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Abstract

Ultrasound vascular imaging based on ultrafast plane wave imaging and singular value
decomposition (SVD) clutter filtering has demonstrated superior sensitivity in blood flow
detection. However, ultrafast ultrasound vascular imaging is susceptible to electronic noise due to
the weak penetration of unfocused waves, leading to a lower signal-to-noise ratio (SNR) at larger
depths. In addition, incoherent clutter artifacts originating from strong and moving tissue scatterers
that cannot be completely removed create a strong mask on top of the blood signal that obscures
the vessels. Herein, a method that can simultaneously suppress the background noise and
incoherent artifacts is proposed. The method divides the tilted plane or diverging waves into two
sub-groups. Coherent spatial compounding is performed within each sub-group, resulting in two
compounded datasets. An SVD-based clutter filter is applied to each dataset, followed by a
correlation between the two datasets to produce a vascular image. Uncorrelated noise and
incoherent artifacts can be effectively suppressed with the correlation process, while the coherent
blood signal can be preserved. The method was evaluated in wire-target simulations and phantom,
in which around 7 dB to 10 dB SNR improvement was shown. Consistent results were found in a
flow channel phantom with improved SNR by the proposed method (39.9 £ 0.2 dB) against
conventional power Doppler (29.1 + 0.6 dB). Last, we demonstrated the effectiveness of the
method combined with block-wise SVD clutter filtering in a human liver, breast tumor and
inflammatory bowel disease datasets. The improved blood flow visualization may facilitate more
reliable small vessel imaging for a wide range of clinical applications, such as cancer and
inflammatory diseases.
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| Introduction

Microvasculature detection and quantification are critical for the evaluation of many
physiological states, and pathological diseases such as cancer, chronic kidney diseases, and
inflammatory diseases. Ultrasound imaging is a safe, widely available, and cost-effective
modality that has been used in clinical practice for decades to detect and evaluate blood flow
in vivo. Recently, the ultrasound small vessel imaging technique based on high frame-rate
ultrasound imaging (i.e., plane wave imaging) and advanced tissue clutter filters (e.g., eigen-
based filters, SVD-based filters) has demonstrated superior Doppler sensitivity to slow flow
in small vessels without the need for an injection of ultrasound contrast microbubbles. The
technique enables the detection of vasculature that may otherwise be invisible to
conventional Doppler ultrasound [1-9].

One significant drawback of plane wave imaging-based small vessel imaging, however, is
the low signal-to-noise ratio (SNR) due to the weak penetration of unfocused waves in the
deep tissue region. To compensate for the weaker blood flow signal in deeper tissue regions
due to ultrasound attenuation, we typically apply a depth-dependent time-gain compensation
(TGC) to received signals, which will subsequently elevate the electronic noise floor at
larger depths [10-12]. Owing to both the depth-dependent TGC and beamforming processes,
this background electronic noise can be spatially varying, resulting in a spatially-dependent
noise floor added to the ultrafast vascular images. Small vessel signals can be severely
contaminated by the background noise in the deep region of the image [10, 11].

There have been many methods proposed to tackle this low SNR issue. For instance, noise is
typically related to the high-order singular values and can be partially suppressed by
removing the high-order singular values in SVD-based filtering [4, 12, 13]. By leveraging
the spatial coherence of the blood signal, Dahl et a/[14] and Li et a/[15, 16] developed a
coherent flow power Doppler (CFPD) technique that has demonstrated superior flow
detection, uncorrelated noise and reverberation suppression over conventional power
Doppler (PD) imaging. The real-time capability of CFPD was also demonstrated in a recent
study [17]. Ozgun et a/[18] provided a modification to CFPD by calculating the non-
normalized coherence metric that preserved a linear relationship between image intensity
and magnitude of the blood echo. Stanziola et a/and Leow et a/[19, 20] proposed an
acoustic sub-aperture processing (ASAP) technique based on splitting the ultrasound
channel data into two non-overlapping subgroups that lead to two subsets of images after
beamforming. Correlation of these two subsets of images provided effective suppression of
noise and improvement of the image contrast, given that noise is uncorrelated between
channels. Tremblay-Darveau et a/[21] demonstrated the improvement of PD imaging in
terms of noise floor suppression, by using higher lags instead of the zero-lag of the
autocorrelation, given that noise is completely uncorrelated from pulse-to-pulse. Bar-Zion et
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al [22] exploited the temporal fluctuation characteristic of the contrast-enhanced ultrasound
(CEUS) signal by calculating the high order signal statistics to achieve both resolution
enhancement and background noise suppression.

Another significant challenge in ultrafast vascular techniques involves the incoherent clutter
artifacts (such as side lobe and grating lobe artifacts) that result from the hyperechoic
moving tissue scatters. The residual clutters of these strong-reflecting and moving tissue
scatters after SVD clutter filtering can generate a strong mask superimposed on the blood
signal, which obscures the visualization and quantification of the vasculature. These kinds of
artifacts are more commonly observed /n vivo via ultrafast Doppler imaging when tissue
motion is pervasive and tissue scattering is typically strong and heterogeneous. These side
lobes of the moving tissue scatters can be difficult to remove completely, which significantly
hinders the /n vivo performance of small vessel imaging. We have previously proposed
several methods for background noise suppression and equalization [4, 10, 11]. However, an
effective method targeting these incoherent clutter artifact suppression is still limited.
Therefore, in this study, we present a method that can address this issue by simultaneously
suppressing noise bias and incoherent clutter artifacts via correlation of blood flow signals
generated from various beam steering angles.

[ Methods

A. Simultaneous noise and artifact suppression

Assuming the clutter filtered signal (S) consists of complex blood flow signal and additive
noises:

S(x, z,t) = B(x, z,t) + n(x, z, 1) ()

where Bis complex blood signal, r7is the additive noise, xand zcorrespond to the lateral
and axial dimensions of the ultrasound image, respectively, and #corresponds to the
temporal dimension (referred to the slow-time dimension). The PD image can be calculated
as the power of the Doppler signal at each spatial pixel, and the expectation of a PD image is
given by:

Ny
E[PD(x,2)] = E[ ). S(x,z,0S"(x, z,1)]

t=1
N N @

=E[ Y | Bx.z.0) |71+ EL Y, | n(x.z.0) | 7]

r=1 t=1

where the cross-terms have zero expectation (since blood signal and noise are uncorrelated)
and have been removed. Here * indicates complex conjugate, and A is the ensemble size.
Therefore, the spatially-varying noise power (ZI7(x, z #12) can be considered as an additive
bias added to the PD image of the pure blood signal (Z1B(x, z §12), which leads to the
typical ramp-shaped background noise in ultrafast small vessel images.

The proposed method is based on the framework of ultrafast ultrasound compounding
imaging, where multiple plane waves (or diverging waves for curved array) are typically
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transmitted sequentially with different steering angles and the received signals are
coherently added to generate a compounded ultrasound image [5, 23]. The schematic
diagram of the proposed method is depicted in Fig. 1. Instead of a coherent sum on all the
angles for compounding, the proposed method divides the tilted plane wave or diverging
wave transmissions into two groups, followed by compounding within each group to
generate two compounded data sets. For example, for 16-angle spatial compounding
imaging, angles 1-8 can be treated as group 1, and angles 9-16 can be treated as group 2.
The SVD-based clutter filtering will then be applied to each data set to remove tissue clutters
[2, 4, 10], and the remaining data matrix for each group can be expressed as in Egn. 1. For
simplicity, the incoherent clutter artifacts and other non-additive noise are not included in
Eqgn. 1. The ultrasound vascular image is generated by calculating the correlation of the two
clutter-filtered data sets, as:

Ny

UVI(x.2)= Y Si(x.2.08)(x.2.1)
t=1
Ny Ny

= ) Bz DBy (x, 2,0+ Y m(x, 2, Om3(x, 2, 1) @)

t=1 t=1

Ny Ny
+ Y Bi(x.z.0m(x 2.0 + Y. By(x, z. 0y (x, 2, 1)
t=1 t=1

where S, Soare the filtered signals from the two separated data sets, containing blood flow
signal blood signal B;, B»and additive noise 77; and 77,, respectively. Since noise 77; and 7,
are independent and uncorrelated, and are also uncorrelated with the blood signals B; and
B, the cross-terms and the noise correlation term all have zero expectation, i.e. E[ZB(x, Z,
D *(x 2, 0 + ZB2*(x, z hm(x z ] = 0and E[Zn(x, Z Hm *(x, z ] = 0. Given the
ultrafast imaging PRF, the blood flow signals from the two data sets B;, Boare assumed to
be significantly coherent. Therefore, the expected ultrasound vascular image can be given

by:

Ny

E[UVI(x,2)] = E[ ), Bi(x,z,0)B3(x,z,1)] @
t=1

where terms associated with noise interference are eliminated, coherent blood flow signal is
preserved, which resembles the PD image of the pure blood signal.

The spatially incoherent clutter artifacts originating from the hyperechoic tissue are angle-
dependent: the orientation of the “butterfly-shaped” side lobe and grating lobe vary with the
transmitting angle. Therefore, the artifacts from the same scattering source in the two
distinct compounded data sets should be spatially incoherent or partially incoherent,
considering the angle difference of the transmission. The calculation of the correlation of
these two data sets (Eq. 3) would thus suppress these spatially incoherent components while
enhancing the coherent blood flow signal.

In addition to correlation with zero-lag in the temporal direction, the proposed method can
be extended to an arbitrary temporal lag:
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Ni—k

UVI(x,z, k)= Z S1(x, z,t + k)S;(x, zZ,1) (5)
t=1

where kis the lag in frames (ks an integer). A smaller kor a higher frame rate would be
preferred to maintain the blood signal coherence. The vascular images obtained with
different A values can be combined via a weighted sum to further improve noise suppression
and enhance image contrast:

UVI(x,z)= ) UVI(x,z,k)w(x, z,k) ©
k
where m(x, z, K) is the weight and can be determined based on the coherence of the blood
signal or can be equal for all kA values for an averaging calculation. For simplicity, in this
study the vascular image was generated by summing correlations with kc=0and k=1 (i.e.,
mx, z, K) = 1). Since 1Q data was used for SVD clutter filtering, a complex UVI image
would be produced according to the above equations. Therefore, in this study, the absolute
value of the complex image was used as the final vascular image. The conventional PD
image was generated by zero-lag correlation, as indicated by Eqn. (2). In this study, either
PD images, or proposed vascular images are displayed in a logarithmic scale (i.e., 10log1g())
for visualization.

B. Implementation to block-wise adaptive SVD filtering

The block-wise adaptive SVD filtering was previously proposed to facilitate robust and
simultaneous tissue clutter and noise rejection [4]. Given the complex spatial distribution of
tissue clutter and noise /n vivo, especially for in human imaging with large FOV, local block-
wise SVD filtering was shown to achieve a much improved clutter rejection and blood signal
extraction based on local data statistics than a global SVD filtering that was solely based on
the global data characteristic. In the original block-wise SVD, the ultrasound data were
decomposed into spatially overlapping small blocks. And SVD was calculated for each
block to reject tissue clutter and noise, by removing low-order singular values related to
tissue clutters and high-order singular values corresponding to noise [4]. Normalization to
the remaining signal energy after tissue clutter and noise rejection in each block was applied
in this technique, which facilitated equalizing the uneven noise distribution and improved
visualization of small vessels. However, incoherent clutter artifacts could not be removed in
this process and may be enhanced by the local power normalization similar to that of the real
blood flow signal. Here we propose to incorporate the correlation method into block-wise
SVD filtering to enable incoherent artifact suppression while leveraging the advantages of
the block-wise SVD filter (e.g., locally and adaptively adjusted singular value cutoff and
redundant combinations of overlapped blocks for enhanced performance). The same signal
processing step as described in section A was implemented for each block of data.
Specifically, assume that an original subset of data Sy; for block /had a dimension of xxzxt;
(xj, zjand ¢;correspond to lateral, axial, temporal dimensions, respectively). Sy;was first
reshaped as a Casorati matrix Cg; with a dimension of x;zx ¢, in which the columns were the

vectorized frames, followed by a calculation of SVD, as Cy; = Uo,-po,-v({,-, where Ug;and V
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were orthonormal matrices whose columns were the left and right singular vectors of Cy;
respectively, and D g;was the diagonal matrix whose diagonal entries are the singular values,
expressed as Dy, = diag(aij1, oio, ***, ging, With singular values sorted in descending order [2,
4]. The number of lower-order singular values (e.g., /) related to the tissue clutter to be
removed was adaptively determined by the decay rate of the singular value curve [4], and the

filtered matrix was obtained by: Co; = UOiﬁOiV&, where Dy, was the diagonal matrix with the
first A1 singular values removed, Dy; = diag(0, ---, 0, Gil; + 1) %i(l; + 2)» > GiN,)- The filtered

Casorati matrix can then be reshaped back to the original dimension to obtain the clutter
filtered signal S;. This SVD process was implemented on the two subsets of data for each
block, resulting in the two SVD-filtered signals S;;and Sy;. The vascular image for this
block UV jWas generated by the correlation of S;;and Sy;according to the Eqn. 5 and
6. Since uncorrelated noise can be suppressed by the correlation of the two subsets of data
for each local block, removal of the high-order singular values that is used in the original
block-wise SVD filtering is not necessary. For each block, normalization of UV/gy. jto the
geometric mean of the signal energy of the two correlating data S;;and Sy; (equals to

N N :
\/(th:llﬁ' 1011, (X, 1y, + 193 ) Where i and oy are the singular values for the

two subsets for the block 7 and /4 jand A;are the corresponding number of lower-order
singular values to be removed) was applied, before combining all the images of the small
blocks to generate the full FOV vascular image, as[4]:

U VIBlock, i(x, z)

N; > N; 5 @
(Xj=n; 4100 (Xj= 1y 4102 )

M
1
UVIgpocarsvp(x,z) = M Z
= \/

where M is the total number of overlapped blocks containing the pixel (x, 2). In the case
where a block contains noise only, the vascular image of this block UV/pjyc ;Will have zero
expectation according to Egn. 4, and will be normalized to the geometric mean of the noise
energy of the two subsets in the given block.

C. Simulation, phantom experiments, and in vivo validation

To evaluate the effect of the proposed method on the point-spread-function (PSF), we
simulated a series of wire targets at different depths using the embedded Verasonics
Research Ultrasound Simulator on a Verasonics Vantage ultrasound system (Verasonics Inc.,
Kirkland, WA, USA). The same imaging setups were used for simulation, phantom and in
vivo imaging using a GE 9L linear array transducer (GE Healthcare, Wauwatosa, WI). The
detailed imaging setups were summarized in Table I. The same ultrasound system and
transducer (GE 9L) was used to acquire data of wire targets from a CIRS standard tissue
phantom (Model 040GSE, CIRS, Norfolk, VA, USA). Free-hand scanning was used for data
acquisition in order to introduce tissue motion during data acquisition to enhance the clutter
artifacts from the strong scattering wire targets, which emulates the artifacts observed /n
vivo. The same ultrasound system was also used to acquire ultrasound data from a horizontal
flow channel in an ultrasound Doppler phantom (Model 1425, Gammex, Middleton, WI,
USA) for validation of the proposed vascular imaging in both background noise and artifact
suppression. The image view was carefully adjusted to include a section of the flow channel
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and the wire targets. For the phantom experiments, a 16-angle plane wave transmission was
implemented, as detailed in Table I.

For /n vivovalidation, /in vivo data sets were acquired from a healthy human liver, a human
breast tumor, and a terminal ileum (T1) segment of human bowel with Crohn’s disease. All
of the data were acquired with free-hand scanning with the purpose of inducing incoherent
artifacts in the vascular image (supplemental videos show the artifacts can be more easily
generated with tissue motions). The same transducer (GE 9L-D) and imaging settings were
used for breast tumor data acquisition, while the liver data were acquired with a GE C1-6-D
(GE Healthcare, Wauwatosa, WI) curved array transducer (see Table | for detailed imaging
setups). In-phase/quadrature (1Q) data were saved for post-processing. The imaging angles
were equally separated into two subgroups for small vessel imaging (e.g., angles 1-8 as
group 1, angles 9-16 as group 2 for the 16-angle transmission). All the /n vivo human studies
were approved by the Institutional Review Board of Mayo Clinic.

Il Results

The simulated wire targets at different depths are shown in Fig. 2. Analogue to the blood
flow image, the wire targets are also displayed as the PD or signal correlation via the
proposed method. Fig. 2a is the PD image of the data obtained from the compounding of all
angle transmissions. A relatively high dynamic range was utilized here to visualize both the
side lobes and grating lobes in the images. With tilted plane wave data split into two
subgroups (Fig. 1) and compounded separately, two sets of ultrasound data were obtained,
and their PD images are shown in Fig. 2b. The correlation of the two sets of ultrasound data
resulted in the final wire targets image, as shown in Fig. 2c, where spatially incoherent side-
lobe or grating lobe components can be partially suppressed compared to Fig. 2a. Figs. 2d
and 2e are the zoom-in region of the wire target indicated by the white rectangle in Figs. 2a
and 2c, respectively. Those side lobe components that are not spatially overlapped in Fig. 2b
can be suppressed, as denoted by the white arrows in Fig. 2d. Fig. 2f quantitatively depicts
lateral profiles of a wire target at around 40 mm depth from the PD image (Fig. 2a) and the
proposed vascular image (Fig. 2¢), showing around a 10 dB improvement at the grating lobe
region of the image. Axial profiles of the grating lobes of the wire targets at a lateral position
of around 20 mm (indicated by the vertical line in Fig. 2a) are shown in Fig. 2g, revealing an
overall suppression of grating lobes by the proposed method. A ~18 dB improvement was
shown at a depth of around 35 mm in the axial profile via the proposed correlation-based
method.

To mimic a more realistic situation, wire targets were imaged from a tissue phantom (B-
mode image shown in Fig. 3a) using free-hand scanning with small probe motion. Similar to
blood flow imaging, a full SVD-clutter filtering was applied to remove tissue clutters, and
the resulting PD image is shown in Fig. 3b. The residual clutters originated from strong-
reflecting wire targets or scatters shown in Fig. 3b represent the artifacts that appear in the
small vessel images undermining the visualization of the vasculature. With the proposed
method, the contrast of the image can be improved by the suppression of those spatially
incoherent artifacts, as shown in Fig. 3c. Figures 3d and 3e depict a horizontal profile and
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vertical profile along the white lines denoted in Fig. 3b, showing an average improvement of
a contrast of 7.0 dB and 9.3 dB along the horizontal profile and vertical profile, respectively.

For flow channel phantom imaging, the original PD images filtered by the full SVD clutter
filter on the full-angle compounded data are shown in Fig. 4a, where the background noise
bias and the side lobe artifacts generated from the hyperechoic wire targets are clearly
present. By using the proposed method, both the noise bias and the side-lobe artifacts can be
suppressed, providing higher contrast and better visualization of the blood flow image, as
shown in Fig. 5a. For quantitative evaluation, SNR of the vascular image is defined as the
ratio of the mean value of the blood flow region and the background region. Here the blood
flow ROl is selected inside the flow channel, as indicated by the black rectangle in Fig. 5a.
Four background ROIs are selected at the same depth, each providing an SNR measurement,
and the final SNR estimate is shown as the mean SNR + standard deviation of the four
estimates. The SNR estimates were calculated on the original PD image and the final
vascular images generated by summing correlations with A= 0 and A= 1 based on Eqn. 6.
The quantitative SNR of the vascular image obtained with the proposed method is 39.9 + 0.2
dB (Fig. 5a), which is substantially improved compared to that of the original PD image
(Fig. 4a, 29.1 + 0.6 dB). The side lobe artifacts are largely suppressed (as shown in Fig. 5a),
indicating the effectiveness of the proposed method.

The original PD image of the human liver processed with full SVD filtering is shown in Fig.
4b, where the small vessels can be overshadowed by the background noise bias, especially
for mid-to-deep imaging regions. However, the noise bias and the incoherent clutter artifacts
(indicated by the arrows in Fig. 4b) can again be partially suppressed with the proposed
method (Fig. 5b), enabling a much better visualization of the liver vasculature with
substantially improved contrast. Quantitative SNR was also estimated from a selected
vascular ROI (indicated by the black rectangle in Fig. 5b) and a background ROI (denoted
by the white rectangle in Fig. 5b). The SNR obtained by the proposed vascular imaging is
26.7 dB, which is about 8.2 dB higher than that of the PD image (18.5 dB, Fig. 4b)
estimated from the same ROIs.

The vascular image of the same liver data obtained with the block-wise SVD filtering is
shown in Fig. 6. Figure 6a is the liver vascular image obtained with the original block-wise
SVD filtering, where the noise was suppressed by rejecting the high-order singular values
[4]. However, the side lobe artifacts from the hyperechoic tissue scatterers remained and
were even enhanced by block-wise SVD processing. By incorporating the proposed method
into block-wise SVD, as shown in Fig. 6b, both background noise and side lobe artifacts
were removed. One can see the benefit of performing block-wise SVD in the mid-upper
region of the liver, where tiny vessels that are invisible in conventional block-wise SVD and
global SVD become clearly visible.

The vascular images of the breast tumor and human bowel segment obtained with block-
wise local SVD filtering are shown in Fig. 7, where Fig. 7a and 7b are the original vascular
images without artifact suppression, and Fig. 7c and 7d are the corresponding vascular
images with the proposed method. Again for the /n vivo application, the vasculature can be
strongly overwhelmed by the side lobe artifacts, which severely deteriorate the visualization
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of the vessel structure, as indicated in Fig. 7a and 7b. The proposed method, however, can
largely suppress those strong artifacts in block-wise SVD processing, and improve small
vessel detection, as shown in Fig. 7c and 7d. With suppression of artifacts, subsequent
quantification of the vasculature, such as vessel density, can be obtained more accurately.
Taking the breast tumor as an example, one can easily apply a threshold (-16 dB was used
here) to Fig. 7c to obtain a binary image for area calculation (Fig. 8b) that better represents
the true vessel density than that without artifact suppression (Fig. 8a). The presence of
strong artifacts in Fig. 7a typically results in an overestimation of the vessel area, and leads
to a biased vessel density estimation.

[V Discussion

A method for suppression of background noise bias and incoherent clutter artifacts in
ultrafast ultrasound vascular imaging was proposed in this study. The substantial
improvement of the ultrafast vascular image that can be achieved in simulation, phantoms,
and /n vivo data demonstrated the effectiveness of the proposed method, especially for /n
vivo applications where the incoherent clutter artifacts can be significant (e.g., Fig. 7). The
simultaneous suppression of noise bias and incoherent clutter artifacts may facilitate a more
accurate interpretation of disease based on state-of-the-art high sensitive ultrafast vascular
imaging.

The proposed method takes advantage of the uncorrelated nature of noise and the
incoherence of clutter artifacts in ultrasound data of different steering angles. In this study,
the number of transmitting angles was equally divided into two groups. However, the
number of angles in each subgroup can potentially be arbitrary. The noise can be effectively
suppressed as long as they are random and uncorrelated between subgroups. However,
dividing the total angle number in half will lead to SNR drops in each subgroup. To increase
the SNR and resolution of the final vascular image, a larger number of transmitted angles
will be preferable, but at the cost of the compounded frame rate of the ultrasound imaging
[24]. Except for background noise, another consideration is the coherence of the side lobe or
grating lobe artifacts in the two subgroups of data. Given that the PSF or the orientation of
the side lobe and grating lobe are transmitting angle-dependent (Fig. 2b), a larger angle span
between subgroups will increase the incoherence of these artifacts [25]. Therefore,
maximizing the transmitting angle difference between subgroups may be optimal for side
lobe and grating lobe artifact suppression in vascular imaging. However, according to the
angular coherence theory, increasing the transmitted angle span will decrease the coherence
of the targeted blood flow signal, potentially deteriorating the correlation-based vascular
image [26]. Furthermore, transducer element directivity will also need to be considered,
which limits the maximum transmitted angle. Overall, a tradeoff exists between the
performance of artifact suppression and blood signal coherence. Another factor that is
related to the decorrelation of the blood signal is the blood flow speed: a faster flow tends to
have lower signal coherence between subgroups. In this case, a higher frame rate or PRF
will be preferred to minimize the decorrelations brought by blood flow, especially for fast
flow in big vessels.
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This study focused on suppressing the background noise bias and uncorrelated clutter
artifacts in ultrafast vascular imaging to improve the visualization of small vessels. However,
subsequent quantification indices, such as vascular density and morphological indices, based
upon the improved small vessel image may also be derived potentially with higher accuracy
or consistency for disease evaluation and monitoring [27, 28]. For instance, vessel density is
a typical index for accessing tissue vascularity by estimating the percentage area or volume
of the vessel. Vessel area or volume can typically be calculated as the area or volume of the
vascular image with intensity above a selected threshold. The strong artifacts will lead to
difficulties in separating artifacts from true blood signals, typically resulting in an
overestimation of the vessel area, and thus biasing the estimation of vessel density. Similarly,
quantitative indices like curvature, tortuosity, vessel size, or vessel number, can potentially
be obtained more accurately with the suppression of these artifacts and background noise.
Original ultrasound power Doppler images represent the backscattering power of the moving
blood cells, and reflect the blood volume at vessel locations [29]. The proposed method
provides a better image that also represents the backscattering signal power of the moving
blood by multiplication of signals of the same blood volume from two steering angles,
which may better represent the blood volume with the suppression of the background noise
and artifacts. However, given that there is a small time-delay between ultrasound
transmissions for the two subsets of data, the vascular intensity in the proposed image may
be underestimated due to the decorrelation of the blood flow signal for the fast flow, and
may thus result in underestimation of blood volume in larger vessels.

In this study, the proposed method was first evaluated using a global SVD filtering, where
the capability of simultaneous suppression of background noise and incoherent artifacts was
shown. The method was then implemented in block-wise adaptive SVD filtering, which has
better performance in the separation of tissue clutter and blood flow signal based on local
data statistics [4]. It should be noted that quantitative SNR was only calculated in the global
SVD filtering (Fig. 4 and 5) to compare the performance before and after applying the
correlation-based method. In block-wise SVD filtering, the local blood signal and noise are
normalized to their energies, which had unevenly changed the signal and noise levels in
different regions. Thus the calculation of SNR by comparing blood signal in one ROI to
noise in another ROI will be biased and not included in the block-wise SVD filtering in this
study. In the original block-wise SVD filtering, noise can be suppressed by removing high-
order singular values, which will potentially reject portions of blood flow signals. Using the
proposed method, uncorrelated noise can be suppressed without the need to reject higher-
order singular values, which may contribute to better small vessel detection, as shown in Fig.
6b compared with Fig. 6a, especially in the upper and middle regions of the liver.
Normalization to local signal energy in each block was used in the block-wise SVD filtering
to improve the appearance of small vessels, which may also lead to the slight discrepancy of
local signal intensity observed in Figs. 6a, and 6b. In Fig. 6b, there is a slightly enhanced
tissue clutter in the near field compared with Fig. 6a, and Fig. 5b, which is probably because
of the normalization to the remaining energy after SVD filtering for each individual local
block of data, according to Eqn. 7, which has the potential to bring up weak clutter signals in
the blocks without blood signals.
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The simulation experiment (Fig. 2) showed that the lateral resolution of wire-targets
decreased by the proposed method, which is expected because only half the transmitting
angles were used for each subset. However, this finding is opposite to realistic situations
shown in tissue phantom imaging (Fig.3) and in-human tissue imaging (Fig. 7), where the
lateral resolution was visually improved by the proposed method. One possible explanation
is that the lateral resolution of the vessel image seems to have deteriorated in the
complicated situation /n vivo with the presence of strong artifacts and noise. Suppression of
these uncoherent artifacts and noise produces the impression of improved resolution, even
though the main lobe becomes slightly broader. In the block-wise SVD clutter filtering
without using the correlation method (Fig. 7), energy normalization that enhances small
vessel signals may also enhance the artifacts that deteriorate small vessel identification.
Instead, combined with the proposed method, these artifacts were first suppressed before
energy normalization, and thus, the small vessels were better enhanced with a cleaner and
sharper visualization (Fig. 7). One limitation of the proposed method is that since the
ultrasound data are split into two subsets, S\VD-based clutter filtering needs to be performed
twice, which doubles the computational cost for the ultrafast vascular imaging. We
previously proposed an accelerated SVD-based filtering technique that can substantially
improve the computational efficacy and can be potentially implemented in real-time when
combined with parallel processing [30, 31], which may alleviate the computational burden
of the proposed method. Furthermore, the proposed method can be applied to other tissue
clutter filtering methods, such as high-pass temporal filtering, where the computational cost
would no longer be a major obstacle. There are also other methods that leverage the concept
of signal coherence to suppress noise based on tissue clutter filtering in the context of either
non-contrast or contrast-enhanced ultrasound imaging as summarized in the introduction
[13, 15, 16, 18-22]. Among these methods, ASAP split the channel data for each transmitted
angle before beamforming and achieved effective noise suppression by calculating the
correlation between split data [19, 20]. The proposed method in this study, however, split the
transmitting angle beamformed data before spatial compounding for correlation. Except for
background noise floor suppression, the proposed method targets effective artifact
suppression by leveraging the transmitted angle-dependent incoherence of the side lobe and
grating lobe in vascular imaging. While our method was demonstrated for contrast-free
vascular imaging, the principle may also be readily applied to contrast-enhanced ultrasound
imaging for noise and artifact suppression.

V Conclusion

A method that can simultaneously suppress the noise-induced bias and incoherent clutter
artifacts (such as side lobe and grating lobe artifacts) in the ultrafast ultrasound vascular
image was proposed. The feasibility and effectiveness of the method were demonstrated
with simulation, phantom and /n vivo experiments, showing marked improvement of small
vessel image for vasculature visualization. The proposed method has great potential to
facilitate better implementation of ultrafast ultrasound vascular imaging into a wide range of
clinical applications such as cancer and inflammatory disease evaluation.
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Schematic diagram of the proposed ultrafast ultrasound vascular imaging method
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Fig. 2.
(a) Power Doppler (PD) image of the wire targets based on simulated all-angle compounding

data. (b) PD images based on the simulated subgroup compounding data, revealing the
angle-dependent side lobes and grating lobes of the wire targets. (c) The simulated wire
target image using the proposed method based on the correlation of the subgroup
compounding data. Fig. 2(a) to 3(c) are displayed as a 10*log1g() scale with the same
dynamic range of —65 dB to 0 dB. (d) and (e) are the zoom-in region of the wire target
indicated by the white rectangle in (a) and (c), respectively. The spatially incoherent side
lobe components indicated by the white arrows in (d) can be largely suppressed by the
proposed method. (f) Lateral profile of the wire target at a depth of around 40 mm, indicated
by the horizontal dashed line in (a). About 10 dB improvement of the profile at the lateral
edge (grating lobes) was observed (indicated by the arrows). (g) Axial profile of the grating
lobes at the lateral position of around 20 mm, indicated by the vertical dashed line in (a),
showing an overall suppression of grating lobes (~18 dB improvement at the 35 mm depth,
indicated by the arrows.
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Fig. 3.

(a? B-mode image of the measured phantom. (b) Power Doppler (PD) image based on the
all-angle compounding data of the phantom ROI indicated by the white rectangle in (a). PD
image was generated from the clutter filtered data, and incoherent clutter artifacts original
from the strong reflecting scatterers can be observed. (c) The proposed image obtained based
on the correlation of the subgroup datasets, showing visualization improvement with clutter
artifact suppression. Fig. 3(b) and 3(c) are displayed as a 10*logqq() scale with the same
dynamic range. (d) Lateral profile of the wire target at a depth of around 20 mm, indicated
by the horizontal dashed line in (b), showing an average improvement of 7.0 dB of the
profile obtained with the proposed method. (e) Axial profile along the vertical dashed line in
(b), showing an average improvement of 9.3 dB of the profile using the proposed method.
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Fig.4.

(a?BIood flow phantom PD image obtained with full SVD clutter filtering. The side lobe of
the wire targets (indicated by the blue arrows) cannot be completely removed by the clutter
filtering and results in artifacts on the vascular image. (b) Human liver PD vascular image
obtained with full SVD clutter filtering. The ‘ramp-shape’ noise bias and side lobe artifacts
are present and indicated by the arrows. Both images are under the same color scale (-37.5
dB ~ 0 dB).
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Fig.5.
(@) Blood flow phantom vascular image obtained with the proposed method, where

incoherent clutter artifacts and background noise bias are greatly suppressed compared with
Fig.1(a). The black rectangle indicates the blood flow ROI, and white rectangles denote the
background ROIs for SNR estimation. (b) Human liver vascular image obtained with the
proposed method. The contrast of the image is improved by the removal of noise bias and
the incoherent clutter artifacts are suppressed compared to Fig 1(b). The black rectangle
indicates a selected blood flow ROI, and the white rectangle denotes a background ROI for
SNR estimation. Both images are displayed as a 10*log1q() scale with the same dynamic
range (-37.5 dB ~ 0 dB).
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Fig.6.
(@) Liver vascular image obtained with the original block-wise local SVD filtering, where

the side lobe artifacts cannot be completely removed, as indicated by the arrows. (b) Liver
vascular image obtained with the combination of local SVD filtering and the proposed
method, where both the noise and side lobe artifacts are greatly suppressed. Both images are
displayed as a 10*log¢() scale with the same dynamic range (-22.5 dB ~ 0 dB).
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Ultrafast vascular images of (a) a breast tumor and (b) an inflammatory bowel segment
filtered by the block-wise SVD filter without artifact suppression. Corresponding ultrafast
vascular images of (c) the breast tumor and (d) the inflammatory bowel segment filtered by
the block-wise SVD filter with artifact suppression using the proposed method. Vascular
images are superimposed on the B-mode image for better visualization. All the vascular
images are displayed as a 10*logo() scale with the same dynamic range (=25 dB ~ 0 dB).
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Fig. 8.
Binary images of breast tumor vascular images in Fig. 7(a) and 7(c), respectively, obtained

by rejecting pixels below a threshold (=16 dB), which can be used for vessel area or vessel
density estimation.

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2022 June 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Huang et al.

TABLE |

Imaging parameters for Ultrafast Vascular Imaging

Linear array  Curved array

settings transducer transducer
(9L-D) C1-6-D
Transmission Plane wave Diverging wave
Number of transmitted angles 16 10
Angle increment (degree) 1 1
Receive F-number 0.69 0.69
PRF (kHz) 10 0.7143
Transmitted center frequency (MHz) 6.25 4.46
Post-compounded frame rate (Hz) 500 500
Ensemble 496 300
Number of pulse cycles 2 2
Image dimension (mm x mm) 44.5x37.5 80.4x102.8
Pixel size (mm x mm) 0.25x0.25 0.35%0.35
Block size (mm x mm) 8.9x8.9 27.6x27.6
Block overlapping (%) * 90 95

*
Block size and block overlapping are settings for block-wise adaptive SVD filtering only.
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