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Abstract

BACKGROUND

Budd-Chiari syndrome (BCS) is caused by obstruction of the hepatic veins or suprahepatic inferior vena cava,
leading to portal hypertension and the development of gastroesophageal varices (GEVs), which are associated with
an increased risk of bleeding. Existing risk models for variceal bleeding in cirrhotic patients have limited applic-
ability to BCS due to differences in pathophysiology. Radiomics, as a noninvasive technique, holds promise as a
tool for more accurate prediction of bleeding risk in BCS-related GEVs.

AIM
To develop and validate a personalized risk model for predicting variceal bleeding in BCS patients with GEVs.

METHODS

We retrospectively analyzed clinical data from 444 BCS patients with GEVs in two centers. Radiomic features were
extracted from portal venous phase computed tomography (CT) scans. A training cohort of 334 patients was used
to develop the model, with 110 patients serving as an external validation cohort. LASSO Cox regression was used
to select radiomic features for constructing a radiomics score (Radscore). Univariate and multivariate Cox re-
gression identified independent clinical predictors. A combined radiomics + clinical (R + C) model was developed
using stepwise regression. Model performance was assessed using the area under the receiver operating charac-
teristic curve (AUC), calibration plots, and decision curve analysis (DCA), with external validation to evaluate
generalizability.

RESULTS

The Radscore comprised four hepatic and six splenic CT features, which predicted the risk of variceal bleeding.
Multivariate analysis identified invasive treatment to relieve hepatic venous outflow obstruction, anticoagulant
therapy, and hemoglobin levels as independent clinical predictors. The R + C model achieved C-indices of 0.906
(training) and 0.859 (validation), outperforming the radiomics and clinical models alone (AUC: training 0.936 vs
0.845 vs 0.823; validation 0.876 vs 0.712 vs 0.713). DCA showed higher clinical net benefit across the thresholds. The
model stratified patients into low-, medium- and high-risk groups with significant differences in bleeding rates (P
<0.001). An online tool is available at https:/ /bcsvh.shinyapps.io/BCS_Variceal Bleeding Risk_Tool/.

CONCLUSION
We developed and validated a novel radiomics-based model that noninvasively and conveniently predicted risk of
variceal bleeding in BCS patients with GEVs, aiding early identification and management of high-risk patients.

Key Words: Budd-Chiari syndrome; Gastroesophageal varices; Variceal bleeding; Radiomics; Prognostic model
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Core Tip: This study develops a personalized, noninvasive predictive model for variceal bleeding risk in Budd-Chiari
syndrome (BCS) patients with gastroesophageal varices. By combining radiomic features from computed tomography
imaging with clinical data, the model demonstrated superior predictive performance over traditional approaches, offering a
promising tool for early risk assessment and improving patient management in BCS.
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INTRODUCTION

Budd-Chiari syndrome (BCS) is a complex hepatic vascular disorder characterized by the obstruction of the hepatic veins
and/or the suprahepatic inferior vena cava, leading to impaired hepatic blood outflow. This obstruction can result in
posthepatic portal hypertension, subsequently causing gastroesophageal varices (GEVs)[1-3]. Rupture and bleeding of
GEVs are fatal complications associated with high mortality rates linked to portal hypertension. Approximately 50%-60%
of patients with liver cirrhosis develop GEVs, with 10%-15% experiencing variceal bleeding annually[4,5]. Therefore,
early and accurate prediction of variceal bleeding risk is crucial for timely intervention and improving patient prognosis.
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Currently, risk assessment models for variceal bleeding in cirrhotic patients are well established, with endoscopic
examination and clinical scoring systems widely utilized. However, the pathophysiological mechanisms of BCS differ
from those of cirrhosis, leading to distinct risks and characteristics of GEVs. Existing predictive models have limited
applicability in BCS patients[6]. Endoscopy, as an invasive procedure, may cause discomfort and potential complications,
especially in patients with severely impaired liver function[7].

Radiomics, an emerging technology, transforms medical imaging into high-dimensional quantitative features,
including shape, intensity and texture. This technique can capture complex patterns in imaging data that are difficult for
the human eye to discern, providing a more comprehensive risk assessment for portal hypertension and its complications
[8-10]. The application of radiomics holds promise for offering more accurate bleeding risk predictions in BCS patients,
addressing the limitations of traditional endoscopic evaluations.

The aim of this multicenter study was to develop and validate a radiomics-based predictive model for noninvasive
assessment of variceal hemorrhage risk in patients with GEVs associated with BCS, with the aim of providing reliable
tools for enhancing clinical decision-making and optimizing patient outcomes.

MATERIALS AND METHODS

Ethical approval and patient selection

This retrospective study was conducted at two tertiary hospitals in Zhengzhou, China: Zhengzhou University First
Affiliated Hospital and Zhengzhou University People's Hospital. The study adhered to the ethical principles outlined in
the Declaration of Helsinki and was approved by the Ethics Committee of the First Affiliated Hospital of Zhengzhou
University (Approval No. 2021-KY-1137-002). As a retrospective observational study, the requirement for informed
consent was waived. To ensure confidentiality, all private patient information was deidentified before analysis.

The study included patients diagnosed with BCS complicated by GEVs, with data collected from Zhengzhou
University First Affiliated Hospital between January 1, 2016 and December 31, 2021, and Zhengzhou University People's
Hospital between January 1, 2016 and December 31, 2022. The diagnosis of BCS was based on criteria from the Chinese
Society of Hospital Medicine for Budd-Chiari Syndrome and Liver Vascular Diseases and the European Study Group on
Vascular Diseases of the Liver. Imaging modalities such as ultrasound, computed tomography (CT) venography,
magnetic resonance venography and digital subtraction angiography were used to confirm the presence of vascular
outflow obstruction. Enhanced CT imaging was utilized by two experienced radiologists to confirm the diagnosis of
GEVs and generate imaging reports.

Participants were included if they met the following criteria: (1) Definitive diagnosis of BCS based on imaging evidence
of venous outflow obstruction; and (2) First-time diagnosis of GEVs based on three-phase enhanced CT imaging. Patients
were excluded if they met any of the following criteria: (1) Previous variceal treatment; (2) Presence of malignant tumors;
(3) Other liver diseases such as viral, alcoholic or autoimmune hepatitis; (4) Incomplete or poor-quality imaging or clinical
data; (5) In-hospital death or concurrent severe organ dysfunction; (6) Transjugular intrahepatic portosystemic shunt
(TIPS) for massive ascites; or (7) Prophylactic treatment for GEVs during follow-up. The inclusion and exclusion process
is summarized in Figure 1.

Image preprocessing and feature extraction

Each patient underwent a standardized GE 64-row spiral CT examination. Patients were instructed to fast for 6-8 hours
before scanning, and an iodine allergy test was conducted. For patients without iodine allergy, 800-1000 mL of warm
water was consumed 5 minutes before scanning to ensure adequate gastric filling. Scanning parameters included a tube
voltage of 120 kVp, tube current of 290-650 mA and scan thickness of 5.0 mm. Contrast-enhanced scans were performed
using iodixanol (300 mgl/mL) as the contrast agent, with a weight-adjusted dose administered at 2.5-3.5 mL/s. Images
were acquired during the arterial (approximately 30 seconds postinjection) and venous (60-70 seconds postinjection)
phases and reconstructed on the AW4.4 workstation with a slice thickness of 0.63 mm.

To avoid any variations in scanning accuracy and three-dimensional (3D) reconstruction between centers, all imaging
examinations at both hospitals were performed using identical GE 64-row spiral CT scanners, strictly standardized
acquisition protocols and the same 3D reconstruction software. This uniformity ensures that any potential differences
attributable to device or software variability are effectively minimized, thereby providing consistent imaging data
processing and reliable radiomics feature extraction.

Two regions of interest (ROIs) were manually delineated at the hepatic (Figure 2A) and splenic (Figure 2B) hilum levels
using 3D Slicer (version 5.6.1). Two experienced radiologists (each with > 7 years of experience) independently seg-
mented the ROIs, ensuring that they captured relevant anatomical structures while excluding major blood vessels,
artefacts, and focal hepatic lesions. Any inconsistencies were resolved through discussion with a senior radiologist (> 15
years of experience). To validate segmentation consistency, the ROIs were independently redrawn by two experienced
radiologists (Reader 1 and Reader 2), and the intraclass correlation coefficient (ICC) values above 0.75 confirmed high
reproducibility.

Radiomic features were extracted from the delineated ROIs using PyRadiomics (version 3.1.0). Preprocessing steps
included Z-score normalization to standardize feature distributions, grayscale discretization into 25 bins, and sym-
metrical gray-level co-occurrence matrix (GLCM) enforcement to improve texture feature reproducibility. Voxel
resampling was not applied due to consistent voxel spacing across datasets. A total of 851 radiomic features were
extracted for each ROI, spanning seven categories: shape (14), first-order intensity (162), and second-order texture
features, including gray-level co-occurrence matrix (216), gray-level run length matrix (144), gray-level size zone matrix
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Figure 1 Study flow chart. TIPS: Transjugular intrahepatic portosystemic shunt.

Figure 2 Regions of interest for the liver and spleen. A: Region of interest (ROI) for the liver delineated at the hepatic hilum; B: ROI for the spleen
delineated at the splenic hilum.

(144), gray-level dependence matrix (126), and neighbouring gray tone difference matrix (45). In total, 1702 features (851
per ROI) were extracted for subsequent analysis.

Clinical and radiomics data

The clinical data included key demographic, laboratory and imaging parameters relevant to bleeding risk and BCS
severity. Imaging parameters derived from contrast-enhanced CT scans included measurements reflecting vascular
obstruction and splenic and portal hemodynamics. These parameters were selected based on their clinical relevance and
ease of measurement, ensuring consistency and reproducibility across retrospective datasets.

Extracted radiomic features underwent preprocessing to ensure consistency and comparability across datasets.
Features were standardized using Z-score normalization, and feature selection was performed to identify the most
predictive radiomic variables for model development. The selected features were integrated with clinical data to develop
predictive models for bleeding risk.

Follow-up and outcomes

The follow-up period was set at 3 years (or until the occurrence of a bleeding event, whichever occurred first). The
primary endpoint of the study was the initial occurrence of esophagogastric variceal bleeding, which was confirmed
through clinical diagnosis. This diagnosis was based on pertinent clinical manifestations of upper gastrointestinal
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bleeding, such as hematemesis and/or melena, that necessitated treatment via endoscopic therapy, interventional
procedures, or surgery. Patients with upper gastrointestinal bleeding caused by ulcers, gastric diseases related to portal
hypertension, or other nonvariceal factors were excluded.

Statistical analysis

The statistical analysis was conducted using SPSS 26, R 4.2.3, and X-tile. Normally distributed quantitative data are
presented as mean + SD, and group comparisons were performed using t tests, while non-normally distributed data were
expressed as M (Q1, Q3) and compared using Mann-Whitney U tests. Numerical data were reported as frequencies
(percentages) and analyzed using y? tests or Fisher's exact test. Independent risk factors for bleeding were identified
through univariate and multivariate Cox regression analyses. LASSO Cox regression was applied for radiomic feature
selection, thereby reducing the dimensionality of the data. The penalty parameter () was optimized via 10-fold cross-
validation based on the minimum deviance criterion. The proportional hazards assumption was validated using a
multivariate Cox model. The receiver operating characteristic (ROC) curve for the predictive model was visualized using
the rms package and deployed as a web tool on shinyapp.io via DynNom. Model discrimination was evaluated using the
Cindex and its 95% confidence interval (95%CI), while calibration was assessed using a calibration curve generated with
the rms package. Clinical efficacy was evaluated through decision curve analysis (DCA) using the ggDCA package. The
optimal risk score cut-off for hierarchical risk classification was determined using X-tile. Kaplan-Meier survival analysis
was performed, with significance set at P < 0.05.

RESULTS

Patient demographics and baseline characteristics (bleeding vs nonbleeding groups)

A total of 444 BCS patients with GEVs were included in this study. The mean age of the cohort was 51.5 + 10.9 years
(range 21-85 years), and 58.9% were male. During the follow-up period, 61 patients (13.7%) experienced their first variceal
bleeding event. Patients were classified into the bleeding group (n = 61) and the nonbleeding group (n = 383). A
comparison of baseline characteristics between the two groups is presented in Table 1.

Patients in the bleeding group had significantly lower platelet counts, albumin levels and sodium levels but higher
creatinine, aspartate aminotransferase (AST), Child-Pugh grade, albumin-bilirubin score, and Model for End-stage Liver
Disease score (all P < 0.05). In contrast, fewer patients in the bleeding group had undergone invasive treatment to relieve
hepatic venous outflow obstruction compared to the nonbleeding group (P < 0.001), suggesting a potential protective
effect of this intervention (Table 1).

Comparison of the training and validation cohorts

To develop and validate the risk prediction model, patients from the First Affiliated Hospital of Zhengzhou University (n
= 334) were designated as the training cohort, whereas those from Zhengzhou University People’s Hospital (n = 110)
constituted the validation cohort. There were no significant differences (all P > 0.05) in baseline demographics, clinical
parameters or imaging findings between these two cohorts (Table 2). Such comparability ensures a robust basis for
subsequent model development and external validation.

Radiomics feature selection and clinical correlation analysis

A total of 1702 radiomic features were extracted per patient, with 851 features from each ROI. To ensure data stability,
reliability was assessed by computing the ICC for a randomly selected subset of 30 patients. Features with ICC > 0.75
were retained, resulting in 1333 reliable radiomic features for subsequent analysis. Feature selection was performed using
LASSO Cox regression with 10-fold cross-validation to optimize the penalty parameter (A), which identified 10 nonzero
radiomic features for constructing the Radscore (Figure 3). These features included nine wavelet-transformed texture
features and one GLCM-derived feature, reflecting their relevance in capturing multi-scale texture patterns and texture
coarseness (Supplementary Table 1). Univariate Cox regression analysis of clinical variables revealed significant associ-
ations with sex, portal vein thrombosis, invasive treatment to relieve hepatic venous outflow obstruction, use of antico-
agulant medication, ascites, spleen thickness, red blood cell count, hemoglobin level, platelet count, serum sodium level,
creatinine level, AST level, alkaline phosphatase level, albumin level, direct bilirubin level, prothrombin time, BCS type,
and Child-Turcotte-Pugh class. Multivariate Cox regression further identified three independent risk factors for GEV
bleeding in BCS patients. Invasive treatment to relieve hepatic venous outflow obstruction, use of anticoagulant
medication and hemoglobin levels (Table 3). These variables were used to construct a clinical-only risk prediction model
(C model), which demonstrated significant predictive performance.

Development and validation of a prognostic model for GEV bleeding

To construct a comprehensive risk prediction model, the radiomics-based Radscore was integrated with significant
clinical variables identified through multivariate Cox regression analysis. The final model revealed that the following
were independent risk factors for bleeding in patients with BCS. Invasive treatment to relieve hepatic venous outflow
obstruction [hazard ratio (HR) = 0.089, 95%CI = 0.044-0.181, P < 0.001), use of anticoagulants (HR = 10.653, 95%CI = 3.102-
36.582, P < 0.001), gender (HR = 2.332, 95%CI = 1.057-5.144, P = 0.036), platelet count (HR = 0.992, 95%CI = 0.984-0.999, P
= 0.035), and Radscore (HR = 1.545, 95%CI = 1.236-1.932, P < 0.001). These variables were incorporated into a nomogram
for individualized prediction (Figure 4). The predictive accuracy of the radiomics + clinical (R + C) model was assessed
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Table 1 Baseline characteristics of Budd-Chiari syndrome patients with gastroesophageal varices stratified by variceal bleeding status

Variables Bleeding group (n = 61) Non-bleeding group (n = 383) P value
Age (years) 521+11.2 51.4+10.8 0.640
Sex (male) 50 (82) 209 (54.6) <0.001
Diabetes 3(4.9) 29 (7.6) 0.633
Ascites 33 (54.1) 144 (37.6) 0.015
Hepatic encephalopathy 2(3.3) 11(2.9) 1.000
IVC or HV thrombosis 9 (14.8) 79 (20.6) 0.285
Portal vein thrombosis 7 (11.5) 16 (4.2) 0.038
Spleen thickness (mm) 46 (39, 58) 45 (39, 49) 0.041
Portal vein diameter (mm) 12.7 (10.0, 14.5) 12.7 (10.0, 15.0) 0.994
BCS type 0.042
HV type 19 (31.1) 67 (17.5)

Mixed type 35 (57.4) 269 (70.2)

IVC type 7 (11.5) 47 (12.3)

Child-Pugh grade <0.001
A 26 (42.6) 256 (66.8)

B 21 (34.4) 121 (31.6)

C 14 (23) 6 (1.6)

ALBI, median (IQR) -2.07 (-2.57, -1.28) -2.38 (-2.75, -1.97) <0.001
MELD, median (IQR) 8.22 (4.07, 13.00) 4.15 (1.72,7.19) <0.001
Use of anticoagulant medication 56 (91.8) 310 (80.9) 0.038
Invasive treatment to relieve hepatic venous outflow obstruction 27 (44.3) 344 (89.8) <0.001
White blood cell (x 10%/L) 3.8(2.9,5.0) 3.4 (2.7,45) 0.271
Red blood cell (x 10*2/L) 3.7 (2.8, 4.4) 4.0 (3.6, 4.4) 0.016
Hemoglobin (g/L) 115 (77.5, 134.0) 124 (109, 138) 0.005
Platelet (x 10°/L) 71 (48.5, 98) 90 (67, 126) <0.001
Sodium (mmol/L) 140 (137.5, 142.0) 142 (140, 143.9) <0.001
Creatinine (umol/L) 62 (48.5, 76.5) 55 (46, 65) 0.007
Alanine aminotransferase (U/L) 23 (19, 39.5) 21 (17, 27) 0.019
Aspartate aminotransferase (U/L) 32 (23.5, 50) 27 (23, 34) 0.001
Gamma-glutamyl transferase (U/L) 74 (41,151) 60.6 (36.5, 111) 0.065
Alkaline phosphatase (U/L) 106 (80.6, 142) 90 (72,117) 0.006
Total protein (g/L) 61.1 (54.1, 66.9) 63.2 (58.7, 67.8) 0.018
Albumin (g/L) 33.2(28.7,39.8) 38.3 (34, 42) <0.001
Total bilirubin (umol/L) 26.5 (14.8, 60.2) 21 (14.1, 31.5) 0.015
Prothrombin time (s) 16.3 (14.7,18.5) 14.6 (13.7,16.0) <0.001

BCS: Budd-Chiari syndrome; IVC: Inferior vena cava; HV: Hepatic veins; ALBI: Albumin-bilirubin; MELD: Model for end-stage liver disease.

using the C-index, which achieved values of 0.906 in the training set and 0.859 in the validation set, indicating excellent
discrimination. The R + C model demonstrated better predictive performance compared to the clinical-only model (C
model) and the radiomics-only model (Radscore; Table 4). ROC curves were generated to assess model discrimination
over a 3-year follow-up period. The results showed that the R + C model achieved superior discrimination compared to
the individual Radscore and C model, as reflected by its larger AUC in both the training and validation datasets
(Figure 5). Calibration curves confirmed a strong alignment between predicted and observed outcomes (Figure 6), while
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Variables Training cohort (n = 334) Validation cohort (n = 110) P value
Age (years) 514111 51.9+10.3 0.663
Sex (male) 193 (57.8) 66 (60) 0.683
Diabetes 26 (7.8) 6 (5.5) 0.412
Ascites 131 (39.2) 46 (41.8) 0.630
Hepatic encephalopathy 10 (3) 3(7) 1
IVC or HV thrombosis 60 (18) 28 (25.5) 0.087
Portal vein thrombosis 20 (6) 3(7) 0.181
Spleen thickness (mm) 45 (39, 49) 43 (38, 51) 0.700
Portal vein diameter (mm) 12.7 (10.2, 14.6) 12.7 (10, 15) 0.763
BCS type 0.389
HV type 69 (20.6) 17 (15.5)

Mixed type 227 (68) 77 (70)

IVC type 38 (11.4) 16 (14.5)

Child-Pugh grade 0.683
A 210 (62.9) 72 (65.4)

B 110 (32.9) 32(29.1)

C 14 (4.2) 6 (5.5)

ALBI, median (IQR) -2.34 (-2.74, -1.89) -2.31 (-2.64, -1.85) 0.494
MELD, median (IQR) 4.74 (2.18, 8.00) 4.14 (1.60, 7.34) 0.252
Use of anticoagulant medication 271 (81.1) 73 (66.4) 0.001
Invasive treatment to relieve hepatic venous outflow obstruction 276 (82.6) 95 (86.4) 0.360
White blood cell (x 10%/L) 3.4(2.7,4.4) 3.7 (2.7,5.0) 0.107
Red blood cell (x 10*2/L) 4.0 (3.5, 4.4) 4(3.6,4.6) 0.145
Hemoglobin (g/L) 122 (105, 136) 124 (106, 140.3) 0.358
Platelet (x 10°/L) 86 (65, 118.3) 91 (67, 141) 0.434
Sodium (mmol/L) 142 (140, 143.5) 142 (140, 143.3) 0.677
Creatinine (pmol/L) 56 (47, 67) 55 (44, 65.3) 0.251
Alanine aminotransferase (U/L) 22 (17, 27.2) 19.7 (15.6, 29.1) 0.126
Aspartate aminotransferase (U/L) 28 (23, 35) 27.3 (21.7,34.5) 0.357
Gamma-glutamyl transferase (U/L) 61 (35.8,117) 64.2 (45.0,111.6) 0.272
Alkaline phosphatase (U/L) 92 (72,121.3) 96.4 (79, 127.3) 0.273
Total protein (g/L) 63.2 (58.5, 67.7) 62.6 (57.6, 67.6) 0.526
Albumin (g/L) 38 (33.3, 41.8) 37.7 (33.3,41.3) 0.672
Total bilirubin (umol/L) 21 (13.9, 33.4) 22.8 (15.1, 35.4) 0.536
Prothrombin time (s) 14.8 (13.8,16.4) 14.6 (13.2,16.1) 0.064

BCS: Budd-Chiari syndrome; IVC: Inferior vena cava; HV: Hepatic veins; ALBI: Albumin-bilirubin; MELD: Model for end-stage liver disease.

DCA demonstrated the superior net clinical benefit of the R + C model across a wide range of threshold probabilities
(Figure 7).

Clinical performance and risk stratification
According to the R + C model, the risk analysis was performed for individuals diagnosed with BCS complicated by GEVs.
The relevant equation was as follows: Risk assessment = 0.847 Sex - 0.008 platelet count - 2.417 invasive treatment to
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Table 3 Univariate and multivariate analyses of factors associated with gastroesophageal variceal bleeding in patients with Budd-Chiari

syndrome and gastroesophageal varices

Univariate cox regression

Multivariate cox regression

Variables
HR (95%Cl) P value HR (95%Cl) P value
Age 0.994 (0.968-1.020) 0.646
Sex 3.621 (1.686-7.777) 0.001
Hepatic encephalopathy 0.712 (0.098-5.166) 0.737
Diabetes 0.535 (0.130-2.209) 0.388
Portal vein thrombosis 3.329 (1.486-7.460) 0.003
IVC or HV thrombosis 0.696 (0.295-1.645) 0.409
Invasive treatment to relieve hepatic venous outflow 0.127 (0.070-0.230) <0.001 0.123 (0.048-0.318) <0.001
obstruction
Use of anticoagulant medication 3.408 (1.056-10.994) 0.040 8.905 (2.296-34.534) 0.002
Ascites 1.798 (1.001-3.229) 0.050
Portal vein diameter (mm) 1.003 (0.915-1.099) 0.953
Spleen thickness (mm) 1.041 (1.015-1.068) 0.002
White blood cell (x 10°/L) 1.071 (0.946-1.221) 0.271
Red blood cell (x 10'2/L) 0.563 (0.388-0.818) 0.003
Hemoglobin (g/L) 0.976 (0.965-0.986) <0.001 0.974 (0.955-0.994) 0.012
Platelet (x 10°/L) 0.988 (0.979-0.997) 0.006
Sodium (mmol/L) 0.828 (0.773-0.887) <0.001
Creatinine (umol/L) 1.025 (1.014-1.037) <0.001
Aspartate aminotransferase (U/L) 1.009 (1.001-1.017) 0.020
Gamma-glutamyl transferase (U/L) 1.000 (0.998-1.002) 0.864
Alkaline phosphatase (U/L) 1.004 (1.002-1.007) 0.002
Albumin 0.899 (0.861-0.939) <0.001
Direct bilirubin 1.012 (1.007-1.016) <0.001
Prothrombin time 1.080 (1.047-1.113) <0.001
BCS type 0.081
Mixed type vs HV type 0.501 (0.265-0.945) 0.033
IVC type vs HV type 0.450 (0.149-1.355) 0.156
Child <0.001
Bus A 1.408 (0.706-2.808) 0.311
Cus A 14.353 (6.881-29.937) <0.001

HR: Hazard ratio; 95%CI: 95% confidence interval; BCS: Budd-Chiari syndrome; IVC: Inferior vena cava; HV: Hepatic veins; ALBI: Albumin-bilirubin;
MELD: Model for end-stage liver disease.

relieve hepatic venous outflow obstruction + 2.366 use of anticoagulant medication + 0.435 Radscore. The specific
threshold was identified through X-tile, and all participants were classified into low-, moderate- or high-risk categories
according to their likelihood of bleeding (low risk: < 0.57; medium risk: 0.57-1.11; high risk: > 1.11). In the training set, the
cumulative occurrence rates of variceal hemorrhage were 2.2%, 14.7% and 85.3% for the low-, moderate- and high-risk
groups, respectively (log-rank test, P < 0.001; Figure 8A). Within the validation group, the cumulative incidence rates
were 3.9%, 17.4% and 90% for each group (log-rank test, P < 0.001; Figure 8B), which suggests that the model effectively
differentiated the risk of variceal bleeding in patients with BCS complicated by GEVs.
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Table 4 C-indices of various models

Training cohort

Validation cohort

Variables

C-index (95%Cl) AIC Pvalue C-index (95%Cl) AIC Pvalue
R + C model 0.906 (0.864-0.947) 407.267 - 0.859 (0.761-0.958) 112.684 -
R model 0.825 (0.761-0.889) 474138 0.006 0.706 (0.566-0.846) 142.004 0.015
C model 0.802 (0.724-0.879) 442,580 0.003 0.699 (0.539-0.859) 136.163 0.035
MELD 0.721 (0.646-0.796) 481.666 <0.001 0.635 (0.485-0.786) 147.129 0.002
ALBI 0.667 (0.581-0.753) 490.816 <0.001 0.634 (0.491-0.776) 147.705 0.004

R + C: Radiomic + clinical model; R: Radiomic model; C: Clinical model; MELD: Model for end-stage liver disease; ALBI: Albumin-bilirubin; 95%CI: 95%

confidence Interval; AIC: Akaike information criterion.
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Figure 3 The LASSO-regularized Cox regression for radiomics feature selection is illustrated. Ten-fold cross-validation was used to determine the
optimal model parameter (A). A: Relationship between the partial likelihood deviance and log(A), which aided in selecting the optimal A value; B: Coefficient profiles of
all candidate features as a function of log(4), with each colored line representing a different feature; C: Trajectories of the feature coefficients relative to the fraction of

deviance explained.
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Figure 4 Nomogram for predicting the probability of variceal hemorrhage in patients with gastroesophageal varices associated with
Budd-Chiari syndrome. PLT: Platelet count; Inv.Treatment: Invasive treatment to relieve hepatic venous outflow obstruction; Anticoag.med: Use of anticoagulant

medication.
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Figure 5 Receiver operating characteristic curves of the nomogram. A: Receiver operating characteristic (ROC) curve in the training cohort; B: ROC
curve in the validation cohort. R + C: Radiomic + clinical model; R: Radiomic model; C: Clinical model; MELD: Model for end-stage liver disease; ALBI: Albumin-
bilirubin; AUC: The area under the receiver operating characteristic curves.

DISCUSSION

This study successfully developed and validated a noninvasive risk prediction model (R + C model) by integrating
radiomics features with clinical characteristics to evaluate the risk of first variceal bleeding in BCS patients with GEVs.
The model incorporated Radscore and key clinical predictors, such as invasive treatments to alleviate hepatic venous
outflow obstruction, anticoagulation use, sex, and platelet count, significantly enhancing the accuracy of bleeding risk
prediction. This model provides an effective tool for the management and treatment of BCS patients.

Radiomics technology, as a novel imaging analysis method, has been extensively applied in the oncology field[11-14].
It has also shown substantial potential in diagnosing and predicting outcomes in non-oncological liver diseases, such as
liver fibrosis and portal hypertension syndrome[4,15-18]. For example, Luo et al[15] successfully predicted the risk of
bleeding in cirrhotic patients by constructing liver and spleen radiomics models. Zhang et al[4] explored the risk of
variceal bleeding in hepatitis-B-related cirrhotic patients within 1 year. Due to the distinct pathophysiological character-
istics of BCS, which mainly manifest as hepatic venous outflow obstruction, the risk of variceal bleeding and treatment
response in BCS patients differ significantly from those in cirrhotic patients[19,20]. China, being the country with the
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Figure 6 Calibration curves of the radiomic and clinical model. A: Calibration curve in the training cohort; B: Calibration curve in the validation cohort.
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Figure 7 Decision curve analysis of the nomogram. A: Decision curve analysis (DCA) in the training cohort; B: DCA in the validation cohort. R + C:
Radiomic + clinical model; R: Radiomic model; C: Clinical model; MELD: Model for end-stage liver disease; ALBI: Albumin-bilirubin.

highest number of diagnosed BCS cases globally, still lacks a comprehensive risk prediction model for variceal bleeding
in BCS patients[21,22]. This study innovatively combined liver and spleen radiomics features with clinical factors,
significantly improving the predictive ability for variceal bleeding risk in BCS patients. It enables the development of
more precise treatment strategies based on individual risk levels, thereby optimizing personalized management and
significantly improving patient outcomes.

In this study, we found that invasive treatments and anticoagulation therapy are independent risk factors for variceal
bleeding in BCS patients with GEVs. Invasive treatments, such as TIPS and angioplasty, effectively reduce the risk of
variceal bleeding by relieving hepatic venous outflow obstruction and lowering portal pressure[3]. However, invasive
procedures themselves carry a risk of treatment-related bleeding events (e.g., procedural site bleeding or abdominal
hemorrhage), which are typically observed within 24-48 hours post-procedure. Although this type of bleeding is distinct
from variceal bleeding, as it is more closely associated with procedural trauma and the intensity of pre-procedural antico-
agulation therapy, it highlights the complex interplay between invasive treatments and anticoagulation management in
BCS patients. For example, Rautou et al[23] reported that in BCS patients undergoing TIPS or other invasive treatments,
excessive pre-procedural anticoagulation significantly increased the risk of procedural bleeding events, underscoring the
need for balanced anticoagulation protocols. Similarly, our study identified anticoagulation therapy as an independent
risk factor for variceal bleeding, which may reflect the broader challenge of managing anticoagulation intensity and
timing in BCS patients with GEVs. These findings emphasize the importance of tailoring anticoagulation therapy to
individual patient needs, especially in the context of invasive treatments, to minimize both treatment-related and variceal
bleeding risks.

Although invasive treatments are beneficial in reducing portal pressure and the long-term risk of variceal bleeding,
inappropriate anticoagulation therapy [e.g., excessive dosage, improper timing, or insufficient international normalized
ratio (INR) monitoring] may exacerbate the risk of variceal bleeding[24]. In BCS patients with GEVs, this risk may be
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Figure 8 Cumulative risk curves stratified by the risk score. A: Cumulative risk curve in the training cohort; B: Cumulative risk curve in the validation

cohort.

further amplified due to existing portal hypertension and variceal fragility. Our findings suggest that careful evaluation
and optimization of anticoagulation protocols are critical for balancing the risks and benefits of therapy. Specifically, for
patients undergoing invasive treatments, it is necessary to comprehensively evaluate the intensity and timing of antico-
agulation therapy before, during and after the procedure. Strict adherence to anticoagulation protocols, including
individualized dosing and careful INR monitoring, can mitigate the risk of variceal bleeding while preventing treatment-
related bleeding events. Additionally, future research should focus on developing evidence-based guidelines to further

Time (months)

refine anticoagulation management strategies in BCS patients.

Beienideng>  VVIG | https://www.wjgnet.com 12

May 21,2025 | Volume31 |



Wang ZD et al. BCS bleeding risk model development

Our study identified male sex as a significant risk factor for variceal bleeding, in contrast to previous studies that
reported a higher incidence of portal-hypertension-related complications in female patients[25,26]. This discrepancy may
be attributed to differences in patient characteristics, study design or clinical management strategies. In our cohort, male
patients demonstrated a higher mean spleen thickness (46.36 mm vs 42.99 mm) and portal vein diameter (12.98 mm vs
12.00 mm) compared to females; both of which are recognized markers of severe portal hypertension. These findings may
indirectly contribute to the observed increased bleeding risk in male patients. Additionally, it is possible that male
patients were less adherent to anticoagulation protocols or presented with more advanced disease at the time of
diagnosis, as suggested by prior studies in similar populations[27]. Hormonal differences, such as the vascular protective
effects of estrogen in females, might also play a role in reducing bleeding risk in female patients. However, these
hypotheses could not be directly evaluated in the present study due to the retrospective design and require further
investigation in larger, prospective cohorts. Understanding these sex-based variations is essential for tailoring individu-
alized management strategies in BCS patients with GEVs.

Platelet count also plays a crucial role in assessing bleeding risk. BCS patients often develop splenomegaly, resulting in
thrombocytopenia, which indicates increased portal hypertension severity and a higher risk of variceal bleeding[28,29].
Our findings confirmed that low platelet count is significantly associated with bleeding risk, thereby improving the
model's predictive capability and offering clinicians a more comprehensive assessment tool.

In terms of diagnostic methods, this study used portal venous phase contrast-enhanced CT, which not only facilitates
the diagnosis of BCS but also effectively evaluates GEVs, providing a comprehensive assessment of patients[30,31].
Compared with traditional endoscopy, enhanced CT offers noninvasive, highly sensitive and simultaneous evaluation of
hepatic and splenic hemodynamics[32-34]. This imaging technology serves as a reliable alternative for patients unsuitable
for endoscopy, reducing discomfort and potential complications during examinations and providing crucial patho-
physiological information for clinical decision-making,.

The risk stratification system based on the R + C model divided patients into low-, medium-, and high-risk groups,
with a significant difference in variceal bleeding incidence between the groups. The bleeding incidence in the high-risk
group was significantly higher than that in the medium- and low-risk groups. This risk stratification system offers
valuable guidance for the clinical management of BCS patients with GEVs.

In this study, the bleeding rate in the high-risk group reached 85.3%, indicating a high risk of variceal rupture and
bleeding. For these patients, we recommend active preventive interventions, such as endoscopic treatment (e.g.,
endoscopic variceal ligation or sclerotherapy)[35]. Additionally, if high-risk patients experience recurrent hepatic venous
outflow obstruction or other portal-hypertension-related complications (e.g., symptoms of portal hypertension not
effectively controlled by medication or endoscopic therapy), TIPS treatment should be considered under certain circum-
stances even if the standard indications for TIPS have not yet been met[36]. TIPS can improve hepatic venous outflow and
reduce portal pressure, thereby decreasing the risk of variceal bleeding. It is a safe and effective treatment option[37].
Therefore, for high-risk patients, a comprehensive assessment of their condition and potential benefits should be
conducted, and TIPS intervention should be actively considered when necessary to prevent bleeding events.

For medium-risk patients, the bleeding rate was 14.7%, comparable to the annual bleeding rate reported in cirrhotic
patients with GEVs (10%-15%)[4,5]. Therefore, we recommend that medium-risk patients be managed according to
standard preventive strategies outlined in existing guidelines, including the use of nonselective beta-blockers (e.g.,
propranolol) to reduce portal pressure and regular endoscopic surveillance to monitor variceal progression. For patients
with high-risk features of variceal bleeding (e.g., severe varices or red wale marks) or significantly elevated portal
pressure (hepatic venous pressure gradient > 12 mmHg), enhanced endoscopic therapy and medication management are
recommended to further reduce bleeding risk, along with close monitoring of disease progression. If conventional
treatment is ineffective or the condition continues to worsen, early TIPS intervention should be considered to further
reduce the risk of bleeding][7].

For low-risk patients, the incidence of variceal bleeding was only 2.2%, indicating a low overall bleeding risk. For these
patients, we recommend regular follow-up and monitoring of hepatic venous outflow patency, with timely adjustment of
management strategies if significant changes in imaging parameters or hemodynamic indicators are observed[38]. The
use of nonselective beta-blockers (e.g., propranolol) in low-risk patients should be approached cautiously, especially in
cases of hemodynamic instability or poor liver function reserve, where a thorough evaluation of potential adverse effects
and benefits is necessary to avoid unnecessary interventions and treatments[39].

This study developed and validated a noninvasive risk prediction model integrating radiomics and clinical character-
istics, demonstrating excellent predictive performance and clinical utility. However, several limitations need to be
addressed. First, as a retrospective study, potential selection bias and the limited sample size may affect the general-
ization of the findings. While BCS in western populations is often driven by thrombophilic states (e.g., factor V Leiden
mutation), BCS in China predominantly arises from membranous obstruction of the inferior vena cava or short-segment
hepatic vein stenosis. Consequently, our institutional protocol favors endovascular interventions (e.g., angioplasty or
TIPS), followed by bridging low-molecular-weight heparin and long-term warfarin therapy, rather than routine thrombo-
philia workup or first-line use of direct oral anticoagulants[2]. Therefore, larger multicenter or prospective studies -
including settings where thrombophilia-driven BCS prevails - are needed to validate the stability and applicability of our
model across diverse etiological and therapeutic contexts. Second, the use of single-level ROIs for the liver and spleen
may not fully capture the heterogeneity of the entire organ. Although these specific levels are clinically relevant for
assessing portal and splenic hemodynamics, volumetric ROIs or multislice approaches should be considered to better
characterize tissue variability. Finally, greater automation and standardization of radiomics feature extraction would
enhance the clinical feasibility of the model. Global validation in broader populations remains critical to confirm the
robustness and facilitate wider adoption of this approach.
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CONCLUSION

This study was the first to combine radiomics and clinical characteristics to develop a noninvasive model capable of
predicting variceal bleeding risk in BCS patients with GEVs. The model demonstrated excellent predictive performance in
clinical applications and provides robust support for individualized patient management and treatment strategies.
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