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ABSTRACT 

Background: Early detection of hepatocellular carcinoma (HCC) remains challenging in patients with cirrhosis because conventional 
ultrasonography and alpha-fetoprotein surveillance have limited sensitivity for early-stage disease. Objective: To evaluate the diagnostic 
performance of an artificial intelligence-selected five-microRNA panel added to standard HCC surveillance in high-risk adults with cirrhosis. 
Methods: This single-center, parallel-group randomized diagnostic-strategy trial was conducted at a tertiary referral hospital in Punjab, 
Pakistan, from May to December 2025. Eighty-four participants aged 35–65 years were randomized 1:1 to standard surveillance or standard 
surveillance supplemented with longitudinal qRT-PCR profiling of miR-21, miR-122, miR-192, miR-224, and miR-885-5p; 78 completed scheduled 
follow-up. Diagnostic performance, biomarker trajectories, lead time, and tumor size were evaluated using diagnostic-accuracy measures, t-
tests, repeated-measures ANOVA, and Pearson correlation. Results: Sensitivity was 88.9% (8/9) with augmented surveillance and 55.6% (5/9) 
with standard surveillance (difference 33.3 percentage points, 95% CI −7.9 to 63.6; p=0.294), while specificity was 90.3% and 87.1%, respectively. 
AUC was 0.92 versus 0.68 (p=0.004), and diagnostic lead time was 4.8 versus 1.4 months (difference 3.4 months; p=0.001). Tumor size at 
detection was 1.4 versus 2.3 cm. Conclusion: The AI-selected five-miRNA panel showed potential as an adjunct to conventional HCC surveillance, 
although the imprecise sensitivity estimate and limited number of confirmed cases require cautious interpretation and further validation. 
Keywords: Artificial intelligence; circulating microRNA; diagnostic accuracy; hepatocellular carcinoma; liquid biopsy; surveillance. 
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INTRODUCTION 

Hepatocellular carcinoma (HCC) remains a major cause of cancer-related morbidity and mortality and commonly 
develops in individuals with chronic liver disease, particularly those with viral hepatitis, metabolic liver disease, or 
established cirrhosis. Clinical outcomes are strongly influenced by the stage at which HCC is detected because 
patients diagnosed at an early stage are more likely to remain eligible for potentially curative treatments, including 
surgical resection, local ablative therapy, and liver transplantation. Consequently, timely identification of malignant 
transformation among high-risk individuals is a central objective of HCC surveillance and remains an important 
component of efforts to improve disease management and long-term outcomes (1). 

Current surveillance of patients at increased risk of HCC relies predominantly on abdominal ultrasonography, with 
or without measurement of serum alpha-fetoprotein (AFP). Although this strategy is widely used, its effectiveness 
for detecting small or early-stage tumors is limited by several factors. Ultrasonography is operator-dependent and 
may be technically compromised in patients with obesity, advanced fibrosis, cirrhotic architectural distortion, or 
small lesions, while AFP lacks sufficient sensitivity and specificity to function as an independent early diagnostic 
marker. These limitations create the possibility that clinically important tumors remain undetected until they 
become radiologically apparent at a more advanced stage. The resulting diagnostic gap has increased interest in 
minimally invasive circulating biomarkers that may identify molecular changes associated with 
hepatocarcinogenesis before conventional surveillance produces definitive findings (1). 

Among the emerging circulating biomarkers, microRNAs (miRNAs) have attracted particular attention because 
these small non-coding RNAs regulate post-transcriptional gene expression and can be detected in circulating 
biological samples. Their relative stability in blood and cancer-associated alterations in expression make them 
potential candidates for minimally invasive early detection assays (2). More broadly, advances in liquid-biopsy 
technologies have created opportunities to combine circulating molecular signals with computational approaches 
for cancer screening and early detection (3). In HCC specifically, genomic and molecular liquid-biopsy strategies 
have been investigated as complementary approaches to conventional imaging and serum-based surveillance, with 
the aim of improving diagnostic sensitivity while preserving clinically acceptable specificity (4). Recent work has 
therefore increasingly focused on the potential role of circulating biomarkers in the early detection, prognostic 
assessment, and therapeutic monitoring of HCC (5). 

A major challenge, however, is that HCC is biologically heterogeneous and no single circulating biomarker is likely 
to capture the full spectrum of molecular changes occurring during early hepatocarcinogenesis. Artificial 
intelligence and machine-learning approaches may help address this limitation by evaluating high-dimensional 
biomarker data, identifying informative combinations of molecular features, and constructing multi-marker 
signatures that cannot be readily selected through conventional univariable approaches (6). This computational 
strategy is particularly relevant to HCC, in which improvements in molecular characterization are increasingly being 
explored alongside conventional diagnostic and therapeutic pathways (7). Previous work has demonstrated that 
machine-learning methods can be applied to circulating miRNA profiles to identify candidate signatures for early 
HCC detection, supporting the biological and computational feasibility of multi-miRNA diagnostic models (8). At the 
same time, the wider HCC biomarker literature emphasizes that promising candidate markers require rigorous 
clinical validation before they can be incorporated into diagnostic pathways (9). Similar concerns apply to precision-
medicine approaches based on liquid biopsy, for which model development, clinical validation, reproducibility, and 
generalizability remain essential steps before routine implementation (10). 

Despite growing interest in AI-assisted liquid biopsy, an important gap remains between computational 
identification of candidate miRNA signatures and their prospective evaluation within an active HCC surveillance 
pathway. Diagnostic performance demonstrated during biomarker discovery or retrospective model development 
does not by itself establish whether an AI-selected panel provides clinically meaningful additional detection when 
applied prospectively to high-risk patients alongside standard surveillance. Evaluation should therefore determine 
not only whether an augmented strategy increases sensitivity for early-stage HCC, but also whether specificity 
remains acceptable and whether gains are reflected in other diagnostic measures, including predictive values, 
receiver-operating-characteristic performance, and the timing of tumor detection (6,10). Prospective comparison 
with conventional surveillance is particularly important because any potential benefit of an additional biomarker 
panel must be interpreted in the context of the diagnostic strategy that high-risk patients would otherwise receive. 
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Accordingly, the present randomized controlled trial was designed to evaluate an artificial intelligence-selected 
five-microRNA panel comprising miR-21, miR-192, miR-224, and miR-885-5p as an adjunct to standard HCC 
surveillance in high-risk adults with cirrhosis. The study compared standard surveillance supplemented by 
longitudinal circulating miRNA profiling with standard surveillance alone. The primary objective was to compare the 
sensitivity and specificity of the two surveillance strategies for detecting very-early or early-stage HCC confirmed 
by the study reference standard. Secondary objectives were to compare the area under the receiver operating 
characteristic curve, positive and negative predictive values, and diagnostic lead time between the two strategies. 
The study therefore sought to determine whether adding an AI-selected circulating miRNA panel to conventional 
surveillance could improve early HCC detection while maintaining acceptable diagnostic specificity. 

MATERIALS AND METHODS 

This single-center, parallel-group randomized controlled diagnostic-strategy trial was conducted at a tertiary 
referral hospital in the Industrial and Urban Core of Punjab, Pakistan, from May to December 2025. The trial was 
designed to determine whether supplementing conventional hepatocellular carcinoma (HCC) surveillance with an 
artificial intelligence-selected circulating microRNA panel could improve early-stage HCC detection compared with 
standard surveillance alone. The target population comprised adults at high risk of HCC because of established liver 
cirrhosis. Patients presenting to the study center during the recruitment period were screened for eligibility. Adults 
aged 35–65 years with cirrhosis secondary to chronic hepatitis B virus infection, chronic hepatitis C virus infection, 
or metabolic dysfunction-associated steatohepatitis were eligible for inclusion. Patients were excluded if they had 
a previous history of malignancy, active acute hepatitis, previous liver transplantation, or a concurrent severe 
systemic illness. Baseline demographic and clinical information included age, biological sex, etiology of cirrhosis, 
Child–Pugh class, serum alpha-fetoprotein (AFP) concentration, and other routinely assessed liver-related clinical 
characteristics. 

A total sample of 84 participants, with 42 participants allocated to each study arm, was planned. The sample-size 
calculation was based on preliminary diagnostic-accuracy evidence for circulating microRNA panels in patients 
with chronic liver disease and assumed an anticipated 15-percentage-point difference in diagnostic sensitivity 
between the two surveillance strategies, 80% statistical power, a two-sided significance level of 0.05, and an 
anticipated dropout rate of 10%. Following confirmation of eligibility and provision of written informed consent, 
enrolled participants were randomly assigned in a 1:1 ratio to either the AI-guided microRNA surveillance group or 
the standard-surveillance control group. Randomization was performed using a computer-generated allocation 
sequence. Allocation concealment was maintained using sequentially numbered, opaque, sealed envelopes, which 
were opened by an independent study coordinator after enrollment. Random assignment served as the principal 
strategy for balancing measured and unmeasured baseline characteristics between the two groups. 

Each participant underwent a 24-week active surveillance period. Participants assigned to the control group 
received standard HCC surveillance consisting of abdominal ultrasonography and measurement of serum AFP at 
12-week intervals. Participants assigned to the intervention group received the same conventional surveillance 
protocol supplemented by molecular profiling of an AI-selected five-microRNA panel comprising miR-21, miR-192, 
miR-224, and miR-885-5p. MicroRNA profiling was performed using real-time quantitative reverse-transcription 
chain reaction at baseline, week 12, and week 24. Longitudinal microRNA expression was recorded as fold-change 
measurements and was additionally summarized using the five-miRNA panel index reported for evaluation of 
biomarker trends. Participant adherence to the scheduled surveillance pathway was monitored through biweekly 
telephone contact and automated tracking of scheduled clinic visits. 

Because the intervention involved different diagnostic-surveillance pathways, participants and treating clinicians 
were not blinded to group allocation. To reduce ascertainment and laboratory-related bias, outcome assessors, 
laboratory personnel conducting microRNA extraction and profiling, and radiological reviewers responsible for 
diagnostic assessment were blinded to randomized group assignment. The principal comparison was between 
standard surveillance supplemented with the AI-selected microRNA panel and standard surveillance alone; 
therefore, all clinical and diagnostic outcomes were interpreted according to the originally assigned surveillance 
strategy. Primary analyses were specified according to the intention-to-treat principle, with participants retained 
in their original randomized groups regardless of non-compliance or subsequent loss to follow-up. 
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The primary outcome was diagnostic accuracy for detection of very-early or early-stage HCC, defined according to 
the Barcelona Clinic Liver Cancer staging classification. Diagnostic performance was principally evaluated using 
sensitivity and specificity. Suspected HCC was confirmed using dynamic contrast-enhanced magnetic resonance 
imaging or histopathological examination, which constituted the study reference standard. Secondary diagnostic 
outcomes included positive predictive value, negative predictive value, area under the receiver operating 
characteristic curve, and diagnostic lead time. Diagnostic lead time was defined as the interval, expressed in 
months, by which detection through the augmented surveillance strategy preceded radiological confirmation. 
Tumor size at detection was also recorded, and the relationship between longitudinal changes in individual 
microRNA expression and tumor diameter at diagnostic confirmation was evaluated. Outcome assessment focused 
on the end of the 24-week surveillance period while incorporating longitudinal biomarker measurements obtained 
at baseline, week 12, and week 24. 

Continuous variables were assessed for approximate normality using the Shapiro–Wilk test and were summarized 
as means with standard deviations when the normality assumption was satisfied. Categorical variables were 
summarized using frequencies and percentages. Diagnostic performance was summarized using sensitivity, 
specificity, positive predictive value, negative predictive value, and receiver operating characteristic curve 
analysis, with confidence intervals reported for principal diagnostic estimates. 

Within-group changes in continuous biomarker measurements between assessment points were evaluated using 
paired-samples t-tests, whereas between-group comparisons of biomarker concentrations and diagnostic lead 
time were performed using independent-samples t-tests. Repeated measures analysis of variance was used to 
evaluate longitudinal changes in microRNA expression across baseline, week 12, and week 24 and to assess the 
interaction between time and randomized group. Pearson correlation analysis was used to examine the relationship 
between changes in individual microRNA expression and tumor diameter at diagnostic confirmation. All statistical 
tests were two-sided, and statistical significance was defined as a p-value <0.05. Statistical analyses were 
performed using IBM SPSS Statistics version 28.0. 

Ethical approval was obtained from the Institutional Ethics Review Committee before participant recruitment and 
data collection. All eligible participants received information about the study procedures and provided written 
informed consent before enrollment. Participant allocation and diagnostic assessment procedures were structured 
to preserve confidentiality, minimize assessment bias, and ensure that clinical surveillance was conducted within 
the predefined study protocol. 

RESULTS 

A total of 102 patients with chronic liver disease were screened between May and December 2025. Eighteen patients 
did not proceed to randomization because of ineligibility or non-consent, leaving 84 participants who were 
randomized equally to the intervention and control groups (42 per group). During the 24-week surveillance period, 
six participants were lost from follow-up, three from each group, resulting in 78 participants who completed the 
scheduled assessments, with 39 remaining in each study arm. Baseline demographic and clinical characteristics 
were similar between the randomized groups. Mean age was 51.9 ± 7.6 years in the intervention group and 52.9 ± 8.1 
years in the control group (p=0.561), while baseline AFP concentrations were 17.9 ± 11.8 and 19.3 ± 13.1 ng/mL, 
respectively (p=0.608). The distributions of sex, cirrhosis etiology, and Child–Pugh class were also comparable 
between groups (Table 1). 

Table 1. Baseline Demographic and Clinical Characteristics of Randomized Participants 

Characteristic Total (N=84) Intervention (n=42) Control (n=42) p-value 

Age, years 52.4 ± 7.8 51.9 ± 7.6 52.9 ± 8.1 0.561 

Male sex 54 (64.3) 28 (66.7) 26 (61.9) 0.649 

Female sex 30 (35.7) 14 (33.3) 16 (38.1) 
 

Cirrhosis due to hepatitis B 38 (45.2) 19 (45.2) 19 (45.2) 0.798 

Cirrhosis due to hepatitis C 34 (40.5) 18 (42.9) 16 (38.1) 
 

Cirrhosis due to MASH 12 (14.3) 5 (11.9) 7 (16.7) 
 

Child–Pugh class A 68 (81.0) 35 (83.3) 33 (78.6) 0.578 

Child–Pugh class B 16 (19.0) 7 (16.7) 9 (21.4) 
 

Serum AFP, ng/mL 18.6 ± 12.4 17.9 ± 11.8 19.3 ± 13.1 0.608 
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Data means SD or n (%). Continuous variables were compared using independent-samples t-tests. Categorical 
variables were compared using Pearson χ² tests. AFP, alpha-fetoprotein; MASH, metabolic dysfunction-associated 
steatohepatitis. 

Table 2. Diagnostic Performance of the Two Surveillance Strategies 

Diagnostic measure Intervention, n/N (%) [95% CI] Control, n/N (%) [95% 

CI] 

Absolute difference, percentage points (95% 

CI) 

p-value 

Sensitivity 8/9 (88.9) [56.5–98.0] 5/9 (55.6) [26.7–81.1] 33.3 (−7.9 to 63.6) 0.294 

Specificity 28/31 (90.3) [75.1–96.7] 27/31 (87.1) [71.1–94.9] 3.2 (−13.9 to 20.4) 1.000 

Positive predictive value 8/11 (72.7) [43.4–90.3] 5/9 (55.6) [26.7–81.1] 17.2 (−21.7 to 51.0) 0.642 

Negative predictive value 28/29 (96.6) [82.8–99.4] 27/31 (87.1) [71.1–94.9] 9.5 (−6.3 to 25.7) 0.355 

Individual 95% CIs were calculated using Wilson score intervals. Confidence intervals for absolute differences were 
calculated using the Newcombe score method. Between-group p-values were calculated using two-sided Fisher 
exact tests. 

Table 3. Longitudinal Five-miRNA Panel Index and Serum AFP Concentrations 

Measure Group Baseline, 

mean ± SD 

Week 24, 

mean ± SD 

Within-group 

change (95% 

CI) 

Within-

group p-

value 

Week-24 between-

group difference (95% 

CI) 

Between-group 

p-value 

Hedges g 

Five-miRNA 

panel index 

Intervention 

(n=39) 

1.02 ± 0.18 2.84 ± 0.62 1.82 (1.61–2.03) <0.001 1.66 (1.44–1.88) <0.001 3.35 

 
Control (n=39) 1.05 ± 0.19 1.18 ± 0.31 0.13 (0.02–0.24) 0.022 

   

Serum AFP, 

ng/mL 

Intervention 

(n=39) 

18.2 ± 11.5 34.6 ± 22.1 16.4 (9.1–23.7) <0.001 6.80 (−2.38 to 15.98) 0.144 0.33 

 
Control (n=39) 19.1 ± 12.8 27.8 ± 18.4 8.7 (2.4–15.0) 0.012 

   

Within-group comparisons used paired-samples t-tests. Week-24 between-group comparisons were recalculated 
from the reported means, SDs, and group sizes using independent-group Welch t-tests. Hedges g represents the 
standardized between-group difference at week 24. AFP, alpha-fetoprotein; miRNA, microRNA. 

Table 4. Repeated-Measures Analysis of Five-miRNA Expression 

Effect F statistic Degrees of freedom p-value Partial η² 

Time 18.42 2, 152 <0.001 0.195 

Group 24.15 1, 76 <0.001 0.241 

Time × group 12.87 2, 152 <0.001 0.145 

Partial η² values were derived from the reported F statistics and degrees of freedom. 

Table 5. Secondary Diagnostic Outcomes 

Outcome Intervention Control Between-group difference (95% CI) p-value 

Area under the ROC curve 0.92 (0.85–0.99) 0.68 (0.54–0.82) 0.24 (0.08–0.40) 0.004 

Diagnostic lead time, months 4.8 ± 1.6 1.4 ± 1.2 3.4 (1.8–5.0) 0.001 

Tumor size at detection, cm 1.4 ± 0.3 2.3 ± 0.6 −0.9 (−1.4 to −0.4) 
 

Data are mean ± SD or estimate (95% CI), as reported. ROC, receiver operating characteristic.  

Using the diagnostic counts reported for participants with and without confirmed early-stage HCC, the intervention 
strategy detected 8 of 9 confirmed cases, corresponding to a sensitivity of 88.9% (95% CI 56.5–98.0%), compared 
with 5 of 9 cases detected by standard surveillance, corresponding to a sensitivity of 55.6% (95% CI 26.7–81.1%). 
The absolute difference in sensitivity was 33.3 percentage points (95% CI −7.9 to 63.6); however, this difference was 
not statistically significant using an exact comparison (p=0.294). Specificity was 90.3% (28/31; 95% CI 75.1–96.7%) 
in the intervention group and 87.1% (27/31; 95% CI 71.1–94.9%) in the control group, giving an absolute difference of 
3.2 percentage points (95% CI −13.9 to 20.4; p=1.000). Positive and negative predictive values were numerically 
greater with the intervention strategy, but the corresponding confidence intervals were wide and the between-
group differences were not statistically significant (Table 2). 

Among the 39 participants per group with longitudinal biomarker measurements, the mean five-miRNA panel index 
increased from 1.02 ± 0.18 at baseline to 2.84 ± 0.62 at week 24 in the intervention group, representing a mean 
within-group change of 1.82 (95% CI 1.61–2.03; p<0.001). In the control group, the corresponding values were 1.05 ± 
0.19 and 1.18 ± 0.31, with a mean change of 0.13 (95% CI 0.02–0.24; p=0.022). At week 24, the mean panel index was 
1.66 units greater in the intervention group than in the control group (95% CI 1.44–1.88; p<0.001), corresponding to a 
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large, standardized difference (Hedges g=3.35). Serum AFP increased in both groups. At week 24, mean AFP was 
34.6 ± 22.1 ng/mL in the intervention group and 27.8 ± 18.4 ng/mL in the control group; the between-group difference 
of 6.80 ng/mL was not statistically significant (95% CI −2.38 to 15.98; p=0.144; Hedges g=0.33) (Table 3). 

Repeated-measures analysis demonstrated significant effects of time (F[2,152]=18.42, p<0.001; partial η²=0.195) 
and group (F[1,76]=24.15, p<0.001; partial η²=0.241), together with a significant time-by-group interaction 
(F[2,152]=12.87, p<0.001; partial η²=0.145). These results indicate that the longitudinal pattern of the measured five-
miRNA index differed between the two study groups across the reported assessment period (Table 4).  

The reported area under the receiver operating characteristic curve was 0.92 (95% CI 0.85–0.99) for the AI-guided 
surveillance strategy compared with 0.68 (95% CI 0.54–0.82) for standard surveillance, with a reported between-
group difference of 0.24 (95% CI 0.08–0.40; p=0.004). Diagnostic lead time was reported as 4.8 ± 1.6 months in the 
intervention group and 1.4 ± 1.2 months in the control group, corresponding to a mean difference of 3.4 months (95% 
CI 1.8–5.0; p=0.001). Tumors were detected at a mean size of 1.4 ± 0.3 cm in the intervention group and 2.3 ± 0.6 cm 
in the control group, with a reported difference of −0.9 cm (95% CI −1.4 to −0.4) (Table 5). In addition, week-24 miR-
21 fold-change was positively correlated with radiologically determined tumor diameter (r=0.68, p=0.002). 

DISCUSSION 

The present study evaluated whether adding an AI-selected circulating five-miRNA panel to conventional HCC 
surveillance could improve early detection among adults with cirrhosis at high risk of HCC. The augmented 
surveillance strategy showed a numerically higher sensitivity than standard surveillance, while specificity remained 
broadly comparable between the groups. However, after exact reanalysis of the reported diagnostic counts, the 
difference in sensitivity was not statistically significant and was accompanied by wide confidence intervals, 
reflecting the small number of confirmed HCC cases. In contrast, the reported overall discrimination measured by 
the area under the receiver operating characteristic curve was greater with the augmented strategy, and 
participants in that group had an earlier reported diagnostic lead time and smaller tumors at detection. Taken 
together, these findings suggest a potentially useful diagnostic signal, but the magnitude and reliability of that 
signal require cautious interpretation. 

The observed pattern is broadly compatible with the growing literature supporting molecular biomarkers as 
adjuncts to conventional HCC surveillance rather than replacements for established imaging and serum-based 
approaches. Contemporary reviews of point-of-care and circulating biomarker strategies emphasize that early HCC 
detection is unlikely to depend on a single analyte and increasingly involves combinations of molecular markers, 
computational interpretation, and conventional clinical assessment (11). Earlier tumor recognition may be clinically 
relevant because patients detected at early stages are more likely to remain candidates for potentially curative or 
disease-modifying interventions; however, the clinical value of an earlier diagnostic signal ultimately depends on 
whether it leads to appropriate confirmation and treatment rather than simply shifting the date of diagnosis (12). 
The present finding of a 3.4-month reported difference in diagnostic lead time is therefore potentially important, 
but it should not be interpreted as evidence of improved survival or reduced mortality because neither outcome 
was assessed in this study. 

The numerical increase in sensitivity observed with the five-miRNA panel is also directionally consistent with 
previous computational research showing that machine-learning methods can integrate multidimensional 
molecular information in HCC and identify patterns that may not be captured by individual conventional biomarkers 
(8). AI and machine-learning approaches are increasingly being investigated across HCC precision oncology for 
biomarker selection, classification, prognosis, and integration of heterogeneous molecular datasets (13). 
Nevertheless, diagnostic-model performance depends heavily on reproducibility, analytical standardization, model 
locking, independent validation, and avoidance of overfitting. Similar translational concerns have been emphasized 
for other circulating biomarker platforms, including extracellular-vesicle-derived markers, where promising 
discrimination in discovery studies has not automatically translated into routine clinical utility (14). Molecular-
signature research in HCC likewise indicates that tumor heterogeneity can generate substantial variability across 
populations and stages of disease, reinforcing the need for externally validated multivariable signatures rather than 
reliance on isolated molecular changes (15). 
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A plausible biological basis for circulating RNA-based detection is that hepatocarcinogenesis involves progressive 
alterations in gene regulation, signaling pathways, cellular stress responses, and tumor–microenvironment 
interactions, some of which may be reflected in circulating nucleic-acid profiles before a lesion becomes readily 
identifiable through routine imaging. Molecularly informed approaches have therefore become increasingly 
important in the broader development of HCC theranostics and precision medicine (16). Systems-biology and multi-
omics frameworks similarly emphasize that dynamic molecular networks may provide information not captured by 
anatomic imaging alone, although the translation of such complex signatures into clinically reproducible assays 
remains challenging (17). The expanding study of other circulating small-RNA classes, including transfer RNA-
derived small RNAs, further illustrates the wider biological interest in non-coding RNA signatures as potential 
diagnostic and prognostic biomarkers in HCC (18). At the same time, the marked molecular heterogeneity of HCC, 
including pathway-specific subtypes such as β-catenin-associated disease, makes it unlikely that any single 
molecular panel will perform uniformly across all patients and etiological backgrounds (19).  

The longitudinal difference in the five-miRNA panel index should be interpreted carefully. Diagnostic testing itself 
would not be expected to biologically alter circulating miRNA expression; therefore, the observed divergence 
should be viewed as a difference in measured biomarker trajectories rather than a therapeutic effect of allocation 
to the surveillance strategy. The large standardized difference in the week-24 panel index suggests that the 
selected markers separated the observed groups strongly at that time point, but this finding does not by itself 
establish clinical utility. Conversely, serum AFP concentrations increased in both groups and did not differ 
significantly at week 24, supporting the rationale for exploring molecular information beyond AFP alone. The 
positive correlation between miR-21 fold-change and tumor diameter is biologically interesting, but it should be 
considered exploratory because the number of participants with confirmed tumors was small and no multivariable 
analysis was reported. 

The reported AUC difference warrants separate consideration from the single-threshold sensitivity comparison. 
AUC summarizes discrimination across a range of possible thresholds, whereas sensitivity and specificity in Table 
2 represent performance at the applied classification threshold. It is therefore possible for an ROC analysis to 
suggest better overall discrimination even when a comparison at one diagnostic cutoff is statistically imprecise. In 
the current study, however, the small number of HCC cases limits confidence in both forms of analysis. Similarly, 
the observation that tumors were smaller when detected under the augmented surveillance strategy may be 
clinically relevant because HCC treatment options depend strongly on stage and tumor characteristics, and 
continued innovation in early diagnosis complements the rapidly developing therapeutic landscape of HCC (20). 
Nonetheless, an apparent diagnostic lead-time advantage can be affected by lead-time and surveillance-related 
biases, and this study did not evaluate whether earlier recognition translated into greater treatment eligibility, 
improved recurrence-free survival, overall survival, quality of life, or cost-effectiveness. 

Several features strengthen the study. The prospective randomized allocation created contemporaneous 
comparison groups receiving the same conventional surveillance schedule, while allocation concealment and 
blinding of laboratory and diagnostic assessors were intended to reduce selection and ascertainment bias. The 
study also assessed multiple clinically interpretable diagnostic metrics rather than relying on accuracy alone and 
incorporated longitudinal molecular measurements across the surveillance period. In addition, evaluation in a high-
risk cirrhotic population reflects the group in whom supplementary HCC surveillance tools would be most clinically 
relevant. 

Important limitations substantially temper the interpretation of the findings. The trial was conducted at a single 
center and included a modest overall sample with very few confirmed HCC events, resulting in wide confidence 
intervals and limited statistical power for diagnostic comparisons. The recalculated sensitivity difference was not 
statistically significant, and the positive and negative predictive values were similarly imprecise. The available 
manuscript also does not provide sufficient detail regarding the derivation and locking of the AI-selected five-
miRNA panel, the classification threshold, or the analytical procedures required for complete qRT-PCR 
reproducibility. External validation was not performed, and the etiologically mixed cirrhotic population was too 
small for reliable subgroup analyses according to hepatitis B, hepatitis C, or metabolic dysfunction-associated 
steatohepatitis. The 24-week surveillance period limits assessment of longer-term diagnostic performance, 
interval cancers, treatment consequences, and patient-centered outcomes. In addition, the study did not evaluate 
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mortality, cost-effectiveness, implementation feasibility, or downstream harms arising from false-positive 
investigations. 

Overall, the results support continued evaluation of AI-selected circulating miRNA signatures as an adjunct to 
established HCC surveillance rather than immediate clinical replacement of conventional testing. The combination 
of numerically greater sensitivity, greater reported ROC discrimination, and earlier detection is sufficiently 
encouraging to justify further validation, but the current evidence remains preliminary because of the limited event 
count and uncertainty surrounding several diagnostic estimates. Larger multicenter studies using prespecified and 
independently validated molecular algorithms, standardized laboratory procedures, clearly defined diagnostic 
thresholds, complete reference-standard assessment, and longer follow-up will be necessary to determine whether 
the apparent diagnostic advantage is reproducible and whether it results in meaningful improvements in clinical 
management. 

CONCLUSION 

The addition of an AI-selected five-miRNA panel to standard HCC surveillance showed a numerically higher 
sensitivity and greater reported overall diagnostic discrimination than standard surveillance alone, while specificity 
remained similar between the strategies. The augmented approach was also associated with an earlier reported 
diagnostic lead time and smaller tumor size at detection; however, the recalculated sensitivity difference was not 
statistically significant and the estimates were limited by the small number of confirmed HCC cases. These findings 
indicate that circulating multi-miRNA profiling may have potential as an adjunctive early-detection strategy in high-
risk patients with cirrhosis, but larger independently validated studies are required before its diagnostic 
performance or clinical utility can be established. 
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