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Abstract

With the development of second-generation contrast agents and advancement in contrast harmonic imaging,
contrast-enhanced ultrasonography (CEUS) now has the capacity to sensitively and accurately show tumor
vascularity. Therefore, marked improvements have been achieved in the diagnosis of focal liver lesions(FLLs),
including hepatocellular carcinoma (HCC), by US. In contrast to other agents, Kupffer cells in liver sinusoids take
up Sonazoid. Two contrast enhancement phases occur in CEUS with Sonazoid: a vascular phase and Kupffer
phase. Images obtained in the Kupffer phase have higher diagnostic sensitivity for hepatic malignancies because
the majority of these malignancies do not contain Kupffer cells. Dynamic images obtained in the vascular phase
markedly narrow the clinical differential diagnoses of FLLs. The sustainable detection of inconspicuous HCC,
adequate guidance of ablation therapy, and accurate assessment of treatment responses in HCC are all facilitated
by Sonazoid. The principles, clinical applications, and techniques of CEUS with Sonazoid in the diagnosis of HCC
will be reviewed herein.
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INTRODUCTION

Recent advances in the multi-modality treatment of hepatocellular carcinoma (HCC) have contributed to
significant improvement in the prognosis of patients with this type of primary liver cancer. The importance
of the early detection of liver nodules, accurate diagnosis of HCC, and tumor staging for treatment planning
is increasingly recognized. Guidelines for the utilization of imaging tests in the diagnosis of HCC have been
developed by a number of societies, including the American Association for the Study of Liver Diseases
(AASLD), the European Association for the Study of the Liver, the Asian-Pacific Association for the Study
of Liver, and the Japan Society of Hepatology["”. Due to advances in techniques that have contributed to the
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highly sensitive and specific diagnosis of HCC, clinical HCC guidelines now recommend imaging tests. The
specificity of single contrast-enhanced imaging is adequate for diagnosing HCC when typical features are
observed on dynamic images. Recently, a critical milestone was achieved with integration of Liver Imaging
Reporting and Data System (LI-RADS) into the AASLD HCC clinical practice guideline. LI-RADS is a
comprehensive algorithm for standardizing the terminology, technique, interpretation and reporting for

patients at high risk for HCC'"',

Contrast-enhanced ultrasonography (CEUS) is now widely used in clinical practice and has markedly
expanded the scope of the diagnosis of focal liver lesions(FLLs) by US. In CEUS, second-generation contrast
agents, including SonoVue (sulfur hexafluoride), Definity (perflutren lipid), and Sonazoid (perflubutane),
are microbubbles composed of a low-solubility gas enveloped by a phospholipid shell. Kupffer cells in
the reticuloendothelial system of the liver take up Sonazoid, which remains in these cells for several hours,
resulting in two contrast enhancement phases: a vascular phase and Kupffer phase. Sonazoid is advantageous
for the diagnosis of HCC because of the higher diagnostic sensitivity of images obtained in the Kupffer
phase for hepatic malignancies; the majority of hepatic neoplasms, particularly malignant tumors, do not
contain Kupffer cells”
categorization of observations in patients with chronic hepatitis B or cirrhosis'™. The utility of SonoVue and
Definity is supported by CEUS LI-RADS, whereas Sonazoid alone has not been included yet. It is expected
that Sonazoid utilization will be incorporated in the next version of CEUS LI-RADS.

. CEUS LI-RADS is a standardized system for CEUS exams and can allow for accurate

Sonazoid was approved for use as an ultrasound contrast agent in Japan in 2007", followed by Norway,
Korea, and Singapore. It was subsequently approved in Taiwan in 2018 and China in 2019. CEUS with
Sonazoid is now regarded as a valuable diagnostic tool in the management of HCC patients. The principles,
clinical applications and techniques of CEUS with Sonazoid in the management of HCC will be reviewed
herein.

STRUCTURE AND PHARMACOKINETICS OF SONAZOID

Sonazoid (GE Healthcare, Waukesha, WI, USA) consists of lipid-coated microbubbles containing
perfluorocarbon within a well-defined size range (median diameter of approximately 3 pm). These
microbubbles are stabilized by a monomolecular membrane of hydrogenated egg phosphatidyl serine that
is embedded in an amorphous sucrose structure'®. Sonazoid powder is reconstituted with 2 mL of sterile
water for administration by injection. The clinical dose of Sonazoid that is generally employed to image liver
lesions is 0.015 mL/kg body weight; however, the recommended dose is decreased to 0.0075-0.0010 mL/kg
body weight when an US machine with high sensitivity for the detection of contrast agents is used.

Regarding the two contrast enhancement phases in real-time CEUS, the vascular phase (between 10 s and
5-7 min after the injection of Sonazoid) shows tumor vascularity, while the Kupffer phase (from 10 min
after the injection) shows hepatic parenchymal findings because Kupffer cells or liver sinusoids take up
this contrast agent. The artery- and portal-dominant time zones in the vascular phase are referred to as the
10" Contrast enhancement in the Kupfter phase provides
important information on FLLs because hypoenhancement indicates HCC, while benign lesions mostly
show iso- or hyperenhancement. Imaging patterns, namely, arterial enhancement with Kupffer defects, are
an important distinguishing feature of hepatic malignancies.

arterial and portal phases, respectively [Figure 1

Dynamic CEUS displays similar, but distinct, vascular patterns to contrast-enhanced computed tomography
(CECT); the contrast agents used in US are retained within blood vessels (blood pool contrast agents),
whereas those for CT and magnetic resonance imaging (MRI) move into the extracellular space until their

concentrations balance between the intravascular and extracellular spaces[u]
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Figure 1. Pharmacokinetic behaviors of US contrast agents. Vascular and Kupffer phase images may be obtained using Sonazoid, but not
Difinity/SonoVue (Lumason). Sonazoid microbubbles are taken up by Kupffer cells and show homogeneous enhancement in a normally
functioning liver parenchyma. Kupffer phase images are generally obtained 10 min after the injection of Sonazoid, the stability of which
does not degrade for at least 60 min
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Figure 2. Behavior of microbubbles exposed to ultrasound. Microbubbles oscillate in a symmetrical manner at very low Ml (< 0.1) with
stable linear scattering. In contrast, asymmetrical oscillations are observed at low/medium MI (0.2-0.6), with microbubbles expanding
more than they contract because they are more resistant to compression. This asymmetry causes harmonic emissions. Transient non-
linear scattering occurs at high MI (> 0.6), and is followed by microbubble destruction. MI: mechanical index

MEDICAL ULTRASOUND TECHNOLOGIES

The mechanical index (MI) is a measure of the insonation power of microbubbles within an ultrasound
field [Figure 2]. Second-generation microbubble contrast agents remain static when MI is very low and
scatter the ultrasound beam. As MI increases, microbubbles linearly (MI < approximately 0.2) or non-
linearly (approximately 0.2 < MI < 0.5) oscillate at their resonance frequency. Real-time scanning with CEUS
generally involves low MI of < 0.3. Microbubbles strongly oscillate at MI of higher than 0.6, expand beyond
their limit, and ultimately burst. CEUS images may be generated from signals of the non-linear oscillation of
microbubbles or their destruction””

Information obtained on harmonic distortions in echo signals is used in non-linear ultrasonic imaging
techniques. The non-linear mechanical behavior of microbubbles in contrast-enhanced imaging or non-
linear wave propagation within tissues in tissue harmonic imaging causes harmonic distortions in ultrasound
signals. Since echo signals contain both linear and non-linear reflections, the extraction of non-linear
echo content is important for ensuring the sufficient performance of harmonic imaging. CEUS-specitic
modes including pulse inversion, amplitude modulation, and pulse inversion amplitude modulation have
been devised to suppress linear tissue signals, thereby enhancing the detection of non-linear microbubble
echoes™™ [Figure 3]. The non-CEUS-specific mode, tissue harmonic imaging (THI), which is a non-
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Figure 3. Pulse inversion and amplitude modulation. A: pulse-inversion technique is used in second harmonic imaging. Pulse 1 excites
microbubbles, generating a linear fundamental response along with higher harmonic components. The inverted pulse 2 generates the
same frequency components, however with different phases. The linear fundamental response from tissue experiences a 180° phase
shift relative to the pulse 1 components, whereas the second harmonic response from microbubble experiences a 360° (= 0°) phase
shift. As a result, the fundamental responses are canceled out and the second harmonic responses are constructively added together;
B: an amplitude modulation technique also plays a role in ultrasonic nonlinear imaging. An amplitude pulse is transmitted to eliminate
the linear response and to elicit a nonlinear response. Upon reception, the pulse 2 components are rescaled and subtracted. Then, the
fundamental response from tissue is canceled, and the second harmonic response from microbubble is leaked out

Figure 4. Hepatocellular carcinoma. A: contrast-enhanced ultrasonography shows homogenous strong enhancement (arrow) in the early
arterial phase; B: a clear defect (arrow) with an irregular border is observed on a Kupffer phase image

contrast form of native harmonics, is also applied to contrast imaging. THI is advantageous because it

provides a better signal-to-noise ratio. Contrast THI with Sonazoid offers a better contrast-to-tissue ratio

at the cost of blood flow signals. Therefore, contrast THI provides an overlay view of conventional THI and
. . [16] . . . . .

contrast imaging . It allows us to observe vessels and inconspicuous lesions in the liver through all phases

at high spatial and time resolutions; however, image contrast in the Kupffer phase may be slightly lower than

that of the pulse inversion'"”.

CLINICAL APPLICATION OF CEUS

Diagnosis of HCC

Classic HCC generally receive a blood supply from abnormal arteries alone and are diagnosed based on
positive enhancement (hypervascularity) in the arterial phase and defects in the Kupfter phase [Figure 4].
Previous studies reported the accurate diagnosis of small HCC (< 2 cm) using CEUS at a sensitivity of
81%-95% and specificity of 829%-86%""". However, a potential limitation of this imaging modality is that a
small subset of atypical HCC does not show hypervascularity in the arterial phase. Tumor hemodynamics
change through the process of multistep hepatocarcinogenesis from low grade dysplastic nodule (DN) to
moderately differentiated HCC [Figure 5]. The enhancement patterns of HCC are influenced by the degree
of cellular differentiation. Arterial and portal blood supplies in pathological early or well-differentiated
HCC vary, which increases the challenges associated with reaching an accurate diagnosis. The nodule-in-
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Figure 5. Tumor blood flows and multistep hepatocarcinogenesis. The development of hepatocellular carcinoma (HCC) occurs through
a multistep process in the following sequence: large regenerative nodule (RN), low- or high-grade dysplastic nodule (DN), DN with a
focus of HCC, well differentiated HCC, and moderately to poorly differentiated HCC. During the dedifferentiation, the intratumoral areas
supplied portal blood flow are gradually reduced, whereas the intratumoral areas supplied arterial blood flow are synchronously changed.
Normal arterial blood supply is reduced at an early stage, and then abnormal arterial blood supply is finally replaced

Figure 6. Nodule-in-nodule appearance of hepatocellular carcinoma. A: Arterial phase image shows an inner hypervascular spot (arrow)
within the outer hypovascular nodule (arrowheads); B: Kupffer phase image shows better differentiation between a small defect (arrow)
and the outer hypointense nodule (arrowheads)

nodule hemodynamic pattern, which is characterized by hyperintense foci in hypointense nodules, is specific
for diagnosing early-stage HCcC™! [Figure 6]. Arterial enhancement is less commonly observed for well-
differentiated HCC; nodules are more likely to be isoenhanced or slightly hypoenhanced from the portal to
Kupffer phases”*"”
hypoechoic areas surrounded by hyperechoic background liver in the Kupffer phase due to the depletion

. Malignant liver lesions including HCC, cholangiocarcinoma, metastasis, efc. appear as

of Kupffer cells within them""*”. The Kupffer defect can be easily detected and increasing its diagnostic
performance. Moreover, the images of Kupffer defect are also useful to evaluate the macroscopic type of

[23]

HCC that is a significant prognostic factor of HCC patients

Repeated contrast injections may be performed when an enhancement defect is identified in the Kupffer
phase. This procedure is termed “defect reperfusion imaging” or “the re-injection technique’”, and arterial

242 Defect reperfusion imaging generates

enhancement may be superimposed on Kupffer images of lesions
a very high detection rate of HCC that is not achievable with conventional B-mode US"* [Figure 7]. Kupffer
phase image surveillance is also useful for the early detection and confirmation of HCC with the reinjection

technique[”]

Characterization of FLLs

The accurate differential diagnosis of FLLs requires clinical imaging tests, and CEUS plays an important
role in the characterization of FLLs. CEUS with Sonazoid can show a high sensitivity of the detection of
intranodular blood flow. Most malignant liver lesions are demonstrated as hypoechoic masses from the
portal phase to the Kupffer phase, while most benign liver lesions are iso- or hyperechoic during these
phases.
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Figure 7. Defect reperfusion imaging for the local progression of hepatocellular carcinoma (HCC) after radiofrequency ablation (RFA). A:
a computed tomography image shows focal arterial enhancement of the local progression of HCC (arrow) and RFA-induced coagulation
necrosis (arrow heads); B: viable HCC (arrow) in close proximity to the necrotic area (arrow heads) are shown as areas with defects in
the Kupffer phase; C: recurrent HCC (arrow) is clearly identified using the Sonazoid reinjection technique, whereas the necrotic area (arrow
heads) does not enhance

Figure 8. Liver metastasis from colon cancer. A: liver metastasis shows peripheral irregular rim-like enhancement (arrow); B: a clear
defect (arrow) is evident in the Kupffer phase

Arterial hypervascularity is generally observed in the tumor periphery of adenocarcinoma liver metastases
from many organs including colon, stomach, pancreas, efc., at which tumor cells are abundant, while
complete defects are detected in the Kupfter phase[“] [Figure 8]. Washout is typically more rapid for liver
metastases than for HCC, for which it is often slow""*". However, homogeneous hypervascularity in the
arterial phase was previously reported in between 10% and 15% of adenocarcinoma liver metastases”™”. In
addition, renal cell carcinoma or gastrointestinal stromal tumor typically cause hypervascular metastases,
and these lesions tend to show homogeneous arterial enhancement that is similar to typical HCC.

Similarities have been identified in the enhancement patterns of intrahepatic cholangiocarcinoma and
metastatic liver cancer on CEUS, with rim-like enhancement in the early arterial phase and complete defects
in the Kupffer phase commonly being detected"”’. Nevertheless, it is important to note that approximately
30% of intrahepatic cholangiocarcinomas show hypervascularity and enhancement in the arterial phase’™”,
consistent with the typical enhancement pattern of HCC on CEUS. Rapid washout has also been reported
for intrahepatic cholangiocarcinoma[”]. Peripheral rim-like enhancement and quick contrast washout may

provide high efficiency in the differentiation of intrahepatic cholangiocarcinoma from HCC.

Hepatocellular adenoma (HCA) often shows arterial hyperenhancement™ and approximately 30% of HCAs
show mild washout in the late vascular phase of CEUS™*, making it difficult to distinguish HCA from well-
differentiated HCC. In such causes, the individual patient’s background such as a history of risk factors for
HCC is very important for differentiation, and a biopsy may be necessary for the precise diagnosis.



Minami et al. Hepatoma Res 2020;6:46 | http://dx.doi.org/10.20517/2394-5079.2020.32 Page 7 of 11

Figure 9. Hepatic hemangioma. A: early arterial phase image shows the typical “peripheral globular enhancement” (arrow) of the lesion;
B: the lesion shows “partial centripetal filling” (arrow heads) during the portal phase; C: a progressive filling pattern (arrow heads) is
observed in the Kupffer phase

Figure 10. Dysplastic nodule. A: dysplastic nodule (arrowheads) shows hypovascularity in the arterial phase because of the reduction of
arterial and portal supplies; B: the Kupffer phase image shows a slightly hypointense lesion with unclear border (arrowheads)

Liver hemangioma shows peripheral nodular enhancement in the arterial phase and centripetal filling
through the portal to Kupffer phases of CEUS [Figure 9]"". Although incomplete late filling has been
reported in some cases of larger hemangioma, the enhancement pattern of “peripheral nodular arterial
enhancement” in combination with “complete filling” resulted in a sensitivity of 98% for the diagnosis of liver

hemangioma[w].

The typical findings of focal nodular hyperplasia on CEUS include hypervascularity in the early arterial
phase with a spoke-wheel pattern and an iso-enhanced mass with a hypo-enhanced central scar through the
portal to Kupffer phases[”]. The sensitivity of CEUS for detecting the spoke-wheel pattern is markedly higher
than that of color-Doppler imaging.

Hepatic angiomyolipoma (AML) is a relatively rare benign mesenchymal tumor of the liver. Pathologically, it

is composed of varying proportions of fat, muscle, and blood vessels. AML is characterized by a hyperechoic

nodule on B-mode US due to a fatty component and is generally observed as a hypervascular lesion in the
[4

arterial phase and a defective lesion in the Kupffer phase | However, the diagnosis of hepatic AML is still
challenging because imaging characteristics can vary depending on the proportions of its components.

Normal hepatic arteries and portal veins are generally present within low-grade DNs which do not show the
early uptake of contrast agents in the arterial phase. A previous study indicated that a high-grade DN showed
transient hypovascularity in the arterial phase, and this finding was attributed to increased cellularity[“]

[Figure 10].
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Inflammatory pseudotumor (IPT) of the liver is a rare benign nodule and can display various enhancement
patterns on CEUS due to pathological change during the course of disease progression. When the nodules
are abundant in inflammatory cells and granulation tissues, they often appear as an area of diffuse
homogeneous hyperenhancement. As more necrosis and fibrosis develop within the nodules, IPT may show
heterogeneous or peripheral rim-like enhancement""".

Meta-analytic studies reported the ability of CEUS to accurately differentiate between benign and malignant
FLLs at a sensitivity of 93% and specificity of 90%, and also demonstrated its similar diagnostic performance
to dynamic CECT and MRI"***. Furthermore, the diagnostic accuracy of CEUS for lesions that were
inconclusi\[re o]n CECT increased from 42%-44% to 89%-92%, and a higher diagnostic confidence level was
confirmed**””.

CEUS guidance of biopsy/ablation therapy

The correct placement of the needle into the target tumor for percutaneous biopsy/ablation therapy increases
its technical success rate. B-mode US does not accurately detect HCC in the presence of local tumor
progression after treatment or true HCC surrounded by large regenerative nodules in cirrhotic livers. The
rates of HCC with poor conspicuity on planning B-mode US for ablation therapy ranged from 5.2 to 38.8 in
previous reports”**”. CEUS with Sonazoid facilitates needle placement in HCC that is poorly depicted on
B-mode US because the defect lesion functions as a target for insertion.

If imaging studies fail to reveal an accurate diagnosis of FLLs, biopsy may be required. The limitations of
percutaneous liver biopsy guided with B-mode US incldue its high rates of false-negative results. However,
correct targeting and guiding steps benefit from the use of CEUS with Sonazoid"“*". The diagnosis of benign
FLLs may be improved with the utility of CEUS during liver biopsy without surgical intervention.

A previous study reported that the technical success rate of a single radiofrequency ablation (RFA) session
was significantly higher with CEUS than with B-mode US (94.7% vs. 65.0%, P = 0.043)"”!. Furthermore, the
number of RFA sessions conducted in a historical cohort was smaller with Sonazoid CEUS guidance than
with B-mode US guidance[“’“]. Another study showed that the sustained local control rate was markedly
higher for CEUS-guided RFA than for B-mode US-guided RFA (85.3% vs. 66.4% at 2 years)*". In addition,
inconspicuity on B-mode US and CEUS represents one of the most difficult conditions for percutaneous
RFA. The combination of fusion imaging and CEUS is an effective guidance in ablation therapy for poorly
defined HCCs on B-mode US and CEUS/fusion imaging[“].

CEUS may also help to identify complications immediately after ablation therapy such as active bleeding or
segmental infarction of the liver”. Active hemorrhage should be visualized on CEUS as extravasation of
microbubbles and infarcted areas can show no enhancement.

Assessment of HCC treatment responses

The complete lack of enhancement in all phases on CEUS was previously demonstrated in patients with
complete treatment responses following arterial chemoembolization for HCC; while intratumoral residual
or nodular peripheral enhancement was detected in patients with residual or recurrent HCC. CEUS allows
for the reliable prediction of the risk of recurrence in patients with HCC within a short period of time
(approximately 1 week) after TACE™*!,

Important issues to consider in treatment response assessments of RFA are evaluations of the absence of the
vascular enhancement of HCC and the ablative margin. Residual HCC shows a focal defect in the Kupfter
phase, representing hypervascular enhancement, with reinjections of Sonazoid. However, consistent and
accurate assessments of the ablative margin by CEUS is not always be possible because the tumor boundary
may not be clearly identified on US after RFA™".
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Sorafenib (Bayer, Leverkusen, Germany) is the first oral multikinase inhibitor developed for advanced
unresectable HCC. Analyses of time intensity curves and arrival time parametric imaging facilitated
assessments of the early responses of advanced HCC to sorafenib””"**. However, not all lesions of multiple
HCC treated with sorafenib exhibit similar behaviors on CEUS; therefore, CEUS may only investigate a
few regions of interest and may be limited to treatment response assessments of multiple HCC to systemic
chemotherapies.

CONCLUSION

US is a widely used imaging modality for liver diseases because it is minimally invasive, allows for real-
time observations, and provides high-resolution images. However, the accuracy of CEUS may be negatively
affected by a number of factors, such as acoustic attenuation, various artifacts, and blind areas. Therefore,
the favorable and unfavorable characteristics of CEUS need to be carefully considered. This review
comprehensively demonstrates the importance of CEUS with Sonazoid for managing patients with HCC.
CEUS provides real-time and high-quality images of FLLs, including HCC, in all phases of enhancement,
and has markedly increased the accuracy of US-based detection and characterization. CEUS has the ability
to differentiate between benign and malignant liver nodules with high accuracy, which is crucial in the
management of these patients. Furthermore, CEUS with Sonazoid provides guidance during therapeutic
procedures and facilitates assessments of treatment responses. The adequate guidance of ablation and precise
monitoring of treatment responses using CEUS with Sonazoid will contribute to further improvement in the
prognosis of patients with HCC.
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