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Purpose: The T cell-inflamed gene expression profile (GEP) quantifies 18 genes’ expression indicative of a T-cell immune tumor
microenvironment, playing a crucial role in the immunotherapy of hepatocellular carcinoma (HCC). Our study aims to develop
a radiomics-based machine learning model using contrast-enhanced ultrasound (CEUS) for predicting T cell-inflamed GEP in HCC.
Methods: The primary cohort of HCC patients with preoperative CEUS and RNA sequencing data of tumor tissues at the single
center was used to construct the model. A total of 5936 radiomics features were extracted from the regions of interest in representative
images of each phase, and the least absolute shrinkage and selection operator and logistic regression were used to construct four
models including three phase-specific models and an integrated model. The area under the curve (AUC) was calculated to evaluate the
performance of the model. The independent cohort of HCC patients with preoperative CEUS and Immunoscore based on immuno-
histochemistry and digital pathology was used to validate the correlation between model prediction value and T-cell infiltration.
Results: There were 268 patients enrolled in the primary cohort and 46 patients enrolled in the independent cohort. Compared with
the other three models, the AP model constructed by 36 arterial phase (AP) features showed good performance with a mean AUC of
0.905 in the 5-fold cross-validation and was easier to apply in the clinical setting. The decision curve and calibration curve confirmed
the clinical utility of the model. In the independent cohort, patients with high Immunoscores showed significantly higher GEP
prediction values than those with low Immunoscores (t=—2.359, p=0.029).

Conclusion: The CEUS-based model is a reliable predictive tool for T cell-inflamed GEP in HCC, and might facilitate individualized
immunotherapy decision-making.
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Introduction

The T cell-inflamed gene expression profile (GEP) is a weighted sum of standardized expression values of 18 genes associated
with IFN-y signaling, cytotoxic effector molecules, antigen presentation, and T cell active cytokines, which are shared
characteristics of a T cell-inflamed tumor microenvironment (TME) responsive to immune checkpoint inhibitors (ICIs)."
Patients with the T-cell inflammation gene signature have demonstrated improved prognosis of immunotherapy in a diverse
range of solid tumors, including hepatocellular carcinoma (HCC)."”’
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Contrast-enhanced ultrasound (CEUS) is one of the most commonly used screening and evaluation tools for
HCC.*° Compared with CT and MRI, CEUS has the advantages of being radiation-free, having superior contrast
resolution, and offering real-time continuous detection.'® However, conventional CEUS plays a limited role in
prognosticating treatment outcomes. This could be due to the fact that image information related to drug
responsiveness may be invisible to human observers. Radiomics is a rapidly developing field of medical research.
It deeply mines lots of high-throughput information from medical images, including shape, grayscale, textures and
intricate pathophysiological information difficult to detect or quantify by the naked human eyes.'"'? Recently,
CEUS-based radiomics has shown promising results in predicting specific clinical events in HCC, including
cancer diagnosis, prognosis prediction, pathology characteristics and gene expression.'> ' Besides, some studies
have demonstrated the viability of radiomics in predicting inherent molecular subtypes and immune status.'’2°
However, no research is available on using radiomics-based methods to predict T cell-inflamed GEP to assess
tumor microenvironment.

Immunotherapy-based systemic therapy has been confirmed to effectively prolong the survival of patients with advanced
HCC.?' Recently, the strategy of immunotherapy combined with targeted agents has also shown promising efficacy in
neoadjuvant/adjuvant therapy for resectable HCC.?>** However, it is important to note that not all patients can benefit from
immunotherapy, as the overall objective response rate and survival benefits for HCC patients remain limited.** >’ Therefore,
a significant challenge in the management of HCC is optimizing patient selection for ICIs while minimizing potential side
effects for those who are unlikely to benefit from these therapeutic strategies. T cell-inflamed GEP has been proposed as
a promising biomarker for predicting response to ICIs. However, all universal tests are invasive and incur a substantial cost,
which limits their clinical applicability. Therefore, there is a crucial need for a noninvasive, cost-efficient tool for pre-treatment
prediction of T cell-inflamed GEP in HCC patients.

Hence, this study aims to develop a radiomics model based on CEUS for predicting T cell-inflamed GEP in HCC
patients.

Material and Methods

Patient Population
This study was approved by the institutional Ethics Committee of the First Affiliated Hospital of Sun Yat-sen University,
and written informed consent was obtained from each patient before collecting their tumor samples.

Between August 2012 and August 2020, 268 HCC patients with post-operative frozen tumor samples in the First
Affiliated Hospital of Sun Yat-sen University were enrolled as the primary cohort for model construction and validation.
Inclusion criteria were as follows: (1) HCC confirmed pathologically; (2) patients had undergone CEUS within one
month before surgery; (3) RNA sequencing (RNA-seq) was performed on resected tumor tissues and T cell-inflamed
GEP was calculated. The exclusion criteria included: (1) poor image quality of target lesions; (2) had received
preoperative anticancer therapy; (3) incomplete clinic-pathological data. Furthermore, we retrospectively included 46
patients from our previous study who had assessed Immunoscore but did not have RNA-seq data.”® These patients were
selected based on the same criteria mentioned above and were considered as an independent cohort. This cohort was
utilized to evaluate the association between the Rad-score (prediction value of the model) and T-cell infiltration.

RNA-Seq and T Cell-Inflamed GEP

Tumor tissues were immediately snap-frozen in liquid nitrogen within 30 minutes after surgical resection and stored at —80°C
until further analysis. HiSeq X TEN platform was used for RNA-seq (details shown in Appendix 1). T cell-inflamed GEP was
calculated as a weighted sum of standardized expression values of 18 genes (PSMB10, HLA-DQA1, HLA-DRB1, CMKLRI1,
HLA-E, NKG7, CD8A, CCL5, CXCL9, CD27, CXCR6, IDO1, STAT1, CD274 (PD-L1), CD276 (B7-H3), LAG3,
PDCDILG2 (PDL2), TIGIT) as described in previous literature."
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Immunohistochemistry and Immunoscore Calculation

The Immunoscores of HCC were evaluated by the method reported by Galon et al.?’ Further information regarding
immunohistochemistry and the calculation of Immunoscore can be found in Appendix 2. The Immunoscore > 3 was
defined as high Immunoscore and Immunoscore < 2 was defined as low Immunoscore.

CEUS Examination and Tumor Segmentation
The CEUS examinations were conducted within one month before surgery by experienced ultrasound physicians with at least
10 years of hepatic CEUS experience. First, the entire liver was examined, and the target lesions were evaluated and recorded
by grayscale US. Second, 2.4 mL of SonoVue (Bracco) was injected intravenously through the patient’s anterior elbow vein.
Timing began as soon as the contrast agent was given, and lesions and liver background were continuously monitored. All data
were stored in Digital Imaging and Communication in Medicine (DICOM) format. CEUS videos generally provided
comprehensive scans of the major intrahepatic lesions. According to the guideline, the video was divided into arterial phase
(AP, 0-30 seconds), portal venous phase (PVP, 31-120 seconds), and delayed phase (DP, over 120 seconds).*

The radiomics workflow is shown in Figure 1. For each target lesion, one representative image with the largest tumor
cross-section and well-defined tumor boundaries was selected in each of the three phases.”’ ITK-SNAP 3.8.0 (an open-
source software; http://www.itksnap.org) was used to delineate the regions of interest (ROIs) around the tumor outline

manually (Figure 2). Images of 20 patients (60 images) were randomly selected. The ultrasound physician 1 with 3 years
of experience outlined ROIs. At least a week later, the ultrasound physician 1 was asked to delineate ROIs repeatedly to
evaluate the intragroup correlation coefficient (ICC) of feature extraction. The ultrasound physician 2 with 5 years of
experience checked ROIs to ensure the accuracy of segmentation.

Feature Extraction and Model Construction
A total of 5936 features were extracted from the ROIs using Ultrasomics-Platform software (Version 2.1, Ultrasomics
Artificial Intelligence X-lab, Guangzhou).**** These features consisted of seven categories: Original, Ipris, COLIAGe2D,

Image segmentation

Feature extraction and model building Model evaluation

Ultrasomics feature ROC analysis

5-fold cross-
validation

—)

LASSO regression

Decision curve
Calibration curve

Sample RNA-seq Logistic regression
: AN Immunoscore

Figure | Workflow of CEUS-based radiomics modeling for the T cell-inflamed GEP prediction in HCC patients. First, ROIs of CEUS images were delineated manually (the
area filled in red represented the ROI). RNA-seq was performed on tumor samples and the GEP was calculated. Second, seven categories of features were extracted and
LASSO and logistic regression were used to construct the model. Last, model evaluation and validation were performed.

Abbreviations: AP arterial phase, PVP portal venous phase, DP delayed phase.
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Figure 2 An example of segmentation of three-phase images from a 58-year-old man. The figures above respectively show representative images of the arterial phase (a),
the portal venous phase (b), and the delayed phase (c), along with their corresponding regions of interest (ROI) (d-f). The red curve represented the tumor contour.

Wavelets, Shearlet, Gabors, and PLBP+WLLBP (details shown in Table S1). The median of GEP was taken as the cutoff value
to stratify all patients into the high GEP group and the low GEP group. We used the least absolute shrinkage and selection
operator (LASSO) and logistic regression method to select the most useful predictive features and construct radiomics-based
models for predicting the T cell-inflamed GEP in HCC. The features of three phases and corresponding GEP labels were used
to construct AP, PVP and DP models, respectively (four patients with missing DP images). A multivariable logistic regression
analysis was employed to integrate three models and construct the integrated model. Specifically, Spearman correlation
coefficient was employed to identify and remove highly correlated features. If the correlation coefficient between pair of
features was greater than 0.9, only one of the features was retained for further analysis.>* Next, the remaining features were
normalized by the Z-score method. Then, to reduce redundancy, the LASSO regression was applied to further select features.
Finally, key features were selected and presented in the calculation formula using logistic regression. The heatmap was used to
show the correlation coefficient matrix among selected key radiomics features.

Model Evaluation and Validation

The 5-fold cross-validation was utilized to validate the performance of the model. Receiver operating curves (ROCs)
were plotted to discriminate the high GEP group from the low GEP group, and discrimination was quantified with the
area under the curve (AUC). The calibration curve and decision curve analysis were conducted to evaluate the predictive
accuracy and clinical usefulness of the model. Univariate and multivariate logistic regression analyses evaluated
associations between factors and GEP groups. In the independent cohort, the Rad-scores of lesions were obtained
according to the model, and then values were compared between the high and low Immunoscore groups.
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Statistical Analysis

All statistical analyses were conducted with R software 3.6.1, SPSS 26.0, and GraphPad 9.4 software. Continuous
variables, reported as mean with standard deviation or median with interquartile range, were compared using Student’s
t-test or Wilcoxon rank-sum test, depending on results from normality tests. Categorical variables, presented as numbers
(proportions), were compared using the Chi-square test or Fisher’s exact test. The difference between AUCs was

compared by the DeLong test. Two-sided P values less than 0.05 indicated statistical significance.

Results

Clinic-Pathological Characteristics

The detailed clinical characteristics of the patients in the primary cohort and independent cohort were shown in Tables 1
and S2. All 268 patients with T cell-inflamed GEP were involved, including 241 males and 27 females, with a mean age
of 53.3 £ 11.4 years. The median lesion size was 5.1 (IQR: 3.6, 8.5) cm. The lesion size between the high GEP group
(median size, 4.6 cm; IQR, 3.3—7.4 cm) and the low GEP group (median size, 5.6 cm; IQR, 3.7-9.2 cm) was statistically
different (p=0.012). Among the patients, 147 (54.9%) had liver cirrhosis, and 231 (86.2%) were HBsAg positive.

Table | Clinic-Pathologic Characteristics of the Patients in the Primary Cohort

Parameters Total Low GEP group | High GEP Group | P value
Age, years, mean (SD) 53.3(11.4) 52.7(11.9) 53.9(10.8) 0.420
Gender 0.543
Male 241(89.9%) 122(91.0%) 119(88.8%)
Female 27(10.1%) 12(9.0%) 15(11.2%)
Lesion size, cm, median (IQR) | 5.1 (3.6,8.5) 5.6 (3.7,9.2) 4.6 3.3,74) 0.012*
Lesion number 0.329
| 250(93.3%) 123(91.8%) 127(94.8%)
22 18(6.7%) 11(8.2%) 7(5.2%)
Liver cirrhosis 0.902
Positive 147(54.9%) 73(54.5%) 74(55.2%)
Negative 121(45.1%) 61(45.5%) 60(44.8%)
CEA, ug/L 0.669
<5 244(91.0%) 123(91.8%) 121(90.3%)
25 24(9.0%) 11(8.2%) 13(9.7%)
AFP, ug/L 0.699
<400 177(66.0%) 90(67.2%) 87(64.9%)
2400 91(34.0%) 44(32.8%) 47(35.1%)
HBsAg 0.859
Positive 231(86.2%) 115(85.8%) 116(86.6%)
Negative 37(13.8%) 19(14.2%) 18(13.4%)
WBC, 10/9/L 1.000
<10 261(97.4%) 130(97.0%) 131(97.8%)
=10 7(2.6%) 4(3.0%) 3(2.2%)
NE% 0.758
<0.75 257(95.9%) 129(96.3%) 128(95.5%)
20.75 11(4.1%) 5(3.7%) 6(4.5%)
PLT, 10A9/L 0.155
<100 27(10.1%) 10(7.5%) 17(12.7%)
2100 241(89.9%) 124(92.5%) 117(87.3%)
PT, S 0.302
<14 252(94.0%) 128(95.5%) 124(92.5%)
=14 16(6.0%) 6(4.5%) 10(7.5%)
(Continued)
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Table | (Continued).

Parameters Total Low GEP group | High GEP Group | P value

TBIL, umol/L 0.859
<22 231(86.2%) 116(86.6%) 115(85.8%)
222 37(13.8%) 18(13.4%) 19(14.2%)

DBIL, umol/L 0.820
<7 247(92.2%) 124(92.5%) 123(91.8%)
27 21(7.8%) 10(7.5%) 11(8.2%)

ALB, g/L 0.698
<35 30(11.2%) 14(10.4%) 16(11.9%)
235 238(88.8%) 120(89.6%) 118(88.1%)

ALT, U/L 1.000
<40 170(63.4%) 85(63.4%) 85(63.4%)
240 98(36.6%) 49(36.6%) 49(36.6%)

AST, U/L 0.539
<37 149(55.6%) 72(53.7%) 77(57.5%)
=37 119(44.4%) 62(46.3%) 57(42.5%)

ALP, U/L 0.217
<110 216(80.6%) 104(77.6%) 112(83.6%)
=110 52(19.4%) 30(22.4%) 22(16.4%)

GGT, U/L 0.460
<50 118(44.0%) 56(41.8%) 62(46.3%)
250 150(56.0%) 78(58.2%) 72(53.7%)

BCLC stage 0.245
0 7(2.6%) 2(1.5%) 5(3.7%)
A 171(63.8%) 80(59.7%) 91(67.9%)
B I1(4.1%) 6(4.5%) 5(3.7%)
C 79(29.5%) 46(34.3%) 33(24.6%)

Notes: Continuous variables were presented in mean with standard deviation or median with interquartile rage.
Categorical variables are presented as n (%). * p < 0.05.

Abbreviations: SD, standard deviation; IQR, inter-quartile range; CEA, carcinoembryonic antigen, AFP, alpha fetoprotein,
HBsAg, hepatitis B virus surface antigen, WBC, white blood cell, NE%, neutrophil ratio, PLT, platelet, PT, prothrombin time,
TBIL, total bilirubin, DBIL, direct bilirubin, ALB, albumin, ALT, alanine aminotransferase, AST, aspartate aminotransferase,
ALP, alkaline phosphatase, GGT, gamma-glutamyl transferase, BCLC, Barcelona Clinic Liver Cancer.

Additionally, CEA was elevated (>5 U/L) in 24 patients (9.0%), and AFP was elevated (>400 ng/mL) in 91 patients
(34.0%). There were no statistically significant differences in age, gender, lesion number, liver cirrhosis, hematological
examinations, and BCLC stage between the two groups (p>0.05). For the 257 patients in the primary cohort (pathology
data were missing in 11 of 268 patients), GEP values were higher in the intra-tumor tertiary lymphoid structures (TLS)
positive group than TLS negative group (p<0.001), confirming the correlation between T cell-inflamed GEP and
aggregates of immune cells (Appendix 3, Figure S1). In the independent cohort, there were 12/46 (26.1%) patients in

the high Immunoscore group and 34/46 (73.9%) patients in the low Immunoscore group.

Feature Extraction and Model Construction

More than 80% of the features in the three phases had an ICC greater than 0.8, and less than 10% had an ICC less than
0.5. For arterial phase features, after removing features with correlation coefficients > 0.9, 1143 features remained. The
log () of LASSO regression was —3.103 and 36 key features were selected by reducing feature dimensionality
(Figure 3a). The AP model (modeling using arterial phase features) was defined as a formula resulting from the
regression coefficients of these 36 features multiplied by the value of the corresponding feature. The key 36 features
and their coefficients of the AP model were shown in Figure 3b and Table S3. The correlation coefficient matrix of key
features was displayed in Figure 3c. The top ten features in terms of the absolute value of the coefficients were
distributed in the following four categories: 4 CoLIAGe, 3 shearlet, 2 gldp of Gabors, and 1 PLBP+WLLBP. The

2296 s Journal of Hepatocellular Carcinoma 2023:10

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=437415.docx
https://www.dovepress.com/get_supplementary_file.php?f=437415.docx
https://www.dovepress.com/get_supplementary_file.php?f=437415.docx
https://www.dovepress.com
https://www.dovepress.com

Dovepress

Wang et al

a b

197 194 193 185 170 164 149 135 112 78 49 25 10 O 15
056 -| W . T
054 o T T
§u.5o B H‘ ,M[Ml | I 1.0+
0.48 I Ul i T
0.46 |
0.44 o
T T T T T g 0.5+
-7 -6 -5 -4 -3
=
Log(lambda) 2
2 00
197 186 155 12 25
054
-1 -
Q. TARCTL NN
«\?*%ﬁi‘ﬁ‘f@qﬁ%‘%f@g%@%

A
CECEREE

Feature Number

SORITRRISONNNRR

S

EELEEEE

Figure 3 Radiomics feature selection using LASSO regression in the primary cohort. (a) Optimal tuning parameters (A) in the LASSO model binomial deviation diagram. (b)
The coefficient profile plot of the 36 selected radiomics features of the AP model was shown. (c) Heatmap portrayed correlation coefficients matrix of 36 selected radiomics

features.

PVP model and DP model were constructed with 13 PVP features and 19 DP features, respectively (Figure S2, Tables S4
and S5). The integrated model was constructed by a multivariable logistic regression analysis (Table S6).

Model Evaluation and Validation
The AP model achieved an AUC of 0.889 (95% CI: 0.851-0.927) in the primary dataset, the maximum Youden Index
corresponded to a sensitivity of 0.799, a specificity of 0.828, and an accuracy of 0.813 (Figure 4a). In comparison, the

a The ROC curve of the AP model b The ROC curve of the PVP model C The ROC curve of the DP model
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Figure 4 ROC curves of the AP model (a), PVYP model (b), DP model (c) and integrated model (d) in the primary cohort. (€) Comparison of AUCs of four models using the

Delong test. (f) ROC of AP model for 5-fold cross-validation. AUC, area under the receiver operating characteristic curve.
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was. (b) Decision curve analysis (DCA): Net benefit of intervention according to radiomics model.

AUCs of the PVP model, DP model and integrated model were 0.740 (95% CI: 0.682—0.799), 0.812 (95% CI: 0.761-
0.863) and 0.923 (95% CI: 0.892-0.953), respectively (Figure 4b—d). Among these four models, the AP model out-
performed the PVP and DP models (AP vs PVP: 0.889 vs 0.740, p<0.01; AP vs DP: 0.889 vs 0.812, p=0.02) and showed
comparable performance to the integrated model (AP vs integrated model: 0.889 vs 0.923, p=0.2) (Figure 4e, Table S7).
The average AUC of the 5-fold cross-validation for the AP model, PVP model, DP model, and the integration model
were 0.905, 0.748, 0.693 and 0.874, respectively (Figure 4f, Figure S3a—3c). Given that the AP model achieved good
performance by using fewer features than the complex integrated model, it was chosen for further analysis.

The calibration curve revealed a high agreement between predictive and actual GEP in the primary cohort (Figure 5a).
The decision curve showed the model had high clinical net benefit (Figure 5b). Univariate logistic regression analysis
showed that the Rad-score (OR 2.72, 95% CI: 2.11-3.49, p<0.001) and tumor size (OR 0.92, 95% CI: 0.86-0.98,
p=0.015) were associated with T cell-inflamed GEP, but multivariate logistic regression analysis showed that the Rad-
score was independently associated with GEP (OR 2.76, 95% CI: 2.17-3.65, p<0.001) (Table 2).

Table 2 Results of the Univariate and Multivariate Analysis in the Primary Cohort

Variable Univariate Analysis Multivariate Analysis
(Reference)
OR(95% CI) P value OR(95% CI) P value

Age 1.01 (0.99,1.03) 0418
Gender (male) 1.28 (0.58,2.85) 0.543
Lesion size 0.92 (0.86,0.98) 0.015* 1.02 (0.94,1.12) 0.563
Lesion number (1)

>| 0.62 (0.23,1.64) 0.333
Liver cirrhosis 1.03 (0.64,1.67) 0.902
(negative)
CEA (<5 ug/L) 1.20 (0.52,2.79) 0.670
AFP (<400 ug/L) 1.10 (0.67,1.83) 0.699

(Continued)
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Table 2 (Continued).

Variable Univariate Analysis Multivariate Analysis
(Reference)
OR(95% CI) P value OR(95% CI) P value

HBsAg (negative) 1.06 (0.53,2.13) 0.859
WBC (<10*%1079/L) 0.74 (0.16,3.39) 0.703
NE% (<0.75) 1.21 (0.36,4.06) 0.759
PLT (<100*1079/L) 0.56 (0.24,1.26) 0.160
PT (<14s) 1.72 (0.61,4.88) 0.307
TBIL (<22 umol/L) 1.06 (0.53,2.13) 0.859
DBIL (<7 umol/L) I.11(0.45,2.71) 0.820
ALB (<35 g/L) 0.86 (0.40,1.84) 0.699
ALT (<40 U/L) 1.00 (0.61,1.64) 1.000
AST (<37 U/L) 0.86 (0.53,1.39) 0.539
ALP (<110 U/L) 0.68 (0.37,1.26) 0.218
GGT (<50 U/L) 0.83 (0.51,1.35) 0.461
BCLC stage (0 stage)

A 0.46 (0.09,2.41) 0.355

B 0.33 (0.04,2.52) 0.288

C 0.29 (0.05,1.57) 0.150
Rad-score 2.72 (2.11,3.49) <0.001* 2.76 (2.17,3.65) <0.001*

Notes: *p values below 0.05 (indicated with asterisk) were considered significant statistically in univariate and

multivariate analysis.

In the independent cohort, the Rad-score of the high Immunoscore group (mean+SD: 1.279+2.547) was higher than

that of the low Immunoscore group (mean+SD: —0.750£2.603). Tumor tissues with high Rad-score had intensive T-cell
infiltration (Figure 6a). There was a statistically significant difference observed in the Rad-scores between the high and
low Immunoscore groups (t=—2.359, p=0.029) (Figure 6b).
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Figure 6 Analysis of correlation between the Rad-score and Immunoscore in the independent cohort. (a) Representative examples of CD8+ (i, ii) and CD3+ (iii, iv)
immunostaining in tumor center (CT) and invasive margin (IM) of HCC tissue specimens with high Rad-score. Immunostained cells were brown and tumor cells were blue in
color. (b) The Rad-score of the high Immunoscore group (blue) was significantly higher than that of the low Immunoscore group (red). * p < 0.05.
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Discussion

It remains a challenging task to achieve a noninvasive and low-cost assessment of T-cell inflamed GEP. In the present
study, we developed and validated a radiomics-based model based on CEUS images. It can automatically extract related
features from CEUS images to generate T cell-inflamed GEP prediction values. Furthermore, our study showed that Rad-
score was positively correlated with Immunoscore in another independent cohort, which confirmed the effectiveness of
the model. Our results show the potential of the radiomics-based model as a promising approach to extract clinically and
biologically significant information from CEUS images of HCC.

T cell-inflamed GEP signifies a T cell-activated TME associated with the prognosis of immunotherapy.®> Few studies
have reported on the correlation between the clinicopathological characteristics of HCC and the intratumoral immune
landscape. A research has indicated that the expression of tumor-associated antigens correlates with smaller tumor sizes
and local immune infiltration,*® which seems to align with the findings in our study, wherein tumors within high GEP
group were smaller than those within low GEP group. In the univariate analysis, both tumor size and the Rad-score were
associated with GEP. In contrast, in the multivariate analysis, only the Rad-score was associated with GEP. This result is
line with the challenges of predicting GEP and evaluating TME using clinical indices, indicating that radiomics features
can offer additional pathophysiological information not available from clinical characteristics.

To our knowledge, this study is pioneering in establishing a radiomics model based on CEUS specifically aimed at
predicting T cell-inflamed GEP. Several studies have attempted to explore the potential of non-invasive and convenient
radiomics models to predict biomarkers such as programmed death receptor 1 (PD-1), programmed death-ligand 1 (PD-
L1), tumor mutational burden (TMB) and microsatellite instability (MSI) for ICIs in cancer patients.>’ >° There is no
CEUS-based radiomics available for the assessment of immune status in HCC. A study attempted to use artificial
intelligence on whole-slide digital histological images (WSIs) of HCC to predict the activation of various immune and
inflammatory gene signatures, with AUCs ranging from 0.81 to 0.92.%° It’s worth noting that the acquisition of surgical
specimens is often unfeasible for patients with unresectable HCC, thereby constraining the applicability of pathology-
dependent model. Sun R et al used the CT images of 135 patients with advanced solid malignant tumors to develop
a radiomics signature including eight variables for predicting tumor-infiltrating CDS8 cells by use of machine learning
method, and the AUC of this signature in the TCGA dataset was less than 0.70.'® The non-invasive model introduced in
this study demonstrates wide applicability and significant potential for extensive clinical use.

In this study, texture-related features contributed significantly to the model to assess tumor immunity, which is
consistent with existing studies. In a previous study, we developed a radiomics model using preoperative Gd-EOB-DTPA
-enhanced MRI data from 207 HCC patients, which achieved an AUC of 0.926 in predicting the immunoscore, primarily
driven by texture features.”® A study using contrast-enhanced CT scans from 30 HCC patients identified two radiomics
subtypes, uncovering that texture-related features mainly correlated with the regulation of immune response and cell
cycle.*! Specifically, four of the top 10 features with the highest weights of AP model are from the CoLIAGe class, three
from the shearlet class, two from the gldp subclass, and one from the WLLBP subclass. In the PVP and DP models, the
main categories of features are also CoLIAGe, shearlet, and gldp. As a result, the core categories of features related to
tumor immunity are similar in the different phase of CEUS and are mainly texture-related features. CoLIAGe captures
high-order co-occurrence patterns of local gradient tensors at the voxel level in medical imaging, allowing it to
differentiate subtle pathological differences and disease phenotypes from similar morphological manifestations. It
demonstrates a markedly superior classification accuracy when compared with alternative texture descriptors and the
assessments made by expert radiologists.*? Since changes in the immune microenvironment may be subtle and invisible
to the naked eye, CoLIAGe plays a significant role in the model. Shearlet collects curvilinear geometric structures in the
image, making it suitable for handling high-dimensional signals.** Previous studies have shown that immune cells often
accumulate at the edge of tumor infiltration.>” The antitumor immunity might be indirectly reflected in the aggressiveness
of the tumor border and the regularity of its morphology, meaning that the tumor’s geometry also provides valuable
information related to the T cell-inflamed GEP. The gldp subclass can describe texture features and extract image edge
and gradient information with good spatial locality and directional selectivity, offering more detailed discriminative
features compared to the local binary pattern (LBP).
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Distinguished by high temporal and spatial resolution, the CEUS of HCC is characterized by a rapid appearance of
hyperenhancement in the arterial phase and subsequent washout of the enhancement signal in the portal venous phase. In
this study, considering that HCC has different features in arterial, portal venous, and delayed phases, we constructed
separate models for each phase, an approach not commonly seen in prior research. LASSO and logistic regression were
utilized to screen the features and modeling. The AP model demonstrated robust performance and proved to be more
feasible for clinical application. Lesions in the arterial phase are clearly outlined, which may explain why the AP model
outperforms the others. The Immunoscore is determined by the number of CD3+ and CD8+ lymphocyte infiltration at the
core and edge of the tumor.** In the independent cohort, the Rad-score is higher in the high Immunoscore group with
a statistically significant p-value. These findings provide evidence supporting the model’s ability to predict T cell-
inflamed GEP.

There are several limitations to our study. First, this retrospective study may inevitably have selection bias and data
imbalance. The use of different ultrasound equipment by various radiologists might introduce heterogeneity in the
ultrasound images, potentially affecting the radiomics model’s performance. Second, the study is based on single-center
data with a limited number of patients. Additional validations in other centers are required to assess the generalizability
and reproducibility of our predictive model. Third, as with many radiomics studies, applying the model necessitates
manual involvement rather than automatic operation. To facilitate its adoption in clinical practice, the radiomics
technique should be developed to be more intelligent and user-friendly.

Conclusion

In conclusion, our proof-of-concept study demonstrates the promising potential of the CEUS radiomics-based machine
learning model in predicting T cell-inflamed GEP in HCC. This radiation-free, non-invasive, and cost-effective clinical
tool could provide valuable information about the TME that is not accessible through traditional clinical indicators.
Specifically, our findings suggest that the machine learning model has the predictive value for T cell-inflamed GEP in
HCC to inform therapeutic decision-making in immunotherapy. However, further research is needed to address some of
the limitations and challenges associated with this approach, such as validation of the extended data and optimization
utilization of convolutional neural network structures. Overall, our study contributes to the growing body of evidence
supporting the potential of radiomics for improving cancer care and advancing precision medicine.
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