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Abstract

The purpose of this research project was to improve the quantification of microvascular networks
depicted in contrast-enhanced ultrasound (CEUS) images of human hepatocellular carcinoma
(HCC). Due to limited anatomical information in CEUS images, grayscale B-mode ultrasound
(US) data is preferred when estimating tissue motion. Transformation functions derived from the
B-mode data are one solution for registering a dynamic sequence of CEUS images. Microvessel
density (MVD) can then be calculated from both the original and motion corrected CEUS images
as the ratio of the number of contrast-enhanced image pixels with a value greater than zero to the
number of pixels of the entire tumor space. Using US images of HCC before and after treatment
with transarterial chemoembolization, results revealed that affine and non-rigid motion correction
improves visualization and quantitative analysis of clinical data. Using the correlation coefficient
(CC) between CEUS frames as metric of tissue motion, our motion correction strategy produced
a 20% increase in the average CC from motion corrected frames compared to the data before
correction (p < 0.001). Furthermore, enhanced visualization of microvascular networks in the
treated liver tumor space may improve determination of treatment efficacy and need for any repeat
procedures.
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l. INTRODUCTION

Dynamic contrast-enhanced ultrasound (CEUS) is a noninvasive imaging modality
commonly used to quantify tissue microvascular networks, e.g. tumor angiogenesis [1], [2].
Analysis of tissue microvascular structures depicted in CEUS images of cancerous tissue

is an emerging strategy for determining an early response to anticancer treatment [3]—-[6].
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During ultrasound (US) imaging, inevitable motion artifacts caused by probe motion, patient
breathing, and cardiac pulsations, can degrade the accuracy of any image quantification.

To improve image quantification, these motion artifacts should be properly addressed and
removed, which is a process known as motion correction.

One motion correction strategy that has been applied to magnetic resonance (MR) images
uses non-rigid registrations to align images with mation artifacts to a preselected reference
frame [7]. In short, a global motion correction strategy first registers images by applying

a series of affine transformations, e.g. rotations, translations, shearing, and scaling. To
then correct for local motion, free-form deformations derived from basis spline (B-spline)
functional analysis were used. A similarity measure defined by mutual information, e.g.
cross-correlation coefficient (CC), can be used to help evaluate the degree of image
registration (/.e. corrected motion). A more recent study demonstrated that this non-rigid
registration approach to motion correction can be used to improve the quality of clinical
CEUS images and quantification [8].

Another strategy for motion estimation and correction in US images is to discard the frames
based on correlation between two consecutive frames [9]. Assuming that the frames have
one dominant motion artifact, such as due to respiratory or cardiac motion, the image
correction values can be computed and analyzed. Assuming that a lower CC is observed
during certain periods of the respiratory or cardiac cycles, these frames can be discarded

to help eliminate any CEUS image frames corrupted by subject motion. In this paper,

we demonstrate improved quantification of CEUS images using a combination of the two
varying methods mentioned above.

II. MATERIALS AND METHODS

A. Ultrasound Imaging

A retrospective analysis of CEUS images of human HCC was performed (A= 8) [10].

All US examinations were performed using a Logiq E9 scanner equipped with a C1-6-D
transducer (GE Healthcare, Wauwatosa, WI). After acquiring baseline images, subjects
received a bolus injection of 0.2-0.3 ml of a microbubble (MB) contrast agent (Definity,
Lantheus Medical Imaging, N Billerica, MA) followed by a 10 ml saline flush. CEUS
imaging was performed using a dual imaging mode, enabling side-by-side visualization of
the grayscale B-mode and CEUS images at a rate of 8 to 9 frames per sec. Each subject
underwent CEUS exams at three time points: prior to a transarterial chemoembolization
(TACE) treatment procedure, 1 to 2 wk post TACE, and again about 4 wk post TACE
treatment. During scanning, the transducer was being rotated for 90° after the peak intensity
point was reached and sweep through the region to be able to see all the other sides of

the tumor region. Our analysis of the microvascular morphology was restricted by only one
plane, so we discarded the frames after 30 to 40 sec as these contained mostly out-of-plane
motions.
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B. Image Processing

CEUS images of HCC corrupted with motion artifacts caused by respiratory, cardiac, and
probe motions were analyzed. B-Mode US images were used for motion estimation. As seen
in Fig. 1, the first step in the image processing pipeline was to remove the frames with
out-of-plane motion prior to in-plane motion correction. According to the scanning protocol,
consistent imaging was performed on plane at midline of lesion of interest for at least 10 sec
after peak contrast enhancement was reached (about 30 sec after injection) was maintained.
For this reason, the first 255 — 355 in-plane frames were remaining after we discarded the
frames with out-of-plane motions. Full cine length was not the same across all the time
points and subjects. Therefore, the number of frames that were discarded was not the same
for all subjects and time points. As an example, the images in the second row of Fig. 2

were created using maximum intensity projection (MIP) of the first 255 in-plane frames

out of 787 frames. Here, the first frame of each image sequence was chosen as a reference
frame and all subsequent frames were motion corrected and registered to that reference.
Next, affine transformations were used to compensate for global motion and free-form
deformations adjusted the motion on local regions in CEUS images. We customized the
parts of the MATLAB code from [11] for using parallel processing in Texas Advanced
Computing Center (TACC). The limited memory Broyden Fletcher Goldfarb Shanno (L-
BFGS) optimization was used to minimize the squared pixel distance (SD) between static
and moving images. Subsequently, both, original and motion corrected images were filtered
to remove clutter signal using a singular value filter (SVF) which was based on principle
component analysis signal separation for medical US images [12] and to localize MBs using
the methods from [13]. In addition, a multiscale vessel enhancement filter was applied for
better visualization of vessels, e.g. tubular structures in the image were enhanced [14]. As a
therapy response metric, we quantified the microvessel density (MVD) that should indicate
the changes in the tumor vasculature. MVD was calculated as follows:

MVD = Vp/MN

where V), was used as an estimate of number of vascular points and A/and N/ were the axial
and lateral dimensions of the region of interest (ROI) [3].

C. Evaluation Metric

The CC was used as performance metric to demonstrate improvement after motion
correction of CEUS images and given by:

Zm Zn(Amn - ‘Z)(an - E)
V(Z Zntmn = 27 Em n(Bun - B7)

CcC=

where A and Bare images, /mand nare pixel coordinates, and A, B are the mean intensity
values A and B respectively. MVD levels were then calculated to see if these will reflect the
therapy response assessed by clinical results [10].
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Ill. RESULTS AND DISCUSSION

From 8 subjects, the patient outcome of 3 subjects were incomplete and 5 subjects of
them were complete response assessed by clinical criteria and MR imaging results [10].
Representative B-mode and CEUS images of human HCC are depicted in Fig. 2. Before
motion correction, vessels were not visible in certain image regions. Note that subject
motion is akin to image smoothing (blurring) and masks some smaller vascular structures.
However, after applying our motion correction strategy, more vascular structures were
visible, allowing for quantification of certain morphological features, e.g. vessel length,
number of bifurcations, vessel tortuosity and diameter.

Longitudinal CEUS images from an example of a complete HCC response to TACE
treatment was depicted in Fig. 3. Relative changes in MVD values were more pronounced
after motion correction of the CEUS images due to a fundamental improvement in vascular
network visualization. Fig. 4 shows images from a representative incomplete response. The
vascularity in the ROI from original images have high intensity values in every pixel because
of motion artifacts. The motion corrected version of the same ROI has clearer visualized
vascular network. Compared to the images in Fig 2., the motion corrected images from Fig.
3 and Fig. 4 had higher intensity values, because the latter were processed with the vessel
enhancement filter after motion correction.

Results from complete response subjects showed rapidly decreasing MVD values after
TACE treatment at the second and fourth wk when using motion corrected images. MVD
values 0.92, 0.82, 0.80 at first, second, and fourth wk from the original data while motion
corrected MVDs, e.g. 0.66, 0.35, 0.19 were in line with the therapy response as it can be
seen in Fig. 5. The original MVD values were 0.91, 0.89, 0.89, while motion corrected
MVDs were first decreasing and then increasing, e.g. 0.52, 0.61, 0.55, that can explain the
incomplete therapy response.

Fig. 6 illustrates improved CC for each time point from the representative subject. CCs
between reference frame and subsequent frames of the entire cine were computed for
corrected and noncorrected cines. Higher CC values represent higher similarities between
the ROIs from the images.

Finally, CC values from all frames of the eight subjects imaged at three time points each,
were taken and compared with and without motion correction. The summary statistics from
what a two-sample #test was performed resulted in a significant (p < 0.001) difference
between all original and motion corrected frames based on CC values.

IV. CONCLUSIONS

After TACE treatment, detection of intratumoral vascular structures during CEUS imaging
can help inform additional procedures. Overall, motion correction of CEUS images
improves visualization of the tumor microvasculature and any subsequent quantification of
these structures. Future work will investigate the relationship between tumor microvascular
morphology features at baseline and following both partial and complete TACE treatment
successes.
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Fig. 1.
Diagram of the data processing strategy used for the improved quantification of
microvascular structures depicted in contrast-enhanced ultrasound (CEUS) images.
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Fig. 2.
Original (A-B), out-of-plane frames eliminated (C-D), the resulting motion corrected (E-F)

B-Mode (left) and CEUS (right) maximum intensity projection (MIP) images from 787,
255, and 255 frames respectively. Image size was 649x585 pixels. Highlighted changes in
the white box did not contain any vessels for the original image while the corrected image
shows the vessels, bifurcations, and tortuosity.
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Fig. 3.
Vessel enhancement from region-of-interests (ROIs) were performed on the MIP of 255

frames and overlaid on a single B-Mode image for baseline (left), after two-wk (middle),
and four-wk (right). The complete response from the clinical results were in line with the
images (bottom). Dense vascularity on the baseline decreased after two- and four-wk. These
temporal changes of the vascular morphology were not observable from the images (top)
corrupted with motion.
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Fig. 4.

Ve?ssel enhancement of ROIs was performed on the MIP of 255 frames and overlaid on

a single B-Mode images for baseline (left), after two-wk (middle), and four-wk (right).
Images (top) contain motion artifacts. The incomplete response from the clinical results was
reflected on the images (bottom). Densely vascularized tumor on the baseline was preserved
after two and four wk.
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Higher relative changes in MVD values for complete response subject when motion was
corrected (left). Consistent MVD values indicating the incomplete response to the therapy

(right).
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Fig. 6.
Single B-Mode as reference (A), MIP before (B) and after (D) motion correction. The CC

values (C) were obtained for original full number of frames (787), for the frames (255) after
discarding the out-of-plane motion, and for the corrected frames (255).
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