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Purpose: By far, non-invasive methods assessing Ki-67 are still scarce. This study was performed to evaluate the capability of 
radiomics based on contrast-enhanced CT in predicting expression of Ki-67 in hepatocellular carcinoma (HCC).
Patients and Methods: HCC patients who underwent curative hepatectomy were included. The optimal Ki-67 cutoff value for 
prognostic stratification was determined using maximum selection rank statistics. The Least Absolute Selection and Shrinkage 
Operator (LASSO) regression analysis was used for dimension reduction and data screening to obtain radiomics features. The 
radiomics model, clinical model and combined model integrating radiomics features and clinical indicators for predicting Ki-67 
were constructed. The predictive efficacy among the models was compared using C-index, and further verified through DeLong test, 
decision curves and clinical impact curves.
Results: The optimal cutoff value for Ki-67 was 0.25. A total of 2553 radiomics features were obtained and after stability testing (by 
intraclass correlation coefficient ≥0.75) and feature selection (LASSO), four radiomics features that were highly correlated and stable 
with the expression of Ki-67 were included in the model construction. Multivariate analyses revealed that alpha-fetoprotein and 
intratumoral necrosis or radiomics features were independent predictors of Ki-67. The clinical model, radiomics model and combined 
model were constructed, respectively. The C-indices of Ki-67 for clinical model, radiomics model and the combined model were 0.75, 
0.82 and 0.88. DeLong test, decision curves and clinical impact curves further confirmed that the inclusion of radiomics features 
improved the predictive efficacy of the model.
Conclusion: The comprehensive model based on contrast-enhanced CT radiomics could non-invasively and effectively predict the 
expression of Ki-67, suggesting its value in clinical decision-making.
Keywords: hepatocellular carcinoma, radiomics, Ki-67, prognosis

Introduction
Globally, hepatocellular carcinoma (HCC) is one of the most commonly diagnosed malignant tumors.1 HCC is 
a heavy burden on the medical system and nearly a half of patients with HCC are from China.2–4 A series of 
clinicopathological parameters assessing outcomes of patients after treatments have been reported, of which, Ki-67 is 
a prognostic marker indicating proliferation activity.5,6 For patients with high risk of recurrence after curative-intent 
hepatectomy, transcatheter arterial chemoembolization (TACE) is recommended to reduce the risk of recurrence.7 Ki- 
67 was found to be up-regulated among unresponsive HCC and its high expression was significantly associated with 
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poor outcomes after TACE.8,9 In a study assessing the effects of Ki-67 on patients with liver metastasis of 
neuroendocrine tumor undergoing yttrium-90 (Y-90) or TACE treatment, it was demonstrated that patients with 
high expression of Ki-67 benefited more from Y-90 treatment while those with low expression of Ki-67 benefited 
more from TACE.10

Considering that Ki-67 was closely correlated with treatment, assessment of its expression is of huge significance. 
However, conventional method predicting (ie immunohistochemical staining) its expression is unsatisfactory. First, it is 
an invasive method, and HCC tissue must be obtained either via ultrasonography-guided fine needle biopsy or 
hepatectomy. Second, this method postpones formulating optimal treatment. Third, it costs more to assess Ki-67 
expression in this way. However, these methods are not directly linked to patient prognosis. Therefore, a method that 
determines a cutoff value based on its association with survival outcomes is more clinically relevant, as Ki-67 is a known 
prognostic factor. Thus, it is necessary for us to develop a non-invasive and less expensive way assessing the expression 
of Ki-67. As a novel technology of precision medicine, radiomics could help us realize the transformation from 
qualitative analysis to quantitative analysis.11–13 By radiomics, we could perform more complex analysis of imaging 
features far beyond qualitative evaluation of tissue alterations, making it possible for us to perform quantitative imaging 
analysis to provide personalized diagnosis and treatment to patients with HCC.13–15 It is well known that CT has become 
a standard workhorse for diagnosis and staging of HCC, making a CT-based radiomics model a highly practical tool. The 
present study was performed to assess whether radiomics based on preoperative enhanced CT could accurately provide 
the expression of Ki-67.

Materials and Methods
Study Population
Clinicopathological data of patients with HCC undergoing curative-intent hepatectomy at Beijing Tsinghua Changgung 
Hospital, Tsinghua University between May 2015 and January 2022 were retrospectively reviewed. The inclusion criteria 
were as follows: pathologically diagnosed HCC; curative-intent hepatectomy as the initial treatment; complete CT 
information including three phases; complete clinicopathological and follow-up information. The exclusion criteria 
were as follows: incomplete clinicopathological data; incomplete imaging information or poor imaging quality; perio
perative mortality.

Some inflammatory parameters were included, such as neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte 
ratio (PLR), lymphocyte-to-monocyte ratio (LMR), derived neutrophil-to-lymphocyte ratio (dNLR) and prognostic 
nutritional index (PNI). These inflammatory parameters were obtained adopting the same methods as in our previous 
study.16 The follow-ups took place on the phone or at the outpatient department. The case managers and hepatobiliary 
surgeons were responsible for follow-ups.

Staining and Counting of Ki-67
HCC tissues were cut into 4um sections after being fixed in formalin and embedded in paraffin. These sections were then 
separated with xylene and rehydrated with various concentrations of alcohol (100%, 95%, 85%, and 75%). Endogenous 
peroxidase activity was then inhibited by adding 0.3% hydrogen peroxide. These sections were then boiled under 
pressure in a solution concentration containing 10mM citrate buffer solution (pH 6.0) to complete antigen retrieval. 
Subsequently, these sections were incubated with goat serum blocking solution for 30 min at 37°C. Ultimately, these 
sections were incubated using primary antibodies overnight at 4°C. Primary antibodies against Ki-67 were purchased 
from Invitrogen (14–5698-82). On the second day, after being washed three times, these sections were stained using 3,3,- 
Diaminobenzidine (DAB) and restained using hematoxylin. Then, the expression of Ki-67 was evaluated by observing 
the staining of nucleus. Brownish meant positive Ki-67 expression. There is no universally accepted method assessing 
Ki-67 expression in HCC, and we randomly chose three tumor regions to assess Ki-67 expression, which was consistent 
with a guideline on breast cancer published in 2022.17 The expression level of Ki-67 was calculated as the average of the 
ratio of positive cells in three randomly selected tumor regions.
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Parameters for Contrast-Enhanced CT
All the CT imaging was performed by CT scanner at our center (16 or 64-slice spiral CT, GE Medical System, Siemens). 
The following parameters were acquired: the voltage was 120 kV; the electric current ranged from 100 to 500 mA; the 
rotation time was 0.6 second; the collimation of detector was 40mm; the scanning area was adjusted to include the whole 
liver; the scanning matrix was 512×512. After the conventional non-enhanced CT scan, the arterial phase, portal vein 
phase, and delayed phase enhanced CT scans were performed 32, 70, and 180 seconds later, respectively. 90 to 100 mL of 
Ultravist 370 (Bayer Schering Pharma, Berlin, Germany) was administered intravenously via a pump syringe (Ulrich CT 
Plus 150, Ulrich Medical, Ulm, Germany) at a rate of 3.0 mL/s. The enhanced CT images were reconstructed with 
a thickness of 5 mm. The contrast timing was controlled by computer software, suggesting that contrast timing variability 
was minimal.

Processing and Segmentation of CT Images
5-mm thick-layer enhanced CT image was exported as DICOM files, which were further segmented using 3D Slicer 
(4.10.2) to obtain region of interest (ROI). All the image segmentation and extraction were performed by a hepatobiliary 
surgeon with 5-year experience, who was blinded to the Ki-67 status and other clinical data. We performed the whole- 
tumor segmentation. Initially, these DICOM files were imported into 3D Slicer software and the standardized window 
width (350) and window position (40) of the abdomen window width and window position module recommended by the 
software were adopted. In the segmentation module, a semi-automatic method was used to segment the liver layer by 
layer to obtain 3D ROIs.

Image Segmentation and Extraction of Features
The Pyradiomics 2.2.0 software package was adopted to extract 3D radiomics features, and all the segmented images 
were resampled into 1×1×1 mm3 size voxels to standardize voxel spacing. The recommended 25 HU box width discrete 
voxel intensity value was used to reduce image noises. In order to calculate the stability and repeatability of extracted 
features, 30 patients were randomly chosen to perform image segmentation and extraction of radiomics features by 
a hepatobiliary surgeon with 5-year experience and a radiologist with 10-year experience. The interval of radiomics 
extraction was at least 1 week. Intraclass correlation coefficients (ICCs) were used to calculate the stability of features 
extracted by the same researcher and the repeatability of features extracted by different researchers. ICCs<0.4 suggested 
poor correlation; 0.4≤ICC<0.6 suggested moderate correlation; 0.6≤ICC<0.75 suggested good correlation; ICC≥0.75 
suggested excellent correlation.18 In this study, imaging features with ICCs≥0.75 (both intra-investigators and inter- 
investigators) were included. Subsequently, the Least Absolute Selection and Shrinkage Operator (LASSO) regression 
analysis was performed to select radiomics features and the penalty parameters are adjusted by 10-fold cross verification. 
Ultimately, the radiomics score (Radscore) of each patient was obtained by weighting coefficient for each feature.

Statistical Analysis
The radiomics data of different patients were integrated using the Python 3.8. SPSS 26.0 (IBM, Armonk, NY) and 
R version 4.0.3 software (http://www.r-project.org/) was adopted for statistical analysis. R software was adopted for 
mapping. Z-score was used to standardize radiomics data. Heatmaps were plotted to demonstrate correlations between 
different radiomics features. ICCs were calculated using the “irr” package of the R software and features with ICC≥0.75 
were selected. The “glmnet” of the R software was used to perform LASSO regression and 10-fold cross-validation to 
reduce the dimensionality of high-dimensional radiomics features. The logistics regression analysis was performed to 
identify independent predictive factors. Continuous variables were demonstrated as mean (±standard deviation), while 
categorical ones were presented as numbers and percents.

The “nomogramFormula” package of the R software was used to calculate the Radscore of each patient. The optimal 
cutoff values for continuous variables were determined by maximum selection rank statistics using the “survminer” 
package of the R software. The survival curves were plotted using the Kaplan–Meier method and compared using the 
Log rank test. The receiver operating characteristic curves (ROCs) were plotted using the pROC software package and 
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were used to assess risks. The “rms” package in R software was used to develop the nomogram, and an evaluation of 
validation was conducted using the calibration curve. The C-index and the area under the ROC curve (AUC) were used 
to evaluate the predictive efficacy of the model. The DeLong test was adopted to compare area under curve of ROC. The 
decision curve and the clinical impact curve were used to assess predicted benefits. All the statistical analyses were two- 
sided in nature and P < 0.05 was considered statistically significant.

Results
Baseline Characteristics
A total of 88 patients were included, of which 65 ones were male. Sixty-five patients (73.9%) had positive HBsAg. Ten 
patients (11.4%) suffered from multiple tumors. The median expression of Ki-67 was 0.27 (0.01–0.80) (Table 1). The 
detailed process for patient selection was presented in Figure 1.

The Optimal Cutoff Value for Ki-67
It was demonstrated through the maximum selection rank statistics that the optimal cutoff value for Ki-67 was 0.25 
(Figure 2). We then assessed the impacts of Ki-67 on disease-free survival, revealing that high expression of Ki-67 was 
significantly associated with poorer disease-free survival (P=0.028) (Figure 3). The 1-year disease-free survival for the 

Table 1 Clinicopathological Data of Patients 
with Hepatocellular Carcinoma

Variables Cohort

Gender (Male) 65(73.9%)

Age (>60 years) 46(52.3)

Age (years) 62 (33–84)

HBsAg (positive) 65(73.9%)

AFP (>20ng/mL) 58(65.9%)

Tumor diameter (cm) 4.50(0.70–14.00)

Tumor number (multiple) 10(11.4%)

Cirrhosis (present) 30(34.1%)

Tumor margin (smooth) 55(62.5%)

Tumor necrosis (present) 47(53.4%)

dNLR 1.40(−1.22–493.32)

PLR 103.85(29.05–666.67)

NLR 1.90(0.72–8.66)

LMR 3.41(0.05–8.55)

PNI 48.70(29.55–64.10)

Ki-67 0.27(0.01–0.80)

Abbreviations: AFP, alpha-fetoprotein; HBsAg, hepatitis 
B surface antigen; dNLR, derived neutrophil-lymphocyte 
ratio; NLR, neutrophil-lymphocyte ratio; PLR, platelet- 
lymphocyte ratio; PNI, prognostic nutritional index; LMR, 
lymphocyte-monocyte ratio.
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high Ki-67 group was 45.5% and the 3-year disease-free survival for the high Ki-67 group was 15.9%. The 1-year 
disease-free survival for the low Ki-67 group was 72.7% and the 3-year disease-free survival for the high Ki-67 group 
was 11.4%.

Figure 1 Patient inclusion flowchart.

Figure 2 Optimal cutoff for Ki-67 identified by maximally selected rank statistics.
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Radiomics Features and Foundation of Radiomics Signature
A total of 2553 features were obtained from three phases of contrast-enhanced CT and 1748 ones were with intra-class 
and inter-class ICCs ≥0.75. The 1748 radiomics features are standardized using the Z-score function to avoid the impacts 
of too large a difference in data dimensions on the results. It was demonstrated through heatmaps that these radiomics 
feature were interrelated (Figure 4). Furthermore, LASSO regression analysis was performed to reduce the dimension
ality of the high-dimensional data to avoid overfitting, results of which demonstrated that there were 12 non-0 coefficient 
features when the optimal solution was λ=0.075 and there were 17 non-0 coefficient features when the suboptimal 
solution was λ=0.050 (Figure 5).

The 12 optimal radiomics features were used for univariate and multivariate analyses to identify independent 
predictors of Ki-67 (Table 2). The process selecting the optimal features for the final radiomics was summarized as 
“The optimal λ value of 0.075 was selected via 10-fold cross-validation using the minimum criterion, resulting in 12 non- 
zero coefficients and these 12 features were then entered into a multivariate logistic regression to identify the most robust 
independent predictors for the final radiomics signature”. The multivariate analysis revealed that four indicators (wavelet- 
HHL-glszm-SmallAreaEmphasis-a, wavelet-LLL-firstorder-Median-a, original-shape-Elongation-d, and wavelet-LLH- 
gldm-DependenceNonUniformityNormalized-d) were independently associated with Ki-67 expression. These indepen
dently correlated radiomics features were further incorporated to construct the radiomics score (Radscore).

Independent Predictive Factors for Ki-67 Expression
Then, we performed logistics regression analysis to identify independent predictive factors for Ki-67 expression. 
Univariate analysis of clinical indicators revealed that alpha fetal protein (AFP) (OR (odds ratio) = 5.789, 95% CI 
(confidence interval): 2.127–15.757, P=0.001) and tumor necrosis (OR=2.793, 95% CI: 1.175–6.638, P=0.020) were 
predictors of ki67 (Table 3). When the Radscore was not included, AFP (OR=5.460, 95% CI: 1.963–15.189, P=0.001) 
and necrosis within the tumor (OR=2.552, 95% CI: 1.008–6.464, P=0.048) were independent predictive factors for Ki-67 
expression (Table 4). However, when the Radscore was included, AFP (OR=7.078, 95% CI: 2.019–24.878, P=0.002) and 

Figure 3 The impact of Ki-67 on disease-free survival by the Kaplan–Meier curve.
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Radscore (OR=1.098, 95% CI: 1.051–1.149, P=0.000037) were independent predictive factors for Ki-67 expression 
(Table 4).

Construction of Models and Performance Evaluation
Based on the results of multivariate analysis, the clinical model, radiomics model and combined model (integrating 
clinical and radiomics characteristics) were constructed, respectively, and the nomogram and calibration curve were 
further consulted. The C-indices of Ki-67 for clinical model, radiomics model and the combined model were 0.75, 0.82 
and 0.88, respectively. This result was further confirmed by the ROC curve (Figure 6). Therefore, the combined model 
owned the highest predictive efficiency while the predictive efficiency of the clinical model was the lowest. Then, we 
performed decision curve analysis to assess the net benefit of different models in predicting Ki-67 expression, revealing 
that the combined model was associated with the highest net benefit while the clinical model owned the lowest net benefit 
(Figure 6). The nomogram and calibration curve were plotted to visually present the prediction results and prediction 
efficacy (Figure 7). The calibration curve showed that the combined model had good agreement with actual ki67 
expression and were better than clinical model and radiomics model (Figure 7). Furthermore, it was revealed through 
DeLong test that the combined model integrating clinical information and radiomics features was superior to the clinical 
model (P=0.005) and the radiomics model (P=0.06) in predicting Ki-67 expression. We then calculated the variance 
inflation factors (VIFs) assessing the collinearity between clinical indicators and radiomics features, revealing that VIF 

Figure 4 Radiomics Feature Correlation Heatmap. Darker colors indicate stronger correlations.
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for AFP was 1.022 and VIF for tumor necrosis was 1.022. Given the fact that VIF<5 means low collinearity, we may 
conclude that there is no remarkable collinearity between clinical indicators and radiomics features. Ultimately, the 
clinical practicability of different models in predicting Ki-67 expression was assessed by the clinical impact curve 

Figure 5 Extracting Radiomic Features Using LASSO Regression. (A) The LASSO coefficient distribution map of radiomics features. The Y-axis represents the value of the 
coefficient, the X-axis below represents log (lambda), and the X-axis above represents the number of non-zero coefficients. (B) The tuning parameters (lambda) of the 
LASSO model were selected by using 10 cross-validations. The relationship between binomial bias and log (lambda) is plotted, and the numbers on the upper X-axis 
represent the number of predictors. Using the minimum criterion and one standard error of the minimum criterion, draw two vertical lines at the optimal value.
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Table 2 Univariate and Multivariate Analyses of Ki-67 Expression Predicted by Radiomics Features

Variables Univariate Multivariate

OR (95% CI) P OR (95% CI) P

Wavelet-HHL-glszm-SmallAreaEmphasis-a 0.503(0.304–0.834) 0.008 0.380(0.185–0.781) 0.008

Wavelet-LLL-firstorder-Median-a 0.592(0.372–0.940) 0.026 0.369(0.178–0.764) 0.007

Original-firstorder-10Percentile-p 0.637(0.407–0.996) 0.049

Wavelet-LHH-glszm-LargeAreaEmphasis-p 2.043(1.010–4.132) 0.047

Wavelet-LLH-firstorder-Mean-p 2.359(1.243–4.476) 0.009

Wavelet-LLL-glcm-MCC-p 1.492(0.942–2.362) 0.088

Wavelet-LLL-firstorder-InterquartileRange-p 1.433(0.887–2.317) 0.142

Original-shape-Elongation-d 0.552(0.317–0.962) 0.036 0.430(0.200–0.925) 0.031

Original-shape-Flatness-d 0.612(0.378–0.990) 0.046

Wavelet-LHH-firstorder-Uniformity-d 2.478(0.918–6.687) 0.073

Wavelet-LLH-gldm-DependenceNonUniformityNormalized-d 0.458(0.240–0.874) 0.018 0.318(0.118–0.858) 0.024

Wavelet-LLH-firstorder-Median-d 2.672(1.185–6.025) 0.018

Abbreviations: a, arterial phase; CI, confidence interval; d, delay phase; p, portal phase; OR, odds ratio.

Table 3 Univariate Analysis of Clinical Indicators 
Predicting Ki-67 Expression

Variables Univariate

OR (95% CI) P

Gender (Male) 0.551(0.209–1.452) 0.228

Age (>60 year) 0.833(0.361–1.925) 0.670

HBsAg (positive) 1.815(0.689–4.783) 0.228

AFP (>20ng/mL) 5.789(2.127–15.757) 0.001

Tumor diameter (cm) 1.124(0.976–1.293) 0.105

Tumor number (multiple) 2.586(0.623–10.736) 0.191

Cirrhosis (present) 2.280(0.921–5.644) 0.075

Tumor margin (smooth) 0.503(0.209–1.211) 0.125

Tumor necrosis (present) 2.793(1.175–6.638) 0.020

dNLR 3.351(0.524–21.444) 0.202

PLR 0.997(0.990–1.003) 0.324

NLR 1.043(0.750–1.450) 0.802

LMR 0.838(0.617–1.138) 0.838

PNI 0.967(0.891–1.049) 0.417

Abbreviations: AFP, alpha-fetoprotein; HBsAg, hepatitis B surface antigen; 
CI, confidence interval; dNLR, derived neutrophil-lymphocyte ratio; LMR, 
lymphocyte-monocyte ratio; NLR, neutrophil-lymphocyte ratio; OR, odds 
ratio; PLR, platelet-lymphocyte ratio; PNI, prognostic nutritional index.
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analysis, revealing that the combined model was associated with the highest clinical practicability while the clinical 
model owned the lowest clinical practicability (Figure 8).

Discussion
HCC is often diagnosed at an advanced stage. For advanced HCC, TACE, targeted therapy and immunotherapy were 
commonly adopted to treat advanced HCC.19,20 In clinical practice, it is observed that patients with the same stage HCC 
often have remarkably different prognosis, which might be explained by the fact that these patients own different 
molecular mutation patterns despite the same stage. Ki-67 is a vital indicating proliferation activity. As mentioned above, 
expression of Ki-67 would affect the responses of patients to different treatments.8–10 For breast cancer, Ki-67 is used as 
a predictive factor for cancer recurrence after surgery and changes in Ki-67 expression could be used to predict the 
preoperative “window of opportunity” in neoadjuvant endocrine therapy.21,22 Thus, it is of huge clinical significance for 
us to preoperatively predict Ki-67 expression since it would help us to select the optimal treatment for each patient. 
Those with high expression were more likely to experience recurrence and metastasis. Correspondingly, those with high 
expression of Ki-67 should undergo stricter follow-up and adjuvant therapy such as TACE, tyrosine kinase inhibitor and 
immunotherapy. Multiple methods identifying the optimal cutoff value for Ki-67 have been proposed, such as ROC 
curve, median and mean.23–27 However, none of these methods is associated with prognosis. Thus, methods associated 
with prognosis were more reasonable since Ki-67 was a known prognostic factor. It was revealed through the maximum 
selection rank statistics that the optimal cutoff value for Ki-67 was 0.25. The optimal cutoff value for Ki-67 was different 
from the median and mean of Ki-67 expression of this study. Survival analysis was further conducted based on the 
obtained cutoff. The results revealed that there was a significant difference in survival between the high-expression and 
low-expression groups of Ki-67. This further confirms that the cutoff values determined in this study have a good 
prognostic stratification ability and good clinical practicability.

Ki-67 has been proposed as a negative prognostic factor for HCC. In clinical practice, there is no consensus regarding 
the optimal cutoff value. For HCC, 0.2 is the proposed cutoff value for Ki-67. This difference may be due to different 
selected patients. More further studies are warranted to further identify the optimal cutoff value for Ki-67 in HCC.

In the present study, contrast-enhanced CT- based radiomics was adopted to assess Ki-67 in HCC with the aim of 
providing some guidance for future clinical practice. The results indicated that four radiomics features were independent 
predictive factors for Ki-67 expression. Clinical, radiomics and combined prediction models for predicting Ki-67 were 
constructed based on clinical indicators and radiomics characteristics. It was found that the combined prediction model 
had the best prediction efficiency and the clinical prediction model had the worst. The DeLong test found that the 
inclusion of radiomics features significantly improved the predictive efficacy of the Ki-67 prediction model. Consistent 
with this result, the analysis of the decision curve and the clinical impact curve revealed that the combined model had 
better clinical net benefits and clinical practicability. Radiomics features, which are quantitative imaging features 
obtained through artificial intelligence algorithms, are associated with key pathological and molecular characteristics, 
further supplementing prognostic information and enhancing decision-making capabilities.28,29 In our study, the inclusion 
of radiomics characteristics further consolidated the predictive efficacy. Notably, unlike prior studies that directly 
constructed radscore using data derived solely from LASSO regression,30,31 our approach further implemented 

Table 4 Multivariate Analysis of Ki-67 Expression Prediction

Variables Clinical Model Combined Model

OR (95% CI) P OR (95% CI) P

AFP (>20ng/mL) 5.460 (1.963–15.189) 0.001 7.807 (2.019–24.878) 0.002

Tumor necrosis (present) 2.552 (1.008–6.464) 0.048

Radscore 1.098 (1.051–1.149) 0.000037

Abbreviations: AFP, alpha-fetoprotein; CI, confidence interval; OR, odds ratio; Radscore, radiomics score.
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Figure 6 Evaluation of predictive efficacy of different models. (A) ROC curves of radiomics model, clinical models and combined mo (B) Decision curves of the radiomics 
model, clinical models and combined model.
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Figure 7 Nomogram and calibration curves of the predictive models for Ki-67. (A) radiomics model (B) clinical model (C) combined model. Red colored arrows: the 
probability corresponding to the total score obtained by adding up the scores of each red dot.
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multivariate analysis to identify Ki-67-independent radiomics features selected by LASSO regression, thereby reducing 
the risk of model overfitting. Considering all the results mentioned above, radiomics based on contrast-enhanced CT 
could well predict Ki-67 expression.

In this study, we combined qualitative assessment (intratumor necrosis) and quantitative assessment (the radiomics) in 
constructing the predictive model. Additionally, the model was a non-invasive method predicting Ki-67 expression. 
Furthermore, unlike previous studies, we adopted the maximum selection rank statistics to identify the optimal cutoff 
value for Ki-67 expression and it was further proved that high expression of Ki-67 was significantly associated with 
survival. The maximum selection rank statistics was more reasonable than conventional methods in identifying the 
optimal cutoff value. Additionally, the clinical practicability of different models in predicting Ki-67 expression was 
assessed by the clinical impact curve analysis. Thus, we assessed the predictive efficiency of this model adopting 
different statistical analyses, which was also an advantage of this study.

The limitations of this study are as follows. First, this study was a retrospective one in nature and selection biases 
were not absolutely avoidable. In the future, prospective studies are needed to further verify the conclusions of our study. 
Second, only patients from one center were included, and external validation could not be performed at present. In the 
future, we will perform a multi-centered study to verify conclusions of our study. Third, only 88 patients were included, 
and studies including a larger study population were needed. However, there are also some other studies including 
a relatively small study population. In the study by Philipp Schindler et al, the authors established an integrated model 

Figure 8 Clinical impact curves of different models. (A) radiomics model (B) clinical model (C) combined model.
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that combines CT-based radiomics and imaging biomarkers with clinical variables to predict recurrence and recurrence- 
free survival in patients with HCC following liver transplantation (LT) and in this study, only 123 patients were 
included.28 Additionally, Gulizaina Hapaer et al reported a radiomics-based model that could efficiently predict PD1 
status and they only included 105 patients in this study.27 Fourth, only CT imaging data were utilized without 
incorporating other imaging data. Multi-modal fusion may further enhance the efficacy of the analysis. Fifth, most 
patients in China were concurrently diagnosed with hepatitis B virus infection, which was less common among patients 
from western countries, suggesting that conclusions of this study should be further verified by studies carried out in 
western countries before its application among patients from these countries.

Overfitting is one of the problems related to a small sample size. In this study, we tried our best to minimize 
overfitting. LASSO analysis and subsequent multivariate regression analysis were performed to reduce overfitting. The 
causes of overfitting included the following three ones. The first one was a small sample size, and we may need to 
perform further studies including a larger sample size to reduce overfitting. The second one was an over complicated 
model. However, in our study, the predictive model was not over complicated. Thus, overfitting related to an over 
complicated model was not a concern. Third, the predictive model does not reflect the actual situation, which may lead to 
overfitting. In this study, we constructed a practical model predicting the Ki-67 expression and it was proven as a model 
with good predictive efficiency, a favorable agreement with the actual Ki-67 expression and a high clinical practicability. 
Thus, overfitting related to the third condition was not concern. Fourth, noisy data may also lead to overfitting. However, 
there are no absolutely efficient methods distinguishing noisy data from normal ones. Overfitting related to noisy data 
could not be absolutely eliminated. In the future, prospective multi-centered studies including a larger study population 
would solve most of the aforementioned limitations, especially overfitting related to a small sample size.

Conclusion
We adopted a prognostic Ki-67 cutoff value, which may be more clinically rational and better guide clinical decision- 
making. The present study demonstrates that incorporating radiomics features significantly improves the predictive 
performance of the Ki-67 prediction model. Compared with the clinical prediction model and radiomics prediction 
model, the integrated model combining clinical indicators and radiomics features exhibits superior predictive perfor
mance and clinical utility. However, due to the retrospective nature, the small sample size and lack of external validation, 
we still need to perform multi-centered prospective studies including a larger study population to further verify findings 
of our study.
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