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Abstract

Purpose: Isolating the mainlobe and sidelobe contribution to the ultrasound image can improve
imaging contrast by removing off-axis clutter. Previous work achieves this separation of main-
lobe and sidelobe contributions based on the covariance of received signals. However, the
formation of a covariance matrix at each imaging point can be computationally burdensome
and memory intensive for real-time applications. Our work demonstrates that the mainlobe and
sidelobe contributions to the ultrasound image can be isolated based on the receive aperture
spectrum, greatly reducing computational and memory requirements.

Approach: The separation of mainlobe and sidelobe contributions to the ultrasound image is
shown in simulation, in vitro, and in vivo using the aperture spectrum method and multicovariate
imaging of subresolution targets (MIST). Contrast, contrast-to-noise-ratio (CNR), and speckle
signal-to-noise-ratio are used to compare the aperture spectrum approach with MIST and con-
ventional delay-and-sum (DAS) beamforming.

Results: The aperture spectrum approach improves contrast by 1.9 to 6.4 dB beyond MIST and
8.9 to 13.5 dB beyond conventional DAS B-mode imaging. However, the aperture spectrum
approach yields speckle texture similar to DAS. As a result, the aperture spectrum-based
approach has less CNR than MIST but greater CNR than conventional DAS. The CPU imple-
mentation of the aperture spectrum-based approach is shown to reduce computation time by
a factor of 9 and memory consumption by a factor of 128 for a 128-element transducer.

Conclusions: The mainlobe contribution to the ultrasound image can be isolated based on the
receive aperture spectrum, which greatly reduces the computational cost and memory require-
ment of this approach as compared with MIST.
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1 Introduction

Medical ultrasound images are typically formed by delaying received signals according to the
expected times-of-flight in the medium and coherently summing these delayed signals across the
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receive aperture at each imaging point. This delay-and-sum (DAS) approach has long been the
standard imaging approach on most ultrasound scanners to display the coherent backscatter
intensity in the medium. Advancements in ultrasound imaging systems have enabled software
beamforming, which allows for more sophisticated imaging approaches beyond standard DAS.
Regardless of the transmit sequence used in acquisition, receive channel data are generally
focused at every imaging point in the medium, so an array of receive signals across the aperture
is given for each imaging point. Most software beamformers allow for advanced imaging tech-
niques to be applied to the received ultrasound signal across the aperture at each imaging point to
form images.

One group of these advanced imaging techniques is designed to measure the coherence of
received signals across the aperture rather than the intensity of the backscattered ultrasound.
Each of these coherence imaging techniques aims to remove the impact of backscatter intensity
on the final image and relies on changes in signal coherence for imaging contrast. Coherence
factor (CF),"? initially described as an adaptive focusing criterion,’ was defined as the ratio of the
coherent sum over the incoherent sum of receive signals. Generalized coherence factor (GCF)
expands upon CF using the spectrum across the receive aperture to measure the ratio of coherent
to incoherent signal intensities.* Meanwhile, phase CF and sign CF’ measure the alignment of
the phase and sign, respectively, of the receive signals as a metric for coherence. Additionally,
short-lag spatial coherence,®’ based on the van Cittert—Zernike VCZ) theorem,® measures
coherence as a function of element offset and integrates this coherence function up to a maxi-
mum element offset.

Whereas coherence imaging techniques ignore backscattered signal, other techniques aim
to improve upon the quality of standard DAS B-mode images that generally retain changes
in backscatter intensity. Spatial prediction filtering”'” employs an autoregressive model to
the received signals prior to summation to remove noise and off-axis clutter in the final
B-mode image. Furthermore, minimum variance,'""'? delay-multiply-and-sum, and Wiener
beamforming'*!'* have been used to suppress sidelobes and improve lateral resolution in
B-mode images, whereas aperture domain model image reconstruction'>'® applies a model
and regularization scheme to detect and remove multipath scattering in the channel data prior
to summation.

In addition to these prior works, recent work on multicovariate imaging of subresolution
targets (MIST)'7~'? achieves the separation of mainlobe and sidelobe contributions to the ultra-
sound image by modeling and fitting the expected covariance across receive signals due to main-
lobe and sidelobes, respectively. In MIST, the receive covariances due to mainlobe and sidelobe
components are derived from the VCZ theorem.® However, a major challenge for real-time im-
aging with MIST is the number of computations performed and the storage required for each
imaging point. For an N-element array, MIST requires N> computations and N storage to form
a covariance matrix for the receive signals at each imaging point.

The same decomposition approach used in MIST can be applied to the aperture spectrum of
the received signals. In prior work,>*?° the VCZ theorem was used to predict signal intensity in
each frequency bin of the aperture spectrum in a diffuse-scattering medium with application to
GCF. Although GCF uses the aperture spectrum to form coherence images, the same aperture
spectrum can be used to separate mainlobe and sidelobe contributions to the ultrasound image
without losing sensitivity to changes in backscatter intensity. Furthermore, achieving this sep-
aration based on the aperture spectrum would reduce computations to O(N log N) and storage
to N at each imaging point. The goal of this paper is to demonstrate the separation of mainlobe
and sidelobe contributions to the ultrasound image based on the aperture spectrum”' and com-
pare its performance with MIST.

2 Background and Theory

2.1 Multicovariate Imaging of Subresolution Targets

The MIST'” technique aims to improve contrast in B-mode images by isolating and displaying
only the mainlobe contributions to the image. This is achieved by formulating a model for the
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covariance across receive elements for the mainlobe, sidelobes, and noise contributions to the
image and fitting the observed covariance in the receive channel data to these components.

Figure 1 illustrates how the covariance components are constructed. The VCZ theorem
states that, in a diffuse scattering medium, there is a Fourier transform relationship between the
autocorrelation of receive signals as a function of lag (i.e., element-offset) and the intensity dis-
tribution induced by the transmit aperture at the focus. Because the intensity distribution induced
by a rectangular aperture is a sinc-squared profile [Fig. 1(a)], the autocorrelation across receive
elements has a triangle shape that linearly decreases from 1 to 0 as the lag between the receive
elements approaches the length of the transmit aperture [Fig. 1(b)]. The autocorrelation function
can also be isolated for the mainlobe and sidelobe components of the source intensity distribu-
tion [Fig. 1(b)]. In Fig. 1(c), covariance matrices for the mainlobe (R,;) and sidelobe (Rg) con-
tributions are symmetric oeplitz matrices constructed from their autocorrelation functions, and
the covariance matrix for uncorrelated noise (Ry) is the identity matrix.'”

We denote $(x, z) as a column vector of analytic signals across the receive aperture at some
imaging point (x, z). MIST estimates the mainlobe (a,;(x, z)), sidelobe (ag(x, z)), and noise
(ay(x,z)) contributions at each imaging point using the following non-negative least squares
optimization problem:
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Fig. 1 Deriving the covariance components of MIST: (a) far-field lateral profile for mainlobe and
sidelobe components. (b) Correlation versus lag based on the VCZ theorem for the full intensity
profile, mainlobe only, and sidelobes only. (c) Covariance matrices for the mainlobe, sidelobes,
and noise components, respectively.
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This implementation of MIST is equivalent to the three-component model and 04 kernel used
in the prior work.'” A final image of a(x, z) yields a B-mode image with contributions from
sidelobes and noise removed.

2.2 Separation Based on the Aperture Spectrum

Although MIST can isolate the mainlobe contribution to the ultrasound image, N> computations
and N? storage are needed to form and store the covariance matrix 557 of the received signals
across the aperture at each imaging point. The goal of this section is to present an alternative
approach that reduces the computational and storage requirements to O(N log N) and N, respec-
tively, by extending the underlying model used in MIST.

For an N-element array, the same vector E(x, z) as used in MIST has elements
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The discrete Fourier transform (DFT) of signals s[i] across the array is

N-1
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where F is the DFT matrix.

Denote dgs 7 (x,z) as the aperture spectrum across receivers:
Ip[-L]?

|p[-L +1]]?

Q1
\

obs,L — ‘p [O] |2 . (6)
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If the covariance matrix of received channel data s is given by R, the covariance of the fre-
quency bins in p is given by FRF. As a result, the expected value of the aperture spectrum
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Fig. 2 Aperture spectrum based on the VCZ theorem for the full PSF, mainlobe component,
sidelobe component, and noise for L = 10 on a 96-element transducer array. In contrast with
Figure 2 from the proceedings paper,?' this plot shows the aperture spectrum on a fixed logarith-
mic decibel (dB) scale rather than on a variable linear scale for visualization purposes. However,
the decomposition described in Eq. (7) occurs on a linear scale.

Qops.r. 18 given by the diagonal entries of FRF!. The expected mainlobe, sidelobe, and noise
contributions to the aperture spectrum (dy, ; (X, z), asr(x,z), and ay,(x,z)) are the diagonal
entries of FRy, FH, FR¢FH, and FRyFH, respectively. Figure 2 shows the aperture spectra for
the mainlobe, sidelobes, and noise for L = 10 on a 96-element transducer array.

The following non-negative least squares optimization problem is solved to separate the con-
tributions of the mainlobe (£,,(x, z)), sidelobes (B¢(x, z)), and noise (By(x, z)) to the ultrasound
image:

Py
B% | = arg min||dgys ; — fisdu s — B3as — Pyan.cll3- @)
ﬂz /3%420
N £320
£2,20

A final image of Sy (x, z) isolates the mainlobe contributions to the B-mode image with
contributions from sidelobes and noise removed. By modeling the aperture spectrum instead
of the covariance structure of the received ultrasound signals, the complexity and storage require-
ments for isolating the mainlobe contribution to the ultrasound image are greatly reduced. This
image reconstruction is parameterized by L, the number of frequency bins to the left and right of
the zero-frequency bin used in the non-negative least-squares problem [Eq. (7)]. As portrayed by
Fig. 2, the low-frequency bins in the aperture spectrum contain the most important information
relevant to the separation of mainlobe and sidelobe contributions to the image. However, if L is
made too small, the imaging technique may not be sufficiently robust to noise encountered in
most real channel data. This decomposition relies on the correlation between frequency bins in
the aperture spectrum for the mainlobe, sidelobes, and noise, so a sufficiently large L is required
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to adequately estimate their individual contributions to the image. If L is not specified, the full
aperture spectrum (L = N/2) is used to favor robustness.

3 Experimental Methods

3.1 Imaging Metrics

Contrast, contrast-to-noise-ratio (CNR), and speckle signal-to-noise-ratio (SNR) were used to
evaluate each imaging technique used in this work. They are defined as

contrast = 201og, ('u—T), 3)
KB
CNR = ‘/’lT B ,uB‘ , (9)
Vot +op
__HB
speckle SNR = —, (10)
Op

where p and ¢? are the mean and variance of image values in the target (7) and background (B)
regions of interest (ROIs), respectively.!” In simulations, these ROIs were centered around a
circular lesion target in which the target region was defined in a circular region with a radius
that is 0.5 mm less than radius of the imaging target and the background was defined as being
outside a circular region with a radius that is 0.5 mm more than the radius of that imaging target.
For experimentally acquired data, these ROIs were determined by finding the largest circular
regions corresponding to target and background at roughly the same imaging depth.

3.2 Field Il Simulations

Radio-frequency channel data for a multistatic synthetic aperture transmit sequence described in
Table 1 were simulated in field II*>** for a medium with a point target at 30-mm depth and media
filled with random diffuse point scatterers with reflectivities that were modified to simulate
anechoic, hypoechoic, and hyperechoic lesions.

The anechoic lesions were centered at 30-mm depth with radii of 2.0, 2.5, 3.0, 3.5, and
4.0 mm. Contrast and CNR were measured between an anechoic region contained inside a circle
with a radius that is 0.5 mm smaller than the radius of the anechoic lesion and the speckle region
outside of a circle with a radius that is 0.5 mm larger than the radius of the lesion. The speckle
SNR of the background speckle was also quantified. The hypoechoic and hyperechoic lesions
with £6, £12, £18, and +24 dB contrast were centered at 30-mm depth with a radius of
3.0 mm. The purpose of these hypoechoic and hyperechoic lesion simulations was to demon-
strate the preservation of the intrinsic contrast of the imaging target.

For each set of simulations, the performance of DAS beamforming, DAS beamforming with
CF weighting,'*** MIST, and the proposed aperture spectrum approach are compared for a vari-
ety of L values. Additionally, the contrast, CNR, and speckle SNR were measured as a function
of the SNR of the received channel data. The simulated SNR of the channel data ranged from
—40 to +40 dB by modulating the addition of white noise to the received signals.

Table 1 Siemens 5V1 array geometry and transmit pulse.

Parameter Value Units
Array geometry (Phased) linear —
Number of elements 96 Elements
Element pitch 0.215 mm
Center frequency 3.5 MHz
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Table 2 P4-1 array geometry and transmit pulse.

Parameter Value Units
Array geometry (Phased) linear —
Number of elements 96 Elements
Element pitch 0.295 mm
Center frequency 25 MHz

3.3 Additional In Vitro Evaluation of Lesion Contrast Using a Phased Array

Radio-frequency channel data for a multistatic synthetic aperture acquisition described in Table 2
was acquired on a P4-1 phased-array transducer (ATL Technology, Springville, Utah) using a
Verasonics Vantage 256 scanner (Verasonics, Kirkland, Washington). The multistatic synthetic
aperture consists of receive channel data from each single-element transmission and was
acquired using a Hadamard sequence from a modified Vantage script. An ATS Model 539 phan-
tom (CIRS, Norfolk, Virginia) was imaged using this transmit sequence to evaluate the lesion
contrast, CNR, and speckle SNR in anechoic, hypoechoic, and hyperechoic lesions to character-
ize each imaging technique.

3.4 Phantom and Cardiac Imaging Examples

A Siemens research scanner (Siemens Healthineers, Mountain View, California) was used to
acquire focus transmit channel data from a 5V1 phased array transducer from point target phan-
toms and a healthy human volunteer. An apical four-chamber view and a parasternal long-axis
view of the heart were acquired. Written informed consent was obtained under an institutional
review board (IRB)-approved protocol. The transmit sequence is described in Table 3. The half-
circle apodization describes the shape of the weighting given to each transducer element in the

transmit aperture and is given by w(x,) = 1/(D/2)? — x2, where D is the length of the transmit
aperture and x,, is the lateral position of the n’th transducer element (x,, = O is defined as the
center of the probe). We compare DAS beamforming, MIST, and the proposed aperture spectrum
approach using the entire aperture spectrum. We also demonstrate the impact of virtual source
synthetic aperture (based on an architecture-specific implementation for the Siemens research
scanner) on the aperture spectrum approach.'” Additional field II simulations matching the trans-
mit sequence in Table 3 and acquisition setup of the Siemens research scanner were also passed
through a software model of the Siemens architecture to test the aperture spectrum method.

3.5 Thyroid and Carotid Imaging Examples

Two different transmit sequences on linear arrays from two different ultrasound systems were
used to acquire radiofrequency channel data from the thyroid and carotid of healthy human vol-
unteers under IRB-approved protocols. A different volunteer was imaged with each system, and

Table 3 Vector-scan transmit sequence on Siemens 5V1.

Parameter Value Units
Focal depth 120 mm
Transmit angle (0) range [-42, 42] deg
A sin 6 0.01654 —
Beam origin (x,) locations 1.02125 tan ¢ mm
Transmit apodization Half-circle —
Journal of Medical Imaging 067001-7 Nov/Dec 2022 « Vol. 9(6)
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Table 4 Walking-aperture focused-transmit sequence on Siemens 10L4.

Parameter Value Units
Array geometry Linear —
Number of elements 192 Elements
Element pitch 0.201 mm
Focal depth 20 mm
Transmit angle 0 deg
Beam origin range [-19.3, 19.3] mm
Beam origin step 0.19442 mm
Number of transmit beams 200 —
Aperture width 9.779 mm
Transmit apodization Half-circle —

written informed consent was obtained in each case. Table 4 summarizes the walking-aperture
focused-transmit sequence implemented on a Siemens research scanner with an L10-4 probe.
The walking aperture refers to the fact that each transmit beam does not use the entire array to
produce the beam. Instead, a subsection of the array defined by the aperture width and beam
origin is used to create the transmit beam. The beam origin is stepped (or walked) across the
array to produce each image line. Additionally, a multistatic synthetic aperture dataset consisting
of received channel data from single-element transmissions (7.8 MHz) was acquired from
the center 128 elements on an L12-3v (0.2-mm pitch) transducer using a Verasonics Vantage
256 scanner.

Each imaging setup uses a similar frequency band and element spacing to image the thyroid
and carotid. However, the main difference between these imaging setups comes from their
respective transmit sequences. The single-element transmissions used on the L12-3v yields
much lower channel data SNR than the focused transmissions used on the Siemens L.10-4 probe.
In each case, contrast, CNR, and speckle SNR were measured between the thyroid and carotid.

3.6 Abdominal Imaging Examples

Table 5 summarizes the walking-aperture focused-transmit sequence implemented on a Siemens
research scanner with a 5C1 probe. Radiofrequency channel data were acquired in vivo from the

Table 5 Walking-aperture focused-transmit sequence on Siemens 5C1.

Parameter Value Units
Array geometry Curvilinear —
Probe radius 46.03 mm
Number of elements 180 Elements
Element pitch 0.3212 mm
Transmit focal depth 97 mm
Beam angles [-36.103, 36.103] deg
Number of transmit beams 121 —
Spacing between beams 0.6017 deg
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abdomen of a healthy human volunteer under an IRB-approved protocol, and written informed
consent was obtained. Contrast, CNR, and speckle SNR were measured between the gallbladder
and liver.

4 Results

4.1 Separation of Mainlobes and Sidelobes in Point Targets

Figure 3 shows the separation of mainlobe and sidelobes in a field II-simulated point target using
MIST and the proposed aperture spectrum approach using L = 3,4, 5,6, 7,8 and the full aperture
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Fig. 3 Separation of mainlobes and sidelobes in a point target using MIST and the proposed aper-
ture spectrum approach.
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Fig. 4 Separation of mainlobes and sidelobes in point targets using MIST and the proposed
aperture spectrum approach in phantom experiments with vector scan sequence on Siemens
5V1 array (Table 3). (a) Point targets in an anechoic background and (b) point targets in a diffuse
scattering background. The red circles highlight the sidelobes induced by the sudden change in
backscatter intensity at the edges of the phantom. Each image is shown at the 60-dB dynamic
range.

spectrum. In each case, the reconstructed mainlobe image from the aperture spectrum approach
suppresses the tails of the point spread function (PSF) more strongly than with MIST. As L
decreases in the aperture spectrum approach, the tails of the PSF are more strongly suppressed
in the mainlobe image.

Figure 4 shows point targets in phantoms captured using the Siemens 5V 1. The same decom-
position of mainlobe and sidelobes is shown using MIST and the aperture spectrum approach
using the entire aperture spectrum. Figure 4(a) shows a clear separation between the mainlobe
and sidelobes for each point target with both techniques. The aperture spectrum approach shows
visibly tighter point targets in the mainlobe image as compared with MIST. Figure 4(b) shows
point targets in a diffuse-scattering background. Because both MIST and the aperture spectrum
methods are based on the VCZ theorem applied to diffuse-scattering media, the purpose of this
phantom experiment is to assess the separation of mainlobe and sidelobes in point targets when
placed in a diffuse-scattering background medium. Although both MIST and the aperture spec-
trum approaches continue to separate the mainlobe and sidelobes for each point target, the qual-
ity of this separation improves at imaging depths close to the transmit focal depth of 120 mm.
The dashed red circles in Fig. 4(b) highlight the sidelobes induced by the sudden change in
backscatter intensity at the edges of the phantom.
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Fig. 5 Comparison of DAS beamforming, MIST, and the proposed aperture spectrum methods in
simulated anechoic lesions. (a) The lesion area inside the innermost red-circle and speckle region
outside the outermost red circle are the target (T) and background (B) ROls, respectively, for
Egs. (8)-(10). All images are shown at the 60-dB dynamic range. (b) Measurements of lesion
contrast, lesion CNR, and speckle SNR for DAS beamforming, DAS with CF weighting, MIST,
and the proposed aperture spectrum methods (L = 6,12,24, and the full aperture spectrum).

4.2 Performance in Anechoic Lesions

Figure 5(a) shows DAS, DAS with CF weighting, MIST mainlobe, and aperture spectrum main-
lobe (L = 6,12,24, and the full aperture spectrum) images for simulated anechoic cysts having
radii of 2.0, 2.5, 3.0, 3.5, and 4.0 mm. Both MIST and the aperture spectrum approaches reduce
sidelobe clutter within the anechoic lesion. The aperture spectrum approach has visibly less
sidelobe clutter within the lesion, especially at lower values of L. Figure 5(b) plots the lesion
contrast, lesion CNR, and speckle SNR for each imaging technique as a function of the lesion
radius. The lesion contrast and CNR are computed between the lesion area inside the innermost
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Fig. 6 Measurements of lesion contrast, lesion CNR, and speckle SNR for DAS beamforming,
DAS with CF weighting, MIST, and the proposed aperture spectrum methods (L = 6,12,24 and
the full aperture spectrum) as a function of channel SNR. These measurements were made in the
3.0-mm radius anechoic lesion simulation.

red circle and speckle region outside the outermost red circle in Fig. 5(a). Speckle SNR is com-
puted based on the speckle region outside the outermost red circle. Additionally, Fig. 6 plots
lesion contrast, lesion CNR, and speckle SNR as a function of channel SNR in the 3.0-mm
anechoic lesion.

MIST and the aperture spectrum approach improve lesion contrast over conventional DAS
beamforming at each lesion radius. The aperture spectrum approach achieves higher contrast
than MIST at each lesion radius, and the contrast of the aperture spectrum approach increases
as the value of L decreases. However, MIST yields the highest speckle SNR, whereas the aper-
ture spectrum approach yields the speckle SNR values closest to conventional DAS. From the
B-mode images shown in Fig. 5(a), the aperture spectrum approach appears to preserve the
texture of the background speckle seen in DAS, whereas MIST appears to have a blurring effect
on the speckle texture. The speckle SNR metric reflects the smoothness of the texture in the
background speckle between the imaging techniques. Finally, CNR represents a combination
067001-12
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Fig. 7 Comparison of DAS beamforming, MIST, and the proposed aperture spectrum methods for
anechoic lesions in vitro. These anechoic lesions are found in the ATS Model 539 CIRS phantom.
Contrast, CNR, and speckle SNR were computed based on the target and background regions
circled in red and blue, respectively.

of contrast and speckle SNR as an imaging metric. MIST has the highest CNR, followed by the
aperture spectrum approach and then conventional DAS beamforming. Although CF weighting
increases image contrast in DAS, speckle SNR and CNR are much lower as well. These trends in
the lesion contrast, lesion CNR, and speckle SNR are also seen in vitro (Fig. 7).

4.3 Preservation of Intrinsic Contrast

Figures 8 and 9 demonstrate the preservation of intrinsic target contrast in conventional DAS
beamforming and the aperture spectrum method. Figure 8§ plots the contrast as a function of the
channel SNR for simulated hypoechoic and hyperechoic lesions. Figure 9 demonstrates the pres-
ervation of intrinsic contrast in vitro. In both cases, CF weighting of the DAS image exaggerates
the true contrast of the imaging target. This exaggeration is problematic because it does not
represent a true improvement in the image quality. A similar improvement in the nominal con-
trast could be obtained by simply scaling the decibel-scale B-mode image by a factor of 2.
However, scaling the image in this way does not retain the true intrinsic contrast of the imaging
target nor does it represent a meaningful improvement in image quality. A similar issue occurs
when interpreting the contrast improvement resulting from a CF weighting. In fact, the CF
weighting lowers the CNR (Fig. 7).

4.4 In Vivo Imaging Examples

Figure 10 shows the mainlobe and sidelobe separation in (a) an apical four-chamber view and
(b) a parasternal long-axis view of the heart, using the vector scan sequence on the Siemens 5V1
transducer. In each case, the mainlobe MIST and aperture spectrum images improve contrast,
which is measured between the regions circled in red for each image. Figure 10(a) specifically
highlights the septal wall (circled in yellow) in the mainlobe and sidelobe images in the apical
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spectrum) generally preserves the intrinsic contrast of the imaging target. However, CF weighting
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Fig. 10 Separation of mainlobes and sidelobes in cardiac images using MIST and the proposed
aperture spectrum approach in phantom experiments. (a) Apical four-chamber view and (b) para-
sternal long-axis view. Each image is shown at the 60 dB dynamic range. Contrast is computed
between the red-circled regions. Yellow-dashed ovals highlight the septum in the mainlobe and
sidelobe images.

four-chamber view of the heart. Both techniques show the separation of mainlobe and sidelobes
at the septal wall comparable to the point targets seen in Fig. 4.

Figure 11 demonstrates a system-specific implementation of the aperture spectrum approach
using standard dynamic-receive focusing and virtual source synthetic aperture. Four different
examples are used to assess the impact of virtual source synthetic aperture on the aperture spec-
trum approach: (1) a grid of anechoic lesions, (2) an edge phantom, (3) an apical four-chamber
view of the heart, and (4) a parasternal long-axis view of the heart. In each case, the virtual source
synthetic aperture reduces the signal dropout in the near field and improves the reconstructed
mainlobe images at all imaging depths. Optimal transmit focusing is generally achieved by mul-
tistatic synthetic aperture using each single-element transmit to synthesize a transmit focus at
each imaging point. A focused transmit sequence may be designed such that the result of virtual
source synthetic aperture best reproduces the focusing achieved by the multistatic setup. This
transmit sequence would yield optimal performance from both MIST and the aperture spectrum
methods.

Figure 12 shows thyroid and carotid images acquired on two different imaging systems: a
commercial L.10-4 probe on a Siemens scanner and an L.12-3v probe on a Verasonics Vantage
256 research system. Two acquisitions are shown for each imaging system. Each acquisition
compares DAS beamforming, DAS with CF weighting, MIST, and the proposed aperture
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Fig. 11 Impact of virtual source synthetic aperture on the proposed aperture spectrum approach.
(a) Field 1l simulation of anechoic lesions (radii = 4.0 mm), (b) field 1l simulation of an edge
phantom, (c) apical four-chamber view of the heart, and (d) parasternal long-axis view of the heart.
Each image is shown at the 50-dB dynamic range. Virtual source synthetic aperture improves
the performance of the aperture spectrum approach throughout the image and reduces signal
dropout in the near field.

spectrum methods (using the full aperture spectrum). Each image reports the lesion contrast,
lesion CNR, and speckle SNR between the anechoic regions circled in red and the speckle back-
ground in blue. In each case, both MIST and the aperture spectrum methods improve the contrast
of the imaging target while preserving the speckle SNR and lesion CNR found in conventional
DAS beamforming. The aperture spectrum method generally appears to yield higher contrast but
lower speckle SNR and lesion CNR than MIST. Prior literature'*** has also proposed the appli-
cation of CF weighting to DAS images to improve imaging contrast. However, these results show
that the increase in contrast is also accompanied by lower speckle SNR and lesion CNR.
Additionally, Figs. 8 and 9 have shown that the CF weighting exaggerates the true contrast of
the imaging target.

Figure 13 shows two different abdominal imaging examples that compare the four imaging
techniques. The top example shows the gallbladder and inferior vena cava in the field of view.
Both MIST and the aperture spectrum methods (using the full aperture spectrum) improve the
contrast of the gallbladder while roughly preserving the speckle SNR and lesion CNR found in
the DAS image. Once again, although a CF weighting to DAS yields the highest imaging con-
trast, it also yield a much lower CNR and speckle SNR. In general, CF weighting does not appear
to retain the intrinsic contrast of the imaging target and greatly sacrifices speckle SNR and CNR
to achieve this exaggerated contrast. The bottom example shows a cross-section view of the
kidney at a higher dynamic range (70 dB) to emphasize that MIST and the aperture spectrum
methods can be used to identify the anechoic spaces within the kidney much more easily.

5 Discussion

Although both MIST and the proposed aperture spectrum techniques can separate mainlobes and
sidelobes in an ultrasound image, the main difference between the two techniques is the domains
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Fig. 12 Comparison of DAS beamforming, DAS with CF weighting, MIST, and the proposed
aperture spectrum methods for thyroid and carotid imaging. (a) Using L10-4 probe on Siemens
research scanner and (b) using L12-3v probe on a Verasonics Vantage 256 system. Contrast,
CNR, and speckle SNR were computed based on the target and background regions circled
in red and blue, respectively.

in which they operate. MIST requires the formation of a covariance matrix for received channel
data, which requires N> multiplications and storage per imaging point, whereas the aperture
spectrum technique performs the fast Fourier transform of the received channel data, which
requires O(N log N) operations and N storage per imaging point. As a result, the aperture spec-
trum method reduces the computational complexity of the mainlobe—sidelobe separation by a
factor of O(N/log N) and the storage requirements by a factor of N. Using a 2.3-GHz 8-Core
Intel Core i9 processor, a MATLAB implementation of the aperture spectrum method is roughly
9 times faster than that of MIST. These computation times should roughly scale to the GPU as
each imaging technique can be computed in parallel across the pixels in the image. The factor of
N difference in the storage requirements can also be significant for a real-time ultrasound im-
aging system. For example, if N = 128, MIST would need 5.9 GB of memory to store all of
the covariance matrices needed for a 300 x 300 pixel ultrasound image, whereas the aperture
spectrum method would only need a total of 46 MB to store the aperture spectrum at each
imaging point.

The domain in which the separation of mainlobe and sidelobes occurs in the aperture spec-
trum method also has an impact on its behavior and performance. One interesting difference
between the mainlobe—sidelobe decompositions of MIST and the aperture spectrum methods
is the axial behavior of the sidelobe images seen in Fig. 3. The sidelobe image of MIST is nulled
in a circular region around where the mainlobe would be, whereas the sidelobe images for the
aperture spectrum method are nulled in an axially longer but narrower region through the main-
lobe area. Another important difference between the mainlobe images of MIST and the aperture
spectrum methods is that the aperture spectrum method suppresses the tails of the PSF more
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Fig. 13 Comparison of DAS beamforming, DAS with CF weighting, MIST, and the proposed aper-
ture spectrum methods in abdominal imaging. (a) The right-upper quadrant including the liver (blue
circle) and gallbladder (red circle) anterior to the inferior vena cava and other abdominal structures.
Lesion contrast, lesion CNR, and speckle SNR are calculated based on the regions circled in red
and blue. (b) The improved sensitivity of both MIST and the aperture spectrum methods to identify
the renal pyramids (anechoic spaces) within the kidney (circled in yellow).

strongly, and decreasing the value of L further suppresses these tails. This increased suppression
of the tails of the PSF also explains why the aperture spectrum method exhibits higher contrast
than MIST in the anechoic lesions (Fig. 5), especially at lower values of L. However, decreasing
L also leads to the misidentification of sidelobe energy as noise. The regions nulled to the left
and right in the sidelobe images are attributed to noise during the decomposition process, and
these misidentified regions expand as L decreases. Based on the misidentification of sidelobe
energy as noise, the improvement in contrast as L decreases may seem counterintuitive. The
reason that sidelobe energy becomes misidentified as noise is that most of the information
relevant to distinguishing sidelobe energy from noise is contained within the higher frequency
components of the aperture spectrum. However, most of the information needed to separate
mainlobe energy from sidelobes and noise is contained within the low-frequency bins. So
although the separation of sidelobes from noise suffers, the separation of mainlobes from the
combination of sidelobes and noise improves as L decreases. However, the exception to this
trend occurs at L = 3, which is the minimum value of L for which the non-negative least-squares
problem in Eq. (7) has a single well-defined solution. In practice, L must be large enough to
avoid the misidentification of sidelobe energy as noise but small enough to optimize computation
time and imaging contrast. For most of this work, a conservative choice of L = N /2 is used to
prioritize robustness to noise over gains in contrast and speed.

Another key difference between MIST and the aperture spectrum methods is their behavior in
a purely diffuse-scattering background. The speckle SNR produced by MIST is consistently
higher than conventional DAS beamforming and the aperture spectrum methods, which also
results in MIST having a higher CNR. The elevated speckle SNR and CNR in MIST can be
attributed to how MIST appears to have a blurring effect on the background speckle texture
as seen in Figs. 5(a), 6, and 7. In these examples, the aperture spectrum method yields speckle
SNR and CNR values closer to those of conventional DAS beamforming because the aperture
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spectrum method appears to better retain the texture of the underlying speckle. This difference
between the MIST and aperture spectrum methods also plays a role in vivo (Figs. 10, 12, and 13)
with more signal dropout being observed in the image produced by the aperture spectrum
method.

An important issue common to both MIST and the aperture spectrum methods is the issue of
transmit focusing. The main difference between the field II simulations (Figs. 3 and 5) and the
channel data captured on the Siemens 5V1 probe (Figs. 4, 10, and 11) is the transmit sequence
that is applied. The field II simulations use multistatic synthetic aperture, whereas the research
scanner uses a focused transmit sequence (Table 3). This difference in the acquisition sequence
has important implications for both MIST and aperture spectrum methods because the under-
lying VCZ theorem assumes that the received signals come from a focused source in a diffuse-
scattering medium. Although this assumption holds for multistatic synthetic aperture, in
which transmit focusing is achieved at all imaging points, this assumption does not hold for
a focused transmit beam, in which transmit focusing is only achieved at the focus of the transmit
beam.

The implications of fixed transmit focusing are seen in Fig. 4(b), where there is significant
signal dropout in the near field for the mainlobe images of both MIST and the aperture spectrum
methods. This signal dropout is due to the misidentification of the near-field speckle signal as
off-axis scattering due to the sidelobes. This misidentification occurs because the covariance
matrices and aperture spectra modeled for mainlobe and sidelobe contributions are no longer
accurate far from the transmit focus. Conversely, the sidelobe images in Fig. 4(b) show more
signal dropout near the region of the transmit foci because more of the signal in that region is
attributed to mainlobes. One way to overcome the depth dependence of MIST and the aperture
spectrum methods is to improve transmit focusing at all depths by applying virtual source syn-
thetic aperture. Figure 11 shows that virtual source synthetic aperture removes near-field dropout
in the aperture spectrum mainlobe images. This improvement as a result of virtual source syn-
thetic aperture has also been shown in MIST."” These transmit focusing effects generally appear
to play a larger role in signal dropout than the type of ultrasound probe used (e.g., linear versus
curvilinear).

In contrast, the mainlobe-sidelobe separation in point targets does not depend on the location
of the point target relative to the transmit focus or the transmit focusing scheme because
the backscatter from a strong coherent scatterer is invariant to the transmit sequence applied.
In both an anechoic background [Fig. 4(a)] and a diffuse-scattering background [Fig. 4(b)],
MIST and the aperture spectrum methods achieve the mainlobe—sidelobe separation for point
targets at all imaging depths. A similar mainlobe—sidelobe separation is seen along the septal
wall (circled in yellow) in the cardiac images shown in Fig. 10(a). The red circles in Fig. 4(b)
highlight strong sidelobes induced at the right and left edges of the phantom because the sudden
drop-off in signal intensity at these locations results in off-axis signals measured across the aper-
ture. As observed in Fig. 3, the sidelobe images in Figs. 4 and 10 show nulls where the mainlobe
would be located for both MIST and the aperture spectrum methods. Additionally, both methods
remain relatively robust to changes in the transmit apodization. Although the mainlobe and
sidelobe separation was originally developed using the VCZ theorem for a rectangular transmit
apodization, we demonstrated the utility of these approaches on data acquired from a Siemens
scanner in which a half-circle apodization was used instead.

Ultimately, ultrasonic backscatter in vivo is neither the result of pure diffuse scattering or
point reflectors. Backscattering can also originate from specular reflections and spatial fluctua-
tions in backscatter intensity. Specular reflections generally occur at the interface between two
different types of tissue because of the mismatch in acoustic impedance (e.g., interfaces between
fat, muscle, and connective tissue in the abdominal wall). Specular reflections are distinct from
point or diffuse scattering, which result from smaller acoustic impedance changes from subre-
solution structures inside the same tissue (e.g., diffuse scattering from inside the liver, which
appears as speckle in the ultrasound image). Even in the presence of diffuse scattering, the
strength of the backscattered signal can vary inside the same tissue. These spatial fluctuations
in backscatter may deviate from the pure diffuse scattering model used in the VCZ theorem. The
interaction between these multiple sources of ultrasound backscatter may deviate from the under-
lying pure diffuse scattering model used in the VCZ theorem underlying both MIST and the
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aperture spectrum methods. Despite this limitation, MIST and the aperture spectrum methods
can image a variety of in vivo structures (Figs. 10, 12, and 13) and improve imaging contrast.

However, the main limitation of both imaging techniques is signal dropout. The signal drop-
out is the result of the underlying non-negative least squares optimization problem in MIST and
the aperture spectrum methods because the harsh non-negativity constraint causes the estimate of
the mainlobe contribution to go to zero in various parts of the image. Spatial averaging of the
receive covariance and aperture spectrum could reduce the effect of signal dropout in these
images. Alternatively, the non-negative least-squares optimization problem could be modified
to account for signal dropout. Based on all in vivo results presented in this work, MIST appears to
have less signal dropout than the aperture spectrum method. This trade-off between MIST
and the aperture spectrum methods plays an important role in deciding which method is more
suitable for a particular application. For a portable low-power system, the angular spectrum
approach becomes the obvious choice because of its low computational cost and similar per-
formance to MIST. Modifications to the aperture spectrum method could be used to address
signal dropout. On the other hand, the MIST would be more favorable on a larger ultrasound
scanner that has the computing capability. MIST remains the more robust approach in vivo based
on the results presented and exhibits less signal dropout. Future work could also incorporate
retrospective encoding for conventional ultrasound sequences®*® into MIST and the aperture
spectrum methods to overcome effects related to transmit focusing.

6 Conclusions

Previous work on MIST demonstrates that the contribution of mainlobes, sidelobes, and noise to
an ultrasound image can be estimated from the covariance of backscattered receive signals. This
work demonstrates that a similar decomposition can be performed using the aperture spectrum of
the backscattered receive signal, which greatly reduces both computational and storage require-
ments for real-time imaging applications. The aperture spectrum approach also demonstrates
improvements in imaging contrast beyond both conventional DAS B-mode and MIST.
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