
O R I G I N A L  R E S E A R C H

Noninvasive Prediction of High Ki-67 Expression 
in Hepatocellular Carcinoma Using 
Multiparametric MRI and Clinical Biomarkers
Fan Zhang1,2,*, Gen Chen1,*, Mengqi Huang1, Yang Yang1, Zixiong Wang1, Yaqi Shen 1, Yan Luo1,*, 
Xuemei Hu 1,*, Zhen Li 1

1Department of Radiology, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, Hubei, People’s Republic 
of China; 2Department of Radiology, The First Affiliated Hospital of Xi’an Jiaotong University, Xi’an, Shaanxi, People’s Republic of China

*These authors contributed equally to this work 

Correspondence: Xuemei Hu; Yan Luo, Department of Radiology, Tongji Hospital, Tongji Medical College, Huazhong University of Science and 
Technology, 1095 Jiefang Avenue, Qiaokou District, Wuhan, Hubei, 430030, People’s Republic of China, Tel +86-13647201714; +86-13476867839, 
Email mayjuly3720@163.com; yanluo@hust.edu.cn

Purpose: This study aimed to develop and validate a noninvasive multiparametric magnetic resonance imaging (MRI) model 
integrating hepatobiliary-phase T1 mapping (T1HBP), tumor-to-liver R2-star ratio (TLRR2*), and clinical biomarkers to predict 
high Ki-67 expression (>30%) in patients with hepatocellular carcinoma (HCC).
Patients and Methods: In this retrospective study, 60 patients with histopathologically confirmed HCC who underwent preoperative 
multiparametric MRI—including T1 mapping, proton density fat fraction (PDFF), and R2-star sequences—were enrolled. Based on 
immunohistochemical analysis, patients were classified into high (n=22) and low (n=38) Ki-67 expression groups. Clinical data and 
quantitative MRI parameters were compared between groups. Univariate and multivariate logistic regression analyses were conducted 
to identify independent predictors of high Ki-67 expression. The diagnostic performance of each parameter and the combined model 
was evaluated using receiver operating characteristic (ROC) curve analysis.
Results: Multivariate analysis identified serum total bilirubin (TBil; OR=1.109, p=0.032), T1HBP (OR=1.004, p=0.026), and 
TLRR2* (OR=5.428, p=0.034) as independent predictors of high Ki-67 expression. The multiparametric model incorporating TBil, 
T1HBP, and TLRR2* achieved superior predictive performance, with an area under the ROC curve (AUC) of 0.813 (95% CI: 
0.704–0.923), significantly outperforming individual parameters (T1HBP AUC=0.682, TLRR2* AUC=0.671, TBil AUC=0.664; all 
p<0.05). Interobserver agreement for imaging measurements was excellent (ICC > 0.80).
Conclusion: The combined multiparametric MRI model incorporating T1HBP, TLRR2*and TBil provides a noninvasive approach 
for predicting high proliferative activity in HCC, representing a promising tool for preoperative risk stratification and personalized 
treatment planning.
Keywords: hepatocellular carcinoma, magnetic resonance imaging, Ki-67, prognosis, biomarkers, tumor microenvironment

Introduction
Hepatocellular carcinoma (HCC) is a leading cause of cancer-related mortality worldwide, with over 800,000 new cases 
annually and generally poor patient outcomes, representing a persistent major global health burden.1,2 For patients with 
intermediate-stage HCC as defined by the Barcelona Clinic Liver Cancer (BCLC) staging system, transarterial che
moembolization (TACE) remains the standard treatment, applied in over 50% of cases; however, treatment responses are 
highly variable.3–5 This variability is primarily due to the tumor’s biological behavior, particularly its marked hetero
geneity in invasiveness and proliferative activity, which are central to treatment resistance and long-term prognosis.6,7

The Ki-67 nuclear antigen is a key marker of cellular proliferation, with expression levels closely correlating with 
histological grade, risk of early recurrence, and poor survival outcomes in HCC, thus offering well-established prognostic 
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value.8–10 Alongside other histopathological features like microvascular invasion (MVI), Ki-67 status is crucial for risk 
stratification.11 However, current clinical assessment relies on immunohistochemical analysis of biopsy or surgical 
specimens.12 This invasive approach carries risks such as bleeding and needle-track seeding. Moreover, the inherent 
intratumoral heterogeneity of HCC introduces sampling bias, limiting accurate assessment of global proliferative status.13 

Consequently, this method does not fulfill clinical requirements for precise preoperative risk evaluation or dynamic post- 
treatment monitoring.

Therefore, there is an urgent unmet need for an imaging biomarker capable of noninvasively, comprehensively, and 
reproducibly quantifying tumor proliferative activity. Advances in quantitative magnetic resonance imaging (MRI) offer 
a promising avenue. Several tissue-sensitive techniques are now clinically available for precise quantification of distinct 
pathophysiological features of the tumor microenvironment: T1 mapping quantifies tissue longitudinal relaxation time, 
providing sensitivity to cellularity, fibrosis, and extracellular matrix changes; prior studies have demonstrated an 
association between T1 values and HCC pathological grade.14,15 Proton density fat fraction (PDFF) precisely measures 
tissue triglyceride content and is valuable for detecting metabolic reprogramming—a hallmark of cancer linked to 
proliferation, varying with tumor differentiation and genetic phenotype.16,17 R2-star mapping, by assessing blood oxygen 
level-dependent (BOLD) effects and paramagnetic substances such as hemosiderin, sensitively reflects the hypoxic tumor 
microenvironment and secondary hemorrhage; hypoxia is a central driver of malignant progression, angiogenesis, and 
therapy resistance in HCC.18,19

Although these techniques have each demonstrated utility in liver disease assessment, prior studies evaluating 
imaging biomarkers for Ki-67 expression have primarily focused on single parameters (eg, ADC value or T1 value), 
often yielding inconsistent results and limited predictive performance, failing to capture the complexity of tumor 
biology.20 Notably, there is a paucity of studies rigorously and concurrently comparing T1 mapping, PDFF, and R2- 
star mapping—three modalities reflecting complementary biological domains (structural, metabolic, and hypoxic)—to 
systematically assess their individual and combined value in predicting Ki-67 expression in HCC.21–23 This study aims to 
address this gap. We hypothesize that an MRI model integrating these multiparametric data will provide additive 
predictive value beyond any single parameter, enabling more comprehensive and accurate characterization of tumor 
proliferative activity and mitigating sampling errors caused by intratumoral heterogeneity in biopsies. As an initial 
exploratory investigation, this study seeks to develop and provide preliminary evidence for such a multiparametric 
model. This study is anticipated to deliver a powerful imaging tool for noninvasive preoperative identification of highly 
proliferative HCC, optimization of individualized treatment strategies, and improvement of patient outcomes.

Materials and Methods
Study Design and Patient Selection
This retrospective study was approved by the Institutional Review Board of Tongji Hospital (approval number: TJ- 
IRB20231133). A waiver of informed consent was granted. Eligible patients (n = 215) were identified by a systematic 
search of the electronic medical record system for cases between September 2021 and September 2023. Inclusion criteria 
comprised: (1) histopathological confirmation of HCC; (2) preoperative multiparametric MRI, including T1 mapping, 
PDFF, and R2-star sequences; and (3) availability of a complete Ki-67 IHC report. Exclusion criteria were: (1) history of 
any locoregional or systemic therapy for HCC (eg, TACE, ablation, or targeted therapy) (n = 98); (2) severe MRI artifacts 
precluding quantitative analysis (n = 12); and (3) insufficient pathological specimen or missing Ki-67 report (n = 45).

A total of 60 patients met all eligibility criteria and were included in the final analysis. Based on postoperative Ki-67 
index values, using a clinically relevant cutoff of 30%,24 patients were categorized into a high-expression group (>30%; 
n = 22) and a low-expression group (≤30%; n = 38). The patient selection process is summarized in the flowchart 
(Figure 1).

Data Collection
Clinical, laboratory, and pathological data were retrospectively extracted from the institutional electronic medical record 
system. The following variables were collected: demographic data (age, sex); laboratory parameters (alanine aminotransferase 
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[ALT], aspartate aminotransferase [AST], albumin, serum total bilirubin [TBil], creatinine, prothrombin time [PT], interna
tional normalized ratio [INR], alpha-fetoprotein [AFP]); viral infection status (hepatitis B virus [HBV], hepatitis C virus 
[HCV]); and pathological characteristics (tumor type, Ki-67 index). All data were anonymized upon extraction in strict 
accordance with institutional protocols for data security and patient privacy.

MRI Acquisition
All examinations were performed on a 3.0T MRI system (MAGNETOM Skyra, Siemens Healthineers) equipped with an 
18-channel phased-array body coil. Patients were imaged in the supine, feet-first position. The imaging protocol 
comprised routine clinical sequences and dedicated quantitative sequences as follows:

T1 Mapping: Acquired using a B1-corrected dual flip-angle volumetric interpolated breath-hold examination (VIBE) 
sequence; parameters: repetition time (TR), 5.01 ms; echo time (TE), 2.3 ms; field of view (FOV), 380×380 mm; slice thickness, 
4.0 mm; voxel size, 0.8×0.8 × 4.0 mm; flip angles, 3° and 15°. T1 maps were automatically generated by the scanner.

Multi-echo DIXON Sequence: Employed for simultaneous PDFF and R2-star quantification during a single breath- 
hold (duration ~20 s); parameters: TR, 9.00 ms; TEs: 1.05, 2.46, 3.69, 4.92, 6.15, and 7.38 ms; FOV, 450×450 mm; slice 
thickness, 3.5 mm; voxel size, 1.4×1.4 × 3.5 mm; flip angle, 4°.

Gadoxetic acid (Primovist, Bayer) was administered intravenously at a dose of 0.1 mL/kg body weight, at a rate of 1.0 mL/s, 
followed by a 30 mL saline flush. Hepatobiliary phase T1-weighted VIBE images were acquired 20 minutes post-injection.

Image Analysis
Image postprocessing was performed using the 3D Slicer platform (version 5.2.1). All analyses were conducted by 
a radiologist with more than five years of experience in abdominal imaging. Tumor volumes of interest (VOIs) were 
delineated on source and water images of the T1 mapping sequence using a semi-automatic threshold-based seed- 
growing algorithm. The initial seed point was placed centrally within the solid tumor region, carefully excluding 
necrosis, hemorrhage, major vessels, and image artifacts. The resulting VOI from the water images was transferred to 

Figure 1 Flowchart of the study population.
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rigidly co-registered PDFF and R2-star maps. Slice-by-slice verification of tumor boundaries was performed, with 
minimal manual correction as needed. Mean T1, PDFF, and R2-star values within the VOI were automatically computed. 
Representative MRI examples are provided in Figures 2 and 3.

Interobserver agreement was evaluated by an independent second radiologist, who repeated VOI delineation and 
quantitative measurements in a randomly selected subset of 30 cases (50%), blinded to clinical and pathological data. For 
background liver assessment, three circular regions of interest (ROIs; each approximately 100 mm2) were manually 
positioned on non-tumorous hepatic parenchyma on T1 maps, avoiding the liver edge, major vessels, bile ducts, and 
visible lesions. The mean of these measurements was recorded as the background liver value.

To enhance the reproducibility of this study, the calculation methods for the derived parameters are explicitly 
provided as follows:

1. ΔT1% (Percentage change in T1 after contrast administration):

where T1pre is the pre-contrast T1 value and T1HBP is the hepatobiliary phase T1 value.

2. Tumor-to-Liver Ratio (TLR):

Figure 2 Multi-parametric MRI and corresponding histopathological images of a 60-year-old female patient with HCC, with a Ki-67 LI of 5%. 
Notes All arrows (A–F) point to the same tumor location in the corresponding anatomical slice, facilitating cross-sequence correlation. (A) T2-weighted axial image for 
tumor localization, with the arrow marking the largest cross-sectional diameter of the neoplasm. (B) Axial water-phase image used to outline the region of interest (ROI) for 
subsequent replication onto PDFF and R2* quantitative maps. (C) Axial PDFF map quantifying hepatic steatosis. (D) Axial R2* map assessing tissue iron deposition through 
signal intensity decay rates. (E) Axial precontrast T1 map for calculating T1 relaxation times. (F) Axial hepatobiliary-phase T1 map post Gd-EOB-DTPA administration, 
delineating hepatocellular function and lesion contrast uptake. The color bars in panels (C–F) indicate the quantitative scale for the respective parametric maps (PDFF in %, 
R2* in Hz, T1 in ms).
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This formula was applied to calculate both TLRPDFF (based on PDFF) and TLRR2* (based on R2*).

Statistical Analysis
Statistical analyses were performed using SPSS (version 22.0; IBM Corp.) and MedCalc (version 20.0; MedCalc Software 
Ltd). Normality of continuous variables was assessed with the Shapiro–Wilk test. Data are reported as mean ± standard 
deviation (SD) for normally distributed variables, or median (interquartile range [IQR]) for non-normally distributed 
variables. Categorical variables are presented as frequencies (percentages). Interobserver agreement was quantified using 
the intraclass correlation coefficient (ICC) with 95% confidence intervals (CI); an ICC > 0.75 was considered indicative of 
good agreement. Group differences were assessed using the independent samples t-test (normal distribution) or Mann– 
Whitney U-test (non-normal distribution) for continuous variables, and the chi-square test or Fisher’s exact test for 
categorical variables. Variables with a univariate p value < 0.10 were included in the initial multivariate logistic regression 
model. Diagnostic performance of individual imaging parameters and a combined logistic regression model for prediction 
of high Ki-67 expression was evaluated by receiver operating characteristic (ROC) curve analysis. The area under the curve 
(AUC) was calculated; comparisons between AUCs were performed with DeLong’s test. A two-tailed p-value < 0.05 was 
considered statistically significant.

Results
Patient Baseline Characteristics
A total of 60 patients who met all inclusion and exclusion criteria were included in the final analysis (High Ki-67 group: 
n = 22; Low Ki-67 group: n = 38). The patient selection process is detailed in Figure 1.

No statistically significant differences were observed between the two groups regarding age, hepatic and renal 
function (ALT, AST, albumin, creatinine), coagulation profile (PT, INR), or underlying viral hepatitis status (HBV, 

Figure 3 Multi-parametric MRI and corresponding histopathological images of a 51-year-old male patient with HCC, with a Ki-67 LI of 40%. 
Notes All arrows (A–F) point to the same tumor location in the corresponding anatomical slice, facilitating cross-sequence correlation. (A) T2-weighted axial image for 
tumor localization, with the arrow marking the largest cross-sectional diameter of the neoplasm. (B) Axial water-phase image used to outline the region of interest (ROI) for 
subsequent replication onto PDFF and R2* quantitative maps. (C) Axial PDFF map quantifying hepatic steatosis. (D) Axial R2* map assessing tissue iron deposition through 
signal intensity decay rates. (E) Axial precontrast T1 map for calculating T1 relaxation times within hepatic parenchyma and neoplasm. (F) Axial hepatobiliary-phase T1 map 
post Gd-EOB-DTPA administration, delineating hepatocellular function and lesion contrast uptake. The color bars in panels (C–F) indicate the quantitative scale for the 
respective parametric maps (PDFF in %, R2* in Hz, T1 in ms).
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HCV) (all p > 0.05). However, the proportion of male patients was significantly higher in the high Ki-67 expression 
group (100.0% vs 84.2%, p = 0.049). Additionally, the high Ki-67 group exhibited significantly elevated TBil (median: 
14.30 mg/dL vs 11.00 mg/dL, p = 0.043) and AFP (median: 350.00 ng/mL vs 11.37 ng/mL, p = 0.004). The baseline 
demographic and clinical characteristics of both groups are summarized in Table 1.

Intergroup Analysis of Quantitative MRI Parameters
Comparative results of quantitative MRI parameters between the high and low Ki-67 expression groups are presented in 
Table 2. No significant differences were found in precontrast T1 values (T1pre) or the percentage change in T1 after contrast 
administration (ΔT1%) (p > 0.05). In contrast, the hepatobiliary phase T1 value (T1HBP) was significantly higher in the high 
Ki-67 group (median: 936.0 ms vs 796.0 ms, p = 0.019). The tumor proton density fat fraction (PDFFtumor) was significantly 
lower in the high Ki-67 group (median: 3.1% vs 4.0%, p = 0.044), whereas background liver PDFF (PDFFliver) and the 
tumor-to-liver PDFF ratio (TLRPDFF) showed no significant intergroup differences. For the R2-star parameter, which reflects 
tissue hypoxia and hemorrhage, neither the absolute tumor R2-star value (R2*tumor) nor the background liver R2-star value 
(R2*liver) demonstrated statistically significant differences. However, the tumor-to-liver R2-star ratio (TLRR2*) was 
significantly higher in the high Ki-67 expression group (median: 1.06 vs 0.75, p = 0.028), suggesting a greater burden of 
paramagnetic substances or hypoxia within highly proliferative tumors relative to the adjacent liver parenchyma. ICC analysis 
for all parameters yielded values exceeding 0.80, indicating excellent reproducibility of the image segmentation and parameter 
extraction methodology employed in this study.

Table 1 Baseline Characteristics of HCC Patients Stratified by Ki-67 Expression

Characteristic Total Cohort  
(n=60)

Low Ki-67 Group  
(n=38)

High Ki-67 Group  
(n=22)

p-value

Demographics

Age (years) 55.0 [48.3–59.8] 55.5 [48.8–60.2] 55.0 [48.0–50.8] 0.742

Male 54 (90.0%) 32 (84.2%) 22 (100.0%) 0.049*

Female 6 (10.0%) 6 (15.8%) 0 (0%)

Liver Function

ALT (U/L) 23.0 [17.5–38.0] 23.0 [18.0–37.5] 25.0 [16.5–38.5] 0.886

AST (U/L) 27.0 [21.0–42.0] 27.0 [20.0–45.8] 27.0 [21.5–42.0] 0.830

Albumin (g/dL) 39.4 [36.3–41.6] 38.2 [35.8–41.0] 40.1 [37.3–41.8] 0.217

Total Bilirubin (mg/dL) 12.20 [8.55–16.25] 11.00 [8.00–15.25] 14.30 [10.75–18.30] 0.043*

Coagulation Profile

PT (seconds) 13.6 [13.1–14.3] 13.7 [13.0–14.3] 13.6 [13.2–14.4] 0.718

INR 1.04 [1.00–1.11] 1.06 [0.99–1.10] 1.04 [1.00–1.12] 0.937

Tumor Marker

AFP (ng/mL) 77.70 [6.06–636.35] 11.37 [3.96–324.00] 350.00 [98.05–1210.00] 0.004**

Viral Status

HBV positive 49 (81.7%) 29 (76.3%) 20 (90.9%) 0.159

HCV positive 2 (3.3%) 1 (2.6%) 1 (4.5%) 0.691

Notes: Data are presented as median [interquartile range] for continuous variables and number (percentage) for categorical variables. 
*p < 0.05, **p < 0.01. 
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; PT, prothrombin time; INR, international normalized 
ratio; AFP, alpha-fetoprotein; HBV, hepatitis B virus; HCV, hepatitis C virus.
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Predictive Analysis for Ki-67 Expression
Univariate and multivariate logistic regression analyses were performed to identify independent predictors of high Ki-67 
expression; the results are shown in Table 3. Univariate analysis identified elevated TBil (p = 0.068, marginal 
significance), AFP (p = 0.027), T1HBP (p = 0.013), and TLRR2* (p = 0.015) as significant predictors of high Ki-67 
expression. Of note, although PDFFtumor differed significantly between groups, its predictive value in univariate 
analysis was not statistically significant; it was therefore excluded from the multivariate model. The multivariate logistic 
regression model (incorporating variables with p < 0.1) confirmed TBil (OR = 1.109, 95% CI: 1.008–1.183; p = 0.032), 
T1HBP (OR = 1.004, 95% CI: 1.001–1.008; p = 0.026), and TLRR2* (OR = 5.428, 95% CI: 1.135–25.956; p = 0.034) as 
independent predictors of high Ki-67 expression. Although AFP was a significant predictor in univariate analysis 
(p=0.027), it did not retain independent significance in the multivariate model (p=0.204). Based on these independent 
predictors, a nomogram was constructed for individualized risk prediction (Figure 4).

The predictive performance of individual parameters and combined models was evaluated using ROC curve analysis 
(Figure 5). Among the single predictors, T1HBP demonstrated the highest diagnostic efficacy (AUC = 0.682), with 
TLRR2* and TBil showing comparable performance (AUC = 0.671 and 0.664, respectively). Pairwise comparisons 
revealed no significant differences between these AUC values (DeLong’s test, p > 0.05). Combination models signifi
cantly enhanced predictive performance. A model integrating the two imaging parameters (T1HBP + TLRR2*) achieved 
an AUC of 0.761. The most robust predictive model incorporated all three independent predictors (TBil + T1HBP + 
TLRR2*), yielding an AUC of 0.813 (95% CI: 0.704–0.923) and demonstrating strong discriminatory power for 
identifying highly proliferative HCC.

Discussion
This study demonstrates that a multiparametric MRI model—integrating derived parameters such as T1HBP and 
TLRR2* measured from gadoxetic acid-enhanced T1 and R2-star mapping—shows promising potential for predicting 
high proliferative activity in HCC. The combined model demonstrated superior diagnostic accuracy compared to 

Table 2 Quantitative MRI Parameters in Low Vs High Ki-67 Expression Groups

MRI Parameter Low Ki-67 Group (n=38) High Ki-67 Group (n=22) p-value

T1 Relaxometry (ms)

T1pre 1323.0 [1178.0–1494.0] 1434.0 [1188.5–1600.5] 0.141

T1HBP 796.0 [693.8–928.5] 936.0 [826.0–1028.5] 0.019*

ΔT1% 0.40 [0.31–0.49] 0.33 [0.24–0.38] 0.121

Proton Density Fat Fraction (%)

Tumor PDFF 4.0 [2.6–7.1] 3.1 [2.1–4.1] 0.044*

Liver PDFF 2.2 [1.8–3.7] 2.7 [1.8–3.1] 0.662

TLRPDFF 1.47 [0.94–2.52] 1.17 [0.72–2.28] 0.332

R2 Mapping (Hz)*

Tumor R2* 46.0 [32.0–58.5] 48.0 [36.5–73.5] 0.514

Liver R2* 61.5 [40.5–80.3] 50.0 [37.0–67.0] 0.147

TLRR2* 0.75 [0.53–0.99] 1.06 [0.79–1.56] 0.028*

Notes: Data are presented as median [interquartile range]. Intraclass correlation coefficients for all measurements were >0.80. 
*p < 0.05. 
Abbreviations: T1pre, precontrast T1 value; T1HBP, hepatobiliary phase T1 value; ΔT1%, percentage reduction in T1 after 
contrast; PDFF, proton density fat fraction; TLR, tumor-to-liver ratio.
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individual parameters in diagnostic accuracy, offering a robust, non-invasive alternative that helps to circumvent the 
sampling bias associated with biopsy-based Ki-67 assessment.

The observed imaging phenotypes are closely aligned with underlying tumor biology. Firstly, tumors exhibiting high 
Ki-67 expression demonstrated significantly prolonged T1HBP, consistent with previous studies.20,25–27 This observation 
likely reflects the aggressive pathological features characteristic of highly proliferative HCC, typified by downregulation 
or functional loss of OATP1B3/B1 transporters, which mediate hepatocellular uptake of gadoxetic acid disodium.21,28,29 

Table 3 Univariate and Multivariable Logistic Regression Analyses for Predicting High Ki- 
67 Expression

Variable Univariate Analysis Multivariate Analysis

p-value OR (95% CI) p-value OR (95% CI)

Demographic & Clinical

Age 0.737 1.010 (0.953–1.070) – –

Sex (Male)§ 0.999 0 – –

ALT 0.988 1.000 (0.977–1.023) – –

AST 0.716 0.995 (0.967–1.023) – –

Albumin 0.168 1.122 (0.953–1.322) – –

Tbil 0.068† 1.099 (0.993–1.216) 0.032* 1.109 (1.008–1.183)

Creatinine 0.902 0.998 (0.961–1.036) – –

PT 0.347 1.245 (0.788–1.968) – –

INR 0.608 0.766 (0.276–2.122) – –

AFP 0.027† 1.001 (1.000–1.002) 0.204 –

HBV (Positive)§ 0.301 2.414 (0.454–12.842) – –

HCV (Positive)§ 0.698 1.750 (0.104–29.528) – –

Imaging Parameters

T1pre 0.116 1.002 (1.000–1.003) – –

T1HBP‡ 0.013† 1.004 (1.001–1.008) 0.026* 1.004 (1.001–1.008)

ΔT1% 0.101 0.101 (0.002–5.493) – –

PDFFtumor‡ 0.062† 0.814 (0.656–1.011) – –

PDFFliver 0.64 0.952 (0.773–1.172) – –

PDFF-TLR 0.358 0.835 (0.568–1.227) – –

R2*tumor 0.541 1.006 (0.987–1.026) – –

R2*liver 0.169 0.985 (0.963–1.007) – –

TLRR2* 0.015† 6.040 (1.428–25.542) 0.034* 5.428 (1.135–25.956)

Notes: §Categorical variables: Sex (reference = female), HBV and HCV (reference = negative). †Variables with p < 0.1 
in univariate analysis were included in the multivariate logistic regression model. *p < 0.05 in multivariate analysis 
indicates an independent predictor. – Not included in the multivariate model. 
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; AFP, alpha-fetoprotein; HBV, 
hepatitis B virus; HCV, hepatitis C virus; TBil, total bilirubin; PT, prothrombin time; INR, international normalized 
ratio; T1pre, precontrast T1 mapping; T1HBP, hepatobiliary-phase T1 mapping; ΔT1%, percentage change in T1 
after contrast; PDFF, proton density fat fraction; TLR, tumor-to-liver ratio; R2*, R2-star mapping.
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Furthermore, the abnormal and disorganized intratumoral neovasculature and arteriovenous shunting in these tumors can 
lead to impaired perfusion, which hinders the delivery of contrast agents.29,30 The combined effect of reduced transporter 
expression and impaired perfusion ultimately diminishes contrast uptake in aggressive HCCs, manifesting as a prolonged 
T1HBP2.

Secondly, an elevated TLRR2* was strongly associated with increased Ki-67 expression and heightened proliferative 
activity. R2-star values reflect tissue magnetic susceptibility, primarily influenced by paramagnetic compounds such as 
deoxyhemoglobin (a marker of hypoxia) and hemosiderin (indicative of hemorrhage).31 A higher TLRR2* ratio suggests 

Figure 4 A predictive nomogram for HCC incorporating R2*-TLR, TBil, and T1-HBP, translating total points into a probability of high Ki-67 LI.

Figure 5 ROC curve analysis of TBil, T1-HBP, and R2*-TLR as individual and combined predictors for Ki-67 LI in HCC. 
Notes: The ROC curves illustrating the predictive performance of various parameters and their combinations for high Ki-67 expression in HCC patients. The AUC values 
for each parameter and combination are as follows: TBil: AUC=0.664 (95% CI, 0.523 to 0.805); T1-HBP: AUC=0.682 (95% CI, 0.541 to 0.824); R2*-TLR: AUC=0.671 (95% 
CI, 0.516 to 0.826); TBil + T1-HBP: AUC=0.761 (95% CI, 0.639 to 0.883); TBil + R2*-TLR: AUC=0.745 (95% CI, 0.613 to 0.880); T1-HBP + R2*-TLR: AUC=0.761 (95% CI, 
0.631 to 0.890); TBil + T1-HBP + R2*-TLR: AUC=0.813 (95% CI, 0.704 to 0.923).
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a greater concentration of these materials within tumors relative to the surrounding liver. Rapidly proliferating tumors 
have increased oxygen consumption, predisposing them to chronic hypoxia.32,33 This microenvironment stimulates 
vascular endothelial growth factor (VEGF) overexpression, facilitating angiogenesis and epithelial-mesenchymal transi
tion (EMT)—processes intrinsically linked to tumor invasion and metastatic potential.34,35 Thus, TLRR2* serves as 
a non-invasive imaging biomarker indicative of a more aggressive tumor microenvironment. Notably, although univariate 
analysis revealed differences in tumor PDFF between groups, PDFF was not an independent predictor in the multivariate 
model. This finding highlights the complex, potentially non-linear relationship between lipid metabolic reprogramming 
and proliferation in HCC, which likely varies across molecular subtypes and warrants further investigation.36–38

The principal innovation of our study lies in its comprehensive approach. Unlike prior research that predominantly 
focused on individual parameters, we concurrently and systematically evaluated multiple MRI indices reflecting diverse 
biological aspects—including hepatocellular function, hypoxic microenvironment, and liver function—within the same 
patient cohort.39 Through rigorous statistical analyses, we quantitatively demonstrated the superior predictive value of the 
combined model compared to any single parameter, thereby providing compelling evidence for a multiparametric 
diagnostic strategy. Furthermore, we are the first to introduce the TLRR2* ratio in this context, which may better 
mitigate inter-individual variability than absolute R2-star values and consequently enhance model robustness.

In this study, serum TBil was identified as an independent predictor for high Ki-67 expression. The pathophysiological 
rationale may lie in the role of TBil as a systemic marker reflecting the overall hepatic pathological state and the severity of 
a pro-tumor microenvironment. Elevated TBil levels typically indicate a background of progressive liver fibrosis/cirrhosis and 
diminished functional reserve.40 Such chronic liver disease is characterized by sustained inflammation, oxidative stress, and 
cytokine dysregulation, which are key microenvironmental drivers of hepatocarcinogenesis and the shaping of a highly 
proliferative tumor phenotype.41–43 Furthermore, as an endogenous metabolite, bilirubin accumulation may interact with the 
heightened oxidative stress faced by tumor cells adapting to rapid proliferation, potentially influencing proliferation-related 
signaling pathways.44,45 Therefore, within our predictive model, TBil is not merely a routine liver-function parameter but also 
serves as a systemic surrogate that links the severity of underlying liver disease with local tumor biological behavior, thereby 
providing an important systemic dimension that complements the local assessment based on MRI.

The clinical implications of our model are considerable. It offers a non-invasive means of personalizing HCC manage
ment, especially for patients with BCLC intermediate-stage disease.46,47 While MVI remains a cornerstone prognostic factor, 
the Ki-67 index provides direct and complementary insight into tumor proliferative activity, which is particularly relevant to 
assessing potential sensitivity to locoregional therapies such as TACE.48,49 By pretherapeutically identifying morphologically 
intermediate-stage tumors with occult biological aggressiveness (high Ki-67), our model can directly inform clinical decision- 
making.50,51 For these high-risk individuals, initial TACE may be suboptimal; our model provides an objective rationale for 
upfront consideration of combination therapies or first-line systemic treatments (eg, targeted agents or immunotherapy), 
potentially avoiding treatment delays and improving clinical outcomes.52–57 Moreover, our model may serve as a novel 
biomarker for dynamic, non-invasive monitoring of changes in proliferative activity following therapeutic intervention.58–60

Several limitations of our study should be acknowledged. First, its retrospective single-center design introduces the 
potential for selection bias.61,62 Furthermore, to safeguard the integrity of the primary endpoint, 45 patients were 
excluded owing to missing Ki-67 data, a decision that, while methodologically necessary, may limit generalizability. 
Second, the limited sample size of this study, with a relatively small number of cases in the high Ki-67 group (22 out of 
60), may compromise the stability of the multivariate model and increase the risk of overfitting. Therefore, although the 
model demonstrates promising predictive performance, the results should be interpreted with caution. The findings are 
considered preliminary and await external validation in prospective, larger-scale, multicenter cohorts to further confirm 
their generalizability and clinical applicability.63 Third, despite stringent quality control protocols for MRI data acquisi
tion, measurement accuracy may be influenced by scanner performance, sequence parameters, and operator expertise.64 

Lastly, our analysis was based on mean region-of-interest measurements;65 future studies should employ radiomics 
approaches to extract high-throughput features throughout the entire tumor volume, thereby more comprehensively 
capturing intratumoral spatial heterogeneity and potentially further enhancing predictive performance.

In conclusion, we developed and preliminarily validated a combined model based on widely available clinical 
multiparametric MRI sequences that non-invasively and accurately predicts HCC proliferative activity, outperforming 
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traditional single-parameter approaches. This tool provides robust support for non-invasive, preoperative assessment of 
tumor aggressiveness and holds significant potential to optimize personalized treatment strategies. Subsequent prospec
tive, multi-center validation is essential to facilitate clinical translation of these findings.

Conclusion
We developed a noninvasive model integrating T1HBP, TLRR2*and serum TBil for predicting high Ki-67 expression in 
HCC. This multiparametric approach demonstrated improved diagnostic performance compared to individual parameters 
in our cohort, suggesting its potential as a preoperative tool for assessing tumor proliferative activity. While our findings 
are promising, they are based on a single-center retrospective study with a limited sample size. Therefore, further 
validation in larger, prospective multicenter studies is warranted before clinical application.
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