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Abstract

BACKGROUND

Radiomics has been used in the diagnosis of cirrhosis and prediction of its
associated complications. However, most current studies predict the risk of
esophageal variceal bleeding (EVB) based on image features at a single level,
which results in incomplete data. Few studies have explored the use of global
multi-organ radiomics for non-invasive prediction of EVB secondary to cirrhosis.

AIM
To develop a model based on clinical and multi-organ radiomic features to predict
the risk of first-instance secondary EVB in patients with cirrhosis.

METHODS

In this study, 208 patients with cirrhosis were retrospectively evaluated and
randomly split into training (n = 145) and validation (1 = 63) cohorts. Three areas
were chosen as regions of interest for extraction of multi-organ radiomic features:
The whole liver, whole spleen, and lower esophagus-gastric fundus region. In the
training cohort, radiomic score (Rad-score) was created by screening radiomic
features using the inter-observer and intra-observer correlation coefficients and
the least absolute shrinkage and selection operator method. Independent clinical
risk factors were selected using multivariate logistic regression analyses. The
radiomic features and clinical risk variables were combined to create a new
radiomics-clinical model (RC model). The established models were validated
using the validation cohort.
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RESULTS

The RC model yielded the best predictive performance and accurately predicted the EVB risk of patients with
cirrhosis. Ascites, portal vein thrombosis, and plasma prothrombin time were identified as independent clinical
risk factors. The area under the receiver operating characteristic curve (AUC) values for the RC model, Rad-score
(liver + spleen + esophagus), Rad-score (liver), Rad-score (spleen), Rad-score (esophagus), and clinical model in the
training cohort were 0.951, 0.930, 0.801, 0.831, 0.864, and 0.727, respectively. The corresponding AUC values in the
validation cohort were 0.930, 0.886, 0.763, 0.792, 0.857, and 0.692.

CONCLUSION
In patients with cirrhosis, combined multi-organ radiomics and clinical model can be used to non-invasively
predict the probability of the first secondary EVB.

Key Words: Artificial intelligence; Cirrhosis; Radiomics; Esophagogastric variceal bleeding

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Based on enhanced computed tomography images of patients with cirrhosis and independent clinical risk factors,
we developed a new multi-organ combined radiomic model to predict the risk of esophageal variceal bleeding (EVB) in
cirrhotic patients, and analyzed its reproducibility and clinical applicability. This new multi-organ combined prediction
model can effectively predict the risk of secondary EVB in cirrhosis and provide some support for patient individualized
treatment.

Citation: Peng YJ, Liu X, Liu Y, Tang X, Zhao QP, Du Y. Computed tomography-based multi-organ radiomics nomogram model for
predicting the risk of esophagogastric variceal bleeding in cirrhosis. World J Gastroenterol 2024; 30(36): 4044-4056

URL: https://www.wjgnet.com/1007-9327/full/v30/i36/4044.htm

DOI: https://dx.doi.org/10.3748/wjg.v30.i136.4044

INTRODUCTION

Liver cirrhosis is the late stage of several acute and chronic liver diseases and is currently the eleventh most prevalent
cause of mortality globally. Up to 1 million cirrhosis-related deaths are reported annually, accounting for about 2.4% of
all global deaths, with more men than women succumbing to the disease[1,2]. The common causes of liver cirrhosis
include viral infection, alcoholic liver disease, non-alcoholic fatty liver disease, autoimmune liver disease, long-term
cholestasis, drug or toxic substance damage, liver blood circulation disturbance, genetic and metabolic diseases, and
parasitic infections[3,4]. The progression of liver cirrhosis is primarily divided into compensatory and decompensated
stages. Compensated cirrhosis is mainly characterized by decreased liver function. During the decompensation period,
there are many complications such as esophageal variceal bleeding (EVB), spontaneous bacterial peritonitis, hepatic
encephalopathy, hepatorenal syndrome, portal vein thrombosis (PVT), and primary hepatic carcinoma[1,4-6]. The most
common complication is esophagogastric varices (EV)[7]. According to earlier research, EV is present in around 50% of
patients with cirrhosis, and a fatal complication of cirrhotic portal hypertension is EVB. The mortality rate of the first
secondary acute EVB can reach up to 15%-20%. Patients who have not received treatment after the first bleeding have a
greater than 60% risk of rebleeding within 1 year, and the mortality rate of rebleeding is approximately 20%-33%[8-10].
Owing to the high incidence and mortality rates of EVB, early prediction of the first secondary EVB in patients with
cirrhosis is important, especially in those who already carry a high risk of bleeding.

In patients with cirrhosis, endoscopy examination is considered the golden standard for assessing the severity of EV
and for making an initial prognosis of EVB risk[1]. However, endoscopy is invasive, and patients with severe underlying
diseases, such as cardiovascular disease, hypertension, and acute inflammation, may be unable to tolerate the exa-
mination. Further, painless endoscopy carries the risk of general anesthesia, and the endoscopic risk factors depend on
the experience and subjectivity of the operator[5]. Contrast-enhanced computed tomography (CT) can be used to ef-
fectively evaluate and diagnose EV; however, its success depends on the experience and skill of the radiologists, and a
large amount of information in CT images cannot be gleaned through direct human observation. Therefore, developing a
non-invasive method for predicting EVB remains essential. However, a standardized diagnostic method for non-invasive
prediction of EVB in patients with liver cirrhosis does not exist.

Radiomics is a new approach that extracts all the information contained in the image and then makes a comprehensive
and systematic analysis[11,12]. Previous studies have demonstrated promising results of radiomics in predicting EVB[13-
17]. However, these studies mainly included features from only a portion of the liver and/or portions of the spleen or
esophagus and analyzed single- and multi-level images (e.g., hilar of the liver or hilum of the spleen). Furthermore, there
are no noninvasive diagnostic criteria for predicting EVB in the context of cirrhosis. Moreover, previous studies have
confirmed the feasibility and important value of multi-organ radiomics analysis[18-20]. Therefore, our study aimed to
develop and verify a new multi-organ radiomics model for predicting secondary EVB in patients with cirrhosis by seg-
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Patients with cirrhosis from January 2018 to June 2022
(n=949)

Excluded:
Complicated with tumor (n = 97)
Previous treatment before CT examination (7= 168)
Lack of endoscopy (7= 175)

Excluded:
Lacks contrast-enhanced CT (n = 179)
Poor quality of images (17 = 50)
Incomplete clinical data (7 = 72)

y

Patients enrolled in this retrospective study

(n=208)
4
Training cohort (17 = 145) Validation cohort (17 = 63)
EVB (n=64) EVB (n =28
Non-EVB (n = 81) Non-EVB (n = 35)

Figure 1 Flowchart of inclusion and exclusion criteria. CT: Computed tomography; EVB: Esophageal variceal bleeding.

menting 3D images of the whole liver, whole spleen, and esophagogastric fundus. To achieve our aim, radiomic features
extracted from portal phase-enhanced CT images were combined with clinical features to generate various prediction
models.

MATERIALS AND METHODS

Patients
The appropriate institution's medical ethics committee approved this retrospective study.

A retrospective analysis was conducted on the data of 208 patients with liver cirrhosis selected from 949 patients from
January 2018 to June 2022. The training (n = 145) and validation (n = 63) cohorts were randomly divided at a ratio of 7:3
(Figure 1). The following inclusion criteria were applied: (1) Diagnosis of cirrhosis based on pathological findings and/or
imaging findings and laboratory results; (2) Abdominal contrast-enhanced CT performed within 2 weeks of diagnosis;
and (3) Completion of upper gastrointestinal endoscopy. The following exclusion criteria were applied: (1) Presence of
tumors in the liver, spleen, and/or esophagus; (2) Previous endoscopic therapy, p-blocker therapy, transjugular intra-
hepatic portosystemic shunt, splenic embolization, splenectomy, hepatectomy, or other surgeries; (3) Poor-quality or
missing CT images; (4) Imperfect clinical data; and (5) Upper gastrointestinal bleeding caused by gastroduodenal ulcer
bleeding, hematological diseases, or other primary diseases.

Endoscopic examination and clinical evaluation

Each patient underwent an endoscopic examination performed by an experienced gastrointestinal physician, and the
results were recorded. Based on a comprehensive evaluation of the endoscopy results and clinical symptoms (such as
hematemesis, bloody stool, and black stool), 116 patients who had never experienced EVB were included in the non-
bleeding group (non-EVB, including 30 patients with mild EV, 15 patients with moderate EV, and 71 patients with severe
EV) and 92 patients in bleeding group. In addition, those who had EVB within 2 weeks before the contrast enhanced CT
and endoscopy were included in the bleeding group (EVB, n = 92).

Contrast-enhanced CT examination

Detailed parameters of CT examination are shown in Supplementary Table 1. Each patient performed contrast-enhanced
CT within two weeks prior to the endoscopy. Contrast medium (300 mg/mL) was administered intravenously with a
high-pressure syringe at a flow rate of 2.5 mL/s. The total amount of contrast medium (2 mL/kg) was calculated based
on the patient’s body weight. Enhanced arterial, portal, and delayed phase images were obtained at 30 seconds, 70
seconds, and 120 seconds after injection, and portal phase images were preserved.

Region-of-interest segmentation

In this study, three region-of-interest (ROI) were selected: The whole liver, whole spleen, and lower esophagus-fundus
region. The portal phase contrast enhanced CT images were imported using 3D-Slicer software and manually delineated
layer-by-layer by two radiologists who were blinded to the patient's condition and who had 10 and 5 years of diagnostic
expertise in abdominal CT imaging, respectively. Differences of opinion on the outline of the ROI were discussed and
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decided upon by the two experts. The specific criteria were as follows: (1) Because the liver and spleen are parenchy-
matous organs, the delineation should be as close to the edge of the organs as possible while avoiding the interference
from other organs, including the kidney, intestine, gallbladder, and large blood vessels around the hilum of the liver and
spleen; and (2) The sketch of the lower esophagus-gastric fundus region should include varicose veins, which are located
5 cm above the heart, as this is the most common site of EV[1]. Simultaneously, we tried to avoid space in the cavity and
eliminate interference from food residue and air in the cavity. After 1 month, 30 patients were randomly selected, and the
aforementioned ROI delineation was independently repeated by radiologists 1 and 2 without knowledge of the patient's
condition to calculate the inter-observer correlation coefficients (ICC) and intra-observer ICC of radiomic features. The
radiomic features with high consistency and repeatability were selected by calculating ICC values, which helped reduce
experimental errors and subjectivity in manual ROI segmentation.

Radiomic features extraction and selection

Radiomic features were extracted using 3D-Slicer software. First, all images were preprocessed via image resampling,
image grayscale quantization, Gaussian filtering, and wavelet filtering. Then, the collected feature values were nor-
malized using the Z-score to remove dimensional disparities. To prevent the risk of model overfitting, the following steps
were taken during feature selection: (1) Features with intra and inter-observer ICC > 0.8 for all the three ROIs were
selected to ensure the stability of features; and (2) The most reliable and effective features were chosen using the least
absolute shrinkage and selection operator (LASSO) regression analysis.

Collection of clinical data

Data were collected on clinical variables for each patient: Age, sex, etiology of cirrhosis, ascites, hypertension, PVT,
Child-Pugh grade, alpha-fetoprotein, serum albumin, prothrombin time (PT), platelet, alanine transaminase (ALT),
aspartate transaminase (AST), glutamyl transpeptidase, total bilirubin, direct bilirubin, and indirect bilirubin. These data
are retrieved from the electronic medical records system.

Model construction and validation

Based on the radiomic features that the training cohort selected, the radiomic score (Rad-score) was constructed. The Rad-
score was the predicted value determined by a linear combination weighted by the chosen radiomic features and
matching LASSO regression coefficients (the radiomics model). Since our research was based on three ROIs (liver, spleen,
and esophagus) to extract radiomics features, we planned to establish six different prediction models: (1) Rad-score (liver)
based on the extracted radiomic features of the liver and its coefficients; (2) Rad-score (spleen) based on the extracted
radiomic features of the spleen and its coefficients; (3) Rad-score (esophagus) based on the extracted radiomic features of
the esophagus and its coefficients; (4) Rad-score (liver + spleen + esophagus), a radiomic fusion model based on the
radiomic features extracted from the three ROIs of the liver, spleen, and esophagus; (5) Clinical model containing only
independent clinical risk factors analyzed from the patient’s clinical data; and (6) Radiomics-clinical model (RC model), a
new radiomics-clinical combined model combining the Rad-score (liver + spleen + esophagus) and clinical model. Each of
these six different predictive models could be used to predict EVB risk in patients with cirrhosis. In addition, we eva-
luated and compared the predictive performances of these six models using the validation cohort. The area under the
receiver operating characteristic (ROC) curve (AUC) was used to evaluate model discrimination. The sensitivity, spe-
cificity, accuracy, positive predictive value (PPV), and negative predictive value (NPV) of each model were calculated,
and different models were compared by the Delong test. The degree of model calibration was evaluated by calibration
curve, and its clinical utility was evaluated using a decision curve. To make the RC model more intuitive, it was pre-
sented as a nomogram. The detailed research process is presented in Figure 2.

Statistical analysis

Statistical analysis was conducted using SPSS (Version 26.0; IBM) and Open-Source R software (Version 4.4.2; https://
www.rproject.org). Bilateral P values < 0.05 were considered statistically significant. The y? test or Fisher's exact test was
used to examine classification factors expressed as percentages. An independent samples t-test was used to evaluate
continuous data that followed a normal distribution and were expressed as the mean + SD. The Mann-Whitney U test was
used to assess continuous variables with non-normal distributions that were expressed as medians (range). The open-
source software R was used to construct and validate the model.

RESULTS
Study population

This study included 208 patients with liver cirrhosis who were randomly assigned to the training (n = 145) and validation
(n = 63) cohorts. The baseline data and clinical parameters of all patients are shown in Table 1. No clinical factor showed a
significant difference between the training and validation cohorts (P > 0.05).

Selection of radiomic features

Each ROl yielded 1316 features in total. For each patient, 3948 features were retrieved. The inter-observer ICC averages of
the liver, spleen, and lower esophagus-gastric fundus region were 0.828, 0.846, and 0.837, respectively, and the intra-
observer ICC averages were 0.844, 0.831, and 0.827, respectively, which indicated that the outlined ROI had good con-

gﬁ;@ WJG | https://www.wjgnet.com 4047 September 28,2024 | Volume30 | Issue36 |


https://www.rproject.org
https://www.rproject.org

Peng Y] et al. Multi-organ radiomics nomogram model

Patients
collection

{

3D ROIs
segmentation

208 patients
with cirrhosis

Image
acquisition

g
8 50+ = ..'"s,
% he] ,
=] ] i
Feature § 0+ 5 16
selection 4 s 1
-50 1.2 4
T T T T T T T T T T
-6 -5 -4 -3 -2 -6 -5 -4 -3 -2
Log lambda Log (A)
Clinical risk factors: Ascites; Portal vein thrombosis; Plasma prothrombin time
0 1 2 3 4 5 6 7 9 10
Points L 1 L ! 1 1 ! L 1 J
Radiomics 5 2 .15 -1 05 0 05 1 15
1
A — g
0 1 s
c
VT — é
PT 0.2 //;Rad-score liver)
12 16 20 24 28 — 53333535 E;sf:}?agus)
Rad-score (liver + spleen + esophagus)
. —— Clinical model
Total points r r r - : 1 - - r : 1 - 1 0.0 4. Radiomics and clinical model
0 1 2 3 4 5 6 7 8 9 10 11 12 T T T T T T
o Risk 00 02 04 06 08 1.0
Mode f T T T 1 e e
1-specificity
ETEETT 0.01 0.1 0.5 0.9 0.99
and
. Calibration curve
evaluation T I T q e p—T
1.0 4 P 1.0 Rad-score (s“rgleer)n)
Rad-score (esophagus)
Rad-score (liver + spleen + esophagus)
4 — Clinical model
> 0.8 1 Hosmer-Lemeshow P = 0.245 0.8 Radliomics and dinical model
= — None
3 =
806 T 0.6 7
< 5
[=% el
T 0.4 B 0.4
g - - Ideal =
| — Apparent |
0.2 — Bias-corrected 0.2
0.0 4 0.0 - LU L T
T T T T T T r T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Predicted probability High risk threshold
Figure 2 Radiomics workflow. ROI: Region-of-interest.
uisnidenge VVIG | https://www.wjgnet.com 4048 September 28,2024 | Volume30 | Issue36



Peng Y] et al. Multi-organ radiomics nomogram model

Table 1 Clinical characteristics of the patients, n (%)

Characteristics Training cohort (n = 145) Validation cohort (n = 63) Pvalue
Age (years) 54.6 +11.6 543 +13.8 0.869
Sex 0.250
Male 82 (56.6) 41 (65.1)
Female 63 (43.4) 22 (34.9)
Etiology 0.112
HBV 95 (65.5) 44 (69.8)
Alcohol 18 (12.4) 1(1.6)
PBC 9(6.2) 4(6.3)
AIH 5(3.4) 1(1.6)
HCV 2(14) 2(3.2)
HLD 2(14) 1(1.6)
Other 14 (9.7) 10 (15.9)
Ascites 0.624
Absent 66 (45.5) 31 (49.2)
Present 79 (54.5) 32 (50.8)
Hypertension 0.149
Absent 129 (89.0) 60 (95.2)
Present 16 (11.0) 3(4.8)
PVT 0.175
Absent 118 (81.4) 46 (73)
Present 27 (18.6) 17 (27)
Child-Pugh 0.629
Class A 55 (37.9) 27 (42.9)
Class B 68 (46.9) 25 (39.7)
Class C 22 (15.2) 11 (17.5)
AFP (pg/L) 0.772
<20 122 (84.1) 54 (85.7)
220 23 (15.9) 9 (14.3)
ALB (g/L), mean + SD 345+6.0 33.5+6.0 0.271
PT (second), median (range) 16.1 (14.9-17.5) 15.8 (14.7-17.4) 0.480
PLT (109/L), median (range) 54.0 (41.0-73.5) 57.0 (43.0-84.0) 0.395
ALT (U/L), median (range) 28.0 (19.5-50.0) 31.0 (21.0-57.0) 0.362
AST (U/L), median (range) 42.0 (29.5-69.0) 45.0 (29.0-73.0) 0.754
GGT (U/L), median (range) 44.0 (24.0-97.5) 44.0 (24.0-97.0) 0.953
TBIL (umol/L), median (range) 28.0 (20.4-44.1) 23.1 (18.3-43.9) 0.226
DBIL (pmol/L), median (range) 10.0 (6.9-16.4) 9.1 (6.4-16.8) 0.712
IBIL (pmol/L), median (range) 17.8 (11.7-27.3) 14.9 (10.3-22.5) 0.076

HBV: Hepatitis B virus; PBC: Primary biliary cirrhosis; AIH: Autoimmune hepatitis; HCV: Hepatitis C virus; HLD: Hepatolenticular degeneration; PVT:
Portal vein thrombosis; AFP: Alpha-fetoprotein; ALB: Serum albumin; PT: Prothrombin time; PLT: Platelet count; ALT: Alanine aminotransferase; AST:
Aspartate aminotransferase; GGT: Glutamyl transpeptidase; TBIL: Total bilirubin; DBIL: Direct bilirubin; IBIL: Indirect bilirubin.
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Figure 3 The process of feature selection and dimensionality reduction through least absolute shrinkage and selection operator. A-C:
Least absolute shrinkage and selection operator regression model cross-verifies the selection process of the penalty parameter Lambda, and selects the radiomic
features with non-zero coefficients according to the principle of minimum deviation; D-F: Convergence diagram of radiomic feature coefficients.

sistency and repeatability. Therefore, the radiomics features with ICCs greater than 0.8 were chosen from the three ROIs.

Through LASSO regression analysis, six features were selected from the liver (Figure 3A, Supplementary Table 2),
six from the spleen (Figure 3B, Supplementary Table 3), and nine from the lower esophagus-gastric fundus region
(Figure 3C, Supplementary Table 4). A total of 15 radiomic features (including four features of the liver, four features of
the spleen, and seven features of the lower esophagus-gastric fundus) were selected from the established radiomics
fusion model (liver + spleen + esophagus) (Figure 3D-F). The corresponding Rad-score was calculated (Supplementary
Table 5), which was also used to establish the RC model, which is a new combined predictive model based on the Rad-
score (liver + spleen + esophagus) and independent clinical risk factors.

Analysis of clinical risk factors
Univariate logistic regression analysis indicated that five factors were significantly correlated with first-instance
secondary EVB in patients with cirrhosis: Ascites, PVT, PT, ALT, and AST (Table 2). Multivariate analysis revealed that

ascites, PVT, and PT were independent clinical predictors for first-instance secondary EVB in patients with cirrhosis
(Table 2).

Model construction and evaluation

Three independent clinical risk factors (ascites, PVT, and PT) were used to construct independent clinical prediction
models. The Rad-score (liver + spleen + esophagus) was added to the above model to construct a nomogram using
multivariable logistic regression analysis, resulting in the RC model. Figure 4 shows the nomogram for the RC model. The
AUG, sensitivity, specificity, accuracy, PPV, and NPV values were used to evaluate the discriminative abilities of different
models (Tables 3 and 4). The RC model yielded the best predictive performance, with AUC values in the training and
validation cohorts of 0.951 [95% confidence interval (CI): 0.919-0.983] and 0.930 (95%CI: 0.872-0.987), respectively, which

3%9@) WJG | https://www.wjgnet.com 4050 September 28,2024 | Volume30 | Issue36 |


https://f6publishing.blob.core.windows.net/5ed2e350-0556-4be5-a09d-3d59ad0434e4/98645-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/5ed2e350-0556-4be5-a09d-3d59ad0434e4/98645-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/5ed2e350-0556-4be5-a09d-3d59ad0434e4/98645-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/5ed2e350-0556-4be5-a09d-3d59ad0434e4/98645-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/5ed2e350-0556-4be5-a09d-3d59ad0434e4/98645-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/5ed2e350-0556-4be5-a09d-3d59ad0434e4/98645-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/5ed2e350-0556-4be5-a09d-3d59ad0434e4/98645-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/5ed2e350-0556-4be5-a09d-3d59ad0434e4/98645-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/5ed2e350-0556-4be5-a09d-3d59ad0434e4/98645-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/5ed2e350-0556-4be5-a09d-3d59ad0434e4/98645-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/5ed2e350-0556-4be5-a09d-3d59ad0434e4/98645-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/5ed2e350-0556-4be5-a09d-3d59ad0434e4/98645-supplementary-material.pdf

Peng Y] et al. Multi-organ radiomics nomogram model

. 0 1 2 3 4 5 6 7 8 9 10
Points L L L ) | L L L 1 L )
. r T T T T T T 1
Radiomics 25 2 15 1 -05 0 05 1 15
1
AS —!
0
1
PVT —
0
PT =T33 T T ;37T T —T—3]
12 16 20 24 28
Total points T T T T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10 1" 12
Risk T T T T 1
0.01 0.1 0.5 0.9 0.99

Figure 4 Nomogram for the radiomics-clinical model. Radiomics, Rad-score (liver + spleen + esophagus). AS: Ascites; PVT: Portal vein thrombosis; PT:
Prothrombin time.

were close to those for the Rad-score (liver + spleen + esophagus) [AUC: 0.930 (95%CI: 0.891-0.970) and 0.886 (95%CI:
0.808-0.964)], respectively, and higher than those for the independent radiomics and independent clinical models.

According to the independent radiomics model, the AUC values of the Rad-score (esophagus) in the training [0.864
(95%ClI: 0.807-0.922)] and validation [0.857 (95%CI: 0.762-0.952)] cohorts were slightly higher than those of the Rad-score
(liver) [0.801 (95%CI: 0.727-0.875) and 0.763 (95%CI: 0.646-0.880), respectively] and Rad-score (spleen) [0.831 (95%CI:
0.766-0.897) and 0.792 (95%ClI: 0.677-0.906), respectively]; the AUC values of the Rad-score (liver) and Rad-score (spleen)
were similar. Figure 5A shows the ROC curves of different models. The outcomes of DeLong test comparison between
each model and the RC model are displayed in Table 3.

The calibration curve was combined with Hosmer-Lemeshow test to evaluate the calibration of RC model. The results
for the training (P = 0.245) and validation (P = 0.738) cohorts showed no significant difference (P > 0.05) between the
predicted and real values of the RC model; the fitness of RC model was good. Figure 5B shows the calibration curve for
the RC model. The prediction curves were close to the standard curve, which indicated that the prediction probability of
cirrhotic EVB risk obtained using the RC model was in good agreement with the actual probability of occurrence. The net
benefit of each model was analyzed using decision curves (Figure 5C). According to the decision curve analysis results,
the net benefit of the RC model was the highest, and within a certain threshold range, the net benefit of the RC model was
very close to that of the Rad-score (liver + spleen + esophagus) and Rad-score (esophagus).

DISCUSSION

Multi-organ radiomics analyses are essential for predicting EVB in the context of cirrhosis, allowing for the extraction of
more complete/comprehensive information. We conducted a comprehensively radiomics analysis that included three
ROIs for the whole liver, whole spleen, and lower esophagus-gastric fundus to establish six non-invasive models for
predicting the risk of the first secondary EVB in patients with cirrhosis. In addition, the current study compared the
prediction performance of a single-organ model, multi-organ model, and independent clinical model separately and in
combination. The results indicated that the RC model combining radiomic fusion features and clinical characteristics
yielded the best predictive performance, indicating a further improvement in diagnostic performance. The probability of
EVB predicted by the RC model was very close to that of actual occurrence, and the net clinical benefit was the largest for
the RC model.

The RC model contains 15 radiomics features related to EVB prediction, including four features from the liver, four
features from the spleen, and seven features from the esophagogastric fundus region. The main features in the RC model
were extracted from the esophagogastric fundus region, meaning that the radiomics features of this region have a great
advantage in EVB prediction. The main features include one shape feature, five features of the first order, and nine
features of texture. The surface volume ratio shape feature is a 3D feature, which was negatively correlated with EVB,
indicating that the smaller the value, the higher the risk of bleeding. The first-order features include the median and
kurtosis. The median can reflect the uniformity of the measured voxels, whereas kurtosis is a measure of signal strength
distribution in ROI images. The more complex the structure of the tissue, the higher the kurtosis[21]. In this study,
Kurtosis positively correlated with the risk of EVB, meaning that the higher the kurtosis, the higher the risk of bleeding.
Texture features include second-order and high-order features, including three features of gray level run length matrix,
two features of gray level co-occurrence matrix, two features of gray level dependence matrix, and two features of gray-
level size zone matrix, which can extract the texture information of multi-domain and multi-scale images. Therefore, the
subtle changes in the internal structure of the organs of patients with cirrhosis can be reflected, and different tissue
structures can be quantitatively described and distinguished to provide biological information that cannot be observed by
human eye[22-24].
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Table 2 Univariate and multivariable analysis of clinical variables

Univariate logistic regression Multivariable logistic regression
Variables
OR (95%Cl) Pvalue OR (95%Cl) Pvalue

Age 1.000 (0.978-1.022) 0.973

Sex 1.677 (0.959-2.932) 0.070

Etiology 1.008 (0.880-1.154) 0.905

Ascites 2.826 (1.597-5.001) <0.001 2.625 (1.367-5.039) 0.004
Hypertension 0.690 (0.268-1.775) 0.441

PVT 4.622 (2.215-9.645) <0.001 3.500 (1.547-7.916) 0.003
Child-Pugh 1.352 (0.916-2.007) 0.130

AFP 0.977 (0.457-2.088) 0.953

ALB 0.965 (0.921-1.011) 0.135

PT 1.158 (1.032-1.299) 0.013 1.199 (1.033-1.390) 0.017
PLT 0.999 (0.992-1.007) 0.832

ALT 0.978 (0.966-0.991) 0.001

AST 0.982 (0.973-0.992) 0.001

GGT 0.998 (0.995-1.001) 0.136

TBIL 0.996 (0.988-1.005) 0.405

DBIL 0.994 (0.981-1.008) 0.427

IBIL 0.995 (0.977-1.012) 0.546

PVT: Portal vein thrombosis; AFP: Alpha-fetoprotein; ALB: Serum albumin; PT: Prothrombin time; PLT: Platelet count; ALT: Alanine aminotransferase;
AST: Aspartate aminotransferase; GGT: Glutamyl transpeptidase; TBIL: Total bilirubin; DBIL: Direct bilirubin; IBIL: Indirect bilirubin.

Table 3 Area under the receiver operating characteristic curve values of different models in training and validation cohorts

Training cohort Validation cohort
Models

AUC (95%Cl) Pvalue AUC (95%Cl) P value
Rad-score (liver) 0.801 (0.727-0.875) <0.001 0.763 (0.646-0.880) 0.002
Rad-score (spleen) 0.831 (0.766-0.897) <0.001 0.792 (0.677-0.906) 0.016
Rad-score (esophagus) 0.864 (0.807-0.922) <0.001 0.857 (0.762-0.952) 0.109
Rad-score (liver+ spleen + esophagus) 0.930 (0.891-0.970) 0.049 0.886 (0.808-0.964) 0.139
Clinical model 0.727 (0.644-0.811) <0.001 0.692 (0.556-0.828) <0.001
RC model 0.951 (0.919-0.983) 0.93 (0.872-0.987)

P value is the results of Delong test between each model and the RC model. AUC: Area under the receiver operating characteristic curve; RC model:
Radiomics-clinical model.

Among the three independent radiomic models, the Rad-score (esophagus) had the best predictive ability, indicating
that the radiomic features of the esophagogastric fundus region were more important. As this is the direct site of varices
and bleeding, these results are consistent with clinical findings. The predictive performance of the Rad-score (spleen) was
slightly higher than that of the Rad-score (liver), which may be because systemic hyperdynamic circulation is the main
factor influencing the maintenance or aggravation of portal hypertension following development of the collateral
circulation in patients with cirrhosis. This in turn can lead to splenomegaly, splenic congestion, and increased spleen
hardness, reflecting extrahepatic hemodynamic changes[1]. Several studies have shown that spleen hardness is more
important than liver hardness for the noninvasive prediction of esophageal and gastric varices in cirrhosis[25-27]. The
Rad-score (liver + spleen + esophagus) performed much better in terms of prediction than the independent radiomics
model, consistent with our hypothesis. The significance of the radiomics features and its weight coefficient in each model
are consistent with the clinical pathophysiology of EVB. The effectiveness of the multi-organ combination model
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Figure 5 Model construction and evaluation. A: The receiver operating characteristic curves of each model in training (left) and validation (right) cohorts; B:
The calibration curve of the radiomics-clinical model in training (left) and validation (right) cohorts; C: The decision curves of each model in training (left) and

validation (right) cohorts.

established in this study is effective, and its stability has been verified.

The results of clinical data analyses indicated that ascites, PVT, and PT were independent clinical predictors of
secondary EVB in patients with cirrhosis. Ascites is a manifestation of decompensation in patients with liver cirrhosis.
Portal vein pressure increases during ascites formation, which leads to different degrees of EV, and EVB is a secondary
event in severe cases[28,29]. Previous studies have already identified ascites as an independent risk feature for predicting
secondary EVB in patients with cirrhosis[30-32], consistent with our findings. In addition, PVT not only increases portal
hypertension, reduces portal blood flow, worsens liver function, and increases mortality in patients with liver cirrhosis,
but also increases the risk of severe gastroesophageal varices, EV bleeding, and rebleeding[33,34]. This result is in line
with the findings of earlier research[13,17]. Additionally, our research revealed that PT is an independent predictor of
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Table 4 Evaluation of predictive performance in training and validation cohorts

Models Cohort Sensitivity Specificity Accuracy PPV NPV
Rad-score (liver) Training 0.656 0.815 0.745 0.737 0.750
Validation 0.643 0.686 0.667 0.621 0.706
Rad-score (spleen) Training 0.750 0.765 0.759 0.716 0.795
Validation 0.714 0.829 0.778 0.769 0.784
Rad-score (esophagus) Training 0.734 0.802 0.772 0.746 0.793
Validation 0.786 0.857 0.825 0.815 0.833
Rad-score (liver + spleen + esophagus) Training 0.844 0.852 0.848 0.818 0.873
Validation 0.779 0.886 0.794 0.826 0.775
Clinical model Training 0.531 0.790 0.676 0.667 0.687
Validation 0.571 0.686 0.635 0.600 0.667
RC model Training 0.875 0.877 0.876 0.848 0.899
Validation 0.821 0.857 0.841 0.821 0.857

PPV: Positive predictive value; NPV: Negative predictive value; RC model: Radiomics-clinical model.

EVB in patients with cirrhosis, which may be due to a reduction or deficiency in the activity of synthetic plasma co-
agulation factors and the prolongation of PT[1]. Previous studies have demonstrated that PT prolongation is positively
correlated with EV in patients with cirrhosis and that patients with portal hypertension are more likely to develop EVB
[35,36]. However, the predictive performance of the clinical model in the training [AUC: 0.727 (95%CI: 0.644-0.811)] and
validation [AUC: 0.692 (95%CI: 0.556-0.828)] cohorts was poor, possibly owing to the small sample size and/or selection
bias.

Previous studies on radiomics for predicting EVB in cirrhosis have focused primarily on extracting the features only a
portion of the liver and/or portions of the spleen or esophagus and outlining ROIs at single or multiple levels and some
studies lack clinical data, without a comprehensive or complete analysis[13-17]. Our study has the following advantages.
Our findings emphasize that segmentation resulting in multi-organ ROIs yields better predictive performance. Our
model also included clinical factors from a patient cohort to ensure a comprehensive analysis. Although the traditional
independent clinical model had poor prediction performance, the RC model combined with clinical risk factors and
radiomics fusion features showed the best predictive performance. Additionally, the RC model was more efficient than
the Rad-score (liver + spleen + esophagus), demonstrating that clinical risk factors are essential for predicting EVB,
consistent with the results of previous studies[13-15]. These clinical laboratory indicators can quickly and intuitively
assess the EVB risk of patients with cirrhosis, while the RC model can be used to noninvasively and quantitatively predict
the risk of EVB.

Although our study is a single-center study with a small sample size, we studied patients with HBV and other etio-
logies. In the non-bleeding group, 30 patients had mild EV, 15 patients had moderate EV, and 71 patients had severe EV.
Thus, this study was not limited to a certain category of patients, but included a rather broad population, which is
important for generalizing the results. Most importantly, we segmented the 3D model of multiple organs, which is more
comprehensive and complete than that in previous studies.

However, our study has some limitations. First, the sample size was relatively small, and the current research results
are based on single-center data. The results may differ from that of participants in different regions and institutions. We
should expand the sample size in the future, conduct multi-center, large-sample research, and include an external
validation set to further confirm the applicability of the research results. Second, there is no unified standard and method
for automatic segmentation of ROI, which should be explored in the future.

CONCLUSION

Our model combining radiomic features from multi-organ portal-phase contrast enhanced CT images with clinical risk
factors can be used for the noninvasive prediction of EVB risk in patients with cirrhosis.
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