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Abstract
BACKGROUND
[bookmark: OLE_LINK3]The treatment technology of liver cancer is progressing. In addition to traditional surgical resection, combined therapies of immunotherapy based on immune checkpoint inhibitors, chemotherapy, and transcatheter arterial chemoembolization for hepatocellular carcinoma are more and more widely used. Accurate preoperative diagnosis of liver cancer will provide important information for comprehensive treatment and prognosis evaluation of liver cancer. Sonazoid-contrast-enhanced ultrasound is not only helpful for the qualitative diagnosis of liver lesions, but also has great potential in the diagnosis of histological differentiation of liver cancer.

AIM
To assess the differentiation of hepatocellular carcinoma (HCC) by utilizing the parameters and imaging features of Sonazoid-contrast-enhanced ultrasound (CEUS).

METHODS
A retrospective analysis was conducted on the CEUS data of 239 lesions through case-control study. These patients received Sonazoid-CEUS within one week before surgery and were confirmed as HCC by postoperative pathology. Within the cases, patients were further categorized into well-differentiated and poorly-differentiated group. Time-intensity curves of the region of interest in both arterial and Kupffer phases were generated, allowing for the acquisition of quantitative parameters to assess the diagnostic efficacy in distinguishing lesions between these two groups and determining an appropriate cut-off value. 

RESULTS
[bookmark: OLE_LINK1]Univariate analysis showed that the absolute value of enhancement intensity (EIAV), intensity ratio (IR) and intensity difference (ID) in Kupffer phase were statistically different between the groups with different degree (P = 0.015, P = 0.000, P = 0.000). The sensitivity and specificity were 40.2%, 82.4%, 80.4% and 78.1%, 86.9% and 74.5%, respectively, for differentiating HCC lesions with EIAV ≥ 56.384 dB, IR ≥ 1.215 and ID ≥ 9.184 dB. The area under the receiver operating characteristic curve were 0.590, 0.877, 0.815. There was no significant difference in the parameters of arterial phase, including peak time, initial growth time, rise time and the absolute value of peak intensity of lesions between the two groups (P > 0.05). Multivariate analysis showed that the level of alpha-fetoprotein (AFP) and IR were risk factors for poor differentiation (P = 0.001).

CONCLUSION
Among the parameters of Sonazoid-CEUS, IR in Kupffer phase exhibits superior diagnostic efficacy with high sensitivity and specificity in the diagnose of pathological differentiation of HCC. Combined with preoperative AFP level, a more accurate diagnosis will be obtained. Compared with portal vein phase, Kupffer phase showed the ability to identify HCC lesions more sensitive. These findings hold significant guiding implications and reference value for clinical practice.
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Core Tip: This study used quantitative parameters and imaging characteristics from Sonazoid-contrast-enhanced ultrasound using perfluorobutane microspheres to evaluate the histological differentiation of hepatocellular carcinoma (HCC). Both univariate and multivariate analyses indicated that Kupffer phase parameters, particularly the intensity ratio (IR), outperformed conventional clinical markers. IR proved to be a valuable, non-invasive predictor of tumor differentiation, supporting more informed preoperative decision-making in HCC management. It is simple to calculate, relatively unaffected by variations in hepatic perfusion or fibrosis, and well-suited for routine clinical application. Receiver operating characteristic analysis identified an optimal cut-off value of 1.215 for IR.

INTRODUCTION
[bookmark: OLE_LINK420][bookmark: OLE_LINK421]Liver cancer remains one of the most prevalent and fatal malignancies globally[1]. In China, liver cancer ranks as the fifth most commonly diagnosed malignancy, with an estimated 410000 new cases and 390000 cancer-related deaths reported in 2020, representing a substantial burden on the healthcare system. Hepatocellular carcinoma (HCC) constitutes approximately 85% of these cases[2]. Extensive research has shown a strong correlation between the histological grade of HCC and its biological behavior and clinical prognosis. Poorly differentiated (P-D) HCC is more prone to microvascular invasion and is linked to poor outcomes, including a 5-year recurrence rate as high as 75% and a post-transplant recurrence rate ranging from 8% to 20%[3,4]. Oishi et al[5] concluded that liver transplantation is not advisable for patients with P-D tumors exceeding 3 cm in size. Even for small lesions treated with microwave ablation, highly differentiated tumors have more favorable outcomes than their P-D counterparts. A study by Li et al[6] involving a 10-year follow-up of 134 lLiver transplant recipients, the study identified poor tumor differentiation as an independent risk factor for reduced long-term survival. According to the European Association for the Study of the Liver Clinical Practice Guidelines, patients presenting with fewer than three tumors, the largest measuring less than 5 cm, and evidence of vascular invasion and/or poor histological differentiation, are considered at high risk for recurrence[7].
Accurate preoperative imaging-based evaluation of the histological grade of HCC is essential for informing treatment strategies, predicting prognosis, and optimizing postoperative care. Histopathological assessment through needle biopsy or surgical excision remains the gold standard for determining tumor differentiation. However, this method has several important limitations. A key issue is intratumoral heterogeneity, particularly in larger lesions, which can result in biopsy samples failing to accurately reflect the tumor's overall pathology. Further, biopsies carry procedural risks. Right upper quadrant pain is reported in 0.05% to 84% of cases, with severe pain requiring further evaluation in up to 2.3%. Hemorrhagic complications, defined as any bleeding event, occur in approximately 11% of patients, and tumor seeding is observed in up to 3% of those with HCC. Furthermore, current clinical guidelines emphasize that a negative biopsy does not reliably exclude HCC, particularly when the lesion demonstrates progressive growth[8,9].
Non-invasive imaging approaches for preoperative assessment of HCC histological grade are gaining recognition as valuable tools in clinical practice. They provide clinicians with important supplementary information to support more accurate and personalized treatment planning. Differences in tumor differentiation are closely linked to alterations in intratumoral blood flow and cellular architecture, which are reflected in imaging features such as growth patterns, tissue interface characteristics, echogenicity, and perfusion behavior. Several imaging modalities have been investigated for their potential to predict HCC differentiation, including contrast-enhanced ultrasonography (CEUS)[10,11], super-paramagnetic iron oxide-enhanced magnetic resonance imaging (SPIO-MRI)[12,13], Gd-EOB-DTPA enhanced magnetic resonance imaging (MRI)[14], and multidetector computed tomography. However, each imaging modality has its limitations. Gd-EOB-DTPA-enhanced MRI, which employs a hepatocyte-specific contrast agent taken up by functional hepatocytes and excreted through renal and biliary pathways, has shown promise in assessing tumor differentiation. Yet, in patients with impaired liver function, especially those with poor Child-Pugh classifications, the sensitivity for detecting well-differentiated (W-D) HCC is reduced, complicating accurate imaging-based diagnosis[15,16].
Recently, CEUS has become increasingly used in diagnosing liver tumors[17]. Sonazoid is an advanced contrast agent composed of perfluorobutane gas microbubbles encased in a phospholipid monolayer shell, offering enhanced stability and functioning as a blood pool agent. It enables high-resolution imaging of vascular phases, including the arterial, portal, and delayed phases. In addition to real-time vascular assessment, Sonazoid-enhanced CEUS uniquely provides a post-vascular, or Kupffer phase (KP), due to the agent's strong affinity for the reticuloendothelial system. This is reflected in the liver's selective uptake by Kupffer cells, allowing for targeted imaging of hepatic parenchyma[18-20]. In vitro studies have shown that up to 99% of Sonazoid microbubbles can be phagocytosed by Kupffer cells. Within approximately one minute of exposure to perfluorobutane microspheres, Kupffer cells adhere to the microbubbles and extend pseudopods to envelop them. By around five minutes, progressive phagocytosis and internalization of the microspheres are observed, with subsequent migration of the internalized particles toward the cell nucleus[19]. In clinical practice, the KP generally begins around 10 minutes after intravenous injection and remains stable for at least 60 minutes, often lasting even longer[17,21].
The prolonged enhancement observed during the KP reflects the distribution of Kupffer cells within the liver parenchyma, providing valuable information about the presence and characteristics of hepatic tumors. Studies have demonstrated that the number of Kupffer cells in HCC correlates with tumor differentiation, decreasing as the degree of differentiation worsens. A pathological analysis of liver tissue samples from HCC patients reported average Kupffer cell counts of 12.7 ± 6.8 in tumor tissue, 18.1 ± 8.2 in peritumoral tissue, and 18.9 ± 7.9 in adjacent normal liver, with a significantly lower count in cancerous tissue compared to surrounding areas (P < 0.05). Further stratification by histological grade revealed average counts of 18.4 ± 4.2 in W-D, 11.2 ± 6.2 in moderately differentiated, and 5.2 ± 4.9 in P-D HCC, highlighting a clear decline in Kupffer cell density with decreasing levels of differentiation[22].
These findings support the hypothesis that the degree of enhancement in the post-vascular (Kupffer) phase on Sonazoid-enhanced CEUS may serve as a surrogate marker for tumor differentiation. In a study conducted by Ohama et al[23], CEUS using perfluorobutane microbubbles was performed on 33 W-D HCC lesions, 40 moderately to P-D HCC lesions, and 9 cases of atypical hyperplasia. None of the atypical hyperplasia cases and only 3 (9%) of the W-D HCC lesions exhibited hypoenhancement during the post-vascular phase. Hypoenhancement was observed in most moderately and P-D HCC lesions, with only 2 cases (5%) lacking this feature[11]. These findings indicate that hypoenhancement during the KP is a distinctive imaging feature of HCC, particularly in P-D tumors, and closely corresponds with histopathological patterns.
While previous studies have demonstrated the clinical utility of CEUS with perfluorobutane microspheres in diagnosing HCC, evaluating tumor differentiation, and monitoring high-risk individuals[24,25], several limitations should be noted. Many of these investigations were based on relatively small cohorts, and in numerous cases, the diagnostic reference was not exclusively derived from surgical pathology. Instead, diagnoses were often established using a combination of biopsy results, serological markers, and imaging findings, which may reduce diagnostic reliability. Furthermore, some studies assessed tumor differentiation using subjective or qualitative criteria. For example, isoechogenicity in the portal venous phase (PVP) has been proposed as a marker for early-stage HCC. In comparison, hypoechogenicity has been associated with more advanced disease[8], rather than applying standardized or quantitative approaches.
The primary aim of this study was to evaluate the utility of preoperative B-mode ultrasound features combined with quantitative parameters from Sonazoid-enhanced CEUS in predicting the histological differentiation of HCC. The study aimed to establish a reliable, non-invasive diagnostic strategy for preoperative tumor grading by analyzing a large cohort of surgically and pathologically confirmed HCC lesions. This is of considerable clinical importance, as accurate assessment of tumor differentiation is essential for prognostication, selecting appropriate treatment modalities such as resection, transplantation, or ablation, and guiding personalized therapeutic plans. The study also aimed to determine optimal cut-off values for key CEUS-derived quantitative parameters that could serve as standardized reference points for non-invasive grading. The results of this study may support earlier risk stratification, reduce the need for invasive biopsies, and enhance the precision of HCC management in clinical settings.

MATERIALS AND METHODS
Clinical data of patients
From September 2020 to September 2023, a total of 239 liver lesions pathologically confirmed as HCC were included in the final analysis. The inclusion criteria were: (1) Identification of intrahepatic lesions via routine B-mode ultrasound; (2) Completion of Sonazoid-enhanced CEUS within one week before surgery, with high-quality imaging data acquired across all phases arterial phase (AP), PVP, delayed/late phase (DP/LP), and KP ensuring clear visualization with stable respiration and minimal pulmonary interference; and (3) Surgical resection followed by histopathological confirmation of HCC, including evaluation of tumor differentiation. Exclusion criteria are detailed in Figure 1. Furthermore, relevant clinical and laboratory data, including age, sex, lesion size, hepatitis B history, and serum alpha-fetoprotein (AFP) levels, were collected for subsequent analysis.

Instruments
Imaging was performed using a GE color Doppler ultrasound system equipped with a convex array probe (model C1-6T), operating within a frequency range of 2.5-6 MHz. For CEUS, the mechanical index (MI) was maintained between 0.18 and 0.22. The contrast agent administered was perfluorobutane microspheres (Sonazoid, GE Healthcare, United States).

Method of examination
All patients fasted for at least 8 hours before the examination. An 18-G indwelling needle was placed in the antecubital vein for contrast administration. Initial imaging began with a standard two-dimensional ultrasound scan to evaluate the lesion's location, size, shape, echogenicity, internal vascularity, and any signs of liver cirrhosis. The optimal imaging plane, typically the largest and clearest cross-section of the lesion with minimal respiratory movement and minimal interference from lung gas, was then selected to ensure image stability and quality. The ultrasound system was subsequently switched to contrast mode, with all parameters adjusted appropriately. The contrast agent, Sonazoid, was prepared according to the manufacturer's guidelines and administered intravenously at a dose of 0.015 mL/kg via the antecubital vein, followed by a 10 mL flush of sterile normal saline to ensure complete delivery.
Following contrast injection, lesion enhancement was continuously monitored. The AP commenced with the arrival of microbubbles and typically lasted over 45 seconds. This was followed by dynamic observation through the PVP, occurring between approximately 30-45 seconds and 2 minutes post-injection, then the LP from 4 minutes to 6 minutes. The KP was assessed around 12 minutes post-injection, with dynamic lesion imaging recorded for at least 5 seconds. A comprehensive post-vascular liver scan was also performed to identify additional hypoenhanced areas. If such areas were detected, the examination was temporarily halted to allow contrast clearance, after which CEUS was repeated. If no hypoenhancement was observed, the examination was concluded. Throughout image acquisition at each phase, patients were instructed to hold their breath to minimize motion artifacts caused by respiration.

Image and parameter analysis
Image analysis and data collection were independently performed by two experienced sonographers, each with over five years of expertise in ultrasound diagnostics and formal training in contrast-enhanced imaging. Using the ultrasound system's integrated software, time-intensity curves for the AP were generated within the defined region of interest (ROI) to measure key parameters, including onset time, peak time (PT), rise time (RT), and peak intensity absolute value. During the KP, time-intensity curves were similarly obtained for the lesion and adjacent normal liver parenchyma at equivalent depths. Three time points were randomly selected from each curve to record corresponding enhancement intensity (EIAV) values. Based on these values, the lesion's absolute EIAV, intensity difference (ID), and intensity ratio (IR) were calculated using standardized formulas. The final values used for statistical analysis represented the average of the measurements recorded by the two sonographers.

Selection of target area: The enhancement pattern of the lesion during the AP was carefully assessed. A 2 mm diameter sampling frame was placed over the region exhibiting the highest enhancement to serve as the measurement area. For the post-vascular phase, the sampling frame was adjusted to cover as much of the lesion as possible. Regions that showed no enhancement in any phase were considered necrotic and excluded from analysis. During the post-vascular phase, an additional 5 mm diameter sampling area was selected in the adjacent normal liver parenchyma at the same depth, approximately 1 cm from the lesion margin, while avoiding intrahepatic blood vessels.

Pathological results: All cases were pathologically confirmed as HCC. Lesions with high or moderate differentiation were classified as W-D, while those with low or poorly moderate differentiation were grouped as P-D. Written informed consent was not necessary obtained from all participants, and the Institutional Ethics Committee approved the study protocol (Approval No. TJ-IRB20210130).
The formula used for calculating the parameters of the posterior vascular phase was as follows: 
Absolute value of lesion EIAV = |a1 + a2 + a3|/3
a1: Lesion EIAV 1; a2: Lesion EIAV 2; a3: Lesion EIAV 3.
IR = (a1/b1 + a2/b2 + a3/b3)/3
b1: Peripheral liver tissue intensification 1; b2: Peripheral liver tissue intensification 2; b3: Peripheral liver tissue intensification 3.
ID = (a1 − b1 + a2 − b2 + a3 − b3)/3

Statistical analysis
Statistical analyses were performed using SPSS version 26.0. Continuous variables were reported as mean ± SD and compared between groups using the independent samples t-test if conformed to a normal distribution, if not, non-parametric tests are employed. Categorical variables were expressed as frequencies and analyzed using the χ2 test. Variables found statistically significant in univariate analysis were entered into a binary logistic regression model for multivariate analysis. Receiver operating characteristic (ROC) curve analysis was conducted on preoperative diagnostic parameters significant in univariate or multivariate analysis to determine optimal cut-off values, sensitivity, specificity, and the area under the ROC curve (AUC) for each quantitative metric in predicting HCC differentiation. A two-tailed P-value of < 0.05 was considered indicative of statistical significance.

RESULTS
The clinical data and ultrasound features
A total of 239 hepatic lesions from 237 patients were pathologically confirmed as HCC following surgical resection, including 137 W-D and 102 P-D tumors. Univariate analysis demonstrated significant differences between the W-D and P-D groups concerning lesion size, preoperative serum AFP levels, Ki-67 expression, and the presence of vascular invasion on postoperative pathology (P = 0.003, < 0.001, < 0.001, and 0.001, respectively). No significant differences were found between groups regarding sex, age, hepatitis B status, or presence of liver cirrhosis (P > 0.05). Multivariate logistic regression identified elevated AFP levels (≥ 7 ng/mL) as an independent predictor of poor tumor differentiation (P = 0.009), suggesting that higher preoperative AFP levels are significantly associated with lower histological grades. Details are presented in Table 1.

Results in the AP
No statistically significant differences (P > 0.05) were observed between the W-D and P-D groups in AP parameters, including IT, PT, RT, and absolute peak intensity value (AVI). These results indicate that early enhancement kinetics during the AP are not substantially affected by the histological grade of HCC (Table 1).

Results in the KP
Univariate analysis showed that KP parameters EIAV, IR, and ID were significantly lower in W-D HCC lesions than P-D ones, reflecting reduced Kupffer cell uptake in less differentiated tumors. Multivariate analysis identified IR as an independent predictor of poor differentiation (P = 0.001). A higher IR denotes a more pronounced contrast enhancement difference between the lesion and adjacent liver parenchyma, suggesting impaired reticuloendothelial function in P-D tumors. These results underscore the potential of IR as a useful non-invasive imaging biomarker for tumor grading (Table 1 and Supplementary material).

Results in the CEUS features
Almost all lesions displayed hyperenhancement in the arterial phase (97.1%) and hypoenhancement in the KP (97.9%), aligning with characteristic CEUS patterns of HCC. However, no significant differences in these enhancement patterns were found between the W-D and P-D groups across the imaging phases. This suggests that although phase-based qualitative enhancement is effective for diagnosing HCC, it alone is inadequate for differentiating tumor grade (Figures 2 and 3).

Diagnosis efficiency
The ROC curve analysis was conducted for two preoperative clinical indicators, lesion size and AFP level, yielding AUC values of 0.610 and 0.739, respectively, indicating modest diagnostic performance. In comparison, quantitative parameters from Sonazoid-CEUS demonstrated superior predictive ability for identifying P-D HCC. Lesions with an EIAV ≥ 56.384 dB, IR ≥ 1.215 dB, and ID ≥ 9.184 dB achieved sensitivities of 40.2%, 80.4%, and 74.5%, alongside specificities of 82.4%, 78.1%, and 74.5%, respectively. The corresponding AUCs were 0.590 for EIAV, 0.877 for IR, and 0.815 for ID. Among these, IR showed the highest diagnostic accuracy. These results highlight the added value of CEUS-derived quantitative metrics, particularly IR, as reliable non-invasive biomarkers for assessing tumor differentiation, improving preoperative risk stratification, and clinical decision-making in HCC (Table 2 and Figure 4).

DISCUSSION
Univariate analysis revealed significant differences in EIAV, IR, and ID across HCC lesions with different degrees of differentiation. When applying thresholds of EIAV ≥ 56.384 dB, IR ≥ 1.215, and ID ≥ 9.184 dB to identify P-D tumors, the corresponding sensitivities were 40.2%, 80.4%, and 86.9%, while specificities were 82.4%, 78.1%, and 74.5%, respectively. The respective AUC values were 0.590 for EIAV, 0.877 for IR, and 0.815 for ID. These results suggest that lower tumor differentiation is associated with increased EIAV, IR, and ID values. IR demonstrated the highest diagnostic performance among the three, followed by ID. Although EIAV showed high specificity, its limited sensitivity implies that values above 56.384 dB strongly suggest poor differentiation, but lower values cannot reliably indicate W-D status. Therefore, combining EIAV with IR and ID enhances diagnostic accuracy. Multivariate analysis further identified IR as an independent predictor of poor differentiation, with a high odds ratio, reflecting robust predictive capacity. IR likely provides greater consistency by reducing interindividual variability related to liver fibrosis or hemodynamics. Moreover, IR is straightforward to calculate and implement in clinical settings, underscoring its practical utility.
Compared to the diagnostic performance of MRI in evaluating the histological grade of HCC, the IR and ID parameters in the KP of Sonazoid-CEUS demonstrated comparable efficacy. For instance, Yan et al[15] developed a combined model integrating a Gd-EOB-DTPA-enhanced MRI radiomics signature with clinical predictors. This achieved excellent performance in predicting HCC grade in the test cohort (AUC: 0.801). Similarly, Mao et al[14] reported that a radiomics signature based on multiphase MRI exhibited strong calibration and clinical utility for grading solitary HCC. In their test set, the AUCs for various models were as follows: ANN using arterial phase (ANN-AP) 0.889, logistic regression for arterial phase (LR-AP) 0.777, ANN for hepatobiliary phase (ANN-HBP) 0.941, LR-HBP 0.819, ANN combining AP and HBP 0.944, and LR combining AP and HBP 0.792.
Furthermore, SPIO-MRI studies have shown that the ratio of Kupffer cells in tumor tissue relative to surrounding liver parenchyma declines with decreasing tumor differentiation, indicating reduced SPIO uptake in P-D HCC[12,13]. A noteworthy advantage of contrast-enhanced ultrasound is its capacity for real-time, continuous dynamic observation of lesion perfusion and vascularity. This feature minimizes the risk of missing key enhancement patterns due to suboptimal timing during MRI acquisition. Furthermore, CEUS remains effective even in patients with impaired liver function (e.g., low Child-Pugh scores), and its diagnostic accuracy is less influenced by hepatic or renal dysfunction, making it a valuable tool in clinical practice.
In this study, five lesions exhibited hyperenhancement or isoenhancement during the KP, while the remaining lesions showed hypoenhancement (Figure 5). Of these five atypical cases, four (80.0%) were classified as W-D and one (20.0%) as P-D. This pattern may be explained by the structural resemblance of W-D lesions to normal hepatic tissue, which likely supports the survival and function of Kupffer cells. Therefore, some Kupffer cells may remain active within these lesions, enabling uptake of the contrast agent and resulting in higher or equivalent enhancement during the KP.
Moreover, four of these five lesions (80.0%) appeared hyperechoic on gray-scale ultrasound. Since the MI used in fluorobutane contrast imaging is higher than that used in other CEUS modalities, background tissue suppression is reduced, potentially affecting the visual appearance of lesions in the post-vascular phase. Despite these exceptions, the vast majority of lesions in this study demonstrated hypoenhancement during the KP, consistent with diminished Kupffer cell activity in HCC.
Some studies have proposed that changes in Kupffer cell density occur later than alterations in intratumoral venous blood flow during tumor differentiation. As a result, imaging based on portal vein perfusion may detect histological changes earlier than the PVP alone[26,27]. However, our findings challenge this conventional view. In the W-D group, the numbers of lesions showing hyperenhancement, isoenhancement, and hypoenhancement in the PVP were 10, 84, and 43, respectively, compared to 1, 2, and 134 in the KP. For the P-D group, the corresponding numbers were 6, 69, and 27 in the PVP, and 0, 2, and 100 in the KP. Further, 66.4% (91/137) of W-D lesions and 71.6% (73/102) of P-D lesions did not demonstrate obvious washout during the PVP but did exhibit clear washout in the KP.
However, there were no significant differences in enhancement regression patterns between the two differentiation groups across the imaging phases. These findings suggest that the KP may provide greater sensitivity in identifying histological differences compared to earlier vascular phases. As HCC progresses through different differentiation stages, the reduction in echo intensity during the KP appears more pronounced than changes in vascular density observed in the PVP. This implies that the depletion of Kupffer cells may occur earlier in tumor development than vascular remodeling, making KP imaging a more sensitive marker for grading differentiation.
[bookmark: OLE_LINK424][bookmark: OLE_LINK425]Therefore, reliance on contrast clearance patterns during the portal phase may not reliably reflect tumor grade. In comparison, the degree of hypoenhancement in the KP, driven by Kupffer cell loss, offers a more meaningful and earlier indication of histological progression. In essence, KP hypoenhancement could serve as an early and sensitive imaging biomarker of tumor differentiation. Supporting this, previous studies have reported that 10%-33% of HCC lesions exhibit washout exclusively in the KP, without corresponding washout in the delayed phase[28-30]. Our study identified this pattern in 10.2% (14/137) of W-D and 13.7% (14/102) of P-D lesions, reinforcing that Kupffer cell depletion is a genuine and progressive feature of HCC development. These results further emphasize the KP as a more sensitive window for detecting differentiation-related changes[31]. Some studies have suggested that in chronic liver disease, regenerative nodules may progressively enlarge, transition into dysplastic nodules, and eventually develop into HCC. Throughout this process, the nodules exhibit characteristic changes in blood supply: A gradual decline in portal venous perfusion, accompanied by an initial decrease and subsequent increase in arterial blood flow as differentiation progresses[32]. On CEUS imaging, washout during the PVP can be observed. However, the decline in portal vessel density and blood supply is not linear; instead, it follows a gradual decline followed by a more rapid decrease.
Washout in the portal phase may be influenced by other contributing factors beyond vascular density alone[33]. The reduction in Kupffer cell numbers in HCC is driven by alterations in the tumor microenvironment, which persist throughout the entire course of nodular progression and are both a cause and consequence of tumor evolution. As such, Kupffer cell depletion may precede the reduction in portal blood supply. This could explain our findings and suggests that integrating Kupffer-phase imaging and vascular assessment may enhance the accuracy of histological grading in HCC lesions.
The results of this study suggest that quantitative analysis of the AP using fluorobutane-enhanced contrast ultrasound is ineffective for distinguishing HCC lesions with varying degrees of differentiation. Although previous studies have indicated that vascular patterns in the AP, contrast washout rates in the portal phase, and combined arterial and early portal enhancement evaluations may offer clues about tumor grade[26,34], these methods present significant practical limitations. Assessing vascular distribution in the AP is highly subjective, and accurately identifying the transition between arterial and early portal phases is technically challenging, which hinders consistency and reproducibility in clinical settings. Furthermore, the wide inter-lesional variability in AP enhancement patterns may compromise the reliability of quantitative assessments, limiting the diagnostic utility of AP-derived parameters in this context. However, the KP offers a well-defined and prolonged observation window (approximately 12 minutes), which enhances measurement stability, repeatability, and clinical applicability.
This study highlights the value of KP imaging features in the histological assessment of HCC. It introduces novel quantitative parameters, EIAV, IR, and ID, with IR showing the strongest diagnostic performance. These indicators surpass traditional clinical markers and offer a non-invasive, reliable means for predicting tumor differentiation, supporting more informed preoperative decision-making in HCC management. Furthermore, the study's robustness is reinforced because all cases were pathologically confirmed through surgical resection. The comprehensive analysis of clinical data alongside multimodal ultrasound imaging further underscores the feasibility and credibility of the findings.
This study has several limitations that should be acknowledged. First, although a correlation was established between AFP levels and tumor differentiation, and a cut-off value was identified via ROC curve analysis, extreme AFP values in certain patients (e.g., diluted levels exceeding 60500 ng/mL) may have skewed the group averages and influenced the overall results. Second, due to the limited availability of cases with purely defined histological grades, tumors were categorized into two broader groups for analysis: W-D (comprising well-, high-moderate-, and moderate-differentiated HCC) and P-D (including moderate-low and P-D HCC). Third, ROIs were selected based on the visually most enhanced areas during the arterial phase, a subjective method intended to capture peak vascularity. Although two blinded researchers independently performed measurements, repeated three times and averaged to reduce variability, the approach remains semi-quantitative. It may benefit from further standardization to improve objectivity and reproducibility. Fourth, this study exclusively evaluated Sonazoid-CEUS without direct comparison to other advanced imaging modalities such as Gd-EOB-DTPA-enhanced MRI or DWI, limiting the ability to contextualize its diagnostic value relative to established imaging standards.

CONCLUSION
In conclusion, the IR, a quantitative parameter derived from the KP of fluorobutane-enhanced contrast ultrasound, demonstrated excellent diagnostic performance in distinguishing HCC lesions according to their histological differentiation. Among all the evaluated indicators, IR exhibited the highest sensitivity, specificity, and overall accuracy, making it the most reliable predictor of poor differentiation. Its biological relevance further supports its diagnostic value, as it reflects the early decline in Kupffer cell activity during tumor progression. IR is straightforward to calculate, shows minimal susceptibility to individual variability in hepatic perfusion or fibrosis, and is highly applicable in clinical settings. Unlike qualitative imaging features, IR offers an objective and reproducible metric for preoperative evaluation. These findings suggest that IR holds promise as a non-invasive imaging biomarker for early risk stratification and therapeutic decision-making in HCC. Further validation in larger, multicenter studies is warranted to confirm its clinical utility.
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Figure 1 Flow diagram of patients with hepatocellular carcinoma. HCC: Hepatocellular carcinoma; CEUS: Contrast-enhanced ultrasonography.
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Figure 2 Ultrasound figures of a case of poorly differentiated hepatocellular carcinoma. The figure presents the case of a 50-year-old male patient without chronic hepatitis B, in whom a liver mass was revealed as poorly differentiated hepatocellular carcinoma with vascular invasion, and a Ki-67 expression of about 50%. A: An ultrasound image showing a mass approximately 3.1 cm in diameter located in the right lobe of the liver; B: Ultrasound image showed abundant short linear blood flow signals in the lesion; C-F: Sonazoid-contrast-enhanced ultrasonography images showing a rapid enhancement of the mass in arterial phase and early washout in the following three phases. 
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Figure 3 Ultrasound figures of a case of well-differentiated hepatocellular carcinoma. The figure presents the case of a 54-year-old male patient with chronic hepatitis B, in whom a liver mass was revealed, well-differentiated hepatocellular carcinoma without vascular invasion, and a Ki-67 expression of about 50%. A: An ultrasound image showing a mass approximately 4.4 cm in diameter located in the right lobe of the liver; B: The ultrasound image showed abundant short linear blood flow signals in the lesion; C-F: Sonazoid-contrast-enhanced ultrasonography images showed a rapid enhancement of the mass in arterial phase and washout beginning in the late portal venous phase.
[image: figure4]
Figure 4 The receiver operating characteristic curves. The receiver operating characteristic curves of preoperative variables for the histological diagnosis of hepatocellular carcinoma with statistically significant differences included diameter, level of alpha-fetoprotein, absolute enhancement intensity value, intensity difference, and intensity ratio. ROC: Receiver operating characteristic; EIAV: Absolute enhancement intensity value; IR: Intensity ratio; ID: Intensity difference.
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[bookmark: OLE_LINK3164][bookmark: OLE_LINK2340][bookmark: OLE_LINK1613][bookmark: OLE_LINK1612][bookmark: OLE_LINK1997][bookmark: OLE_LINK1458]Figure 5 Ultrasound and computed tomography figures of a case of hepatocellular carcinoma showing hyper-enhancement in KuppferKupffer phase. A typical figure presents the case of a 57-year-old male patient with chronic hepatitis B, in whom a liver mass was detected during a physical examination. After surgical resection, pathology of the lesion revealed well-differentiated hepatocellular carcinoma without vascular invasion, and a Ki-67 LI of about 3%. A: An ultrasound image showing a mass approximately 2.1 cm in diameter located in the right lobe; B-E: Sonazoid-contrast-enhanced ultrasonography images show rapid enhancement of the mass in arterial phase, and washout does not occur in the following three phases; F: Computed tomography plain image revealing the mass.



Table 1 Comparison of Kupffer phase contrast-enhanced ultrasonography parameters between well-differentiated and poorly differentiated hepatocellular carcinoma lesions and identification of independent predictors of tumor differentiation, n (%)/mean ± SD
	Variable
	Univariate analysis
	Multivariate analysis

	
	Well-differentiation (n = 137)
	Poor differentiation (n = 102)
	P value
	OR
	95%CI
	P value

	Clinicopathologic features
	
	
	
	
	
	

	Males
	126 (92.0)
	86 (84.3)
	0.064
	
	
	

	Age, year
	56 ± 11
	54 ± 12
	0.138
	
	
	

	HBsAg-positive
	113 (82.5)
	87 (85.3)
	0.447
	
	
	

	AFP ≥ 7 ng/mL
	67 (48.9)
	81 (79.4)
	0.000
	2.799
	1.334-5.871
	0.006

	Ki-67 expression level
	73 (53.3)
	83 (81.4)
	0.000
	
	
	

	Vascular invasion
	34 (24.8)
	48 (47.1)
	0.001
	
	
	

	US features
	
	
	
	
	
	

	Tumor size (cm)
	4.3 ± 2.5
	5.4 ± 2.9
	0.003
	1.055
	0.931-1.196
	0.397

	Cirrhosis
	84 (59.2)
	58 (40.8)
	0.488
	
	
	

	AP (hyper, iso, hypo-enhancement)
	134, 3, 0
	98, 3, 1
	0.474
	
	
	

	PVP (hyper, iso, hypo-enhancement)
	10, 84.43
	6, 69, 27
	0.599
	
	
	

	DP (hyper, iso, hypo-enhancement)
	1, 16, 120
	0, 11, 91
	0.669
	
	
	

	KP (hyper, iso, hypo-enhancement)
	1, 2, 134
	0, 2, 100
	0.660
	
	
	

	CEUS
	
	
	
	
	
	

	Arterial phase 
	
	
	
	
	
	

	OT (second)
	15.0 ± 3.0
	15.2 ± 3.8
	0.660
	
	
	

	PT (second)
	24.9 ± 5.4
	24.7 ± 6.6
	0.835
	
	
	

	RT (second)
	9.9 ± 3.6
	9.5 ± 4.3
	0.424
	
	
	

	PIAV (second)
	34.2 ± 5.8
	33.0 ± 6.7
	0.151
	
	
	

	KufferKupffer phase 
	
	
	
	
	
	

	EIAV (dB)
	52.4 ± 5.3
	54.1 ± 5.3
	0.015
	0.945
	0.869-1.027
	0.183

	ID (dB)
	6.9 ± 4.3
	12.2 ± 4.8
	0.000
	1.048
	0.862-1.273
	0.636

	IR
	1.127 ± 0.114
	1.299 ± 0.137
	0.000
	110887.3081
	121-101163217
	0.001


1The binary Logit regression analysis (Supplementary material).
HBsAg: Hepatitis B surface antigen; AFP: Alpha-fetoprotein; US: Ultrasonography; AP: Arterial phase; PVP: Portal venous phase; KP: Kupffer phase; OT: Onset time; PT: Peak time; RT: Rise time; PIAV: Peak intensity absolute value; EIAV: Enhancement intensity; ID: Intensity difference; IR: Intensity ratio; DP: Delayed phase; CEUS: Contrast-enhanced ultrasound.


Table 2 Diagnostic performance of variables
	Variable
	Cut-off value
	Sensitivity (%)
	Specificity (%)
	AUC

	AFP (ng/mL)
	97.69
	57.4
	83.6
	0.739

	Tumor size (cm)
	4.65
	53.9
	70.8
	0.610

	EIAV (dB)
	56.384
	40.2
	78.1
	0.590

	ID (dB)
	9.184
	80.4
	74.5
	0.815

	IR
	1.215
	82.4
	86.9
	0.877


AUC: Area under the receiver operating characteristic curve; AFP: Alpha-fetoprotein; EIAV: Enhancement intensity; ID: Intensity difference; IR: Intensity ratio.
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