Journal of Hepatocellular Carcinoma Dovepress
Taylor & Francis Group

ORIGINAL RESEARCH

HCC Is the Predominant Liver-Related Event in
MASLD: 2-Step Non-Invasive Algorithms to
Stratify Risk in Non-Cirrhotic Patients

Madalina-Gabriela Indre'_3’*, Bernardo Stefanini"z’* Maria Boe"2 Roberta Capelli"2 Rusi Chen"2
Chiara Abbati'?, Ernestina Santangeli'? Agnese Salamone'?, Francesca Girolami', Francesco Tovoli'?
Maria Cristina Morelli®, Fabio Piscaglia 2 Silvia Ferri®* Federlco Ravaioli ()%

'Department of Medical and Surgical Sciences, University of Bologna, Bologna, Italy; 2Division of Internal Medicine, Hepatobiliary and Immunoallergic
Diseases, IRCCS Azienda Ospedaliero-Universitaria Di Bologna, Bologna, Italy; 3Internal Medicine Unit for the Treatment of Severe Organ Failure,
IRCCS Azienda Ospedaliero-Universitaria di Bologna, Bologna, Italy

*These authors contributed equally to this work

Correspondence: Federico Ravaioli, Department of Medical and Surgical Sciences, University of Bologna, Bologna, Italy, Email f.ravaioli@unibo.it

Background & Aims: Hepatocellular carcinoma (HCC) may develop in patients with metabolic dysfunction-associated steatotic liver
disease (MASLD) even in the absence of cirrhosis. Whether the risk of HCC in non-cirrhotic MASLD is substantial to justify
surveillance, and which patients may benefit, remains unclear.

Methods: Post-hoc analysis conducted on a prospective MASLD cohort. All participants underwent baseline liver stiffness
measurement (LSM) using SuperSonic Imagine (SSI) two-dimensional shear wave elastography (2D-SWE) and were surveilled
every 6—12 months. Exclusion criteria were less than 6 months follow-up, unavailable LSM-SSI, prior HCC. Primary outcome was
HCC, with hepatic decompensation and portal vein thrombosis (PVT) as competing risks. To improve risk stratification, LSM-SSI
optimized cut-offs were applied: <7.4 kPa to rule-out advanced fibrosis, >15.6 kPa to rule-in cirrhosis, based on recent meta-analytic
data, and were integrated in different risk stratification algorithms.

Results: Among 352 patients with a median follow-up of 31 (14.1-57.8) months, 257 (73%) had LSM-SSI <7.4 kPa, 67 (19%)
between 7.4—15.6 kPa, and 28 (8%) >15.6 kPa. During follow-up, 9 (2.6%) developed HCC, 6 (1.7%) decompensation, 2 (0.6%) PVT.
No events occurred in patients with LSM-SSI <7.4 kPa. In the 7.4-15.6 kPa group, HCC and decompensation occurred in 3 (4.5%)
and 1 (1.5%), respectively. For non-cirrhotic patients (LSM-SSI <15.6 kPa), LSM-SSI was significantly associated with HCC risk (HR
1.542, p<0.0001). Following multivariate analysis, independent HCC predictors were: LSM-SSI (HR 1.052, 95% CI 1.030-1.075,
p<0.001), type 2 diabetes mellitus (HR 4.555, 95% Ci 1.091-19.012, p=0.038), and gamma-glutamyl transferase (HR 1.004, 95% CI
1.001-1.006, p=0.003). A two-step non-invasive algorithm combining LSM-SSI and the PLEASE score yielded 100% negative
predictive value and 89.5% accuracy in identifying patients for HCC surveillance.

Conclusion: HCC is the leading liver-related complication in non-cirrhotic MASLD. LSM-SSI <7.4 kPa effectively excludes high-
risk patients. A two-step algorithm further enhances risk stratification and surveillance precision.

Keywords: MASLD, hepatocellular carcinoma, ultrasound elastography, 2D-SWE, liver imaging

Impact and Implications
e HCC emerges as the most frequent liver-related complication in MASLD —surpassing hepatic decompensation and
challenging current paradigms of disease progression.
e We identified a clinically actionable liver stiffness threshold (<7.4 kPa by 2D-SWE) below which the risk of HCC is
negligible, potentially reducing unnecessary surveillance in low-risk patients.
e Conversely, patients with LSM >7.4 kPa, particularly those with type 2 diabetes and eclevated GGT, are at
significantly higher risk of HCC, as confirmed by multivariate analysis—allowing for targeted monitoring.
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Graphical Abstract

HCC is the predominant liver-related event in MASLD: 2-step non-invasive algorithms to stratify risk in
non-cirrhotic patients
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e To enhance clinical applicability, we developed two-step risk stratification algorithms (eg, LSM-SSI combined
with the validated PLEASE score), achieving excellent diagnostic accuracy and a 100% negative predictive
value—providing a practical, evidence-based tool to guide more efficient and sustainable HCC surveillance in
MASLD.

Introduction
Metabolic dysfunction-associated steatotic liver disease (MASLD) progresses to metabolic dysfunction-associated steato-
hepatitis (MASH) in up to 20% of cases.' Among those, around 10% eventually develop cirrhosis.” Over time, cirrhosis
leads to severe complications, which may represent the most frequent long-term clinical outcomes in this population.
Nevertheless, 23% to 50% of hepatocellular carcinoma (HCC) cases linked to MASLD arise in non-cirrhotic livers.> ® This
paradox positions MASLD as a significant cause of HCC even in the absence of cirrhosis, challenging traditional paradigms
of liver cancer development. In these non-cirrhotic cases, HCC is often diagnosed at a more advanced stage, with larger
tumors and poorer clinical outcomes, due to the lack of clinical features identifying patients requiring surveillance.® This
pattern underscores the challenges in early detection and emphasizes the urgent need for improved surveillance strategies.’

In cirrhotic MASLD, an annual HCC incidence of 1.5% is considered the minimum threshold for cost-effective
surveillance.'”"" The global burden of MASLD, affecting approximately 38% of the adult population above 48 years,'* renders
widespread HCC surveillance impractical and cost-ineffective, differently from the decompensating events which only occur in
patients with cirrhosis.'>'* Although a threshold of 0.5% per year has been proposed for non-cirrhotic liver patients in general,'®
a specific threshold for non-cirrhotic MASLD is still to be established.'® Accurately identifying the subset of non-cirrhotic
MASLD patients who would benefit from HCC surveillance remains a complex and unresolved challenge.'”

Fibrosis progression is the main driver of HCC onset in chronic liver diseases.'® Nevertheless, emerging evidence
supports the existence of an alternative carcinogenic pathway in MASLD, distinct from the classical fibrosis—cirrhosis—
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HCC sequence.'? Populations at increased risk for MASLD-HCC include males, Hispanics, older adults, and individuals
with features of metabolic syndrome (MS). Additional contributing factors may involve moderate to high alcohol intake,
tobacco use, elevated liver enzymes, and genetic predisposition.'*'*°

Several models are currently emerging to stratify patients according to their risk of developing HCC. Among them,
the PLEASE (Platelet, Elastography, Age, Sex, Etiology) score has been recently proposed to assess HCC risk in
individuals with advanced chronic liver disease (ACLD).** Scoring systems and prediction models are promising,
particularly when validated across diverse clinical settings and when their risk strata is linked to tailored surveillance
strategies.”’ In non-cirrhotic MASLD, comprehensive and individualized HCC risk assessment remains essential;
however, the target population for surveillance must still be more clearly defined.'’

Accordingly, the primary aims of this study were' to investigate the incidence of liver-related complications occurring
during follow-up in a real-world cohort of MASLD patients, with a special focus on those without cirrhosis, and” to
search for a combination of variables able to identify patients with non-cirrhotic MASLD at higher risk of developing
HCC deserving surveillance.

Patients and Methods

Study Design

This study presents a post-hoc analysis of a consecutive prospective cohort of MASLD patients evaluated at a third-level
hepatology center in Bologna, Italy. The cohort included patients referred from primary care (general practitioners,
diabetologists, or obesity clinics) for further assessment, based on consistent evidence of hepatic steatosis (confirmed by
imaging or biopsy), associated metabolic risk factors, or abnormal liver function tests, according to the EASL
Guidelines.””> Patients were included if seen between October 2014, and February 2023 [time of availability of
SuperSonic equipment to measure liver stiffness], with the last follow-up recorded on January 30, 2024, in order to
guarantee a minimal possible follow-up of one year even for the most recent patients.

Ethical Approval

The study was conducted in compliance with the Declaration of Helsinki, Istanbul, and Good Clinical Practice guide-
lines. It received approval from the Institutional Ethical Committee of IRCCS Sant’Orsola-Malpighi University Hospital
in Bologna, Italy (BOMASH study, 0044335/2024). Informed consent was obtained and signed by each alive participant.

Patients, Inclusion, and Exclusion Criteria
Patients were eligible for inclusion if they met the following criteria:

e Diagnosis of MASLD according to the updated definition.*?

e No other known causes of liver disease, including viral hepatitis, autoimmune liver diseases, cholestatic disorders,
alcohol-related liver disease, inherited conditions (alpha-1 antitrypsin deficiency, hemochromatosis, Wilson dis-
ease), drug-induced liver injury, and vascular liver disorders.?

e Age >18 years.

e Availability of semiquantitative grading of liver steatosis via ultrasound (US),*

e Availability of a reliable baseline LSM-SSI measurement.

e Comprehensive clinical and laboratory evaluation at baseline.

Exclusion criteria included:

Presence of HCC at or prior to enrollment.

Presence of hepatic decompensation at or prior to enrollment.
Absence of a reliable baseline LSM-SSI measurement.

Follow-up duration of less than 6 months.
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Patients with missing data were excluded from the analysis. The patient flow is illustrated in Figure S1.

Baseline Demographic, Clinical, and Laboratory Data Collection

The inclusion period began with the first LSM-SSI performed as part of a comprehensive multiparametric US evaluation
at baseline. Demographic and clinical data were systematically collected for each patient, including laboratory para-
meters such as blood count, coagulation profile, electrolytes, renal and liver function tests, inflammatory markers, and
lipid and glycemic profiles. Lifestyle factors were documented, including alcohol consumption, smoking status, and body
mass index (BMI).

Clinical Outcomes and Follow-Up

The endpoints were the development of HCC diagnosed according to the EASL clinical practice guidelines,®**

the
development of the first decompensation event (ascites, variceal bleeding, overt hepatic encephalopathy) according to the
BAVENO VII guidelines,?® or the development of portal vein thrombosis (PVT). Follow-up assessments were conducted
every 6 months in patients with cirrhosis and every 12 months in non-cirrhotic patients, in line with institutional protocols.

Liver Stiffness Measurement Using Two-Dimensional Shear Wave Elastography with
the SuperSonic Imagine Ultrasound System (LSM-SSI)

Ultrasound Examination

LSM-SSI was performed by experienced ultrasound operators using the Aixplorer ultrasound system (SuperSonic
Imagine SA, Aix-en-Provence, France). Patients were examined in a fasting state, placed supine with the abducted
right upper limb. The operator selected the region of interest using B-mode ultrasound, avoiding large vascular structures
and targeting an area at least 15 mm below the liver capsule through a right intercostal space. An adequate SWE color
map with complete and homogeneous filling was acquired, followed by image capture for stiffness measurement using
the Q-box tool. The Stability Index (SI) was calculated for each acquisition, aiming for values >0.90. For each patient, at
least five reliable measurements were obtained during neutral respiratory apnea, and their median and interquartile range
(IQR) was reported in kilopascals (kPa). Measurement reliability was defined according to the latest EFSUMB
Guidelines and Recommendations on the Clinical Use of Ultrasound Elastography.?’

Optimized LSM-SSI Cut-off Values for Advanced Fibrosis (2F3) and Cirrhosis (F4)

Optimized LSM-SSI cut-off values, derived from our recently published meta-analysis*® and adapted for the SuperSonic
Imagine ultrasound system, were applied as follows: <7.4 kPa to exclude advanced fibrosis (>F3), and >15.6 kPa to
confirm cirrhosis (F4). These thresholds were used to stratify the study population, highlighting fibrosis stage as the most
significant predictor of clinical events in MASLD.*

Other HCC Risk Stratification Scores

PLEASE Score

To evaluate the risk of HCC occurrence in patients with non-cirrhotic MASLD, we calculated the recently developed
PLEASE score®° using the online tool available at https://www.medizin.uni-muenster.de/en/med-b/please-calculator.html.

Additional non-invasive risk stratification scores, using predefined thresholds according to guidelines,”? were also
calculated, with detailed methodologies provided in the Supplementary Materials.

Assessment of Additional Clinical Events During Follow-Up
The occurrence of dysplastic nodules (DN), clinically significant portal hypertension (CSPH), portal vein thrombosis
(PVT), and major adverse cardiovascular events (MACE) were also assessed during follow-up, with definitions of these

conditions provided in the Supplementary Materials.
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Statistical Analysis

Continuous variables were assessed for normality using the Kolmogorov—Smirnov test. Based on their distribution, the
data were summarized as either the median with the first and third quartiles (Q1-Q3) or the mean with the standard
deviation (SD). Categorical variables were presented as counts and percentages. To compare means between two groups,
we applied the independent samples #-test, with Levene’s test used to assess homogeneity of variances. When the
assumptions for parametric tests were not met, the Mann—Whitney U-test was employed as a non-parametric alternative.
For categorical variables, the Chi-square test (x°) was used, or Fisher’s Exact Test for smaller sample sizes. The Kruskal—
Wallis test was applied to compare more than two independent groups with ordinal or non-normally distributed data.
Competing risks regressions based on Fine and Gray’s proportional sub-hazards models were performed to identify risk
factors for HCC occurrence, with results expressed as sub-hazard ratios (sHRs) and 95% confidence intervals (Cls) for
each predictor. The competing risk events for HCC occurrence included the first decompensation event—defined by the
Baveno VII consensus as ascites, variceal bleeding, or hepatic encephalopathy®® - and the occurrence of portal vein
thrombosis (PVT), if initially detected by ultrasound. Subsequently, we conducted univariable and multivariable Cox
proportional hazards models without accounting for competing risks. Variables significantly associated with HCC
occurrence in the univariable analyses were then entered into the multivariable model, and the optimal model was
ultimately identified using a backward elimination procedure. Follow-up ended with the diagnosis of HCC, the
occurrence of a competing risk event (first decompensation event or PVT), or patient censoring at the last available
follow-up. PVT presence was confirmed by a CT scan. A receiver operating characteristic (AUROC) curve analysis was
conducted to assess the predictive performance of continuous parameters. The Youden Index was applied to identify
optimal cut-off values, while additional cut-off points were established based on pre-defined sensitivity (Se) and
specificity (Sp) criteria. The Kaplan-Meier method was used to illustrate and compare the cumulative incidence functions
of HCC in MASLD by LSM-SSI category. The cumulative incidence of HCC was calculated, accounting for decom-
pensation and the occurrence of portal vein thrombosis (PVT) as competing risk events. The Log rank test and Gray’s test
were used to assess group differences for survival and HCC cumulative incidence. To evaluate the performance of
various predictors and two-step algorithms for predicting HCC onset in MASLD at different pre-set occurrence,’ key
metrics were assessed, including sensitivity (Se), specificity (Sp), negative predictive value (NPV), positive predictive
value (PPV), negative likelihood ratio (LR-), positive likelihood ratio (LR+), and accuracy (Acc). The algorithms were
tested for the following HCC occurrence rates: 0.3% (retrieved in our non-cirrhotic population, <15.6 kPa), 0.5%
(surveillance proposed for non-cirrhotic liver patients in general,'®> 0.8% (retrieved in our overall population), and 2%
(suitable for a high risk scenario).® The evaluations were conducted using both optimized and previously reported cut-

off values?%??

across different strategies. The added value of a second examination for patients with indeterminate results
or those falling within the “grey zone” was also examined.
All statistical tests were two-sided, with a significance level set at p < 0.05. Analyses were performed using STATA

18 or R software (version 4.3.2).

Results

Patients’ Characteristics
Following the application of the study criteria, 352 patients were included in the final study population (Figure S1).
Baseline population characteristics are detailed in Tables 1 and S1. The median age of the cohort was 58.2 (IQR:
48.5-66) years, with 191 (54%) male participants. The median body mass index (BMI) was 29.1 (IQR: 26.4-31.7) kg/m>.
Type 2 diabetes mellitus (T2DM) and arterial hypertension (HTA) were present in 94 patients (27%) and 241 patients
(68%) at baseline, respectively. The cohort had a median LSM-SSI of 6.2 (IQR: 5.2-7.7) kPa. A total, of 257 patients
(73%) had LSM-SSI values below 7.4 kPa, while 95 (27%) had values above this threshold. Patients with LSM-SSI > 7.4
kPa were significantly older, with a median age of 64.2 (IQR: 58.8-70.3) vs 56 (IQR: 45.2-63.2) years, had a higher
prevalence of T2DM, 54.7% vs 42%, and HTA 82.1% vs 63%, as well as higher median blood glucose levels 125 (IQR:
90-149) mg/dL vs 100 (IQR: 84-108) mg/dL. The complete comparison is presented in Tables 1 and S1.
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Table | Baseline Characteristics of the Population Stratified by Subgroups

Variable

Follow-up; months, median (QI1-Q3)

Demographic and clinical data

Age; years, median (Q1-Q3)

LSM-SSI <7.4 kPa

(n=257, 73%)

58.2 (48.5-66)

LSM-SSI 7.4-15.6 kPa

(n=67, 19%)

35.2 (18-58.3)

63.4 (56.6-70.1)

LSM-SSI >15.6 kPa

(n=28, 8%

)

66.4 (59.4-71.3)

Male n (%)

142 (55)

36 (54)

| 345

Body mass index; kg/m?, median (Q1-Q3)

29.1 (26.4-31.7)

29.7 (27.1-33.3)

30.8 (28-31.5)

Metabolic risk factors

Liver function

Diabetes n (%) 42 (16) 31 (46) 21 (75)
Arterial hypertension n (%) 163 (63) 56 (84) 22 (79)
Blood glucose; mg/dL, median (Q1-Q3) 100 (84-108) 111 (87-128) 156 (95-208)
Total cholesterol; mg/dL, median (Q1-Q3) 196 (171-225) 190 (165-210) 167 (140-203)
LDL cholesterol; mg/dL, median (Q1-Q3) 120 (9-148) 115 (83—151) 108 (61-176)
HDL cholesterol; mg/dL, median (QI-Q3) 51 (42-61) 49 (36-59) 46 (32-67)
Triglycerides; md/dL, median (Q1-Q3) I51 (89-197) 150 (88-206) 138 (73-240)

Ultrasound

Steatosis grade

Total bilirubin; mg/dL, median (Q1-Q3) 0.8 (0.5-1) 0.9 (0.4-1.2) 0.9 (0.5-1.5)
Aspartate aminotransferase; |U/L, median (Q1-Q3) 32 (21-42) 37 (23-56) 48 (25-73)
Aalanine transaminase; IU/L, median (QI1-Q3) 44 (22-56) 45 (22-74) 45 (22-80)
Albumin; g/dL, median (Q1-Q3) 4.2 (4-4.5) 4.2 (4-4.5) 4 (3.442)
International normalized ratio; median (Q1-Q3) 1.02 (1-1.08) 1.05 (1-1.11) 1.17 (1.06-1.22)
Gamma-glutamyl transferase; IU/L, median (Q1-Q3) 35 (23-65) 42 (26-71) 112 (63-150)
Platelets x 10%/uL, median (Q1-Q3) 241 (197-285) 227 (174-272) 120 (82-181)

I'n (%) 51 (20) 19 (28) 12 (43)
Il n (%) 115 (45) 19 (28) 12 (43)
11 n (%) 91 (35) 29 (44) 4 (14)
De novo HCC n (%) 0 3 (4.5) 6 (21.4)
First decompensation n (%) 0 I (1.5) 5(17.9)
PVT n (%) 0 0 2 (7.1)
De novo CSPH n (%) 0 4(6) 9 (32.1)
(Continued)
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Table | (Continued).

Variable LSM-SSI <7.4 kPa LSM-SSI 7.4-15.6 kPa LSM-SSI >15.6 kPa
(n=257, 73%) (n=67, 19%) (n=28, 8%)

De novo dysplastic nodules n (%) 0 3 (4.5) 2(7.1)

MACE n (%) 18 (7) 7 (10.4) 3 (10.7)

Abbreviations: %, percentage; CSPH, clinically significant portal hypertension; HCC, hepatocellular carcinoma; IU/L, international units per liter; kPa,
kilopascals; kg/mz, kilograms per square meter; | mild, Il moderate; Ill, severe; LSM, liver stiffness measurement; MACE, major cardiovascular
events; mg/dL, milligrams per deciliter; n, number; PVT, portal vein thrombosis; QI, first quartile; Q3, third quartile; SD, standard deviation; SSI,
SuperSonic Imagine; L, microliters.

Follow-Up, Liver-Related Complications, and HCC Incidence Rates

The median follow-up duration for the entire cohort was 31 months (IQR: 14.1-57.8). During follow-up, 9 patients
(2.6%) developed HCC, 6 (1.7%) experienced a first decompensation event, and 2 (0.6%) developed portal vein
thrombosis (PVT). No patient with a baseline LSM-SSI <7.4 kPa developed liver-related clinical outcomes.
Conversely, among patients with LSM-SSI >7.4 kPa, the following event rates were observed: 9.5% (9 patients)
developed HCC, and 6.3% (6 patients) experienced a first decompensation event, including 5 cases of grade II ascites
and 1 case of overt hepatic encephalopathy. One patient concurrently developed both HCC and a new decompensation
episode (ascites). Additionally, 2.1% (2 patients) developed de novo PVT, with one case coinciding with HCC diagnosis.
De novo dysplastic nodules were observed exclusively in patients with LSM-SSI >7.4 kPa, with a global occurrence of
5.3% (5 patients). Similarly, 13.7% (13 patients) developed de novo clinically significant portal hypertension (CSPH),
identified by gastroesophageal varices on upper endoscopy or collateral circulation on cross-sectional imaging (Table 1).

Regarding MACE, 10.5% (10 patients) with LSM-SSI >7.4 kPa experienced events, compared to 7% (18 patients)
among those with LSM-SSI <7.4 kPa (Table 1). Baseline LSM-SSI values among patients who developed MACE ranged
from 3.7 to 28.8 kPa, with events occurring regardless of fibrosis severity (Table 1).

The median time to HCC occurrence was 22.6 months (IQR: 12.3-40.8). Nine patients with MASLD developed HCC
over 1128 PY of follow-up, resulting in an annual incidence rate of 0.8 per 100 PY. When patients with LSM-SSI
between 7.4—15.6 kPa were considered only, the HCC incidence rate increased to 1.3 per 100 PY. When patients with
LSM-SSI >15.6 kPa (F4) were excluded, the HCC incidence rate in the subgroup <15.6 kPa decreased to 0.3 per 100 PY.
Additional incidence rates are reported in Table S2.

Kaplan—Meier estimates for HCC occurrence by LSM-SSI categories are presented in Figure 1. Figure S2A—C show
the Kaplan—Meier curves for the first decompensation event, MACE, and onset of CSPH, respectively, stratified by LSM-
SSI categories.

Competing-Risk Regression Analysis for HCC Occurrence
Univariate analysis identified age (HR 1.075, 95% CI 1.030-1.121, p=0.001), white blood cells (HR 0.999, 95% CI
0.998-0.999, p=0.013), platelets (HR 0.987, 95% CI 0.975-0.997, p=0.020), aspartate aminotransferase (HR 1.023, 95%
CI 1.005-1.041, p=0.011), gamma glutamy] transferase (HR 1.004, 95% CI 1.001-1.006, p=0.001), alkaline phosphatase
(HR 1.009, 95% CI 1.005-1.011, p=0.000), total bilirubin (HR 2.147, 95% CI 1.154-3.990, p=0.016), international
normalized ratio (HR 3.873, 95% CI 1.188-12.619, p=0.025), blood glucose (HR 1.008, 95% CI 1.004-1.012, p=0.000),
T2DM (HR 4.952, 95% 1.236-19.835, p=0.024), LSM-SSI (HR 1.052, 95% CI 1.027-1.076, p<0.0001) as independent
risk factors for HCC occurrence in MASLD in the overall cohort. Multivariate analysis identified LSM-SSI (HR 1.052,
95% CI 1.030-1.075, p<0.001), T2DM (HR 4.555, p=0.038), and gamma-glutamyl transferase (HR 1.004, p=0.003) as
independent predictors for HCC occurrence in our MASLD overall cohort (Table 2).

The results of the univariable and multivariable Cox proportional hazards models, conducted without accounting for
competing risk events, are presented in Table S3.

Table S4 presents a comparison of the performance of various scores and clinical and laboratory variables in
predicting HCC occurrence in MASLD.
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Figure | Kaplan-Meyer estimates for HCC occurrence by LSM-SSI categories.
Notes: A significant difference in HCC-free survival (time to HCC) was observed among the three groups, log-rank x2(2) = 37.35, p < 0.001).
Abbreviations: HCC, hepatocellular carcinoma; kPa, kilopascals; LSM, liver stiffness measurement; SSI, SuperSonic Imagine.
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Validation of PLEASE Score for HCC in Non-Cirrhotic MASLD
The predictive performance of the PLEASE score for HCC occurrence was indicated by an AUROC of 0.94 [0.92-0.97]
for the whole population and 0.80 [0.70-0.87] for those with LSM-SSI >7.4 kPa. For the entire cohort, using our
proposed rule-out (Se>90%) cut-off of 0.076, the PLEASE score showed Se=100%, Sp=89.21%, PPV=19.6%,
NPV=100%. By applying our proposed rule-in cut-off (Sp>90%) of 0.152, the PLEASE score exhibited a Se=55.6%,
Sp=95.9%, PPV=26.3%, and NPV=98.8%, respectively.

Table 2 Univariate and Multivariate Competing-Risk Analysis for HCC Occurrence in MASLD

Univariate Analysis Multivariate Analysis
n=352 Sub-Hazard Ratio 95% ClI p-Value | Sub-Hazard Ratio 95% ClI p-Value
Demographics
Age (years) 1.075 1.030-1.121 0.001
Age > 60 years 5.069 1.054-24.360 0.043
Age > 65 years 8.850 0.952-82.184 0.055
Gender (female/male) 0.901 0.244-3.329 0.876
Body mass index (kg/m2) 1119 1.019-1.227 0.018
Obesity (yes/no) 1.514 0.389-5.888 0.550
Weist circumference (cm) 1.042 1.010-1.075 0.009
Arterial hypertension 3.732 0.455-30.599 0.220
Alcohol intake (units/week) 1.040 0.976-1.107 0.220
Tabacco use (never/former/curent) 2.039 0.936-4.437 0.073

(Continued)
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Table 2 (Continued).

Variables ‘

Univariate Analysis

Multivariate Analysis

n=352

Laboratory data

Sub-Hazard Ratio

95% ClI

p-Value

Sub-Hazard Ratio 95% CI

p-Value

Other aspects
Physical activity
MASLD criteria

At least 3 criteria fulfilled

0.662

1.009

0.281-1.561

0.257-3.960

0.347

0.990

Hemoglobin (g/dL) 0.712 0.472-1.072 0.104
White blood cells (countx 10%/uL) 0.999 0.998-0.999 0.013
Platelets (x10/uL) 0.987 0.975-0.997 0.020
Aalanine transaminase (IU/L) 0.992 0.973-1.011 0.427
Aspartate aminotransferase (IU/L) 1.023 1.005-1.041 0.011
Gamma glutamyltransferase (IU/L) 1.004 1.001-1.006 0.001 1.004 1.001-1.006 0.003
Alkaline phosphatase (IU/L) 1.009 1.005-1.011 0.000
Total bilirubin (mg/dL) 2.147 1.154-3.990 0.016
International normalized ratio 3.873 1.188-12.619 0.025
Total serum proteins (g/dL) 2.281 0.664-7.827 0.190
Albumin (g/dL) 0.368 0.102-1.319 0.125
Total cholesterol (mg/dL) 0.999 0.984-1.013 0.859
LDL cholesterol (mg/dL) 1.010 0.999-1.019 0.061
HDL cholesterol (mg/dL) 1.009 0.975-1.043 0.607
Triglycerides (md/dL) 0.989 0.974-1.003 0.151
Blood glucose (mg/dL) 1.008 1.004-1.012 0.000
Glycated Hemoglobin 1.027 1.001-1.053 0.041
Type 2 diabetes mellitus 4.952 1.236-19.835 0.024 4.555 1.091-19.012 | 0.038
Creatinine (mg/dL) 0.002 0.000-0.068 0.001
Na (mmol/L) 0.948 0.722-1.243 0.701
K (mmol/L) 0.192 0.032-1.118 0.066
AFP pg/L 1213 0.667-2.202 0.527

At least 4 criteria fulfilled

Baseline 2D-SWE SSI (kPa)

1.374

1.052

0.348-5.421

1.027-1.076

0.650

<0.001

1.052 1.031-1.075

<0.001

2D-SWE SSI out/grey/in

8.205

3.693-18.226

<0.001

(Continued)
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Table 2 (Continued).

Univariate Analysis Multivariate Analysis

n=352 Sub-Hazard Ratio 95% ClI p-Value | Sub-Hazard Ratio 95% ClI p-Value
2D-SWE SSI 215.6 kPa 17.763 4.596-68.651 <0.001

Grey zone 1.997 0.494-8.073 0.332

HRI 0.396 0.047-3.300 0.392

Steatosis grade (I/II/Il) 0.795 0.285-2.212 0.661

o0

MAF-5 1.431 1.155-1.772 0.001

FIB-4 1.143 1.053-1.239 0.001

PLEASE score (continuous) 3119.142 173.833-55,967.76 | <0.001

PLEASE score (points) 3.0189 1.616-5.638 0.001

ANTICIPATE 1.626 1.396-1.895 <0.001

ANTICIPATE-NASH 2.116 1.593-2.812 <0.001

Note: bold - statistically significant.

Abbreviations: %, percentage; 2D-SWE, two dimensional shear wave elastography; AFP, alfafetoprotein; Cl, confidence interval; cm, centimeters; CFIB-4, fibrosis 4 index;
g/dL, grams per deciliter; HCC, hepatocellular carcinoma; HRI, hepatorenal index; IU/L, international units per liter; K, potassium; kg/mz, kilograms per square meter;
MASLD, metabolic dysfunction-associated steatotic liver disease; mmHg, millimeters mercury; n, number; Na, sodium; SSI, SuperSonic Imagine; pL, microliter.

Clinical Algorithms for HCC Surveillance in Patients with MASLD

The diagnostic performance of FIB-4, LSM-SSI, the PLEASE score, and our multivariate model were first assessed
individually using standardized cut-off values to rule out (sensitivity >90%) and rule in (specificity >90%) HCC, across
predefined HCC occurrence scenarios of 0.3%, 0.8%, and 2%.

Based on the diagnostic performance of each individual score, two-step algorithms were developed and tested to enhance
HCC risk stratification. In the first step, standardized thresholds were applied to rule out HCC (sensitivity >90%), identify
high-risk individuals (specificity >90%), and define a “grey zone” of indeterminate cases. A second stratification step was
applied within this grey zone to refine risk assessment and improve diagnostic accuracy. All possible single and sequential
combinations of these approaches were systematically evaluated to determine the most effective strategy. The diagnostic
performance of the algorithms across different pre-test HCC occurrence scenarios (0.3%, 0.5%, 0.8%, and 2%) is summarized
in Tables 3, 4, and S5, with an overview illustrated in Figure 2 and a clinical interpretation in Figure 3.

At a predefined HCC occurrence of 0.3%, a FIB-4 value <1.3 effectively ruled out HCC occurrence, with a Se=88.9% and
a NPV=99.9%, outperforming the age-adapted FIB-4 >2.0 strategy in patients aged >65 years (Table 3). In the same setting,
LSM-SSI <7.4 kPa ruled out HCC with perfect Se (100%) and NPV (100%), and demonstrated superior overall accuracy
compared to FIB-4 (75.6% vs 64.5%). Similarly, the PLEASE score, using a proposed rule-out threshold of <0.076 (Se >90%),
matched the performance of LSM-SSI <7.4 kPa (Se=100%, NPV=100%), and achieved an accuracy of 89.2% (Table 3).

In rule-in scenarios using standard thresholds (eg, FIB-4 >2.67, LSM-SSI >15.6 kPa), the diagnostic performance was
modest. FIB-4 >2.67 yielded a Sp=91% and a PPV=2.5%, while LSM-SSI >15.6 kPa showed a Se=93.6% and a PPV=3.0%.

When non-invasive tests (NITs) were integrated into two-step algorithms to enhance diagnostic accuracy and improve
risk stratification, the combination of LSM-SSI (<7.4 kPa, >15.6 kPa) with a PLEASE score <0.076 achieved excellent
rule-out performance (Se =100%, NPV=100%) and a high overall accuracy (Acc=89.5%). This algorithm outperformed
other tested combinations, such as FIB-4 (<1.3 and >2.67) followed by LSM-SSI <7.4 kPa (Se=88.9%, NPV=100%,
Acc=81.8%), or FIB-4 followed by PLEASE score <0.076 (Se=88.9%, NPV=100%, Acc=86.6%). This trend remained
consistent across higher HCC occurrence scenarios, including 0.8% (Table 4) and 2% (Table S5).
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Table 3 Performance of Various Clinical Algorithms for HCC in MASLD at 0.3% Pre-Set HCC Occurrence

ALGORITHM Cut-Off Values HCC Pre-Set Occurrence (0.3%)
FIB-4 (rule-out) FIB-4: <1.3 8 124 219 | 889 | 63.8 | 99.9 07 | 0.17 | 246 64.5
FIB-4: <1.3 or <2 (age adapted) 7 100 243 | 778 | 70.7 | 99.9 08 | 031 | 267 71.0
LSM-SSI kPa (rule-out) LSM-SSI: <7.4 (rule-out F3) 9 86 257 | 100 | 74.9 100 1.2 0 3.99 75.6
LSM-SSI: <9 (rule-out F4) 8 56 287 | 889 | 83.7 100 1.6 | 013 | 544 83.8
PLEASE score (rule-out) PLEASE: <0.076 9 38 305 | 100 | 889 100 2.6 0 9.03 89.2
PLEASE: <4 4 23 320 | 444 | 933 | 99.8 2 0.6 6.63 92.0
Multivariate score (rule-out) Multivariate score: <2.299 9 106 237 | 100 | 69.1 100 | 0 3.24 69.9
FIB-4 (rule-in) FIB-4: >2.67 7 31 312 | 778 | 91 99.9 25 | 024 | 86l 90.6
LSM-SSI kPa (rule-in) LSM-SSI: >15.6 (rule-in F4) 6 22 321 | 66.7 | 93.6 | 999 3 036 | 10.39 | 929
LSM-SSI: 214 (rule-in F3) 6 27 316 | 66.7 | 92.1 | 99.9 25 | 036 | 847 91.5
PLEASE score (rule-in) PLEASE: >0.152 (continuous) 5 15 328 | 55.6 | 95.6 | 99.9 3.7 | 046 | 127 94.6
PLEASE: >4 (points) 4 23 320 | 444 | 933 | 998 2 0.6 6.63 92.0
Multivariate score (rule-in) Multivariate score: >19.402 5 10 333 | 55.6 | 97.1 | 999 54 | 046 | 19.06 | 96.0
FIB-4 - LSM-SSI kPa (rule-out F3) FIB-4: <1.3 and >2.67 LSM-SSI: <7.4 8 63 280 | 889 | 8l.6 100 14 | 014 | 484 8l1.8
FIB-4 - LSM-SSI kPa (rule-out F4) FIB-4: <1.3 and >2.67 LSM-SSI: <9 7 56 287 | 778 | 83.7 | 99.9 14 | 027 | 476 83.5
FIB-4 - PLEASE FIB-4: <1.3 and >2.67 PLEASE: <0.076 8 46 297 | 889 | 86.6 100 2 0.13 | 6.63 86.6
FIB-4: <1.3 and >2.67 PLEASE: <4 7 38 305 | 77.8 | 889 | 999 2.1 025 | 7.02 88.6
FIB-4 - Multivariate score FIB-4: <1.3 and >2.67 Multivariate score: <2.299 8 68 275 | 889 | 80.2 100 1.3 0.14 | 4.48 80.4
LSM-SSI kPa (rule-out F3) - PLEASE LSM-SSI: <7.4 and >15.6 PLEASE: <0.076 9 37 306 | 100 | 89.2 100 2.7 0 9.27 89.5
LSM-SSI: <7.4 and >15.6 PLEASE: <4 7 27 316 | 77.8 | 92.1 | 999 29 | 024 | 988 91.8
LSM-SSI kPa (rule-out F3) - Multivariate score | LSM-SSI: <7.4 and >15.6 Multivariate score: <2.299 9 53 290 | 100 | 845 100 1.9 0 6.47 84.9
PLEASE - LSM-SSI kPa (rule-out F3) PLEASE: <0.076 and >0.152 LSM-SSI: <7.4 9 33 310 | 100 | 90.4 100 3 0 10.39 | 90.6
(Continued)
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Table 3 (Continued).

ALGORITHM

Cut-Off Values

FP

TN

Se

HCC Pre-Set Occurrence (0.3%)

PLEASE - LSM-SSI kPa (rule-out F4) PLEASE: <0.076 and >0.152 LSM-SSI: <9 29 314 | 889 | 91.5 100 3.1 0.12 | 10.51 | 915
PLEASE - Multivariate score PLEASE: <0.076 and >0.152 Multivariate score: <2.299 28 315 | 100 | 91.8 100 3.6 0 12.25 | 92.0
Multivariate score - LSM-SSI kPa (rule-out F3) | Multivariate score: <2.299 and >19.402 LSM-SSI:<7.4 54 289 | 100 | 843 100 1.9 0 6.35 84.7
Multivariate score - LSM-SSI kPa (rule-out F4) | Multivariate score: <2.299 and >19.402 LSM-SSI:<9 47 296 | 889 | 86.3 100 1.9 | 013 | 649 86.4
Multivariate score - PLEASE Multivariate score: <2.299 and >19.402 PLEASE: <0.076 29 314 | 100 | 91.5 100 34 0 1183 | 91.8

Multivariate score: <2.299 and >19.402 PLEASE: <4 22 321 | 66.7 | 93.6 | 99.9 3 0.36 | 1039 | 929

Note: green - rule-out cut-off, red - rule-in cut-off.

Abbreviations: ACC, accuracy; F3, advanced fibrosis; F4, cirrhosis; FIB-4, fibrosis 4 index; FN, false negatives; FP, false positives; HCC, hepatocellular carcinoma; kPa, kilopascals; LR, negative likelihood ratio; LR+, positive likelihood
ratio; LSM, liver stiffness measurement; NPV, negative predictive value; PLEASE, (platelet elastography age sex etiology) score; PPV, positive predictive value; Se, sensitivity; Sp, specificity; SSI, SuperSonic Imagine; TN, true negatives; TP,

true positives; %, percentage.
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Table 4 Performance of Various Clinical Algorithms for HCC in MASLD at 0.8% Pre-Set HCC Occurrence

ALGORITHM Cut-off Values HCC pre-set occurrence (0.8%)
FIB-4 (rule-out) FIB-4: <1.3 8 124 219 | 889 | 63.8 | 99.9 1.9 | 017 | 246 64.5
FIB-4: <1.3 or <2 (age adapted) 7 100 243 | 778 | 70.8 | 99.7 2.1 0.31 | 267 71.0
LSM-SSI kPa (rule-out) LSM-SSI: <7.4 (rule-out F3) 9 86 257 | 100 | 74.9 100 3.1 0 3.99 75.6
LSM-SSI: <9 (rule-out F4) 8 56 287 | 889 | 83.7 | 99.9 42 | 013 | 544 83.8
PLEASE score (rule-out) PLEASE: <0.076 9 38 305 | 100 | 889 100 6.8 0 9.03 89.2
PLEASE: <4 4 23 320 | 444 | 933 | 995 5.1 0.6 6.63 92.0
Multivariate score (rule-out) Multivariate score: <2.299 9 106 237 | 100 | 69.1 100 25 0 3.24 69.9
FIB-4 (rule-in) FIB-4: >2.67 7 31 312 | 778 | 91 99.8 6.5 | 024 | 86l 90.6
LSM-SSI kPa (rule-in) LSM-SSI: >15.6 (rule-in F4) 6 22 321 | 66.7 | 93.6 | 99.7 77 | 036 | 1039 | 929
LSM-SSI: 214 (rule-in F3) 6 27 316 | 66.7 | 92.1 | 99.7 64 | 036 | 847 91.5
PLEASE score (rule-in) PLEASE: >0.152 (continuous) 5 15 328 | 55.6 | 955 | 99.6 93 | 046 | 127 94.6
PLEASE: >4 (points) 4 23 320 | 444 | 933 | 995 5.1 0.6 6.63 92.0
Multivariate score (rule-in) Multivariate score: >19.402 5 10 333 | 55.6 | 97.1 | 99.6 13.3 | 046 | 19.06 | 96.0
FIB-4 - LSM-SSI kPa (rule-out F3) FIB-4: <1.3 and >2.67 LSM-SSI: <7.4 8 63 280 | 889 | 81.6 | 99.9 38 | 0.14 | 484 8l1.8
FIB-4 - LSM-SSI kPa (rule-out F4) FIB-4: <1.3 and >2.67 LSM-SSI: <9 7 56 287 | 778 | 83.7 | 99.8 37 | 027 | 476 83.5
FIB-4 - PLEASE FIB-4: <1.3 and >2.67 PLEASE: <0.076 8 46 297 | 889 | 86.6 | 99.9 5.1 0.13 | 6.63 86.6
FIB-4: <1.3 and >2.67 PLEASE: <4 7 38 305 | 778 | 889 | 99.8 54 | 025 | 7.02 88.6
FIB-4 - Multivariate score FIB-4: <1.3 and >2.67 Multivariate score: <2.299 8 68 275 | 889 | 80.2 | 999 35 0.14 | 4.48 80.4
LSM-SSI kPa (rule-out F3) - PLEASE LSM-SSI: <7.4 and >15.6 PLEASE: <0.076 9 37 306 | 100 | 89.2 100 7 0 9.27 89.5
LSM-SSI: <7.4 and >15.6 PLEASE: <4 7 27 316 | 778 | 92.1 | 99.8 74 | 024 | 988 91.8
LSM-SSI kPa (rule-out F3) - Multivariate score | LSM-SSI: <7.4 and >15.6 Multivariate score: <2.299 9 53 290 | 100 | 845 100 5 0 6.47 84.9
PLEASE - LSM-SSI kPa (rule-out F3) PLEASE: <0.076 and >0.152 LSM-SSI: <7.4 9 33 310 | 100 | 90.4 100 7.7 0 10.39 | 90.6
(Continued)
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Table 4 (Continued).

ALGORITHM

Cut-off Values

FP

TN

Se

HCC pre-set occurrence (0.8%)

PLEASE - LSM-SSI kPa (rule-out F4) PLEASE: <0.076 and >0.152 LSM-SSI: <9 29 314 | 889 | 915 | 99.9 78 | 0.12 | 1051 | 91.5
PLEASE - Multivariate score PLEASE: <0.076 and >0.152 Multivariate score: <2.299 28 315 | 100 | 91.8 100 9 0 12.25 | 92.0
Multivariate score - LSM-SSI kPa (rule-out F3) | Multivariate score: <2.299 and >19.402 LSM-SSI:<7.4 54 289 | 100 | 843 100 4.9 0 6.35 84.7
Multivariate score - LSM-SSI kPa (rule-out F4) | Multivariate score: <2.299 and >19.402 LSM-SSI:<9 47 296 | 889 | 86.3 | 99.9 5 0.13 | 649 86.4
Multivariate score - PLEASE Multivariate score: <2.299 and >19.402 PLEASE: <0.076 29 314 | 100 | 91.5 100 8.7 0 1183 | 91.8

Multivariate score: <2.299 and >19.402 PLEASE: <4 22 321 | 66.7 | 93.6 | 99.7 77 | 036 | 1039 | 929

Note: green - rule-out cut-off, red - rule-in cut-off.

Abbreviations: ACC, accuracy; F3, advanced fibrosis; F4, cirrhosis; FIB-4, fibrosis 4 index; FN, false negatives; FP, false positives; HCC, hepatocellular carcinoma; kPa, kilopascals; LR, negative likelihood ratio; LR+, positive likelihood
ratio; LSM, liver stiffness measurement; NPV, negative predictive value; PLEASE, (platelet elastography age sex etiology) score; PPV, positive predictive value; Se, sensitivity; Sp, specificity; SSI, SuperSonic Imagine; TN, true negatives; TP,

true positives; %, percentage.
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2D-SWE-SSI

LSM-SSI (kPa) (n=352 pts, 9 HCC)

Best cut-off (Youden)

Rule-in (Sp 290%)

12.4 kPa 15.6 kPa
Diagnostic test results
True positive (TP) 9 8 6
False positive (FP) 86 29 22
True negative (TN) 257 315 321
False Negative (FN) 0 1 3

Operating characteristics (study incidence = 0.

8%[95%Cl]

Sensitivity (95%n Cl

100 (66.4-100)

88.9 (51.8-99.7)

66.7 (29.9-92.5)

Specificity (95%n ClI

74.9 (70.0-79.4)

91.6 (88.1-94.3)

93.6 (90.4-95.9)

)
)
)
NPV (95% CI)
)
)
)

PPV (95% CI 3.1(2.63.7) 7.8 (5.3-11.4) 7.7 (4.3-13.4)
100 99.9 (99.4-100) 99.7 (99.3-99.9)
LR-positive (95% Cl 3.99 (3.32-4.79) 10.54 (6.94-16.01) 10.39 (5.63-19.20)
LR-negative (95% Cl 0 0.12 (0.02-0.77) 0.36 (0.14-0.90)
(

AUROC (95% ClI 0.87 (0.85-0.90)
2D-SWE-SSI + PLEASE score two-step algorithm overall performance

D

0.90 (0.79-1.00) 0.80 (0.64-0.97)

Diagnostic test results

True positive (TP) 9
. > False positive (FP) 37
! True negative (TN) 306
False Negative (FN) 0

Rule-out (Se290%) Grey zone
<7.4 kPa 7.4-15.6 kPa

Rule-out (Sp290%)
215.6 kPa

Operating characteristics (study incidence = 0.8% [95% CI]
Sensitivity (95%n ClI) 100 (66.4-100)

| Specificity (95%n CI) 89.2 (85.4-92.3)

|

|

PLEASE PPV (95% Cl) 7 (5.2-9.2)
\ ‘ NPV (95% Cl) 100
Y LR-positive (95% Cl) 9.27 (6.84-12.57)
PLEASE< 0.076 PLEASE 2 0.076 LR-negative (95% Cl) 0
AUROC (95% Cl) 0.95 (0.93-0.96)

Figure 2 Diagnostic accuracy of LSM-SS| for HCC occurrence (kPa).

Abbreviations: 2D-SWE, two-dimensional shear wave elastography; AUROC, area under the ROC curve; Cl, confidence interval; HCC, hepatocellular carcinoma; kPa,
kilopascals; LR, negative likelihood ratio; LR+, positive likelihood ratio; LSM, liver stiffness measurement; n, number; NPV, negative predictive value; PPV, positive predictive
value; pts, patients; SSI, SuperSonic Imagine.

Discussion

In our cohort of MASLD patients, hepatocellular carcinoma (HCC) emerged as the most prevalent liver-related event,
with an incidence rate of 0.8 per 100 person-years in the overall cohort. This surpassed the incidence of both first hepatic
decompensation events and portal vein thrombosis. Among the subgroup with liver stiffness measurement (LSM-SSI)
values ranging from 7.4 to 15.6 kPa, the HCC incidence rate was higher at 1.3 per 100 person-years, approaching the
1.5% threshold, for which HCC surveillance is generally recommended across all liver disease etiologies.’'*? This
findings underscore the importance of establishing effective HCC surveillance strategies in MASLD and highlights the
distinct clinical course of this condition compared to other chronic liver disease etiologies.”>>> Recent guidelines
emphasize that patients with MASLD and advanced fibrosis, but without cirrhosis, are at higher risk of developing
HCC.?' However, routine HCC surveillance is not currently recommended for non-cirrhotic MASLD due to insufficient
supporting evidence.”!

Nevertheless, etiology-specific surveillance could support more personalized approaches by distinguishing between
low-risk and high-risk patients. A study from the ITALICA Study Group highlighted the challenge of delayed HCC
diagnosis in MASLD, as HCC is often detected at more advanced stages and may occur in the absence of cirrhosis.®
Timely detection of MASLD-HCC during its often-prolonged asymptomatic phase is critical to improve treatment
decision-making and expand the range of available therapeutic options.®!”

Cost-effectiveness analyses suggest that HCC surveillance is justified when the annual incidence reaches at least

31,32

1.5%, regardless of the underlying etiology, as mentioned above. However, recent modeling studies have shown that
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*grey zone by recently published
meta-analysis

*cut-off to rule-out advanced fibrosis by
recently published meta-analysis

IN OUR STUDY:
no MASLD-HCC during follow-up IN OUR STUDY:
3 MASLD-HCC during follow-up

HCC surveillance seems not to be
necessary

our best-cut off

IN OUR STUDY:
no MASLD-HCC during follow-up

HCC risk appeared be low
HCC surveillance might not be

HCC surveillance**
i second test to be performed

‘ | *cut-off to rule-in cirrhosis by recently

published meta-analysis

IN OUR STUDY:
6 MASLD-HCC during follow-up

our hest cut-off

IN OUR STUDY:
3 MASLD-HCC during follow-up

HCC risk appears to be significant
HCC surveillance might be convenient

necessary every 6 to 12 months (TBD)

Figure 3 Interpretation and synthesis of the two-step risk stratification algorithm based on LSM-SSI and the PLEASE score.

Abbreviations: ACC, accuracy; HCC, hepatocellular carcinoma; kPa, kilopascals; LR, likelihood ratio; LSM, liver stiffness measurement; MASLD, metabolic dysfunction-
associated steatotic liver disease; NPV, negative predictive value; PLEASE (score), Platelet, Elastography-SSI, Age, Sex, Etiology (score); PPV, positive predictive value; Se,
sensitivity; Sp, specificity; SSI, SuperSonic Imagine; TBD, to be determined.

an annual HCC incidence of approximately 0.8% may also be cost-effective for initiating surveillance, even when
accounting for potential harms such as high false-positive rates and the need for additional diagnostic procedures.*®

As previously reported, the benefits of HCC screening remain uncertain for MASLD patients with a low annual
incidence, such as 0.4%.>® This finding aligns with previous studies that assessed HCC incidence or composite liver-
related events (LREs), using vibration-controlled transient elastography (VCTE).>”* Recent evidence suggests that
individuals with significant or advanced fibrosis, combined with additional risk factors, may benefit from cost-effective
HCC surveillance strategies.® Consistently, our univariate and multivariate analyses identified LSM-SSI, among other
variables (T2DM, and GGT) as independent predictors of HCC. Moreover, LSM-SSI demonstrated a progressively
increasing risk trajectory for HCC occurrence on Kaplan—Meier analysis (Figure 1), in alignment with previous findings
reported for vibration-controlled transient elastography (VCTE).**

Emerging concerns about the potential harms of surveillance—such as false positives leading to unnecessary testing
and patient anxiety—have raised important questions regarding the overall value of HCC surveillance in MASLD.*>*¢ In
response, our study aimed to refine the criteria for identifying patients who may not require surveillance, achieving
excellent negative predictive values (NPVs).

In our cohort, LSM-SSI outperformed FIB-4 in guiding HCC surveillance decisions, demonstrating superior rule-out
capability and higher overall diagnostic accuracy. We found that HCC surveillance is unnecessary in MASLD patients
with LSM-SSI <7.4 kPa (rule-out >F3), for at least around 3 years, time at which patients could be reassessed.
Furthermore, we proposed a two-step algorithm based on LSM-SSI and PLEASE score, which achieved a negative
predictive value (NPV) of 100% and an overall accuracy of 89.5% in identifying patients who should avoid HCC
surveillance, assuming a predefined HCC occurrence of 0.3% (Table 3).
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We also developed and tested similar algorithms combining various available tools—including FIB-4, the PLEASE
score, LSM-SSI, and our multivariate model (LSM-SSI, GGT, T2DM)—to assess their performance under different clinical
conditions and HCC occurrence assumptions. These strategies aim to provide clinicians with practical, adaptable tools for
real-world decision-making, tailored to varying risk profiles and surveillance settings. Such an approach may prove both
feasible and acceptable for implementation in the MASLD population.'” Since elastography modules are now integrated
into most modern ultrasound systems, 2D-SWE offers substantial potential for evaluating patients with MASLD in both
primary and tertiary care settings;*’ in this context, LSM-SSI emerges a promising alternative to VCTE-based LSM.

While PPV increased with higher HCC occurrence—reaching up to 20% at a 2% pre-set occurrence rate (Tables 3, 4, S4)—
the PPV remained relatively low overall. For this reason, we recommend using these algorithms primarily to identify individuals
who do not require HCC surveillance. This is a critical consideration, especially given the widespread prevalence of MASLD,
which affects more than one-third of the global adult population above 48 years.'? Conversely, to better define the subgroup of
patients most likely to benefit from HCC surveillance, future studies are needed in larger cohorts with more reported HCC events.
Such studies would support improved PPV, maintain diagnostic accuracy, and enhance the performance of algorithms for disease
confirmation.

Many at-risk individuals may remain unidentified until advanced stages of MASLD. Our proposed two-step non-
invasive algorithms offer a practical approach to bridge this gap by combining readily available biochemical scores with
two-dimensional ultrasound—based fibrosis assessment. This modality has the potential to become more widely accessible
in the future as standardization progresses, offering a feasible alternative to other liver stiffness measurement
techniques.*® Unlike existing risk models that often rely on single metrics or are not routinely applicable in everyday
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practice, our approach enables flexible and scalable risk stratification tailored to the tests available in different

clinical settings.

Limitations and Strengths

The limitations of this study stem from its post-hoc nature and monocentric design. Importantly, the threshold of
elastography we defined may not apply to all other elastographic ultrasound methods. Nevertheless, its strength lies in
the use of a prospective consecutive cohort of 352 patients, retrospectively evaluated, all of whom underwent standar-
dized LSM-SSI evaluation using the same ultrasound system (SuperSonic Aixplorer), thereby ensuring data consistency
and measurement reliability. In developing the algorithm, standardized cut-off values derived from previously published
studies were applied, enhancing the robustness and reproducibility of the model. While the algorithms show promise,
external validation in independent populations would be necessary to ensure broader applicability. Interestingly, our
cohort included a lower proportion of patients with elevated LSM, compared to prior studies,”® which may reflect a more
representative group of the entire MASLD population. Nevertheless, our cohort consisted of 352 patients from a single-
center experience, of whom 9 (2.6%) developed HCC during follow-up. This limited number of events may have reduced
the statistical power of our analysis and should be taken into consideration when interpreting the findings. External
validation would further support the generalizability and clinical applicability of our proposed algorithms.

Conclusions
HCC represents the most common liver-related complication in non-cirrhotic MASLD.

As supporting evidence expands and the method becomes further standardized, two-dimensional shear wave elastography
(2D-SWE) is increasingly becoming more available in clinical practice and has the potential to make a meaningful contribu-
tion to HCC risk stratification in MASLD. An LSM-SSI value <7.4 kPa (rule-out >F3) reliably identifies patients at negligible
risk of developing HCC, for whom routine surveillance may be safely omitted. In contrast, patients with LSM-SSI >7.4 kPa,
particularly those with additional risk factors such as T2DM or elevated GGT, may benefit from regular HCC surveillance. To
support clinical decision-making, a two-step algorithm combining LSM-SSI with the PLEASE score demonstrated excellent
rule-out performance and high overall accuracy, offering a practical tool for real-time risk stratification. This personalized
approach reduces unnecessary examinations in low-risk individuals while enhancing the efficiency of surveillance in higher-
risk groups. Future validation in larger and more diverse populations will be crucial to confirm its widespread implementation
and to further optimize HCC surveillance strategies in MASLD.
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Diseases; ACLD, advanced chronic liver disease; Acc, accuracy; AFP, alpha-fetoprotein; BMI, body mass index; FIB-4,
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