAS-T, with images
looking better resolved (for example, refer to the 3 wires
aligned along the horizontal axis at z=40 mm) and with a higher
contrast. This is confirmed by CR values in Fig. 3-4, showing
that all coherence-based beamformers achieve a higher contrast
than DAS-T. Up to 13 dB improvement is generally obtained
by FDMAS with respect to DAS-T, which decreases if
considering only short lags (Fig. 4). p-DAS reaches a CR up to
30 dB higher (in absolute value) than DAS-T in 4-MLT; a ~20
dB improvement is also achieved by CF and GCF with Ms=1,
while PCF with y=1 and SCF with ¢=0.8 gain about 15 dB and
18 dB, respectively (Fig. 4). As observed for XT suppression,
also CR improvement generally increases with ML, p, y and ¢
for SL- FDMAS, p-DAS, PCF and SCF, respectively (Fig. 4).
For CF/GCF instead, increasing My leads to a decrease of CR
improvement.
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Finally, in terms of GCNR, in SLT mode GCF is the only
algorithm providing a slight improvement with respect to DAS-
T (Fig. 4). Whereas, some significant differences are noticeable
in the MLT cases. Almost all coherence-based algorithms in
fact show a higher GCNR than DAS-T with MLT, in particular
for increasing Nzy, except for SL-FDMAS with very short lags
(ML=10) and SCF with g=0.8-1 (Fig. 4). GCNR improves for
decreasing p and ¢ values in p-DAS and SCF, respectively, or
for increasing ML values in SL-FDMAS. For PCF instead we
can see that GCNR remains almost constant up to y=0.8, while
for y=1 it slightly decreases (Fig. 3). Finally, GCNR for GCF is
almost constant with Mo, but always higher than for DAS-T and
also slightly higher than for CF, which reaches values similar
to those of p-DAS with p=4 (Fig. 3).

In 4- and 6-MLT the best GCNR is achieved by p-DAS with
p=3(0.92 vs. 0.87 with DAS-T in 4-MLT, and 0.82 vs. 0.73 in
6-MLT), while in SLT and 8-MLT it is achieved by GCF with
Mo=4 and My=2, respectively (0.97 vs. 0.96 with DAS-T in SLT
and 0.79 vs. 0.63 with DAS-T in 8-MLT). In terms of
percentage increment, this means that we have a 5.2% and
12.4% improvement with p-DAS (p=3) in 4- and 6-MLT, and
up to 25.7% improvement with GCF (My=2) when 8 beams are
transmitted (Fig. 4). GCF, p-DAS and SL-FDMAS algorithms
in general achieve better GCNR performance (in decreasing
order) than PCF and SCF in MLT. In particular, the lowest
values are achieved by SCF (4.4% improvement at most, as
compared to DAS-T, in 8-MLT with g=0.6) (Fig. 4).

A zoomed view of the cyst at about 70 mm depth, used for
CR and GCNR evaluation, has been provided in Figure2sS.tiff,
included as supplementary material.

B. InVivo Cardiac Images

Two different sets of in vivo heart images acquired with 4-
MLT are shown in Fig. 5 (5-chamber apical view) and Fig. 6
(4-chamber apical view). The corresponding videos are also
provided as supplementary material (5ChambersAV.mp4 and
4ChambersAV.mp4).

To display these images, dynamic ranges have been again
adjusted on the basis of a histogram analysis, in order to match,
as well as possible, the reference histogram of the DAS-T
image. In spite of this, both figures show that with coherence-
based beamformers an improved contrast can be obtained with
respect to DAS-T. The four chambers look darker, as well as
the aorta in Fig. 5, and those artifacts that affect the visibility of
atria in the DAS-T image (especially inside the right atrium and
outside the left one, see yellow arrows in the DAS-T panel of
Fig. 5 and Fig. 6) are almost no more present in the other
images, thanks to the higher crosstalk suppression. The higher
contrast makes also the septum and mitral valve more visible in
Fig. 5-6.

Another important benefit brought about by coherence
beamformers is the improved lateral resolution, which can be
noticed by looking at the speckle pattern of the myocardial
walls. The only exception is probably represented by GCF
images with My=1, in which such an improvement is limited,
even if contrast looks still higher than with DAS-T.

The combination of improved contrast and resolution allows
achieving, in general, sharper images, with better defined

borders and more clearly visible chambers/valves. Moreover, it
can be noticed that, with coherence based beamformers, even
the pericardial cavity on the left ventricle external border
becomes visible, particularly well in p-DAS and SCF images of
the 5-chamber apical view (Fig. 5), but also in Fig. 6 (as pointed
out by the green arrow).

In order to visualize more clearly the improvements brought
about by coherence-based beamformers, we have also provided
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Fig. 3. Performance parameter values obtained by the different beamformers in
4-MLT.

TABLEI
MEASURED IMAGE QUALITY PARAMETERS WITH DAS-T BEAMFORMING
LR [mm] XT [dB] CR [dB] GCNR
SLT 2.62 - 2221 0.96
4-MLT 2.57 -42.82 -14.98 0.87
6-MLT 2.61 -39.20 -11.24 0.73
8-MLT 2.57 -34 -9.20 0.63
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Fig. 4. Experimentally measured image quality parameters with respect to DAS-T ones (cf. Table I): (from left to right) LR, XT, CR and GCNR.
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a magnified view of the details indicated by arrows in Fig. 5
and Fig. 6; these additional images are provided as
supplementary material. Figure5SA.tiff, Figure5SB.tiff, and
Figure5SC.tiff show the zoomed view of regions indicated by
left/right yellow arrows and by the green arrow in Fig. 5,
respectively; Figure6SA.tiff, Figure6SB.tiff and Figure6SC.tiff
refer to left/right yellow and green arrows in Fig. 6,
respectively.
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IV. DISCUSSION AND CONCLUSION

In this paper we have investigated whether beamformers
exploiting the spatial coherence of backscattered signals can
provide benefits in cardiac HFR imaging with MLT. Up to now,
their good performance has been mainly proven in standard
SLT indeed, where single focused beams are sequentially
transmitted to acquire a full image. Here instead we analyze
their behavior in a different scan configuration, i.e. in the
presence of multiple TX beams (MLT), which are
simultaneously transmitted to improve the frame rate but

SL-FDMAS (ML=63)
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Fig. 5. 5-chamber apical views of the heart, acquired with 4-MLT and different RX beamformers, displayed over a log-scale with different dynamic ranges: DAS
with Tukey RX apodization, p-DAS with p=4, GCF with My=1, SCF with g=1, SL-FDMAS with ML=63 (i.e. FDMAS), CF, and PCF with y=1.
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Fig. 6. 4-chamber apical views of the heart, acquired with 4-MLT and different RX beamformers, displayed over a log-scale with different dynamic ranges: DAS
with Tukey RX apodization, p-DAS with p=4, GCF with Mo=1, SCF with ¢g=1, SL-FDMAS with ML=63 (i.e. FDMAS), CF, and PCF with y=1.
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heavily influence spatial coherence.

At the same time, this study has provided a comparative
assessment of the imaging performance of six different
coherence-based techniques. For each technique, contrast,
resolution and inter-beam crosstalk suppression have been
evaluated.

The results demonstrate that all the analyzed beamformers
are able in general to provide better image quality than the
reference DAS-T, lowering RX crosstalk artifacts without
sacrificing resolution or contrast.

Lateral resolution, measured as the main lobe width at -6 dB,
is not influenced by the transmission of multiple beams, since
RX crosstalk determines side lobes separated from the main
lobe. Coherence-based algorithms providing higher resolution
than DAS-T in SLT behave similarly in MLT. The LR values
in Table [ and bar plots in Fig. 4 show that DAS-T provides the
worst LR, also because of RX Tukey apodization applied to
suppress crosstalk. As expected, other algorithms achieve better
results, since they are known to suppress off-axis signals
providing a narrow beam, thanks to the use of spatial-
coherence-related weights or image formation procedures.
Moreover, these beamformers show a different LR when
varying their user-defined parameters. For example, LR gets
worse when increasing ML in SL-FDMAS images and when
increasing Mo in GCF images, while for p-DAS, PCF and SCF,
LR improves by increasing p, y and ¢ parameters, respectively.
The best result is that of SL-FDMAS with AML=10, which
succeeds in obtaining a very narrow beam main lobe, using only
highly coherent information in the beamforming process.

RX crosstalk suppression instead varies with the number of
TX beams in MLT. For what concerns the possible dependence
of crosstalk suppression on beamforming design parameters,
Fig. 4 demonstrates again that for SL-FDMAS performance
improves with increasing ML; also for p-DAS, PCF and SCF
we have improvements when p, y and ¢ increase, respectively.
CF/GCF performance gets instead lower when My increases.
Generally, all coherence-based beamformers perform better
than DAS-T; RX crosstalk is in fact reduced thanks to the lower
RX beam sidelobes, which turns out also in improved contrast
in MLT images and less artifacts. The only exception is PCF
with y equal to 0.2 and 0.4, which reaches XT peaks up to 4.4
dB% higher than DAS-T ones in MLT (Fig. 4), probably
because with such low y values RX beam sidelobes are not
enough suppressed and inter-beam interferences still occur.

Crosstalk reduction has an important impact in cardiac
images, where the visibility of atria is significantly improved

by coherence-based beamforming, reducing all the artifacts that
can be seen especially in the lower right and left regions of
DAS-T images (see yellow arrows in Fig. 5 and Fig. 6).

These LR and crosstalk suppression improvements also bring
about a higher CR with coherence-based beamforming (Fig. 4).
In DAS-T images, both the worse resolution and all crosstalk
artifacts make the background-tissue speckle look more
uniform, but also cysts and heart chambers are filled up with
noise (Fig. 2, 5, 6), thus contrast decreases. On the other hand,
with coherence-based beamformers, the lumen of cysts and
heart chambers qualitatively show a lower mean gray level;
thus, in spite of the tissue speckle being darker too (due to the
increased contrast resolution), CR improves.

It is known that often the CNR becomes low in high contrast-
resolution/dynamic-range images, because of the sharper
speckle pattern with an increased variance [38], [39]. This
effect can be observed in the coherence-based beamforming
images, as mentioned earlier. Besides, with these algorithms,
the speckle looks partially darker in MLT than in SLT, due to a
decrease of spatial coherence, as shown in our previous work
[27]. On the other hand, in MLT the DAS-T image speckle
appears to be even more uniform due to the presence of
crosstalk artifacts, higher side lobes and lower resolution. For
these reasons:

i.  we showed images with different dynamic ranges, in
order to match as well as possible their histograms and
obtain similar appearance in terms of speckle average
gray level; in spite of this, coherence beamformers
obtain a visibly better image quality;

ii. we evaluated the GCNR, instead of CNR, since it is

immune to image dynamic-range alterations [38].

The obtained GCNR values show that all algorithms,
including DAS-T, achieve almost equal results in SLT.
Significant differences can be noticed as the number of
simultaneous TX beams increase, in particular in 8-MLT,
showing an improvement (up to 26%) with some coherence-
based beamformers (e.g. FDMAS, p-DAS, CF, GCF, PCF and
slightly also SCF with lower ¢) as compared to DAS-T (Fig. 4).

This means that, in spite of possible dynamic range
alterations, coherence-based beamformers are really able to
improve image CR and CNR in MLT, thanks to their improved
sidelobe and XT suppression capabilities, which play an
important role in achieving high frame rates (as in 8-MLT)
while maintaining a good image quality.

In conclusion, our study demonstrates that coherence-based

TABLEII
ALGORITHMS PROVIDING THE BEST AND WORST PERFORMANCE IN EACH CONFIGURATION
LR XT CR GCNR
Best Worst Best Worst Best Worst Best Worst

SLT SL-FDMAS DAS-T - - p-DAS (p=4) DAS-T GCF (Ms=3) SCF (¢=1)

(ML=10)
4-MLT SL-FDMAS DAS-T p-DAS (p=4) PCF (y=0.2) p-DAS (p=4) DAS-T p-DAS (p=3) SCF (¢=1)

(ML=10)
6-MLT SL-FDMAS DAS-T p-DAS (p=4) PCF (y=0.2) p-DAS (p=4) DAS-T p-DAS (p=3) SCF (¢=1)

(ML=10)
8-MLT SL-FDMAS DAS-T p-DAS (p=4) PCF (y=0.2) p-DAS (p=4) DAS-T GCF (Mo=2) SCF (¢=1)

(ML=10)
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beamformers can provide significant advantages in MLT as
compared to DAS-T for all the analyzed parameters. Such
improvements however are more or less significant depending
on the design parameters of the algorithms, which can be
properly tuned to achieve the best trade-off between image
quality and frame rate. Particularly, the following performance-
metrics trends can be highlighted (Fig. 3-4):

- increasing ML in SL-FDMAS allows improving XT
rejection, together with CR and GCNR, but worsens LR,
as demonstrated in [27];

- with p-DAS, a higher p value should be set to improve
LR, XT rejection, and CR, unfortunately slightly
reducing GCNR;

- LR does not significantly change when varying My with
GCF; XT and CR instead get worse for increasing values
of Mo. The GCNR improves from CF to GCF with Ms=1,
but then shows an almost constant trend for increasing
My values; however, the relative improvement with
respect to DAS-T decreases on average with Mo;

- increasing y in PCF generally yields to an improvement
of all image quality parameters;

- LR, XT and CR improve when increasing ¢ in SCF,
while an opposite trend can be observed for GCNR; SCF
in fact tends to degrade speckle uniformity (i.e. speckle
has a high variance), so CNR worsens independently
from possible dynamic range alterations;

- in all configurations (SLT/MLTSs), the algorithms
obtaining the worst performance parameters are the
same (Table II): DAS-T for LR and CR, PCF with y=0.2
for XT rejection, and SCF with g=1 for GCNR;

- the best LR is always achieved by SL-FDMAS with
ML=10, while the best XT suppression and CR are
always achieved by p-DAS with p=4, both in SLT and
MLTs;

- in SLT and 8-MLT the best GCNR is that of GCF with
Mo=3 and My=2, respectively, while in 4- and 6-MLT p-
DAS (with p=3) achieves the best result.

Overall, we can say that p-DAS is probably the algorithm
which allows achieving the best image quality in MLT, as it
often yields to the highest performance metrics (Table II). In
those few cases where it doesn’t perform the best, it still reaches
a good outcome: LR is only ~0.1 mm lower than the best one
achieved by SL-FDMAS with ML=10 and GCNR is only ~0.01
and 0.03 lower than that of GCF with My=3 and My=2 in SLT
and 8-MLT, respectively.

Concerning the selection of the best MLT configuration, it
should be based on the target imaging application, since a trade-
off exists between image quality and frame rate. In our case, we
should also consider that with the 64-channel ULA-OP system
higher MLTs imply lower signal-to-noise ratios (SNR), due to
the reduction of TX signal amplitude proportionally to Nzx, as
explained in Section I1.G; thus, with the higher MLTs (e.g. 16-
MLT), image quality would probably be too low. However, in
another work [1], exploiting the novel ULA-OP 256 research
scanner, it was shown that the use of a virtual source for
overlapping beams partially overcomes the reduction of SNR.

Finally, from a computational point of view, most of the
analyzed methods could be efficiently implemented in real-

time. Indeed, the computational complexity is O(N) for CF,
PCF, SCF and p-DAS, while, for GCF, it is O(N-log(N)), since
the Fast Fourier Transform (FFT) algorithm can be used. On the
other hand, SL-FDMAS has a higher complexity, i.e. O(N?),
due to signal cross-multiplications. However, in the case of
standard FDMAS beamforming (ML=63), it decreases again to
O(N), as the simplified formulation proposed in our previous
paper [40] can be used. It is also worth highlighting that, in a
real-time implementation, all the most complex operations (#-
th power, n-th root, phase calculation, etc.) would be
implemented by means of look-up tables (LUT), as already
shown in [40]. Such solution would make all the methods very
efficient from a computational point of view.

One last comment should be done on the choice of techniques
included in this work. Actually, we are aware that Short Lag
Spatial Coherence (SLSC) [41], [42] should be considered
among the main ultrasound imaging methods relying on the
spatial coherence of backscattered signals. However, we
preferred not to include it in this work, since our aim was to
compare beamforming techniques for B-mode imaging only.
SLSC instead provides images of the spatial coherence itself,
and as such its outcome is not fairly and directly comparable to
the considered B-mode imaging beamformers. For this reason,
we are indeed investigating the behavior of this imaging
modality with multiple beam transmission in a separate ongoing
work. Moreover, it is worth highlighting that other techniques
have been described in the literature to improve acoustic
crosstalk suppression in MLT; they include e.g. the use of
adaptive weights [19], the application of minimum variance
adaptive beamforming in RX [22], orthogonal frequency
division multiplexing [43], coded excitations [44] and harmonic
imaging [45], but the comparison with those methods was out
of the scope of this work, since they are not directly linked to
the spatial coherence of backscattered signals.
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