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ABSTRACT

Background & Aims: To develop and validate a CT-based radiomics model to assess HVPG and predict a composite endpoint
of liver-related events (LRE: decompensation and liver-related death) in patients with cirrhosis.

Methods: This retrospective study included 357 cirrhosis patients, who received invasive HVPG measurements, 120 liver-healthy
controls (training cohort) and 85 and 100 cirrhosis patients (internal and external validation cohorts, respectively), and contrast-
enhanced abdominal CTs. After volumetric segmentation of the liver and spleen on CT, Bayesian parameter optimization was
used for selection of extracted features and hyperparameter tuning in random forest or elastic net models. Prediction accuracy
was evaluated using Pearson correlation coefficients of predicted (‘radio-HVPG’) and invasive HVPG. Discrimination between
relevant HVPG cut-offs was determined by receiver operating characteristic (ROC) analysis. The predictive value of radio-HVPG
and invasive-HVPG for LRE was compared using Cox regression models.

Results: Radio-HVPG, predicted by an optimized random forest model based on 74 selected CT features, correlated with
invasive-HVPG and detected clinically significant portal hypertension (CSPH: HVPG >10mmHg) on the internal (Pearson
r=0.63, AUC 0.89 [95% CI: 0.81-0.96]) and external (Pearson r=0.62, AUC 0.80 [95% CI: 0.64-0.91]) validation cohorts. Radio-
HVPG predicted LRE when adjusting for MELD and albumin (adjusted HR: 1.14 [95% CI: 1.04-1.25], p=0.005) and performed
similarly to invasive-HVPG.

Abbreviations: AIC, Akaike Information Criterion; CRP, C-reactive protein; CSPH, clinically significant portal hypertension; CTP, Child-Turcotte-Pugh score;
HCC, hepatocellular carcinoma; HVPG, hepatic venous pressure gradient; INR, international normalized ratio; LRD, liver-related death; MELD, model for end-stage
liver disease; PH, portal hypertension.
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Conclusions: Radiomic features accurately predict HVPG in patients with cirrhosis and allow risk stratification for LRE in a

radiomics-clinical signature.

1 | Introduction

Portal hypertension (PH), a major consequence of liver cir-
rhosis, is associated with an increased risk of hepatic decom-
pensation and mortality [1]. Current guidelines recommend
invasive measurement of hepatic venous pressure gradient
(HVPG) as the reference standard to diagnose portal hyperten-
sion [2, 3]. Clinically significant portal hypertension (CSPH),
defined by HVPG >10mmHg, is linked to a higher risk of he-
patic decompensation and mortality [4]. Diagnosing CSPH is
crucial as it prompts prophylactic medical therapy in patients
with compensated cirrhosis using non-selective beta blockers
[5, 6]. Since HVPG measurement is not routinely available in
all centres, is minimally invasive, costly, and requires consid-
erable infrastructure and expertise, non-invasive surrogates
like serum biomarkers and imaging techniques are being eval-
uated [7-9]. However, their accuracy in assessing PH sever-
ity, predicting outcomes, and monitoring treatment response
is limited. Predicting PH severity through CT scans would
be particularly advantageous as CT scans are commonly per-
formed in cirrhotic patients to evaluate abdominal symptoms
or exclude hepatocellular carcinoma if sonographic vision is
restricted [10].

With growing progress in quantitative image analysis, radiom-
ics has evolved as an emerging tool based on converting med-
ical images into quantifiable data. By extracting features in a
high-throughput manner, this technique may capture features
that are not accessible by the human eye. CT-based studies have
shown promising results for personalized diagnosis, treatment
decision-making, and clinical prognosis, primarily in the setting
of HCC [11]. Additionally, studies have evaluated the perfor-
mance of radiomics for diagnosing non-alcoholic steatohepati-
tis [12] and liver fibrosis [13]. In patients with PH, single-slice
CT data acquisition for radiomics of the liver has been used due
to its less laborious approach compared to complete volumetric
liver segmentation [14].

Since a volumetric approach toward radiomics-based CSPH and
outcome prediction has not yet been studied, we aimed to de-
velop a radiomics model based on CT-based volumetric segmen-
tation of the liver and spleen to noninvasively assess PH severity
and predict clinical outcomes in patients with cirrhosis.

2 | Materials and Methods
2.1 | Study Population

This retrospective study was approved by the institutional re-
view board of our institution (EC number 2180), which waived
the requirement for written informed consent. All research was
conducted in accordance with the guidelines of the Declarations
of Helsinki.

Patients with advanced chronic liver disease (ACLD: i.e., liver
stiffness measurement >10kPa and/or HVPG >6mmHg) un-
dergoing an HVPG measurement at the Hepatic Hemodynamic
Lab at the Vienna General Hospital between January 2004 and
August 2020, who also underwent an abdominal CT scan within
6 months of the HVPG procedure, were eligible for inclusion.
Inclusion criteria were as follows: (1) reliable HVPG measure-
ment, (2) contrast-enhanced CT scans in the portal venous
phase with an axial slice thickness of 3mm. Exclusion criteria
were as follows: (i) HCC outside Milan criteria, (ii) previous he-
patic surgery, TIPS implantation or splenectomy, (iii) any portal
vein thrombosis, or (iv) insufficient CT image quality/data. The
study population was split into training (n =357) and validation
(n=85, ‘internal validation cohort‘) cohorts with similar distri-
butions of HVPG, age, and sex (Figure 1) using stratified ran-
dom sampling. To increase the sample size of HVPG <10 mmHg
in the training cohort, consecutive patients without evidence
of liver disease (i.e., liver-healthy control group) were included
retrospectively. This group consisted of patients undergoing ini-
tial abdominal CT for breast or prostate cancer staging, who all
had transaminase and liver function parameters in the normal
range, with no radiological evidence of hepatic lesions or his-
tory of hepatotoxic medication. As HVPG measurements were
not available of these patients, HVPG values of 2.5 mmHg were
assumed. These patients (n=120) were included exclusively in
the training, but not the testing cohort (Figure 1). Details on CT
scan acquisition are described in the supplemental material. All
patient data were anonymized according to the data manage-
ment based on our university's ISO 9001:2015 certified quality
management system.

2.2 | HVPG Measurement

HVPG measurements were performed according to a pub-
lished protocol [15] in fasting conditions, using balloon cath-
eters. Only baseline measurements without non-selective beta
blockers or nitrate therapy were considered. The HVPG was
calculated by subtracting the free from the wedged hepatic ve-
nous pressure.

2.3 | External Validation Cohort

An independent validation cohort was acquired from the
Beaujon Hospital, Clichy, France (‘external validation cohort’).
Contrast-enhanced CT scans were acquired during the por-
tal venous phase after intravenous contrast administration in
the axial plane with 1.5mm section thickness reconstruction.
One hundred patients were chosen out of a cohort of 228 pa-
tients by applying the same inclusion and exclusion criteria
from January 2014 until December 2023, randomly selecting
30 patients with an HVPG <10mmHg and 70 patients with an
HVPG >9mmHg.
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Lay Summary

We developed and validated a radiomics model based on
liver and spleen features, extracted from routine abdom-
inal CT scans, to non-invasively estimate the hepatic ve-
nous pressure gradient (HVPG) in patients with chronic
liver disease. Our algorithm accurately predicts HVPG
both in patients with compensated and decompensated
cirrhosis and performs similarly to invasively measured
HVPG in identifying patients at risk for hepatic decom-
pensation or liver-related death. Implementing our algo-
rithm in daily clinical practice will allow for more efficient
and individualized risk stratification for patients with
liver disease, thereby facilitating the early initiation of
therapy aiming at the prevention of portal hypertension-
related complications and liver-related mortality.

2.4 | Radiomic Feature Extraction, Model Training
and Evaluation

Liver and spleen were segmented by a radiologist (15years of
experience in abdominal imaging). Radiomics features were

extracted using Pyradiomics v3.0.1 [16]. Feature selection was
performed using interfeature correlations and hierarchical clus-
tering, retaining the feature with the highest correlation with
HVPG from each cluster. A linear (elastic-net regression) and
a tree-based model (random forest regression) were trained to
predict HVPG from radiomics features. Bayesian optimization
with five-fold cross validation was used for hyperparameter
tuning. All feature selection and model optimization steps were
performed exclusively in the training cohort.

Prediction accuracy was evaluated using Pearson correlation
coefficients and R? values of predicted (‘radio-HVPG’) and
true HVPG measurements for both the internal and external
validation cohorts. The ability of radio-HVPG to discriminate
between clinically relevant HVPG cut-offs was determined by
receiver operating characteristic (ROC) analysis. The accuracy
of the best-performing model was also evaluated on cACLD pa-
tients from the internal validation cohort (n =28).

Additionally, the intraclass correlation coefficient (ICC) for
radio-HVPG values based on segmentations from two readers
on 25 randomly selected patients of the external validation co-
hort was calculated.

Patients undergoing HVPG measurement and abdominal CT scan between 1/2004 and 9/2020
n =543

Patients with liver cancer out of Milan criteria
n=47

v

v

Patiens with portal vein thrombosis
n=6

Patients after hepatic resection, embolization
n=11

Insufficient CT scan image quality
n=21

A 4

<

HVPG measurement with technical failure
or unreliable readings
n=16

Patient study population
n=442

Liver healthy control group
n=120

External validation
n =100

A

Training cohort
n =477

Testing cohort

External validation

n=2385 n =100

FIGURE1 | Flowchart shows inclusion and exclusion criteria. HVPG = hepatic venous pressure gradient.
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2.5 | Statistics

All statistical analyses were performed using Python 3.7.6 or R
4.2.1 (R Core Team, R Foundation for Statistical Computing). To
evaluate the prognostic importance of the radio-HVPG, the com-
posite endpoint liver-related event including first or further he-
patic decompensation and liver-related death was assessed in the
internal validation cohort. Uni- and multivariable Cox regression
analyses were performed to evaluate parameters independently
associated with this endpoint. The models were evaluated utiliz-
ing radio-HVPG or invasive HVPG measurements, and the per-
formance was compared between these parameters. Additionally,
time-dependent multivariable area under the receiver operating
characteristic curve (AUROC) analyses were performed in the in-
ternal validation cohort to compare the predictive performances
of the radio-HVPG versus invasive HVPG for the composite end-
point using marginal weighting at various time points. The level
of significance was set at a 2-sided p-value <0.05.

A more detailed description of the feature extraction, model
training and evaluation, and statistical analysis steps can be
found in the Supporting Information for this manuscript.

3 | Results

3.1 | Patient Characteristics

A total of 442 cirrhotic patients were included in this study
(Figure 1). These patients were split into a training (n=357;

TABLE1 | Patient characteristics in the training and testing cohorts.

mean age, 58years =12 [standard deviation]; 254 men) and a
validation cohort (internal validation cohort, n=_85; mean age,
58years +12; 60 men). Median HVPG was 16.5 (IQR 12) mmHg,
median Child-Pugh score was 7 (IQR 4) points (Child-Pugh
stage A: 45%, B: 39%, C: 16%), and median MELD score was 11
(IQR 8). A total of 330 patients (75%) had CSPH. At baseline, the
majority (n=272, 61.5%) presented with decompensated liver
disease (AACLD), whereas 170 patients (38.5%) were character-
ized with compensated advanced chronic liver disease (CACLD).
Alcoholic liver disease (ALD, n =184, 42%) was the predominant
aetiology, followed by viral hepatitis (n=113, 26%). Indication
for CT imaging was HCC screening (n =209; 47.3%), assessment
for dynamics in portal hypertension (n=142; 32.1%), presence
of abdominal symptoms (n=48; 10.9%), and pre-transplant
assessment (n=19; 4.3%). In 24 patients (5.4%), the indication
of the CT scan could not be ascertained. The median duration
between HVPG measurement and abdominal CT examination
was 29 days (IQR 67). In the external validation cohort (n =100),
the median HVPG was 16 (IQR 11) mmHg, median Child-Pugh
score was 8 (IQR 4) points, and median MELD score 18 (IQR
8). The median time interval between HVPG measurement and
CT examination was 3days (IQR 26). Further clinical and demo-
graphic data are shown in Table 1.

The median follow-up time for the internal validation cohort
was 29.5 (95% CI: 20.6-63.5) months. Overall, 35 (41%) patients
developed (further) hepatic decompensating events, and 33 (39%)
experienced liver-related death. The cumulative incidence of the
composite endpoint (decompensation or liver-related death) was
30.7% and 48.3% at 12 and 24 months of follow-up, respectively.

Characteristic Training cohort Internal cohort External cohort
Patients, n 357 85 100
Age, years, mean + SD 57.46 (£11.7) 57.69 (£11.7) 56.8 (£10.6)
Male gender, n (%) 254 (71,1%) 60 (70,6%) 63 (63%)
HVPG, mmHg, median (IQR) 16 (11) 17 (13) 16 (11)
CSPH, n (%) 270 (75,6%) 60 (70,6%) 70 (70%)
Aetiology of liver disease, n (%)
ALD 149 (41,7%) 35 (41,2%) 43 (43%)
NAFLD 40 (11,2%) 5(5,9%) 11 (11%)
Viral hepatitis 89 (24,9%) 24 (28,2%) 26 (26%)
Other 69 (19,3%) 17 (20%) 14 (14%)
cryptogenic 10 (2,8%) 4(4,7%) 6 (6%)
Time period between HVPG and CT, days, median (IQR) 30(67) 24 (61) 3(26)
MELD, points, median (IQR) 11 (8) 11 (7) 18 (8)
Child-Pugh score, points, median (IQR) 74 7(4) 8(4)
BL-INR, median, (IQR) 1.30 (0.36) 1.31(0.32) 1.33 (0.45)
BL-albumin, g/dL, median (IQR) 35.00(9.10) 35.70 (9.00) 30.30 (12.00)
BL-bilirubin, mg/dL, median (IQR) 1.32(1.56) 1.48 (1.59) 1.64 (2.11)

Abbreviations: ALD, alcohol-related liver disease; BL, baseline; CSPH, clinically significant portal hypertension; CT, computed tomography; HVPG, hepatic venous
pressure gradient; INR, international normalized ratio; MELD, model for end-stage liver disease; NAFLD, non-alcoholic fatty liver disease.
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3.2 | Segmentation Reproducibility

Livers and spleens of 25 randomly selected patients from the ex-
ternal validation cohort were segmented by a second rater. Dice
similarity coefficients for liver segmentations showed a median
0f 0.98 (IQR 0.01, range 0.95-0.99), calculated for each reader pair
per patient (Figure S1). Similarly, for spleen segmentations, Dice
similarity coefficients showed a median of 0.98 (IQR 0.01, range
0.95-0.99). Radio-HVPG calculated based on segmentations by
the two raters showed excellent agreement (ICC=0.98, 95% CI
0.96-0.99).

3.3 | Model Selection and Feature Importance

A total of 2436 features were extracted from the liver and spleen,
with 1218 features for each organ. Combined with feature se-
lection algorithm based on hierarchical clustering of Spearman
correlation coefficients (Figure 2A), the best random forest re-
gression model outperformed elastic-net regression (Pearson r
between predicted and measured HVPG values=0.7, R2=0.49,
vs. Pearson r=0.6, R2=0.36, Figure S2A-B) on the training data,
using five-fold cross validation. In the best performing model,
a cut-off of 1.25 was selected for feature clustering, resulting in
74 individual clusters (Figure 2B), from which the feature with
the highest Spearman correlation with measured HVPG was se-
lected. These features comprised 34 (45.9%) liver and 40 (54.1%)
spleen features. In the subsequently trained random forest re-
gression model, log—sigma—3—-0-mm-3D_glem_Imc2_spleen,
a Grey Level Co-occurrence Matrix (GLCM, i.e., second-order)
feature calculated on spleen voxels, showed the highest feature
importance (Figure 2C).

3.4 | Prediction Accuracy in the Internal
Validation Cohort

On the internal validation cohort, the HVPG values predicted
by the final random forest model (radio-HVPG) correlated with
invasive HVPG (Pearson r=0.63, p<0.001, Figure 3A). Radio-
HVPG also discriminated well between patients with invasive
HVPG greater than or equal to 6mmHg, i.e., portal hyperten-
sion (AUC =0.89, 95% CI 0.81-0.98, Figure 3B), greater than or
equal to 10mmHg, i.e., CSPH (AUC =0.86, 95% CI=0.76-0.95,
Figure 3C), greater than or equal to 12mmHg, i.e., patients
at risk of variceal bleeding (AUC=0.85, 95% CI=0.76-0.95)
and greater than or equal to 16mmHg (AUC=0.82, 95%
CI=0.73-0.91). Bland-Altman analysis (Figure S4A) revealed
substantial individual-level variability with regards to limits of
agreement but no significant bias and no strong systematic trend
indicating proportional bias. There was a trend towards under-
prediction in cases with high HVPG values (>20 mmHg).

Model performance was not significantly impaired when ex-
clusively analysing patients with compensated advanced
chronic liver disease in the internal validation cohort. In this
patient group, radio-HVPG correlated with invasive HVPG
(Pearson r=0.66, p<0.001, Figure S3A), and discriminated be-
tween patients with measured HVPG greater than or equal to
6mmHg (AUC=0.82, 95% CI 0.65-0.98, Figure S3B), 10mmHg

(AUC=0.87,95% CI0.71-1, Figure S3C), 12mmHg (AUC =0.84,
95% CI 0.7-0.99, Figure S3D), and 16 mmHg (AUC =0.8, 95% CI
0.63-0.98, Figure S3E). Bland-Altman analysis (Figure S4B)
revealed substantial individual-level variability with regards to
limits of agreement, but no significant bias and no strong sys-
tematic trend indicating proportional bias. There was a trend
towards underprediction in cases with high HVPG values
(>20mmHg).

3.5 | Prediction Accuracy in the External
Validation Cohort

Our model showed similar performance in the external valida-
tion cohort. Again, radio-HVPG correlated with measured HVPG
(Pearson r=0.6, p<0.001, Figure 4A) and discriminated between
patients with measured HVPG greater or equal to 10mmHg
(AUC=0.78, 95% CI 0.64-91, Figure 4B), 12mmHg (AUC=0.8,
95% CI 0.67-0.93, Figure 4C), and 16 mmHg (AUC=0.79, 95% CI
0.66-0.92, Figure 4D). Bland-Altman analysis (Figure S4C) re-
vealed substantial individual-level variability but no significant
bias or major proportional bias. There was a moderately reduced
prediction accuracy at higher HVPG values (mean > 15mmHg).

3.6 | Outcome Prediction

We evaluated the prognostic importance of HVPG assessed by
radio-HVPG compared to that derived from invasive HVPG
measurement. Upon univariable analysis, radio-HVPG was as-
sociated with hepatic decompensation or liver-related death (haz-
ard ratio [HR]: 1.15 per point increase in radio-HVPG [95% CI:
1.06-1.24]; p <0.001). Notably, the independent prognostic value
of the radiomics-CSPH group was confirmed in a multivariable
model (adjusted HR [aHR]: 1.14 [95% CI: 1.04-1.25]; p=0.005.),
adjusted for MELD score and serum albumin (Table 2). In line,
invasively measured HVPG was also associated with an in-
creased risk for hepatic decompensation/liver-related death
upon univariable (HR: 1.06 per point increase in HVPG [95% CI:
1.02-1.1]; p<0.001) as well as multivariable analyses (aHR: 1.05
[95% CI: 1.01-1.1]; p=0.02; Table 2). Importantly, AIC (264.9873
vs. 268.7195) as well as Concordance index (0.725+0.043 vs.
0.738 £0.042) were comparable between models based on radio-
HVPG versus the invasively assessed HVPG.

Next, we evaluated whether the presence of clinically significant
portal hypertension (CSPH, HVPG >10mmHg), based on inva-
sively measured HVPG or radio-HVPG could predict hepatic
decompensation/liver-related death. Both invasively measured
HVPG (HR: 3.21 [95% CI: 1.24-8.31]; p=0.016; Figure 5A) and
radio-HVPG (HR:3.69 [95% CI:1.13-12.07]; p=0.031; Figure 5B)
were significant predictors of the composite endpoint.

Finally, we compared the predictive performance of the
Radiomics-CSPH versus the invasively assessed CSPH for he-
patic decompensation/liver-related death in multivariable time-
dependent AUROC analyses for the following time points: 12,
24, 36, 48, and 60months. Notably, time-dependent AUROCs
were similar at all evaluated time points using invasive HVPG
and radio-HVPG (Figure 5C).
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4 | Discussion

In the present study, we developed a radiomics signature
to assess the hepatic venous pressure gradient and predict

rtant features in the best performing random forest model.

liver-related outcomes based on volumetric contrast-enhanced
CT data. We validated our radiomics signature against the (in-
vasively measured) HVPG as the reference standard within an
internal and an external validation cohort. Our radio-HVPG
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FIGURE3 | Model performance for the prediction of HVPG on the internal validation cohort. (A) Scatter plot of invasive HVPG and radio-HVPG
based on liver and spleen radiomics features. (B-E) AUC curves for discrimination of HVPG >6 (B), >10 (C), >12 (D) and > 16 mmHg (E). HVPG,
hepatic venous pressure gradient; AUC, area under the receiver operating characteristic; CI, confidence interval.

model is a random forest regressor using 74 radiomic fea-
tures chosen for optimal performance—it identified HVPG
(Pearson's r=0.63) and CSPH (AUC = 0.86) with high accuracy
in an internal cohort and showed robustness in an independent

external data set (Pearson's r=0.60, AUC =0.78). Importantly,
the diagnostic performance of radio-HVPG compared to in-
vasive HVPG was confirmed in the internal subgroup of pa-
tients with compensated cirrhosis (Pearson r=0.66, p <0.001),
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venous pressure gradient.

which is clinically relevant since this enables timely initiation
of beta-blocker treatment for prevention of hepatic decompen-
sation [5, 17]. Furthermore, the robustness of radiomics-CSPH
for predicting hepatic decompensation or liver-related death
was confirmed in a univariable (hazard ratio [HR]: 1.15 per
point increase in radio-HVPG [95% CI: 1.06-1.24]; p <0.001)
and multivariable model (adjusted HR [aHR]: 1.14 [95% CI:
1.04-1.25]; p=0.005), considering clinical and biochemical
factors.

HVPG measurement through hepatic vein catheterization, the
gold standard method for assessing portal hypertension severity
[2], is invasive and requires substantial resources, specific in-
frastructure, and expertise. In contrast, CT imaging is widely
available and may be indicated in advanced chronic liver dis-
ease patients for liver cancer screening [10]. Certain CT findings
may hint towards portal hypertension, such as portosystemic
collaterals [18] or splenomegaly [19], but with limited specificity.

Additionally, liver surface nodularity [20] and other CT fea-
tures may reflect portal pressure [21], yet these radiological ap-
proaches show low diagnostic sensitivity [22] and have not been
sufficiently compared to HVPG.

Encouraging results using radiomics and Al-based methods
for portal hypertension assessment have been published in-
cluding 3D hepatic-portal venous reconstruction from CT an-
giography [13], radiomics signatures from axial single-slice
CT images [23], and convolutional neural networks [14, 24].
However, these studies mostly included hepatitis B patients
and did not distinguish between those with and without he-
patic decompensation, limiting their applicability to Western
populations. Given the strong dependence of liver disease pro-
gression on aetiology [25] and treatment [26, 27], these find-
ings may not be directly transferrable. Although studies on
predicting variceal bleeding [28, 29] and varices recurrence
after obliteration exist [30], this study is the first to investigate
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TABLE 2 | Factors associated with hepatic decompensation-/liver-related death in the internal validation cohort (n=85).

Univariable Radio-HVPG Invasive HVPG
Patient characteristics HR (95% CI) P aHR (95% CI) P aHR (95% CI) P
Age (per year) 0.99 (0.97-1.02) 0.57 — —
MELD (per point) 1.06 (1.02-1.11) 0.005 0.99 (0.94-1.05) 0.82 1.01 (0.96-1.06) 0.6
CPS (per point) 1.27 (1.14-1.42) <0.001 — —
Albumin (per g/L) 0.9 (0.86-0.95) <0.001 0.91 (0.85-0.97) 0.003 0.92(0.87-0.98)  0.005
C-reactive protein (per mg/dL) 1.06 (0.97-1.16) 0.18 — —
Radio-HVPG 1.15(1.06-1.24) <0.001 1.14 (1.04-1.25) 0.005 — —
Invasive HVPG 1.06 (1.02-1.1) <0.001 — 1.05 (1.01-1.1) 0.021

Model performance
AIC

Concordance index + SEM

264.9873 268.7195

0.738 +£0.042 | |

Abbreviations: AHR, adjusted hazard ratio; AIC, Akaike information criterion; CPS, Child-Pugh score; HR, hazard ratio; HVPG, hepatic venous pressure gradient;

MELD, model for end-stage liver disease; SEM, standard error of the mean.
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FIGURE 5 | Radio-HVPG predicts liver-related events. Kaplan-Meier curves demonstrating the rate of liver-related events for patients with in-

vasive HVPG (A) or radio-HVPG (B) below or larger than or equal to 10mmHg, i.e., clinically significant portal hypertension. (C) Time-dependent
AUC for the prediction of liver-related events by invasive HVPG or radio-HVPG. HVPG, hepatic venous pressure gradient.

the potential of a CT-based radio-HVPG for predicting hepatic
decompensation and liver-related death.

Importantly, radio-HVPG accurately predicted HVPG and
provided independent prognostic information, enabling early
initiation of betablocker therapy to prevent portal hypertension-
related complications and mortality. Its prognostic value was
independent of clinically established liver disease severity

markers, such as MELD score and albumin, enabling individ-
ualized patient management following a combined assessment
(MELD, albumin, and CT).

In analysing the best-performing random forest regression
model for HVPG prediction, the spleen texture feature, log—
sigma—3-0-mm—-3D_glem_Imc2_spleen, showed the highest
importance in the model by a considerable margin. Considering
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that the model had access to shape and texture features from
both organs, these data might suggest that portal hypertension
correlates with splenic tissue remodelling, which can be quanti-
fied using radiomics. This aligns with findings from Sack et al.
[31], who observed that texture features were more predictive
than size features for cirrhosis in MRI-derived spleen and liver
radiomic features. Notably, for our model, the top 10 most im-
portant features belonged to the standardized features with ex-
cellent reproducibility reported by Zwanenburg et al. [32].

There are limitations to our study: (i) CT images of the exter-
nal validation cohort were reconstructed with a different slice
thickness of 1.5mm. Although radiomics analysis may depend
on volume and voxel number, a large fraction of features has
been proven to be robust and stable with varying voxel sizes and
slice thickness [33]. We believe the difference in slice thickness
most likely accounts for the slight drop in prediction accuracy
observed in the external validation cohort. Meanwhile, our ra-
diomics signature, developed on various CT scanners from dif-
ferent manufacturers over several scanner generations, showed
robustness on an independent dataset, suggesting our method
is independent of image acquisition modality and protocols.
(ii) The radiomics approach could be combined with promising
laboratory-based machine learning models [34] or elastography-
based algorithms [8, 35] to further increase diagnostic and
prognostic accuracy. Finally (iii), for model training, in addi-
tion to 357 cirrhosis patients with invasively measured HVPG
values, 120 liver-healthy controls were included to increase the
number of patients with low HVPG values and familiarize the
machine learning model with patients without signs of portal
hypertension. For these patients, invasively measured HVPG
values were not available. Hence, values of 2.5mmHg were as-
sumed based on the assumption that HVPG values for healthy
patients lie between 0 and 5mmHg [15]. While we acknowledge
this assumption may be imprecise in some cases, model eval-
uation was exclusively performed on patients with invasively
measured HVPG.

In conclusion, we developed a non-invasive radiomics tool to
predict HVPG in patients with liver disease. Our tool achieved
good accuracy in the internal and external testing cohorts as
well as in the subset of patients with strictly compensated liver
disease, in whom CSPH presence is prognostically and thera-
peutically of utmost relevance. Furthermore, radio-HVPG pre-
dicted the clinical complications of hepatic decompensation or
liver-related mortality. Importantly, our radiomics approach
is fully based on standard CT imaging that may be indicated
for liver cancer screening as the current standard of care. The
radio-HVPG will be evaluated in prospective clinical trials.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Reproducibility of seg-
mentations and radio-HVPG by a second rater. (A) Boxplots indicating
mean, interquartile range, and range of pairwise inter-observer Dice
similarity coefficients for liver and spleen segmentations. (B) Scatter
plot radio-HVPG values based on liver and spleen segmentations by
the two raters. Figure S2: Comparison of linear and tree-based regres-
sion models for prediction of HVPG. Scatter plots of invasive HVPG
and radio-HVPG (predicted based on liver and spleen radiomics fea-
tures) using random forest regression (A) or elastic-net regression (B).
Figure S3: Model performance for the prediction of HVPG on patients
compensated at baseline in the internal validation cohort. (A) Scatter
plot of invasive HVPG and radio-HVPG of patients with compensated
cirrhosis. (B-E) AUC curves for discrimination of HVPG >6 (B), >10
(C), 212 (D), and >16mmHg (E). Figure S4: Bland-Altman analysis
of model performance across validation cohorts. Bland-Altman plots il-
lustrating agreement between predicted and observed values for (A) the
internal validation cohort, corresponding to the regression analysis pre-
sented in Figure 3; (B) the compensated patient subset, corresponding
to Figure S3; and (C) the external validation cohort, corresponding to
Figure 4. For each cohort, Bland-Altman analyses were systematically
cross-referenced with their respective regression plots to comprehen-
sively assess model agreement and identify potential systematic bias.
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