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Objective: Hepatocellular carcinoma (HCC) is a highly prevalent form of liver cancer diagnosed annually in
600,000 people worldwide. A common treatment is transarterial chemoembolization (TACE), which interrupts
the blood supply of oxygen and nutrients to the tumor mass. The need for repeat TACE treatments may be assessed
in the weeks after therapy with contrast-enhanced ultrasound (CEUS) imaging. Although the spatial resolution of
traditional CEUS has been restricted by the diffraction limit of ultrasound (US), this physical barrier has been
overcome by a recent innovation known as super-resolution US (SRUS) imaging. In short, SRUS enhances the visi-
ble details of smaller microvascular structures on the 10 to 100 µm scale, which unlocks a host of new clinical
opportunities for US.
Methods: In this study, a rat model of orthotopic HCC is introduced and TACE treatment response (to a doxorubi-
cin-lipiodol emulsion) is assessed using longitudinal SRUS and magnetic resonance imaging (MRI) performed at
0, 7 and 14 d. Animals were euthanized at 14 d for histological analysis of excised tumor tissue and determination
of TACE response, that is, control, partial response or complete response. CEUS imaging was performed using a
pre-clinical US system (Vevo 3100, FUJIFILM VisualSonics Inc.) equipped with an MX201 linear array transducer.
After administration of a microbubble contrast agent (Definity, Lantheus Medical Imaging), a series of CEUS
images were collected at each tissue cross-section as the transducer was mechanically stepped at 100 μm incre-
ments. SRUS images were formed at each spatial position, and a microvascular density metric was calculated.
Microscale computed tomography (microCT, OI/CT, MILabs) was used to confirm TACE procedure success, and
tumor size was monitored using a small animal MRI system (BioSpec 3T, Bruker Corp.).
Results: Although there were no differences at baseline (p > 0.15), both microvascular density levels and tumor
size measures from the complete responder cases at 14 d were considerably lower and smaller, respectively, than
those in the partial responder or control group animals. Histological analysis revealed tumor-to-necrosis levels
of 8.4%, 51.1% and 100%, for the control, partial responder and complete responder groups, respectively
(p < 0.005).
Conclusion: SRUS imaging is a promising modality for assessing early changes in microvascular networks in
response to tissue perfusion-altering interventions such as TACE treatment of HCC.
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Introduction

In the United States, new cases of liver cancer in 2022 were esti-
mated to exceed 41,000 [1]. Hepatocellular carcinoma (HCC) represents
up to 85% of these new cases [2]. In nearly 90% of HCC patients, disease
is associated with liver cirrhosis or chronic liver dysfunction, or is at an
advanced stage. As such, most patients are not acceptable candidates for
curative surgical resection or liver transplantation. Conventional chemi-
cal or radiation therapies exhibit limited efficacy, severe side effects,
multidrug resistance and high recurrence rates. However, minimally
invasive transarterial chemoembolization (TACE) has been reported to
be effective as a palliative or even curative treatment for unresectable
HCC [3]. The TACE procedure delivers embolic agents in combination
with chemotherapeutic drugs directly into the tumor microvascular net-
work [4]. Typically, doxorubicin hydrochloride (DOX) is loaded onto
polyvinyl alcohol beads, or dissolved and mixed in a lipiodol-based
emulsion (ethiodized oil) and placed by a catheter in the hepatic artery
that provides the majority of the tumor blood supply. A complete occlu-
sion of blood flow represents successful treatment. However, residual
viable tumor occurs in more than half of patients because of the incom-
plete blood flow occlusion and presence of residual tumor cells [5].

Conventional assessment of liver cancer response to TACE involves
measurement of residual blood flow using dynamic contrast-enhanced
magnetic response imaging (DCE-MRI) or computed tomography (CT) 4
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Figure 1. Transarterial chemoembolization (TACE) procedure revealing an
injection of doxorubicin−lipiodol emulsion via a catheter placed in the hepatic
artery supplying blood to the target tumor tissue.
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to 6 wk after the treatment procedure. Recent studies have reported that
contrast-enhanced ultrasound (CEUS) imaging of tumor blood flow may
be a viable, lower-cost alternative modality providing similar therapeu-
tic response information as soon as 1 to 2 wk after a TACE procedure
[6]. More recently, CEUS was used to image human HCC before and
after TACE therapy [7]. Analysis of morphological features of the tumor
vascular network prior to treatment revealed that number of vessels,
number of bifurcations and microvascular vessel density were predictive
of TACE response with 86% accuracy. This study further concluded that
CEUS image-derived features may help to provide individualized ther-
apy for HCC patients. However, image enhancement techniques in that
study involved use of singular value filtering (SVF) to remove the tissue
clutter signal [8]. Although it was determined to be an improvement
over CEUS without use of spatiotemporal filtering, visualization of
smaller discrete vascular structures was limited by the trade-off between
ultrasound (US) frequency and imaging depth (i.e., diffraction-limited
spatial resolution).

The resolution limit for clinical US systems is on the order of hun-
dreds of micrometers. However, super-resolution US (SRUS) imaging
techniques have been found to improve resolution by up to 10-fold over
traditional CEUS methods, surpassing the diffraction limit [9,10]. After
systemic injection of a microbubble (MB) contrast agent that remains in
the intravascular space, CEUS images are acquired using established
methods [11].These image stacks are then processed to localize pre-
cisely each individual MB, which are then enumerated to form the final
SRUS image with elegant microvascular detail. With the use of SRUS
imaging, it is now possible to provide functional and structural quantifi-
cation of tissue microvascular networks [12]. Within only a few years, in
vivo SRUS imaging has already been reported by several research groups
to be a promising new modality for investigating clinically relevant con-
ditions such as the fundamental properties of microvascular structures
in brain [13−15], kidney [16−20], skeletal muscle [21−23], atheroscle-
rotic plaques [24] and cancerous tissue [25−30]. Through use of an ani-
mal model of HCC, the goal of the research described here was to
investigate the use of SRUS imaging for the early assessment of tumor
response to TACE treatment with comparison to reference MRI and CT
findings and histology at termination.

Methods

Orthotopic rat model of HCC

Animal experiments were approved by the institutional animal care
and use committee (IACUC). Rat hepatoma N1S1 cells (ATCC, Manassas,
VA, USA) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and
1% penicillin−streptomycin (PS). Cells were incubated at 37°C in a
humidified atmosphere supplied with 5% carbon dioxide. Aseptic sur-
gery was performed in 10 male Sprague−Dawley (SD) rats (weight 250
± 20 g; Envigo, Indianapolis, IN, USA). Rats were gas anesthetized with
isoflurane (2%−3%) in oxygen (1.0 L/min) during surgery. A 1 to 2 cm
midline laparotomy was created and the left upper liver lobe was
exposed using two sterile cotton tips. N1S1 cells (7 × 106) in phosphate-
buffered saline (PBS) mixed with a solubilized Matrigel (1:1 ratio; Corn-
ing Life Sciences, Corning, NY, USA) at a total volume of 100 µL were
injected into the liver parenchyma. The laparotomy was then closed in
two layers with 3-0 absorbable sutures. Experiments started on day 12 ±
2 after tumors had grown to a diameter of 10 ± 3 mm.

DOX−lipiodol emulsion preparation

Doxorubicin was purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). Lipiodol was provided in kind by the Department of
Radiology at Thomas Jefferson University (Philadelphia, PA, USA). The
DOX solution was prepared immediately before each injection. Briefly,
2.5 mg of DOX was dissolved in 25 µL of purified water. Then, 50 µL of
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lipiodol was added to the DOX solution, which gives the emulsion a 2:1
volume ratio of lipiodol (oil phase) to DOX (aqueous phase). The vial
was stirred to allow for thorough mixing before collection into a 1 mL
syringe.
TACE procedure

Seven of the rats underwent a TACE procedure, and the remain-
ing three rats underwent sham surgery without any lipiodol and
DOX injections (control group). The TACE procedure is illustrated
in Figure 1. The animals were placed on a heating pad and
received anesthesia by inhalation of 2% isoflurane. A 6 cm midline
laparotomy was created to enter the peritoneal cavity. Liver lobes
were elevated using a homemade retractor to expose the hepatic
artery. Under surgical microscopy guidance, the hepatic artery was
ligated distal to the gastroduodenal artery (GDA) using 7-0 suture.
By gently pulling up the suture placed under the proximal GDA, a
small arteriotomy was then made in the GDA and the tip of a poly-
ethylene-10 microtubing was inserted and advanced to the proper
hepatic artery. The tubing was then secured with slip knots at
both sides of the incision point on the GDA, and the other side of
the tubing was connected to a 1 mL syringe. By use of an infusion
pump, the DOX−lipiodol emulsion containing the mixture of 50 μL
lipiodol and 25 μL DOX solution (10 mg/kg) was infused into the
hepatic artery at the rate of 30 µL/min. After injection, microtub-
ing was withdrawn, and the GDA was permanently ligated. The
surgical area was carefully inspected to ensure that there was no
bleeding, and the abdominal cavity was closed with double-layer
3-0 absorbable sutures.
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SRUS image formation

In vivo imaging was performed at baseline before TACE treatment
and again after 7 and 14 d. Rats were anesthetized as previously
described, and two bolus injections of MB contrast agent (Definity, Lan-
theus Medical Imaging) were delivered via a secured tail vein catheter
(15 µL MBs + 15 µL saline). B-mode US images with a single focus zone
of in-phase and quadrature (IQ) format were collected using a pre-clini-
cal US system (Vevo 3100, FUJIFILM VisualSonics Inc., Toronto, ON,
Canada) equipped with an MX201 (15 MHz) linear array transducer. At
the frame rate of 90 Hz, a total of 3000 CEUS images were collected in
three successive acquisitions of 1000 frames (because of buffer size lim-
its) at each of six different spatial locations. The locations were spaced
0.1 mm apart in the transverse plane and initially centered on the largest
tumor cross-section. CEUS images were processed using custom MAT-
LAB programs (The MathWorks Inc., Natick, MA, USA) as summarized
in Figure 2. Briefly, processing was performed on batch sequences of
1000 frames. First, frames with high levels of motion were removed
when frame-to-frame correlation exceeded a statistically determined
threshold. The threshold level was calculated as the mean of the normal-
ized frame-to-frame correlations across the entire image stack plus one
standard deviation of the same correlation measure. Then, tissue clutter
signals and noise were filtered out with a singular value decomposition
(SVD) filter of the IQ data by removing any signal associated with singu-
lar values between a low and high value. The low cutoff was set to sup-
press the tissue clutter signal, and the highest singular values were
removed at the point where the slope of the curve of singular values
versus the abscissa was approximately 30º [31]. The high value cutoff
was set to eliminate noise by removing the signal associated with singu-
lar values >400 and identically for all post-motion-elimination image
stacks.

Localization of individual MBs was performed on an upsampled grid
of 6.4 × 6.4 μm, from the original resolution of 25.6 × 62.5 μm, axially
by laterally, respectively, at regions of CEUS image intensity exceeding
a set threshold. This threshold level was based on intensity statistics of
the image stack considering both slow and fast time dimensions. At each
Figure 2. Data-processing strategy for generating super-resolution ultrasound (SRUS)
then spatiotemporal filtering using a singular value decomposition algorithm before m
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depth (fast time dimension), an average and standard deviation of the
intensities within a few millimeters of that depth across frames (slow
time dimension) were calculated. On the basis of these values, a thresh-
old of the mean plus two standard deviations was selected. The localiza-
tion algorithm involved 2-D parabolic interpolation using the “poly22”
fit function in MATLAB applied to envelope data after SVD filtering
[32].

At each transverse imaging location, localized MBs were accumu-
lated across the entire 3000-CEUS-image stack to form an SRUS image.
On the basis of a popular technique used in CT angiography [33], vascu-
lar structures depicted in these images were enhanced using a modified
Hessian-based filtering approach [34], referred to hereafter as Frangi+.
Multiple SRUS images at different spatial positions were combined by
maximum intensity projection (MIP) [35]. Microvascular diameter was
measured as the full width at half-maximum (FWHM) value of line plots
placed across select vessel segments. A microvascular density (MVD)
metric was calculated within the tumor region of interest (ROI) as the
number of pixels that had at least three localized MBs per total pixels in
the ROI.
Microscale CT and MRI

Animals that received injections of the DOX−lipiodol emulsion
underwent microscale CT (microCT) imaging 1 h post-TACE therapy
(OI/CT, MILabs, Utrecht, Netherlands). Conversely, control animals
underwent the same transhepatic arterial catheterization procedure but
were perfused with only 2 mL of 30% barium sulfate solution to intro-
duce a CT contrast agent. For all CT imaging, animals were scanned
using accurate, ultra-focus magnification at a step angle of 0.25º at one
projection per step and a binning size of 1 for a total of 1440 frames.
Image acquisition occurred at voltage of 50 kV, current of 0.21 mA and
exposure of 75 ms. Images were reconstructed using vendor software
and converted to Digital Imaging and Communications in Medicine
(DICOM) files using PMOD analysis software (PMOD Technologies LLC,
Zurich, Switzerland) at a voxel size of 80 µm.
images. Sequences of ultrasound (US) images underwent motion elimination and
icrobubble (MB) localization and enumeration to form the final SRUS map.
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Animal tumor size was monitored using a small animal MRI system
(BioSpec 3T, Bruker Corp, Billerica, MA, USA) equipped with a rat body
1H coil. A gas mixture of 2.0% isoflurane and 1 L/min oxygen was
administered by noise cone. A T2-weighted MRI anatomical scan was
obtained at baseline and again at 7 and 14 d after treatment using the
following scan parameters: TR/TE 1410/45 ms, matrix 224 × 224, field
of view 60 × 60 mm, spatial resolution 0.27 mm/pixel with slice thick-
ness of 1 mm. A total of 12 to 20 slices were acquired at a total acquisi-
tion time of less than 8 min. MRI sections containing tumor tissue were
manually contoured using ImageJ software [36]. Lastly, total tumor vol-
ume was calculated as the sum of tumor area per slice multiplied by slice
thickness. On the basis of liver tumor size measurements from the MRI
examinations and according to RECIST guidelines [37], TACE-treated
Figure 3. Contrast-enhanced microscale computed tomography (microCT)
image of a hepatocellular carcinoma (HCC) in a rat model (top, yellow dashed cir-
cle). Note that the high density of contrast in the tumor area reveals the hyper-
vascular characteristic of the N1S1 tumor type. Lipiodol-enhanced microCT
image of a HCC after TACE (bottom). Dense accumulation of the doxorubicin
−lipiodol emulsion is observed in the tumor region, which was used to help con-
firm a successful TACE procedure.
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animals were determined to be either partial (n = 4) or complete
(n = 3) responders.

Histology

Animals were euthanized at 14 d after all in vivo imaging ses-
sions. Liver and tumor tissue was surgically excised and fixed in
10% formalin for 7 d. Each tumor was then cut into 3-mm-thick tis-
sue slabs, and each was paraffin-embedded, sliced into 5 µm sections
and stained with hematoxylin and eosin (H&E) for assessment of tis-
sue morphology. Whole-tumor tissue sections were scanned and digi-
tized using an optical microscope equipped with a motorized
scanning stage at 20× magnification (Axio Observer 7, Carl Zeiss
Inc., Thornwood, NY, USA). Total tumor and necrotic areas in tissue
sections were manually delineated to calculate a necrosis-to-tumor
ratio using ImageJ [36]. For animals that underwent successful
TACE therapy, a complete responder was considered when all tumor
sections from the same animal exhibited total necrosis without
detection of any residual viable tumor cells. Tumors found to exhibit
considerable necrosis but accompanied by viable tumor regions or
cancer cells were categorized as partial responders.

Statistical analysis

Experimental data are summarized as the mean ± standard error of
the mean. Based on determination of treatment response, differences in
group data from control values were determined using an unpaired t-
test. Statistical tests were performed using Prism 8 (GraphPad Software,
San Diego, CA, USA). A p value <0.05 was considered to indicate statisti-
cal significance.

Results

Figure 2 is an overview of the data processing strategy for SRUS map
reconstruction from a temporal sequence of CEUS images. Comparison
of the grayscale CEUS image after motion elimination and SVD filtering
(tissue suppression) with the next result after MB localization and accu-
mulation reveals improved microvascular visualization, particularly
after vessel enhancement processing. All animals survived the experi-
mental and TACE procedures up to the pre-destined terminal endpoint.
From a control animal that received the barium sulfate perfusion deliv-
ered via the hepatic artery, the microCT image in Figure 3 details high
contrast enhancement in the liver tumor region indicative of the hyper-
vascular nature of N1S1 tumors. This is clinically relevant and suggests
Figure 4. Summary of tumor size changes after undergoing sham (control) or
TACE treatment. Partial and complete responders were identified by histological
assessment of excised tumor tissue at 14 d.
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that the orthotopic HCC model is a suitable platform for TACE treat-
ment. Further, lipiodol serves as an iodinated contrast agent, allowing
microCT imaging of the embolic treatment effect. All animals that
underwent a TACE procedure exhibited a region of high contrast
enhancement in the tumor area on microCT. Tumors were co-localized
with the microCT images in the corresponding MRI sections, confirming
a successful TACE procedure in all animals. However, a single contrast-
enhanced lipiodol microCT image taken after the TACE procedure is not
sufficient for evaluating and predicting how the tumor will respond to
therapy. Therefore, response to TACE treatment was assessed using the
SRUS image-derived MVD metric and further verified by tumor size
measurements from T2-weighted MRI as well as histological analysis of
excised tumor tissue.

Longitudinal CEUS and MRI images were acquired in rat livers before
and after a TACE or sham surgical procedure. Motion elimination was
performed prior to SRUS image reconstruction. On average, 26% of the
Figure 5. Representative SRUS images and microvascular patterns of HCC at basel
describe a control case, partial response case and complete response case as confirmed
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US images were discarded because of large respiratory or cardiac
motion. After MB localization and accumulation, microvascular detail
was more visible within the SRUS images and exceeded what would be
visible from use of conventional CEUS imaging. Baseline tumor size was
measured to be 411.2 ± 63.0, 542.7 ± 25.0 and 453.0 ± 43.2 mm3,
for the control, partial and complete responder groups, respectively
(p > 0.15). At 14 d, tumor volumes were found to be 2947 ± 403.1,
1456 ± 347.7 and 167.0 ± 48.7 mm3 for these same groups (p < 0.05).
As summarized in Figure 4, these measurements reveal that complete
tumor response to a TACE procedure is marked by progressive tumor
shrinkage.

Given a sequence of 3000 CEUS images and an average of 230 MB
localizations per frame, the smallest microvascular segment measured
from any SRUS map was 34 μm in diameter, which represents a 1.5-fold
improvement in spatial resolution over the physical diffraction limit of
λ/2 or 51.4 μm. A representative series of SRUS images from control
ine and 7 and 14 d after administration of control or TACE treatment. Images
by histology.
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animals and those deemed to be a partial or complete responder are pro-
vided in Figure 5. Although all SRUS images reveal a pronounced intra-
tumoral microvascular network at baseline (p > 0.54), longitudinal
trends are noticeably different, particularly for the complete response
case in which there was considerable tumor shrinkage throughout the
14-d monitoring period. The above subjective observations were also
true for matched MRI images from the same animals detailed in Figure 6.
Of the seven animals that underwent a TACE procedure, four of the rats
representing the complete responder group had progressively decreasing
SRUS image-derived MVD measures over the course of the study. Three
animals representing the partial responder group had a decreased MVD
7 d after treatment, followed by a slight increase by 14 d. All three con-
trol animals initially exhibited an increase in MVD levels but then
decreased during the second week of this study. This was attributed in
part to accelerated tumor growth and eventual onset of tissue necrosis.
Tumor size changes are plotted in Figure 7.

After US and MRI imaging at 14 d, animals were humanely eutha-
nized and liver tumors surgically excised for histological analysis.
Figure 6. Representative magnetic resonance images (MRI) and microvascular patte
treatment. Images describe a control case, partial response case and complete response
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Example tumor tissue sections are provided in Figure 8. Inspection of
the example case from the complete response group reveals extensive
pink eosin staining throughout the tumor region, with cell shrinkage,
pyknosis, nuclear debris and inflammation indicating immense tumor
necrosis. In comparison, tumors from the partial response group also
had considerable levels of necrosis within regions of viable tumor tissue.
Tumors from control animals were found to be composed of mostly via-
ble tissue with some minimal sparse areas of necrosis. Group tumor-to-
necrosis ratios from the histological images are summarized in Figure 9
and reveal a significant difference between group measurements
(p < 0.005).

Discussion

Throughout the past decade, several studies have determined that
CEUS image-derived measures of vascular morphology can use used as a
biomarker of tumor response to drug treatment [38−41]. More recent
research comparing CEUS with SRUS imaging has revealed increased
rns of HCC at baseline and 7 and 14 d after administration of control or TACE
case as confirmed by histology.



Figure 7. Summary of SRUS image-derived microvessel density (MVD) mea-
surement changes after sham (control) or TACE treatment.
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microvascular detail and more accurate morphological measurements
with use of SRUS techniques [35,42]. Thus, a principal strength of SRUS
imaging lies in the enhanced visualization of tissue microvascularity in
states of health and disease. By use of a rat model of HCC, changes in
tumor microvascular networks before and after a TACE procedure were
monitored using SRUS imaging. We hypothesized that tumor growth
Figure 8. Whole-tissue and microscopic images of hematoxylin and eosin (H&E)-s
response case. L, liver; N, necrotic tumor; V, viable tumor.
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and response to treatment may be predicted by well-defined microvascu-
lar changes [43]. In animals determined to be complete responders to
TACE treatment, SRUS image-derived measures of MVD progressively
decreased in concert with changes in liver tumor size as determined by
MRI. In partial responders, there was an initial decrease in MVD fol-
lowed by vascular recurrence, which is a common outcome of incom-
plete arterial embolization that necessitates locoregional retreatment of
the residual tumor [44].

In humans, CEUS imaging of residual HCC blood flow 1 to 2 wk after
TACE can be used to assess patient response to the treatment procedure
[6]. This research determined that CEUS could identify patients requir-
ing retreatment at 4 wk and considerably earlier than with the current
clinical standard based on MR and CT imaging. Overall, our pre-clinical
study also determined that SRUS imaging could also sensitively assess
early HCC response to TACE on a time scale of weeks. Such detail may
offer the potential to adjust the therapeutic plan based on an individual
tumor response in a timelier manner than present practices allow.
Although our SRUS imaging results were encouraging, clinical transla-
tion for routine liver imaging poses several noteworthy challenges such
as availability of clinical US systems with high frame rates on the order
to hundreds of hertz, robust motion correction algorithms and limited
data acquisition time in humans. Notwithstanding, recent research has
intimated that SRUS imaging of human liver is an exciting prospect wor-
thy of pursuit [45]. A limitation of the current study is a lack of direct
tained tumor sections from a control case, partial response case and complete



Figure 9. Summary of group tumor-to-necrosis ratio measurements from histo-
logical images.
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comparison between traditional CEUS and SRUS image analyses. To that
end, future work should investigate the clinical utility of SRUS and com-
pare it with that of conventional CEUS imaging to assess if additional
microvascular detail provided by the former provides a more sensitive
measure of HCC response to TACE treatment.

In this study, the smallest microvascular segment was measured to be
34 μm in diameter, which represents a modest 1.5-fold improvement in
spatial resolution over the physical diffraction limit of λ/2. This mini-
mum vessel size is slighter larger but consistent with the theoretic limit
based on the CEUS imaging parameters used for this study [46]. The
estimated motion of 3 to 5 μm that was not compensated for would have
the net effect of reducing spatial resolution by that same amount and
may explain in part why the lower theoretical limit was not reached.
Further improvements in resolution could be made with a longer CEUS
image acquisition but would be limited by the total MB dose that could
be safely tolerated [15]. Although a larger data size would increase
computational burden, use of machine learning strategies could help
mitigate, especially during the MB detection, localization and tracking
steps of the SRUS image reconstruction process [47,48].

The motion elimination algorithm used in this study had the advan-
tage of simplicity, but resulted in the removal of nearly 25% of the CEUS
images acquired. This considerably reduced the total number of MB
localizations during SRUS image formation. Motion may pose additional
challenges for a clinical implementation. Elimination of respiratory
motion with breath holding or respiratory gating and multiple acquisi-
tions could be used to acquire a sufficient number of frames for SRUS
imaging. A motion correction algorithm might be used to retain addi-
tional frames having cardiac and other motion and increase the total
MBs localized at the expense of computation time. A phase-correlation
algorithm to correct for sub-wavelength motion has been found to have
resolution at the same theoretical limit as SRUS imaging, and is well
suited for in-plane motion correction [49,50]. Fast motion correction
using deep learning algorithms is also a promising solution [51].

The method of thresholding prior to MB localization used in this
study was based on a statistical algorithm rather than being optimized
on a case-by-case basis. This had an advantage in SRUS image processing
speed. However, it reduced MB acquisitions and increased the number of
false detections from an optimal value that might be discovered with a
more comprehensive search strategy. Particularly difficult to image was
the case of very few MBs in a CEUS frame arising when significant tumor
necrosis was present. The SVD filtering cutoff tended to be too high in
such cases, increasing the probability of mistaking noise for a MB, but
was resolved with manual tuning.

A major obstacle during SRUS image processing involves accurate
MB detection and localization. Improvements in both tasks minimizes
the amount of CEUS data needed for SRUS image formation with suffi-
cient microvascular detail. Previous research has revealed that the use
of size-isolated contrast agents improves the MB detection process [52].
In short, the use of larger MBs results in a higher contrast-to-tissue ratio
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compared with the use of smaller MBs during CEUS imaging. Future
work should also carefully explore use of monodisperse MBs with
precisely controlled sizes and sensitivity improvements during SRUS
imaging.

Conclusions

A pre-clinical animal model of HCC was used to assess SRUS imaging
of tumor response to TACE treatment. SRUS imaging was found to pro-
vide detailed insight into the microvascular morphology and changes
after successful tumor treatment. This methodology is extensible to
SRUS imaging of tumor growth and angiogenesis, as well as tumor
response to alternative drug therapies for all highly vascularized tumors.
Further, our SRUS imaging solution was demonstrated on a pre-clinical
US platform using standard settings that are also available on clinical US
systems. Greater insight into tumor response to therapy may enhance
the prospect for more personalized tumor treatments and improved
patient outcomes.
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