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Multiparametric radiomics nomogram may be used for predicting
the severity of esophageal varices in cirrhotic patients
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Background: To explore whether a multiparametric radiomics nomogram on computed tomography (CT)
images based on radiomics and relevant parameters of esophageal varices (EV) can be used for predicting the
EV severity in patients with cirrhotic livers.

Methods: From January 2016 to August 2018, 136 consecutive patients with clinicopathologically
confirmed liver cirrhosis were included for the development of a predictive model. The patients were
then divided into two groups, including non-conspicuous EV group (mild-to-moderate EV, n=30) and
conspicuous EV group (severe EV, n=106) by using the endoscopic validation as the reference standard.
The radiomic scores (Rad scores) were constructed using the binary logistic regression model from the
radiomics features of regions of interest (ROIs) in the left liver (LL) and right liver (RL), respectively. The
multiparametric nomogram combined the best performance Rad-score and EV-relevant factors, and the
calibration, discrimination, and clinical usefulness of developed nomogram were evaluated using calibration
curves, decision curve analysis (DCA) and net reclassification index (NRI) analysis respectively.

Results: The LL Rad-score calculated from radiomics features was selected with a relatively higher area
under the curve (AUC) (AUC; 0.88, training cohort; 0.87, the validation cohort) compared with RL Rad-
score (AUC; 0.86, training cohort; 0.83, the validation cohort). In addition, cross-sectional surface area
(CSA) was identified as the important predictor (P<0.05), the multiparametric nomogram containing LL
Rad-score and CSA was shown to have a better predictive performance and good calibration in the training
model (C-index, 0.953, 95% CI, 0.892 to 0.973) and the validation cohort (C-index, 0.938, 95% CI, 0.841
to 0.961), resulting in an improved NRI (categorical NRI of 25.9%, P=0.0128; continuous NRI of 120%,
P<0.001) and integrated discriminatory improvement (IDI) IDI =13.9%, P<0.001). DCA demonstrated that
the multiparametric radiomics nomogram was clinically useful.

Conclusions: A multiparametric radiomics nomogram, which incorporates the liver radiomics signature
and EV-relevant indices, is a useful tool for noninvasively predicting EV severity and may complement the

standard endoscopy for evaluating EV severity in patients with cirrhosis.
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Introduction

Esophageal varices (EV) is a common complication of
patients with portal hypertension, resulted from liver
cirrhosis, with a lifetime incidence as high as 80-90% (1),
patients with EV have the potential to develop an episode
of esophageal variceal bleeding (EVB), which is one of the
leading causes of death in cirrhotic patients, with mortality
as high as 30% (2). Many clinicians recommend the use of
endoscopy for detection of EV severity and initial predicting
the risk of variceal bleeding; in addition, some treatment
of the varices can be performed by endoscopy, which is
considered the gold standard and preliminary diagnostic
modality for EV (3-5). However, patients have poor
tolerance to endoscopy given the invasiveness nature of this
procedure, and it is difficult for patients to conduct repeated
examinations in a brief time. Furthermore, performing an
endoscopy is unnecessary in some circumstances, such as
low-risk patients (6).

Recently, a computed tomography (CT) can be used to
effectively evaluate and diagnose EV. On the one hand, due
to its noninvasive nature, CT has better compliance and can
reduce the pain associated with endoscopy. On the other
hand, a CT can reduce the risk of EVB and can be easily
performed compared with endoscopy (7,8). Previous studies
have reported that CT has been shown to have promising
performance for detecting and diagnosing the EV (9,10);
however, these studies mainly focused on varices and
ignored some of the changes in liver parenchyma caused
by cirrhosis, which is the major cause for developing portal
hypertension and subsequent EV, thus, we must evaluate
the original cause of EV.

Radiomics is the process of the conversion of medical
images into high-dimensional, mineable data via high-
throughput extraction of quantitative features, followed
by subsequent data analysis for decision support (11-15),
which contains much more valuable information and has
been validated as an effective tool in imaging analysis. A
prospective multicenter study used an enhanced CT-based
radiomics model to detect of clinically significant portal
hypertension (CSPH), they found that radiomics-based
hepatic venous pressure gradient ({HVPG) showed a good
performance in detection of CSPH with a C-index of 0.849
(95% CI: 0.786-0.911), which can be used as a noninvasive
procedure for detecting CSPH (16). EV is known as the
major collateral vessel resulted from portal hypertension
to our best knowledge; there is no literature describing
a radiomics signature that could help the noninvasive
detection of EV in cirrhotic patients.
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This study aims to analyze the original cause of EV
by evaluating the value of liver cirrhosis in diagnosing
EV severity. We also intend to use an effective radiomics
method to explore the quality of multiparametric radiomics
nomograms implemented in liver radiomics and EV-
relevant indexes to predict the severity of EV in cirrhotic
patients. We also asses weather the use of CT images can be
used as a supplementary endoscopy monitoring tool.

Methods
Patients

"This retrospective study had approval from the Institutional
Review Board of West China Hospital, and the informed
consent requirement was waived. Consecutive EV patients
between January 2016 to August 2018 were enrolled
according to the following inclusion criteria: (I) diagnosis
of cirrhosis based on standard histopathological findings,
or combination clinical features, laboratory examination
and imaging findings (liver configuration, splenomegaly,
ascites, and collateral vessels); (II) no prior treatment for
including endoscopic variceal ligation (EVL) and B-blockers
before admission to our hospital; (III) absence of portal
vein emboli and hepatic carcinoma; (IV) no history of
splenectomy; (V) available of thoracoabdominal triple-
phase enhanced CT scans. CT was used to examine all
within 4 weeks of upper gastrointestinal endoscopy. Patients
were divided into a non-conspicuous EV group (mild-to-
moderate EV) and a conspicuous EV group (severe EV) by
endoscopic examination (17,18). All patients were divided
into a training set and a validation set at a ratio of 7:3 (19,20)
with a random sampling method, 95 patients constituted
the training cohort, and the other 41 formed the validation
cohort. The endoscopic study of our research was presented
in supplementary materials (S-text-1).

CT image acquisition

Patients underwent a contrast-enhanced CT scan using
one of the following systems: LightSpeed VCT (GE
Healthcare), Sensation 64 CT (Siemens), or Sensation 16
CT (Siemens). Three phases, including non-enhanced,
arterial, and portal vein phase, were obtained. Arterial
phase scanning started about 20-30 s after the beginning
of injection, and portal phase scanning was started 30-40 s
after the beginning of the arterial phase. The reconstitution
thickness was set at 1-2 mm, and reconstructions were
done on a GE Advantage Windows 3D workstation
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Figure 1 ROISs of the left liver (LL) and right liver (RL). (A) In LL, ROI was set 1-2 cm beside the stem of the left-portal vein (LPV); (B) in
RL, ROI was set 1-2 cm beside the stem of the right-portal vein (RPV). The dyeing circles are ROIs. ROI, region of interest.

(GE Healthcare, Waukesha, WI, USA). The following
parameters were used: tube voltage, 120 or 100 kVp; tube
current, 150-600 mA; slice thickness, 1.25 mm; pitch, 1.375.
All patients received an intravenous, nonionic contrast
medium (iodine concentration, 370 mg/mL; volume,
1.5-2.0 mL/kg of body weight; contrast type, lopromide
Injection, Bayer Pharma AG) at a rate of 3-5 mL/s. A
volume of 20 mL saline was injected after the injection of
the contrast.

CT image analysis

A software package 3D Slicer version 4.10.1 (Boston, USA)
was used as the measuring software, which is equipped with
accurate 2D and 3D measurement tools, EV grade (EVG)
and measurements of the EV diameter (EVD), cross-
sectional surface area (CSA), EV volume (EVV), spleen
volume (SV) and diameter of left gastric vein (DLGV) were
made independently by two abdominal radiologists (X.J.L
and W.W.Z) with over 10 years’ experiences in analyzing
CT images. Both observers were blinded to patient physical
findings, laboratory data, earlier imaging findings, and
endoscopy results. The portal venous phase was chosen as
the observation period.

The EV grading system on CT images was according to
criteria proposed by Kim (2), which was classified as I-IV
mainly according to the EVD, measurement of EV-relevant
indices (EVG, EVD, CSA, EVV, SV, DLGV) are reported
in supplementary materials (S-text-2) (10,21).

Radiomics feature extraction

Portal venous phase CT images were used for radiomics

© Annals of Translational Medicine. All rights reserved.

feature extraction (16,22), Regions of interest (ROIs) were
drawn manually on 2 different areas of the left liver (LL)
and right liver (RL) respectively according to branches of
the portal vein (PV) with 3D-slicer software by the above
two readers (Figure I). In LL, ROI was set 1-2 cm beside
the stem of the left-portal vein (LPV), which divided the
LPV into the left lateral and left an inner branch of PV. In
RL, ROI was set 1-2 cm beside the stem of the right-portal
vein (RPV), which divided the RPV into the right posterior
and right anterior branch of PV. The ROI was 1 to 2 cm’
in size and excluded large vascular structures, artifacts, or
liver lesions such as cirrhotic nodules on CT imaging (23),
then, Artificial Intelligence Kit software (A.K. software;
GE Healthcare, Life Sciences, Beijing, China) was used to
extract feature parameters for each ROI, which was based
on the Image biomarker standardization initiative (IBSI).

Data analysis

Statistical analysis

Statistical analyses were performed with R software version
3.4.3 (https://www.r-project.org). The LASSO and binary
logistic regression were performed using the “glmnet”
package (R language 3.0-2, R Core Team, 2013). The
receiver operating characteristic (ROC) curves are created,
and the area under the ROC curve (AUC) was calculated
by using the “pROC” package. The nomogram and
calibration plots were constructed using the “rms” package.
C-index was calculated using the “Hmisc” package. The
“generalhoslem” package was used to execute the Hosmer-
Lemeshow (H-L) test. The “rmda” package was used in
DCA. Chi-square test, t-test, and intraclass correlation
coefficient (ICC) were calculated using MATLAB 2016b
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(Mathworks, Natick, USA) with the “ICC” function
supplemented. The Mann-Whitney U test compared
continuous variables, and the Chi-square test compared
categorical variables. ICC was considered to evaluate the
inter-observer agreement, both in liver radiomics and EV-
relevant indices; the specified criteria were reported in
supplementary materials (S-text-3). Radiomics features with
ICC values more than 0.87 (showing excellent stability)
were selected for subsequent investigation (supplementary
material, Figure SI). A P<0.05 (two-sided) was accepted as
statistically significant.

EV-relevant indices choice

EV-relevant indices (EVG, EVD, CSA, EVV, SV, DLGV)
with P<0.05 in univariable analysis were integrated into an
adjusted odd ratio (OR) regression model. Multivariable
analysis with a backward stepwise selection process by
using the likelihood ratio test with Akaike’s information
criterion (24) was performed to select important clinical
predictors.

Radiomics feature choice, multiparametric radiomics
nomogram development, and evaluation

Radiomics features which had greater ICCs considering a
threshold of 0.87 were robust and adopted for later analysis
in LL and RL respectively, each radiomics feature was
standardized. The least absolute shrinkage and selection
operator (LASSO) method, which is suitable for the
regression of high-dimensional data, was used to select the
most useful predictive features. The LL and RL radiomic
models were developed using a logistic regression model
in the training cohort separately, and the Rad-score
was computed for each patient by a linear combination
of selected features weighted by their respective
coefficients (25). A combined predictive model was built by
combining EV-relevant indices and the better performance
between LL and RL Rad-scores, and the multiparametric
nomogram was established as a quantitative prediction tool.

The discrimination performance of the clinical,
radiomics, and combined models was evaluated with
the ROC curve analysis and AUC value in the training
and validation cohort. Since the dataset used for model
development was also used to assess model discrimination,
the actual AUC estimates could be over-optimistic (26).
In addition, considering the limited sample-set size of this
study, an internal validation with 100 iterations of five-fold
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cross-validation was used for AUC evaluation (27,28). The
Delong’s test was used to compare the statistical significance
between any two ROCs. The Hosmer-Lemeshow goodness
of fit test was applied for the prognosis model (29).
Furtherly, Harrell’s C-index was calculated to quantify
the discrimination performance of the multiparametric
nomogram in both cohorts, the bootstrapping validation
with 1,000 resampling being conducted to calculate a
relatively corrected C-index. The integrated discrimination
improvement (IDI) and the net reclassification index (NRI)
calculation was also applied to quantify the improvement
of usefulness added by the multiparametric radiomics
nomogram (30). The decision curve analysis (DCA)
was conducted to evaluate the clinical usefulness of the
multiparametric radiomics nomogram by quantifying
the net benefits at different threshold probabilities in the
combined training and validation cohorts (31).

Results
Patients’ demographics and endoscopic result

One hundred fifty-seven consecutive EV patients were
enrolled in the initial population, according to the inclusion
and exclusion criterion, 21 patients were excluded from the
study, and 8 patients had a history of hepatic carcinoma,
8 patients had a history of EVL, and 5 patients had a history
of splenectomy. Finally, 136 EV patients with liver cirrhosis
were evaluated in this study, patients’ characteristics are
given in Tuble 1, there were no significant differences in
the clinical characteristics between the training and the
validation cohort. We analyzed the findings obtained by
endoscopy, which is regarded as the reference standard in
our study, the grading system and the standard endoscopic
results of our study are given in supplementary materials

(1able S1). The flowchart of our study is shown in Figure 2.

CT findings

Six EV-relevant features (EVG, EVD, CSA, EVV, SV,
DLGV) are considered in the univariable analysis, and the
results showed all indices (EVG, EVD, CSA, EVV, DLGV)
except for SV were independent prognostic factors of EV,
which were statistically significant (1zble 2). ROC analysis
of each EV-relevant index in both cohorts is depicted in the
supplementary materials (Figure S2). Excellent inter-observer
agreements were achieved in all 6 EV-relevant features (r;.

>0.9). A patient with severe EV (Figure 3) is depicted.
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Table 1 Characteristics of 136 esophageal varices (EV) patients with cirrhosis

Training cohort (n=95)

Validation cohort (n=41)

Demographics or

characteristic Non-conspicuous EV  Conspicuous EV  Non-conspicuous EV  Conspicuous EV ~ Estimate risk* P value™
(n=21) (n=74) (n=9) (n=32)
Age, mean + SD, years 56.3+14.7 60.4+12.4 54.7+14 52.5+12.5
Gender, n (%) 0.144
Male 9 (42.9) 45 (60.8) 6 (66.7) 26 (81.2) 1
Female 12 (57.1) 29 (39.2) 3(33.3) 6(18.8) 0.48 (0.18-1.29)
Etiology, n (%) 0.998
Post-hepatic cirrhosis 12 (57.1) 48 (64.9) 4 (44.4) 18 (56.2) -
Alcoholic cirrhosis 6 (28.6) 14 (18.9) 4 (44.4) 10 (31.2) -
Combined cirrhosis 14.8) 2 (2.7) 0(0) 2 (6.3) -
Primary biliary cirrhosis 2(9.5) 8(10.8) 1(11.1) 2 (6.3) -
Autoimmune hepatic 0(0) 1(1.4) 0 (0) 0 (0)
cirrhosis
Cryptogenic cirrhosis 0(0) 1(1.4) 0(0) 0(0) -
Child-Pugh class, n (%)
Class A 8 (38.1) 18 (24.3) 3(33.9) 9 (28.1) 1 0.195
Class B 8 (38.1) 38 (51.4) 2(22.2) 15 (46.9) 2.11 (0.68-6.53)
Class C 5(23.8) 18 (24.3) 4 (44.4) 8 (25.0) 1.6 (0.44-5.84)

*, the estimated risk of patients’ characteristics with univariable analysis; **, t-test or chi-square test P values between the non-
conspicuous EV group and the conspicuous EV group of both cohorts. EV, esophageal varices; SD, standard deviation.

Radiomics findings

Liver radiomics feature choice and the construction of
the Rad-score system

In LL of the portal venous-CT images, 3 important
radiomic features were selected from 1,033 features after
two-step feature reduction. Figure 44,B represent the
features selected with non-zero coefficients in the LASSO
logistic regression model in the training cohort. The AUCs
of the LL radiomics model were 0.88 and 0.865 for the
training cohort and validation cohort, respectively. The
same method is applied to RL, 8 potential predictors with
non-zero coefficients in the LASSO logistic regression
model were selected from 1,033 radiomics (Figure 4C,D)
features of RL parenchyma, the performance of the RL
radiomics model for differentiation of mild-to-moderate
and severe EV was 0.857, 0.828 of AUC for training cohort
and validation cohort respectively, the AUC, accuracy
(ACC), sensitivity, specificity of LL and RL Rad-score
were given in Tuble 3. The LL and RL Rad-scores were

© Annals of Translational Medicine. All rights reserved.

calculated according to the coefficients of each radiomics
model, and the formulas were described in supplementary
materials (S-text-4). Besides, our results represented that
there was no significant difference in performance indices
by ROC analysis of LL and RL Rad-score (P=0.7). Due to
the better performance, the LL Rad score was selected as
the radiomics signature.

Development, apparent performance, and validation of the
multiparametric radiomics nomogram

In the multivariable regression model, the LL Rad-score
and CSA were identified as the important predictors (all
P<0.001). Then, a multiparametric nomogram having these
2 factors was established (Figure 5A).

The nomogram showed a satisfied diagnostic
capability for the detection of severe EV in cirrhosis in
both training and validation cohort, the C-indexes of
the multiparametric radiomics nomogram were 0.953
(95% CI, 0.892 to 0.973) in the training cohort, and
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Achieve data of EV patients confirmed by
endoscopy between January 2016 and
August 2018(n=157)

Excluded for patients:

.| 1.with history of hepatic carcinoma(n=8)
| 2.with history of EVL(n=8)

3.with history of splenectomy(n=5)

Y

EV patients underwent CT and endoscopy
within 4 weeks(n=136)

Feature
extraction,

Histogram (42) RL
GLSZM (11) | predictive
shape (9) model

GLCM (442)
RLM (529)

Y

Portal veous phase on CT images

Feature

extraction.

Histogram (42) LL
GLSZM (11) »| predictive
shape (9) model

GLCM (442)
EV-relevant
index: CSA

RLM (529)

Nomogram

Figure 2 Flowchart of the study. EV, esophageal varices; LL, left liver; RL, right liver; CSA, cross-sectional surface area.

Table 2 Measurement of the indices in the individual group as referred to endoscopy, P values of CT for the detection of esophageal varices (EV)
of each index

Training cohort (n=95) Validation cohort (n=41)
Variable  Non-conspicuous EV - Conspicuous EV Non-conspicuous EV  Conspicuous EV Estimate risk” P value™
(n=21) (n=74) (n=9) (n=32)
EVG, n
| 5 2 5 3 1
Il 10 5 17 10 1.70 (0.39-7.36) 0.478
1 6 2 52 19 8.67 (1.93-38.85) 0.005
EVD,cm 6.13 (4.82-7.81) 5.34 (4.16-7.31) 4.41 (3.44-5.12) 4.56 (3.98-4.83) 1.7 (1.23-2.36) 0.001
CSA, cm® 69.07 (28.75-138.44) 61.21 (29.92-85.92) 24.77 (11.44-34.25)  23.27 (20.27-31.71) 1.03 (1.01-1.05) 0.003
EVV,cm® 1.95x10° 2.01x10° 5.42x10° 1.10x10° 1.0008 (1.0002-1.0013) 0.006
(1.03x10°-5.14x10%  (8.36x10-3.26x10% (4.12x10°-1.46x10%)  (6.8x10%-1.37x10%
SV, cm®  7.33x10° 8.62x10° 6.79x10° 4.47x10° 1(1,1) 0.107
(5.30x10°-1.06x10%  (5.17x10°-1.38x10% (3.91x10°-8.27x10%)  (3.48x10°~7.64x10%
DLGV, cm 6.00 (5-7.75) 6.00 (4.00-7.25) 4.00 (3.00-5.00) 4.00 (4.00-5.00) 1.41 (1.04,1.89) 0.026

*, the estimated risk of EV-relevant indices with univariable analysis; **, t-test or chi-square test P values between the non-conspicuous
EV group and the conspicuous EV group of both cohorts. EV, esophageal varices; EVG, EV grade; EVD, EV diameter; EVV, EV volume; SV,
spleen volume; DLGV, diameter of left gastric vein.
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Figure 3 Severe EV according to endoscopy in a 68-year-old man (severe of endoscopy, maximum minor axis 7.48 mm). (A) The

endoscopic image shows severe nodular varices; (B) the sum of the cross-sectional surface area (CSA) of EV (dyeing area) in the transverse

section is depicted in 3D slicer; (C) the axial CT image shows the left gastric vein (LGV) originating from the portal vein (arrow); (D) 3D

reconstruction has a satisfactory performance in visualizing severe EV of the lower esophagus (arrow). EV, esophageal varices.

the nomogram for the prediction of severe EV yielded
a C-index of 0.938 (95% CI, 0.841 to 0.961) in the
validation cohort. The ROC analysis and AUC of both
cohorts were shown in Figure 5B, and the multiparametric
nomogram showed better predictive performance and
accuracy than a single radiomic predictive model (P=0.02,
Delong test) in both cohorts. The AUC, sensitivity,
specificity, cut-off values of both cohorts for the diagnosis
of EV severity in cirrhosis were summarized in Table 3.
However, in LL predictive model, the mean AUC over
100 iterations of five-fold cross-validation was lower (mean
AUC =0.70, Table 3) than the model built in this study
(training, AUC =0.88, validation, AUC =0.87), which
can also be obtained from RL predictive model (Table 3).
Thus, the models built in this study based on dividing
cohorts were selected as the final models with satisfactory
predictive performance.

The calibration curves of the nomograms for training

© Annals of Translational Medicine. All rights reserved.

and validation cohorts (Figure 5C) revealed good agreement
between prediction and actual observation in both cohorts,
H-L test revealed that the results for the calibration curves
(training cohort, P=1; validation cohort, P=0.4) were
reliable in both cohorts, which indicated good calibrations.

Clinical use

The DCA for the multiparametric radiomics nomogram
and the Rad-score were depicted in Figure 5D, the DCA
showed that the multiparametric radiomics nomogram
had a higher overall net benefit than Rad-score when the
threshold probability for a doctor or patient was within a
range from 0.36 to 0.99, and this nomogram added more
net benefit than the “treat all” or “treat none” scheme.

The predictive capability for EV severity of the
multiparametric radiomics nomogram was significantly
improved compared with the liver radiomics signature

Ann Transl Med 2020;8(5):186 | http://dx.doi.org/10.21037/atm.2020.01.122
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Figure 4 Radiomics feature selection of LL and RL using the least absolute shrinkage and selection operator (LASSO) binary logistic

regression model. Ten-fold cross-validation via minimum criteria was used to select the tuning parameter (lambda) in the LASSO model
of LL (A) and RL (C). The binomial deviance was plotted vs. log (lambda), and the numbers along the upper x-axis indicate the number of

predictors. Dotted vertical lines were drawn at the optimal values by using the minimum criteria and one standard error of the minimum
criteria. LASSO coefficient profiles of the 1,033 radiomics features of LL (B) and RL (D). The y-axis is the value of the coefficient, and

the lower x-axis indicates a log (lambda). The upper x-axis is the number of non-zero coefficients. The vertical line was drawn at the value

selected using 10-fold cross-validation, where optimal lambda resulted in seven coefficients. LL, left liver; RL, right liver.

Table 3 Performance of multiparametric radiomics nomogram and liver radiomics in diagnosing EV

] Multiparametric radiomics nomogram LL Rad-sore RL Rad-sore
Variable Train (n=95) Validation (n=41) Train (n=95) Validation (n=41) Train (n=95) Validation (n=41)
AUC 0.95 (0.911-0.99) 0.92 (0.78-1) 0.88 (0.80-0.96)  0.87 (0.67-1) 0.86 (0.77-0.94)  0.83 (0.65-1)
Mean cross-validated 0.87 0.70 0.76
AUC
ACC 0.91 0.93 0.85 0.81 0.83 0.81
Sensitivity 0.86 0.89 0.71 0.78 0.70 0.78
Specificity 0.92 0.94 0.89 0.81 0.87 0.81
Cut off value 0.67 0.74 0.67

Severity in cirrhosis in the training and validation cohorts. AUC, the area under the curve; ACC, accuracy; EV, esophageal varices.

(Rad-score), which was demonstrated with NRI and IDI,
with a categorical NRI of 25.9% (P=0.0128), continuous
NRI of 120% (P<0.001), and IDI of 13.9% (P=0.00013)
for predicting severe EV in the validation cohort, the

© Annals of Translational Medicine. All rights reserved.

multiparametric radiomics nomogram incorporated the

liver radiomics signature and EV-relevant indices showed

marked discrimination accuracy compared to liver radiomics

signature.
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Figure 5 (A) Developed multivariable radiomics nomogram. The radiomics nomogram was developed in the training cohort and
incorporated the LL Rad-score and CSA. (B) ROC curves analysis and a calibration curve of the nomogram, which shows the ROC
curves for the detection of EV severity in cirrhosis in the training and validation cohorts, respectively, radiomics based on endoscopy. (C)
The calibration curve of the multivariable radiomics nomogram in both cohorts, which indicates the calibration of the model in terms
of an agreement between predicted risks and observed outcomes of EV severity. The solid red line and blue line represent the predictive
performance of the training cohort and validation cohort of the nomogram, and the diagonal grey line represents an ideal model. Closer
fit to the diagonal grey line indicates a better prediction. (D) Decision curve analysis for multivariable model and the LL Rad score. The
x-axis represents the threshold probability, and the y-axis measures the net benefit; the blue line represents the multivariable model; the red
line represents the LL Rad score. The threshold probability is where the expected benefit of treatment is equal to the expected benefit of
avoiding treatment. The multivariable radiomics model had a higher net benefit compared to LL Rad-score when the threshold probability
is within a range from 0.36 to 0.99; the more net benefit is added by using the nomogram for predicting severe EV than by treating either

no or all patients. EV, esophageal varices; LL, left liver; CSA, cross-sectional surface area.

Discussion to-moderate EV and severe EV groups, and this

multiparametric radiomics nomogram had better diagnostic

In this study, we developed and validated a multiparametric performance compared with traditional radiomics,

radiomics nomogram for the noninvasive prediction of EV indicating it to have a potential role of this nomogram for

severity in patients with liver cirrhosis, which integrates
radiomics and EV-relevant indices (EVG, EVD, CSA, EVYV,

evaluating EV severity, which may complement endoscopic
surveillance in cirrhotic patients.

SV, DLGV) based on CT images.
Our results demonstrated that the nomogram could
successfully place stratified EV patients into mild-

© Annals of Translational Medicine. All rights reserved.

For the construction of the Rad score, the liver radiomic
models were respectively set up by the texture features
extracting from LL and RL ROIs. LL Rad-score was
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considered into multivariable model due to relatively
higher performance (AUC, 0.88 in training cohort; 0.865
in validation cohort) compared with RL Rad-score (AUC,
0.857 in training cohort; 0.828 in validation cohort), on
the basis of our results and the principle for selecting the
predictive model with better performance (20); whereas our
results indicated that there was no significant difference in
the diagnostic performance of LL and RL Rad-score. These
results may correlate with the relative homogenization of
liver changes due to cirrhosis.

It also should be noted of our study that all EV-relevant
indices (EVG, EVD, CSA, EVV, DLGV) except SV can
be helpful predictors for distinguishing conspicuous and
non-conspicuous groups. Kim ez a/. concluded that a
criterion EVD of 3 mm or larger on CT could be useful
for identifying high-risk patients requiring prophylactic
therapy (9), Miller ez a/. found a significant difference
(P<0.018) in CSA between patients with EVB compared
to those without bleeding using a cutoff of 0.45 cm’ as
measured by ultrasonic endoscopy, with 83% sensitivity and
75% specificity (10). Compared with the above previous
studies (9,10), in this study, several new indices (EVG, EVV,
SV, DLGV) were included, which have not been evaluated
and verified, the results suggest that EVG, EVV, DLGV
might be effective for identifying severe EV with accuracy
comparable to EVD and CSA, which have been validated by
the above reports. Further studies are needed to verify our
results.

After building the multiparametric radiomics nomogram,
incorporating the LL radiomics signature and EV-relevant
indices, we found that this nomogram demonstrated
promising discrimination with an AUC of 0.953 in the
training cohort and 0.917 in the validation cohort for
detection of severe EV in cirrhosis, the DCA showed that
the multiparametric radiomics nomogram had a higher
overall net benefit than LL Rad-score and the diagnostic
performance for EV severity of the multiparametric
radiomics nomogram was significantly improved compared
with the LL radiomics signature (Rad-score), which was also
demonstrated with a categorical NRI of 25.9% (P=0.0128),
continuous NRI of 120% (P<0.001), and IDI of 13.9%
(P=0.00013). A recent study revealed that a combination of
multiple prognostic factors could show a better predictive
performance than just one factor (32), which is consistent
with our results.

Our results present several advantages when compared
to previous reports (9,10). In the first place, most of the
researchers mainly assess the varices themselves, to our best

© Annals of Translational Medicine. All rights reserved.

Wan et al. Radiomics nomogram of esophageal varices

knowledge, esophageal and gastric fundic varices are the
most common collateral vessels in portal hypertension, due
to an increase in intrahepatic resistance combined with an
increase in portal and hepatic arterial blood flow resulted
from liver cirrhosis (33,34), thus, in our study, instead of
only concentrating on the varices, we emphasized on liver
cirrhosis which gives rise to EV and portal hypertension
and simultaneously evaluated the varices. What’s more,
radiomics was originally focused on tumor tissues (13,35),
recently, Liu e 2. demonstrated that a noninvasive signature
based on liver had an excellent diagnostic performance for
CSPH in cirrhotic patients (16), suggesting a potential role
of radiomics in diagnosing portal hypertension associated
with liver cirrhosis. EV is known as a possible outcome
of portal hypertension resulted from liver cirrhosis; on
this basis, we evaluated the varices associated with portal
hypertension with the approach of radiomics, which might
can be used as a new method to predict EV severity with
more valuable information. Finally, important benefits
of the multiparametric radiomics nomogram is that the
relative comprehensiveness of our predictive model, there
is no previous literature integrated radiomics and EV-
relevant indices for evaluating EV severity noninvasively in
cirrhosis, and our results indicated a satisfactory predictive
performance of the developed nomogram. Therefore, we
suggested that the multiparametric radiomics nomogram
might be served as a supplement surveillance method for
diagnosing EV severity.

There are several limitations so this study. First,
endoscopy is considered the reference standard in this study
and there is a significant degree of inter-and interobserver
disagreement due to the subjective nature of endoscopic
grading systems (36). Since there is no other reference
standard for the evaluation of EV, we recommend that
further re-evaluation studies should be performed by
trained endoscopists, which may eliminate any potential
bias among observers.

In addition, although the consecutive patients of
our study were included according to the inclusion and
exclusion criteria strictly, the conspicuous EV patients
composed the majority of our population due to the high
prevalence of conspicuous EV of our hospital, which may
bring some potential bias of our population composition,
and polycentric large-scale samples with more non-
conspicuous EV patients are warranted to obtain high-
quality evidence for further validation. Finally, CT can
evaluate EV severity noninvasively according to our results,
while some therapeutic intervention cannot be performed
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during CT, it is possible during endoscopy (37).

Conclusions

In summary, this study demonstrates that a multiparametric
radiomics nomogram that incorporates both the liver
radiomics signature and EV-relevant indices, it is validated
as a useful predictive tool for noninvasive detection of EV
severity and may be conveniently used to supplement the
standard endoscopy for evaluating EV severity in patients
with cirrhosis.
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Supplementary

S-text-1: endoscopic study

A Fujinon EG 485 (Fujinon, Saitama, Japan) or OlymPus CV240 electronic endoscope (Olympus Optical Co. Ltd., Tokyo,
Japan) was used for EV diagnosing and grading. The grade of EV were represented as mild, moderate, and severe according
to the form (F), and the absence or presence of red color sign (RC), which were recorded following The General Rules for
Study of Portal Hypertension (The Japan Society for Portal Hypertension, 2nd Edition, 2004) (18) and (Endoscopic diagnosis
and treatment standard trial plan for esophagogastric varices, Chinese Society of Digestive Endoscopy, 2000) (17).

S-text-2

In the measurement of EVD and CSA, an image was selected at a point where the varices appeared largest, and the observers
measured the short-axis diameter of the largest visible esophageal varix (38). The individual CSAs of all varices were added
to yield the final CSA (10). The EVV included all varices abutting the lumen of the observation range. The DLGV was
measured at 1 cm from the starting point of the portal or splenic vein opening (21).

S-text-3

The inter-observer agreements for grading of EV were classified as excellent, good, fair, or poor according to the ric(intra-class
correlation coefficient, ICC), we considered a ric value of more than 0.87 to represent almost perfect agreement and values of
0.71-0.87 and 0.50-0.71 to represent good and fair agreement, respectively, values of less than 0.50 were considered to represent
poor agreement (36).

S-text-4: formula

LL: 1.726-1.071*Correlation_angle45_offset7-1.682*Correlation_angle45_offset9+1.241*InverseDifferenceMoment_
angle135_offset3

LR: 1.88-0.0928*ClusterShade_angle45_offset6+0.000234*LongRunHighGreyLevelEmphasis_angle0_offset6-0.000271*
LongRunHighGreyLevel Emphasis_angle45_offset6

Nomogram: -2.4864+1.2955*Radscore+0.0583*CSA
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38. Wan S, Wei Y, Yu H, et al. Computed Tomographic Portography with Esophageal Variceal Measurements in the Evaluation of
Esophageal Variceal Severity and Assessment of Esophageal Variceal Volume Efficacy. Acad Radiol 2019. [Epub ahead of print].
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Figure S1 ICC values for inter-observer agreement assessment of LL and RL indicating excellent reliability and reproducibility of the
nomogram for predicting EV severity, features with ICC values more than 0.87 (indicating excellent stability) were selected for subsequent

investigation. ICC, intra-class correlation coefficient; EV, esophageal varices; LL, left liver; RL, right liver.

Table S1 The grading system for esophageal varices (Japanese
Research Society for Portal Hypertension, Chinese Society of
Digestive Endoscopy) and endoscopic results of our study

Endoscopic criterion

Grade No. of patients*
Form (F) Red color sign (RC)
Mild F1 RC- 18
Moderate F1 RC+ 12
F2 RC-
Severe F2 RC+ 106
F3 RC+ or RC-

*, data is the number of patients of our result according to the
grading system. F, form; RC, red color sign.
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Figure S2 ROC analysis of each index in the training and validation cohorts. ROC, receiver operating characteristic.
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