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Abstract—Chronic liver diseases (CLDs) are a major killer of
humans, and more than 1 billion people suffer from CLDs
worldwide, which are likely to develop significant liver fibrosis
(LF) and even cirrhosis. However, current noninvasive diagnostic
methods for liver diseases are insensitive to early lesions, so
accurate assessment of LF at early stage is very important for the
treatment arrangement and fibrosis reversal before cirrhosis.
Ultrasound localization microscopy (ULM) with contrast
microbubbles (MBs) have been proposed by several groups and
may have potential in evaluating LF at early stage. Unfortunately,
breathing and heart beating can introduce motion artifacts in liver
ULM, which brings the challenge for LF evaluation with ULM.
Recently, rigid motion correction (MoCo) has been proposed to
improve the performance of ULM of the brain and Kkidney.
Considering typical non-rigid motion in the liver, the performance
of rigid MoCo may be limited. Therefore, we propose a non-rigid
MoCo method based on speckle tracking to improve the
performance of liver ULM more effectively. Results of in vivo
experiments indicate that ULM with non-rigid MoCo obtains
better resolution and more continuous microvessels (MVs) than
rigid MoCo.
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I. INTRODUCTION

More than 1 billion people in the world suffer from chronic
liver diseases (CLDs) and about one third of them are likely to
develop significant fibrosis and even cirrhosis [1]. In China,
CLDs affect about 400 million people, and there are at least 100
million patients with significant liver fibrosis (LF) [2]. Cirrhosis
has a very high mortality and is generally treated with liver
transplant, while LF is the early stage of cirrhosis. Fortunately,
LF is reversible with appropriate treatment. Therefore, accurate
assessment of LF is very important for the treatment
arrangement and fibrosis reversal before cirrhosis. Liver biopsy
has been regarded as the gold standard for LF staging. However,
the limitations of invasiveness and poor repeatability make it not
suitable for routine screening [3]. Biomarkers, such as aspartate
transaminase-to-platelet ratio index (APRI) and fibrosis index
based on four factors (FIB-4), are also used to assess LF, but
their diagnostic performance remains controversial in some LF
patients [4]. In recent years, several ultrasound elastography
methods have been developed to stage LF noninvasively [5-7],
including transient elastography, two-dimensional (2D) shear
wave elastography and other methods, which generally achieve
better accuracy of LF evaluation than conventional ultrasound
imaging. Nevertheless, due to the unapparent change of
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elasticity in the early stage of LF, ultrasound elastography may
be not a sensitive tool to accurate assessment of LF in early stage

[8].

ULM is a novel ultrasound imaging method with outstanding
resolution for microvessel (MV) imaging and reveals a huge
potential for clinical application [9, 10]. ULM would be helpful
for understanding the pathogenesis of LF, especially at early
stage. Unfortunately, the irregular geometry of the liver and its
anatomical location adjacent to the heart make it susceptible to
breathing and heart beating. The complexity of breathing and
heart beating makes liver movement non-rigid and large, which
can introduce evident artifacts in liver ULM. Recently, several
rigid motion correction (MoCo) methods have been proposed to
improve the performance of ULM of the brain [11], kidney [12]
and other organs. However, their performances may be
ineffective in ULM of the liver with non-rigid motion. The
objective of this study is to develop a non-rigid MoCo method
for ULM of the liver in vivo.

Speckle tracking is typically used for motion estimation and
has been widely used in various ultrasound imaging modalities,
including blood flow imaging [13], elastography [14],
temperature imaging [15] and phase-aberration correction [16].
In this study, we employed a 2D normalized cross-correlation
(NCC) based speckle tracking technique to estimate liver
displacements, which were subsequently used for motion
correction (MoCo) of the location of MB centers. This technique
was tested in a mouse liver in vivo.

II. METHODS

A. Animal Preparation and Data Acquisition

Approved by the Medical Ethics Committee of Peking
University First Hospital (Beijing, China), a normal ¢57BL/6
mouse at the age of 6 weeks was examined. A Verasonics
Vantage system (Verasonics, Redmond, WA, USA) equipped
with an L15-Xtech linear array (Vermon, Tours, France) was
utilized for data acquisition. 6,000 frames of radiofrequency (RF)
channel data of the mouse liver in the sagittal plane were
acquired with plane wave imaging. 5 angles from -12° to 12°,
with a step of 6° and a pulse repetition rate of 2,000 Hz were
used for coherent compounding. And the effective frame rate
after compounding was 400 Hz.
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Fig. 1. Processing chain of ULM with non-rigid MoCo.
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B. ULM Algorithm with MoCo

The overall processing chain of ULM with non-rigid MoCo
is shown in Fig. 1. Delay-and-sum (DAS) beamforming was
first performed on the channel data. Singular value
decomposition (SVD) based spatiotemporal filtering [17] was
applied to extract the MBs from the surrounding liver tissues.
Thereafter, the motion caused by breathing and heart beating
was then estimated from the beamformed RF data by the
proposed non-rigid MoCo method (detailed in Section II-C),
which was used to compensate the locations of MB centers in
the following steps. The singular value order of SVD-based
filtering was selected empirically. The results before and after
SVD-based filtering are shown in Figs. 2(a) and 2(b),
respectively. After a thresholding operation to reduce the noise
and an interpolation operation in the lateral direction, the
individual MBs were localized by 2D Gaussian fitting [12]. The
method to detect individual MBs was the same as that used in
our previous work [18] and the result of the first frame is shown
in Fig. 2(c). The regions that were too large or too small in size,
too weak in intensity or not almost circular were then discarded.
The remaining regions were taken as individual MBs, and
localized by 2D Gaussian fitting. Finally, a localization density
map of the liver with super-resolution was obtained by
accumulating all the locations of MBs extracted from all the
images, accompanying with motion compensation in the
meanwhile. The profiles of two MVs (detailed in Section I1I-B)
were used to evaluate the liver ULM resolution. For comparison,
rigid MoCo was also implemented.

C. Displacement Estimation

As for non-rigid MoCo in ULM of the liver, the axial and
lateral displacements were estimated from the RF frames of the
liver after SVD filtering using a 2D NCC based speckle tracking
algorithm. A 2D kernel (2 mm x 2 mm) with an axial overlap of
94% was used. Axial cosine interpolation was used to estimate
subsample axial displacements while lateral interpolation on
both the RF signals and cross-correlation function was used to
estimate subsample lateral displacements [19].

The detailed procedure is describing as the following. Firstly,
the first frame was taken as the reference frame and the second
frame was taken as the comparison frame. Then, 2D NCC based
speckle tracking was performed between the reference and
comparison frames; the axial and lateral displacements, as well
as the correlation coefficients between kernels on the reference
and comparison frames, were obtained. Next, we manually
selected the rough liver region on the first frame. Thereafter, the
average correlation coefficient in the selected liver region was
calculated. A strategy of dynamic reference frame selection was
implemented to ensure the reliability of displacement estimation.
When the average correlation coefficient in the liver region was
lower than a threshold (i.e., 0.7), the reference frame was
changed to the previous frame of the current comparison frame.
Due to the continuity of liver motion, the average correlation
coefficient in the liver region between the new reference frame
and the comparison frame was generally higher than the
threshold. After all the frames were processed, the accumulated
displacements between the first frame and all the other frames
were obtained. . Furthermore, the estimated displacements were
interpolated to have the size same as the ULM image. Finally,
the locations of MB centers were compensated with the
interpolated displacements frame by frame.

Differently from non-rigid MoCo, rigid MoCo only needs to
estimate the global displacements in both axial and lateral
directions rather than the displacement distribution. In this study,
a high-echogenicity point was manually selected in the middle
on the first frame of B-mode image (i.e., pl in Fig. 2(a)). A 2D
kernel (2 mm x 2 mm) centered at this point was used to track
the displacements. Dynamic reference frame selection was also
used and the kernel was updated according to the estimated
displacements when the reference frame was changed. Finally,
the displacements were accumulated and used for rigid MoCo.

(b) (c)

Fig. 2. Procedure of individual MB detection. (a) B-mode image of the frame before SVD filtering. (b) B-mode image of the frame after SVD filtering. (c)
Detection of individual MBs. Blue: weak noise; pink: too large size; yellow: too small size; white with red margin: overlapped MBs; white with green margin:

individual MBs to be localized.
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ITII. RESULTS

A. Non-rigid Displacement Estimation

Fig. 3 illustrates the lateral and axial displacement curves of
three typical positions in high-echogenicity regions (labeled in
Fig. 2(a)). The average periods of motion in the lateral and axial
directions are the same and are about 792 ms. The motion
rightward or upward is defined as positive motion. As shown in
Fig. 3(a), the peak lateral displacements increase as the position
changes from the left to right. And the average peak lateral
displacements at p2, pl, p3 are -0.515, -0.649, -0.749 mm,
respectively, with a difference between each two being more
than 100 um. In Fig. 3(b), the difference of axial displacement
curves at different positions is larger with the opposite motions
shown. The average peak axial displacements at p2, pl, p3 are
0.028, -0.034, -0.057 mm, respectively, with a difference
between p2 and p3 being about 85 pm. From comparison
between Figs. 4(a) and (b), it is found that lateral displacements
of the liver are one order of magnitude larger than the axial
displacements.

B. ULM of Liver In Vivo

As shown in Fig. 4(a), the ULM image without MoCo has
evident motion artifacts in the areas pointed by the red arrows,
which make the MV blurry. Both rigid and non-rigid MoCo can
improve the performance of the liver ULM and obtain better
spatial resolution (Fig. 4(b) and 4(c)). The transverse profiles of
ULM image are obtained across the MVs at two different
locations (green curves in Figs. 4(a)-(c)). The full width at half
maximum (FWHM) obtained from the profiles is calculated. For
each method, the resolution of ULM is evaluated by the FWHM
of MV. The profiles and results of FWHMSs are shown in Figs.
4(e)-(f). In Fig. 4(e), rigid and non-rigid MoCo obtain similar
FWHMs for the single MV. The FWHMs of the MV are 173 and
168 pm for rigid and non-rigid MoCo, respectively. In Fig. 4(f),
non-rigid MoCo obtains smaller FWHM:s than rigid MoCo in all
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the three MVs. The FWHMs of the three MVs are 112, 169, 159
pm for rigid MoCo, and are 105, 132, 144 pm for non-rigid
MoCo, respectively. Furthermore, non-rigid MoCo obtains
more continuous MVs than rigid MoCo (white arrow in Figs.

5(d)).
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Fig. 3. (a) Lateral and (b) axial displacement curves at the three positions
indicated in Fig. 2(a).

IV. DISCUSSION

In this study, we demonstrated that the motion of liver is
typically non-rigid and the complex motion can introduce the
evident artifacts in ULM of the liver, which may also affect the
assessment of LF. To mitigate this problem, a non-rigid MoCo
method was developed to compensate for the motion of liver in
vivo. Compared to rigid MoCo, non-rigid MoCo improved the
performance of liver ULM more effectively.

-2 0
Lateral [mm]

1r
—— without MoCo (f) ——without MoCo
—— with rigid MoCo ——with rigid MoCo
with non-rigid Moco | @ 0.8+ with non-rigid MoCo
2
g
173um < 0.6
68||1n B
N 144um
=< 04}
199um = 164um
(=]
Z 0.2}
o AL
400 600 00 0 500 1000 1500 2000
Distance [pm] Distance [pm]

Fig. 4. ULM images of the liver in the sagittal plane (a) without MoCo, (b) with rigid MoCo and (c¢) with non-rigid MoCo, respectively. (d) The enlarged view
of the green rectangles in (b) and (c). Normalized amplitudes along the green curves in (a)-(c) across the microvessels (e) on the upper middle and (f) bottom

left, respectively.
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A. Analysis of Results

As described in Section III-A, both lateral and axial
displacements demonstrate the non-rigid feature of the liver
motion. According to the displacements at different points in the
liver, non-rigid MoCo is necessary in liver ULM, because an
error of tens of micrometers is large enough to affect the MV
evaluation in ULM.

As shown in Fig. 4(f), non-rigid MoCo achieves better
resolution than rigid MoCo for all the three MVs, which
demonstrates the advantages of non-rigid MoCo over rigid
MoCo. However, non-rigid and rigid MoCo achieve similar
FWHMs in Fig. 4(e). It may be explained by the kernel selection
for rigid MoCo. The kernel was centered at pl (Fig. 2(a)), and
the single MV (green line in Figs. 5(a)-(c)) is adjacent to p1. In
this area, the estimated displacements used in rigid MoCo are
similar to those used in non-rigid MoCo. As a result, non-rigid
and rigid MoCo perform similarly FWHMs in Fig. 4(e).

B. Limitation of Non-rigid MoCo

It should be noted that non-rigid MoCo is a time-consuming
task. Several hours are needed for processing 6,000 frames with
256 x 700 pixels by non-rigid MoCo, while rigid MoCo only
needs about ten minutes. Actually, the motions within the entire
field of view were estimated for each frame in this study. Some
accelerating methods (e.g., calculating the displacements only at
the MB centers on each frame) may be implemented to reduce
the processing time.

C. Outlook of Liver ULM with Non-rigid MoCo

In this study, ultrafast plane wave imaging was utilized to
track the rapid flowing of MBs in the mouse liver, which can
further provide the information of blood flow velocity and
direction. Together with the structural information of MVs, the
information of blood flow may be used to stage LF in the future.

CONCLUSIONS

In this study, we developed a non-rigid MoCo method based
on 2D NCC algorithm for liver ULM and demonstrated that the
non-rigid MoCo method can improve the performance more
effectively for ULM of the mouse liver in vivo than the rigid
MoCo method. ULM with non-rigid MoCo may be applied to
evaluate LF in early stage for diagnosis and treatment of CLDs.
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