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Introduction

Ultrasound has evolved into one of the most frequently employed imaging modalities in
hepatology. It is usually the first diagnostic tool applied when patients present with elevated
liver enzymes, suspected fatty liver disease, cirrhosis, or space-occupying lesions. This
preference is due to a combination of safety, accessibility, and cost-effectiveness. Unlike CT
and MR, ultrasound is widely available, portable, and does not require ionizing radiation.

In clinical routine, conventional B-mode ultrasound provides basic information about liversize,
echotexture, and the presence of focal abnormalities. It is indispensable in screening for
diffuse parenchymal diseases such as steatosis and fibrosis. The diagnostic spectrumis greatly
expanded by Doppler and power Doppler imaging, which assess macrovascular blood flow in
the hepatic artery, portal vein, and hepatic veins. These techniques are valuable in conditions
such as portal hypertension, Budd—Chiari syndrome, or after liver transplantation.

Regularfollow-up imagingis crucial for patients with chronic liver conditions to detect changes
early and adjust treatment plans accordingly [1]. Ultrasound does not use ionizing radiation,
making it safe for repeated use, including in pregnant women and children [2-6]. It provides
dynamic assessment and immediate results, which is essential for guiding interventional
procedures. Compared to other imaging modalities like CT and MRI, ultrasound is less
expensive and widely available, making it a practical choice for many healthcare settings [7].

The advent of contrast-enhanced ultrasound (CEUS) has further strengthened the role of
ultrasound in liver imaging. CEUS enables dynamic assessment of vascularity and perfusion
patterns in focal liver lesions in real time. In many cases, it allows a reliable differentiation
between benign lesions such as hemangiomas or focal nodular hyperplasia and malignant
lesions such as hepatocellular carcinoma (HCC) or metastases [8]. The ability to avoid
unnecessary biopsy or surgery is of significant clinical relevance.

However, reliable differentiation between benign and malignant findings can remain
challenging in individual patients. Conventional grayscale imaging and CEUS, while powerful,
may not always provide the necessary resolution to visualize fine vascular details that could
guide precise diagnosis. For this reason, new technologies such as Super Resolution (SR)
Imaging have emerged to overcome these limitations [9-12].
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Materials and Methods

Technical background

Super Resolution (SR) Imaging in ultrasound enhances microvascular visualization by
localizing individual contrast microbubbles over time, enabling the reconstruction of
structures at a higher resolution than conventional CEUS. Each bubble is localized with
subwavelength precision, and thousands of positions are combined to reconstruct a vascular
map far beyond the diffraction limit of conventional ultrasound [13-15].

This approach allows for the visualization of vessels at the capillary scale, which were
previously invisible. By enabling 4-8 times higher resolution than standard CEUS, SR imaging
provides a detailed map of the microvasculararchitecture [16-17]. The clinical implications are
substantial: tumor angiogenesis, treatment response, and microcirculatory changes can be
studied in a way that was previously reserved for histology or experimental techniques.

Two key SR-derived parameters have gained particular relevance:

* Microvascular CEUS: provides an enhancement of perfused microvasculature within a
lesion or region of interest. Rich vascularization can indicate malignancy or
hypervascular benign lesions, while sparse microcirculation may suggest necrosis or
fibrosis.

* Time of Arrival (TOA): analyzes the temporal sequence of contrast filling within a lesion.
It provides information on how rapidly microbubbles reach specific regions and how
enhancement evolves over time. TOA has proven valuable for differentiating fast-
arterialized malignancies from slowly enhancing benign lesions.

In addition to these, other experimental SR parameters are under evaluation, including vessel
tortuosity indices and heterogeneity scores, which may refine the understanding of tumor
biology.

From a technical perspective, motion artifacts remain a challenge, particularly in abdominal
imaging where breathing and peristalsis introduce variability. Solutions include motion
compensation algorithms and ultrafast frame rates, which improve stability and
reproducibility. In routine practice, modern ultrasound machines already incorporate motion
correction modes to facilitate SR imaging.
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MV-CEUS™ (Microvascular Contrast-Enhanced Ultrasound)

MV-CEUS™ is the Super Resolution Imaging feature of Samsung's new premium ultrasound
system (R20), providing advanced image processing for CEUS images to enable enhanced
visualization of microvascular structures. Powered by proprietary non-rigid elastic motion
estimation, it aims to address key challenges of conventional ULM (Ultrasound Localization
Microscopy) methods, including motion artifacts, dependency on microbubble dosage, and
long processing times.

MV-CEUS™ can operate in a live mode, allowing users to activate it in real time during a
standard CEUS scan. This eliminates the need to switch modes or wait of offline processing, a
capability that is critical for the dynamic assessment of pathology. During the arterial phase,
MV-CEUS™ provides enhanced view of vascular structure, allowing clinicians to observe rapid
inflow patterns. Furthermore, the Time of Arrival (TOA) map provides an immediate and
intuitive visualization of contrast wash-in time across the entire image.

Clinical Applications

Benign Lesions

While most hemangiomas, focal nodular hyperplasia or hepatocellular adenoma can be
characterized with CEUS, atypical cases remain problematic. The clinical results below
demonstrate that MV-CEUS™ is more discriminative than conventional Doppler, as it allows for
the analysis of microvascular homogeneity and arterial filling patterns, suggesting that it
could reduce unnecessary MRI or biopsy.

Case 1) Hemangiomas (Fig. 1-6)

Figure 1: 40-year-old female patient with hyperechoic lesion (yellow arrows, diameter is about 10mm)
in a non-cirrhotic liver. A linear probe was used for the high-resolution examination

Figure 2: The hyperechoic lesion (yellow arrows) does not display an increase vascularization in color
duplex sonography.

Figure 3: The hyperechoic lesion (yellow arrows) does not display an increase central vascularization,
only the peripheral some tiny vessels are detected by MV-Flow™.
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Figure 4: Dual-mode technique showing CEUS information (a.) and the B-scan (b.). In the arterial phase,
the lesion is delineated by peripheral nodular enhancement (white arrows) in the contrast image and
additional seen in the B-scan (yellow arrows).

Figure 5: Dual-mode technique showing MV-CEUS™ (a.) and the B-scan (b.). In the arterial phase, the
lesion is delineated by peripheral nodular enhancement (white arrows) in the MV-CEUS™. The lesion is
additional seeninthe B-scan (yellow arrows). The final diagnosis was a partial thrombotic hemangioma.

Figure 6: Dual-mode technique showing Time of arrival (a.) and the B-scan (b.). In the arterial phase,
the lesion is delineated by peripheral nodular enhancement (white arrows) in comparison to the
surrounding tissue the perinodular enhancement has got a delay in enhancement in the Time of arrival.
The lesion is additional seen in the B-scan (yellow arrows). The final diagnosis was a partial thrombotic

hemangioma.
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Case 2) Focal Nodular Hyperplasia (Fig. 7-12)

Figure 7: 23-year-old female patient with an isoechoic lesion (yellow arrows). The diameter of the lesion
is round about 8 cm.

Figure 8: The liver lesion (yellow arrows) displays an increased vascularization in color duplex
sonography

Figure 9: The liver lesion (yellow arrows) displays an increased vascularization in MV-Flow™.
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Figure10: Dual-mode technique showing CEUS information (a.) and the B-scan (b.). In the arterial phase,
the lesion is delineated by a strong hyperenhancement (white arrows) in the contrast image and
additional seen in the B-scan (yellow arrows).
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Figure 11: Dual-mode technique showing MV-CEUS™ (a.) and the B-scan (b.). In the arterial phase, the
lesion is delineated by a strong hyperenhancement (white arrows) in the MV-CEUS™, tiny vessels are
visible. The lesion is additional seen in the B-scan (yellow arrows). The final diagnosis was a huge Focal
nodular hyperplasia (FNH).
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Figure 12: Dual-mode technique showing Time of arrival (a.) and the B-scan (b.). In the arterial phase,
the lesion is delineated by a strong and fast hyperenhancement (white arrows) in the Time of arrival.
The lesion is additional seen in the B-scan (yellow arrows). The final diagnosis was a huge Focal nodular
hyperplasia (FNH).
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Case 3) Hepatocellular Adenoma (Fig. 13-18)

Figure 13: 33-year-old female patient with an isoechoic lesion (yellow arrows). The diameter of the
lesion is round about 8 cm.

Figure 14: The liver lesion (yellow arrows) displays an increased peripheral vascularization in color
duplex sonography.

Figure 15: The liver lesion (yellow arrows) displays an increased peripheral and central vascularization
in MV-Flow™.

Figure16: Dual-mode technique showing CEUS information (a.) and the B-scan (b.). In the arterial phase,
the lesion is delineated by a strong enhancement from the peripheral to the center (white arrows) in
the contrast image and additional seen in the B-scan (yellow arrows).
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Figure 17: Dual-mode technique showing MV-CEUS™ (a.) and the B-scan (b.). In the arterial phase, the
lesion is delineated by a strong enhancement from the peripheral to the center (white arrows) in MV-
CEUS™, tiny feeding vessel are visible. The lesion is additional seen in the B-scan (yellow arrows). The

final diagnosis was a huge hepatocellularadenoma.
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Figure 18: Dual-mode technique showing Time of arrival (a.) and the B-scan (b.). In the arterial phase,
the lesion is delineated by a strong enhancement from the peripheral to the center (white arrows) in
the Time of arrival. Tiny feeding vessels are visible. The lesion is additional seen in the B-scan (yellow

arrows). The final diagnosis was a huge hepatocellular adenoma.
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Metastases and Lymphoma (Fig. 19-24)

In patients with colorectal or breast cancer, early detection of liver metastases is critical for
curative strategies. Small metastases may remain inconspicuous in grayscale ultrasound but
can demonstrate distinct perfusion deficits on CEUS. MV-CEUS™ adds another dimension by
revealing disrupted microvascular architecture and highlighting micrometastatic vascular
patterns.

Figure 19: 38-year-old female patient with a hypoechoic lesion (yellow arrows).

Figure 20: The hypoechoic lesion (yellow arrows) displays no increased central or peripheral
vascularization in color duplex sonography.

Figure 21: The hypoechoic lesion (yellow arrows) displays an increased peripheral vascularization in MV-
Flow™.
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Figure 22: Dual-mode technique showing CEUS information (a.) and the B-scan (b.). In the arterial phase,
the lesion is delineated by moderated enhancement (white arrows). In the B-scan setting the lesion
(yellow arrows) it is clearly visible.
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Figure 23: Dual-mode technique showing MV-CEUS™ (a.) and the B-scan (b.). In the arterial phase, the
lesion is delineated by poorenhancement (white arrows). In the B-scan setting the lesion (yellow arrows)
itis clearly visible. The final diagnosis was a diffuse large B-cell lymphoma.
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Figure 24: Dual-mode technique showing Time of arrival (a.) and the B-scan (b.). In the arterial phase,

the lesion is delineated by poor enhancement (white arrows). In the B-scan setting the lesion (yellow
arrows) it is clearly visible. The final diagnosis was a diffuse large B-cell lymphoma.
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Hepatocellular carcinoma (HCC) (Fig. 25-33)

HCC is often diagnosed in cirrhotic livers where conventional imaging may be limited by
nodularity and heterogeneity. Compared to standard CEUS, MV-CEUS™ allows for more
detailed highlighting of feeding vessels and intranodular microvascular networks. This suggest
MV-CEUS ™ has a potential role in supporting LI-RADS categorization and providing additional
confidence in treatment response assessment [18].

Figure 25: 76-year-old male patient with a nearly isoechoic lesion (yellow arrows) of unknown originin
a cirrhotic liver next to the gallbladder.

Figure 26: The isoechoic lesion (yellow arrows) displays any increase in vascularization in color duplex
sonography.

Figure 27: The isoechoic lesion (yellow arrows) displays any increase vascularization in MV-Flow™.

Figure 28: Dual-mode technique showing CEUS information (a.) and the B-scan (b.). In the arterial phase,
the lesion is delineated by intense enhancement (white arrows). In the B-scan setting the lesion (yellow
arrows) it is not clearly visible as an isoechoic liver lesion.
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Figure 29: Dual-mode technique showing CEUS information (a.) and the B-scan (b.). In the late phase
after 3 minutes, the lesion (white arrows) becomes visible against the surrounding livertissue following
wash-out. In the B-scan setting the lesion (yellow arrows) it is not clearly visible as an isoechoic liver
lesion.

T1 00:00/ T2 00:00/

Figure 30: Dual-mode technique showing MV-CEUS™ (a.) and the B-scan (b.). In the arterial phase, the
lesion is delineated by intense enhancement (white arrows) in the MV-CEUS™, tiny chaotic vessels are
visible in the lesion. In the B-scan setting the lesion (yellow arrows) is not clearly visible as an isoechoic
liver lesion.
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Figure 31: Dual-mode technique showing Time of arrival (a.) and the B-scan (b.). In the arterial phase,
the lesion is delineated by intense enhancement (white arrows), the tiny chaotic vessels show a fast
uptake of the contrast agent. In the B-scan setting the lesion (yellow arrows) is not clearly visible as an
isoechoic liver lesion.

Figure 32: Dual-mode technique showing MV-CEUS™ (a.) and the B-scan (b.). In the late phase close to
five minutes, the lesion (white arrows) becomes visible against the surrounding liver tissue following
wash-out. In the B-scan setting the lesion (yellow arrows) is not clearly visible as an isoechoic liver
lesion. The final diagnosis was a HCC which was confirmed after biopsy.
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Figure 33: Dual-mode technique showing Time of arrival (a.) and the B-scan (b.). In the late phase close
to five minutes, the lesion (white arrows) becomes visible against the surrounding liver tissue, the Time
of arrival mode detected the wash out. In the B-scan setting the lesion (yellow arrows) is not clearly
visible as an isoechoic liver lesion. The final diagnosis was a HCC which was confirmed after biopsy.

Validating the clinical potential of MV-CEUS™ is crucial next step

Additional investigation is required to establish its clinical role in chronic liver disease,
cirrhosis, and interventional guidance.

Chronic liver disease and cirrhosis: Monitoring progression from fibrosis to cirrhosis requires
sensitive detection of perfusion changes. MV-CEUS™ can noninvasively assess sinusoidal
microcirculation and intrahepatic shunts. These insights may become valuable for staging and
for monitoring antifibrotic therapies.

Interventional guidance: Ultrasound is frequently used during ablative procedures or biopsies.
Real-time MV-CEUS™ could help identify vital tumor remnants after ablation and guide
targeted sampling of suspicious microvascular “hot spots.”
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Other Organs (Fig. 34-39)

Limitation: In accordance with the EFSUMB guidelines and recommendations for the clinical
practice of CEUS in non-hepatic applications [33], contrast-enhanced ultrasound is used off-
label in renal assessment. However, they recommend several indications for the use of CEUS in
the kidney.

Figure 34: 67-year-old female patient with a nearly hypoechoic lesion (yellow arrows), in the baseline
CT examination a hemorrhage cyst of the right kidney was described.

Figure 35: The hypoechoic lesion (yellow arrows) displays no vascularization in color duplex sonography.

Figure 36: The hypoechoic lesion (yellow arrows) displays no vascularization in MV-Flow™.

Figure 37: Dual-mode technique showing CEUS information (a.) and the B-scan (b.). In the arterial phase,
the lesion is delineated by poor enhancement (white arrows). In the B-scan setting the lesion (yellow
arrows) is clearly visible as a hypoechoic kidney lesion.
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Figure 38: Dual-mode technique showing MV-CEUS™ (a.) and the B-scan (b.). In the arterial phase, the
lesion is delineated by poor enhancement (white arrows) in the MV-CEUS™ tiny vessels are visible in
the lesion. In the B-scan setting the lesion (yellow arrows) is clearly visible as a hypoechoic kidney lesion.
The final diagnosis was a papillary renal cell cancer which was confirmed after surgery.

Figure 39: Dual-mode technique showing Time of arrival (a.) and the B-scan (b.). In the arterial phase,
the lesion is delineated by poor enhancement (white arrows), the tiny vessels show a very slow uptake
of the contrast agent. In the B-scan setting the lesion (yellow arrows) is clearly visible as a hypoechoic
kidney lesion. The final diagnosis was a papillary renal cell cancer which was confirmed after surgery.
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While ultrasound is a widely used, safe, and cost-effective imaging modality, its resolution
limitations have historically been a major drawback. The spatial resolution of conventional
ultrasound ranges between 0.4 and 2 mm, depending on probe frequency [13]. This is sufficient
for macrovessels but not for capillary-level architecture, which is essential for oncologic
imaging [19].

CEUS partly addresses this gap by detecting blood flow at the capillary level, but the
microvascular structure remains unresolved. Super Resolution Imaging directly addresses this
limitation by providing subwavelength vascular reconstruction. [20-24].

A well-known challenge is the dependency of SR imaging on microbubble concentration. Low
concentrations prolong acquisition times, while high concentrations, as typically used in
routine CEUS, complicate bubble localization [25-26]. New algorithms and hardware
improvements are therefore crucial to bring SR imaging from academic research into everyday
practice [27].

Compared with CT and MR, ultrasound (including CEUS and SR imaging) offers several distinct
advantages:

e Safety: noionizing radiation, no nephrotoxic contrast agents.
e Real-timeimaging: allows immediate clinical decisions and interventional guidance.
e Repeatability: can be performed frequently, enabling close therapy monitoring.

e (Cost-effectiveness: ultrasound systems are widely available, lowering healthcare costs.

However, CTand MRI still surpass ultrasound in whole-organ staging, detection of extrahepatic
disease, and reproducibility across centers. For this reason, SR imaging should be viewed as a
complementary tool rather than a replacement. It will likely be integrated into multimodal
imaging pathways, where it provides unique microvascularinformation that CT and MRI cannot
match.
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Future Perspectives

Following the EFSUMB guidelines [33], the potential of SR imaging extends beyond the liver.
Applications in renal tumors, pancreatic lesions, and musculoskeletal microcirculation are
being explored, although contrast agents are off-label for these applications. In oncology, the
technique may serve as a biomarker for treatment response, particularly in immunotherapy
where microvascular normalization is a surrogate of efficacy.

Integration with artificial intelligence (Al) could further enhance clinical usability by
automating bubble tracking, motion correction, and feature extraction. Al-driven quantitative
indices may standardize SR imaging assessments and facilitate large multicenter studies.

Anotherexciting perspective is the combination of SR imaging with therapeutic ultrasound (e.g.
high-intensity focused ultrasound, HIFU). Here, imaging and therapy could be merged into
theranostics approaches, enabling treatment monitoring at the microvascularlevelin real time.

Finally, the ongoing miniaturization of ultrasound systems promises to make advanced
imaging accessible at the bedside, in intensive care, and in low-resource settings. This
democratization of technology could significantly improve global liver cancer care.

Conclusion

Ultrasound remains the backbone of liver imaging because it is safe, versatile, and cost-
effective. CEUS has transformed lesion characterization by enabling real-time assessment of
perfusion dynamics. The advent of Super Resolution Imaging now marks the next step, offering
capillary-level detail that was previously unattainable in clinical practice. Due to the new
availability of the Super Resolution Imaging technology, knowledge transfer to other organs
(Fig. 34-39) will be expected and the first scientific papers are already published [28-32].

By enabling precise visualization of microvascular networks, SR imaging has the potential to
refine differential diagnosis, improve treatment response monitoring, and guide targeted
interventions. Its integration into routine practice, alongside CT and MRI, could significantly
enhance the diagnostic armamentarium for liver diseases. In our experience the Super
Resolution Imaging technique also offers significant advantages in the evaluation of unclear
hemorrhage cystic renal lesions, as described in the EFSUMB guidelines [33].

Future research should focus on validating these techniques in large patient cohorts,
standardizing protocols, and exploring applications in other abdominal and extra-abdominal
organs. If these challenges are addressed, Super Resolution Imaging may expand the role of
ultrasound in oncology and hepatology, establishing it not only as a screening tool but as a key
imaging modality for precision medicine.
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