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Lay summary

People with compensated cirrhosis with larger spleen
volume would have a higher risk of decompensation.
We developed a spleen-based model and validated it
in external validation cohorts. The proposed model
might help predict hepatic decompensation in people
with compensated cirrhosis when invasive tools are
unavailable.
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Background & Aims: Non-invasive stratification of the liver decompensation risk remains unmet in people with compen-
sated cirrhosis. This study aimed to develop a non-invasive tool (NIT) to predict hepatic decompensation.

Methods: This retrospective study recruited 689 people with compensated cirrhosis (median age, 54 years; 441 men) from 5
centres from January 2016 to June 2020. Baseline abdominal computed tomography (CT), clinical features, and liver stiffness
were collected, and then the first decompensation was registered during the follow-up. The spleen-based model was
designed for predicting decompensation based on a deep learning segmentation network to generate the spleen volume and
least absolute shrinkage and selection operator (LASSO)-Cox. The spleen-based model was trained on the training cohort of
282 individuals (Institutions I-II) and was validated in 2 external validation cohorts (97 and 310 individuals from Institutions
IV and V, respectively) and compared with the conventional serum-based models and the Baveno VII criteria.

Results: The decompensation rate at 3 years was 23%, with a 37.6-month median (IQR 21.1-52.1 months) follow-up. The
proposed model showed good performance in predicting decompensation (C-index >0.84) and outperformed the serum-
based models (C-index comparison test p <0.05) in both the training and validation cohorts. The hazard ratio (HR) for
decompensation in individuals with high risk was 7.3 (95% CI 4.2-12.8) in the training and 5.8 (95% CI 3.9-8.6) in the vali-
dation (log-rank test, p <0.05) cohorts. The low-risk group had a negligible 3-year decompensation risk (<1%), and the model
had a competitive performance compared with the Baveno VII criteria.

Conclusions: This spleen-based model provides a non-invasive and user-friendly method to help predict decompensation in
people with compensated cirrhosis in diverse healthcare settings where liver stiffness is not available.

Lay summary: People with compensated cirrhosis with larger spleen volume would have a higher risk of decompensation.
We developed a spleen-based model and validated it in external validation cohorts. The proposed model might help predict
hepatic decompensation in people with compensated cirrhosis when invasive tools are unavailable.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

In the natural history of chronic liver disease, clinical decom-
pensation (ascites, variceal bleeding, and encephalopathy) is
recognised as a prognostic indicator because mortality is almost
unalterably preceded by decompensation."” People with
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compensated cirrhosis who are at a high decompensation risk
need to be promptly identified for intensive monitoring and
intervention to avoid the progression to decompensation."’
Notably, liver stiffness measurement (LSM) and platelet (PLT)
count were proposed to screen clinically significant portal hy-
pertension (CSPH) and high-risk varices, indirectly providing
evidence for decompensation risk stratification.* However, in
non-specialised settings and across diverse healthcare systems
where hepatic venous pressure gradient (HVPG, the gold stan-
dard for CSPH) and LSM are unavailable, the use of robust
prognostic non-invasive tools (NITs) using common variables to
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Fig. 1. Flowchart of patient inclusion. CT, computed tomography; HCC, hepatocellular carcinoma.

stratify the liver decompensation risk remains as an unmet need
in people with compensated cirrhosis.

Spleen morphology has been considered in the diagnosis and
prediction of complications of liver cirrhosis for decades.’”’
Structural changes in the spleen occur in portal hypertension
owing to not only passive congestion of the spleen, but also
angiogenesis and fibrogenesis.® Initially, spleen diameter, as
determined by ultrasound, increased the accuracy of NITs based
on LSM for portal hypertension, varices, and decompensa-
tion.>”°"13 The longitudinal spleen axis on ultrasound has al-
ways been analysed in previous studies.””” However, this
measurement is associated with errors owing to the heteroge-
neity in ultrasound measurements and the spatial trans-
formation of splenomegaly.

Previous studies adopted a 2-dimensional (2D) spleen diam-
eter from ultrasound to build a predictive model with clinical
characteristics for decompensation, which might reduce the
significance of spleen in decompensation and the performance of
the model. Advancements in deep learning techniques have
made it possible to obtain a quantitative 3-dimensional (3D)
volumetric analysis of the spleen,'*'> providing a basis for po-
tential predictive models based on spleen characteristics. Spleen
volume has been recently considered larger in the decom-
pensated population than in compensated individuals,'®'*!
which is considered a risk factor for decompensation.'"'?

Machine learning has shown potential for non-invasively
predicting cirrhosis-related events,'®"'® such as by analysing

clinical and laboratory data. Machine learning is a branch of data
science that uses computational modelling to learn from data.
These models have the potential to improve the risk stratification
provided by conventional clinical risk scores'® Meanwhile, joint
modelling of spleen volume and clinical variables can reveal
the effect of the spleen on clinical features in predicting
decompensation. Finally, studies on spleen volume-based pre-
diction models for decompensation have been limited by stan-
dard statistical analyses, the absence of external validation, and/
or the absence of comparisons with conventional clinical risk
assessment scores.'"1%19

Therefore, we hypothesised that spleen volume would better
drive a predictive model for people with cirrhosis at a high risk of
decompensation. This study aimed to build a user-friendly non-
invasive model that combines spleen volume and simple serum
markers to predict the first clinical decompensation in people
with compensated cirrhosis and compare it with existing clinical
models.

Patients and methods

Study participants

This is an investigator-initiated, retrospective, multicentre cohort
study that was conducted at 5 liver centres in China. Potential
candidates were enrolled between January 2016 and June 2020.
The local institutional review boards approved this study, and
the requirements for written informed consent were waived.
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Fig. 2. Spleen segmentation examples in unenhanced CT and contrast-enhanced CT. (A) The spleen-based model development workflow. (B and C) Spleen
segmentation in unenhanced axial and coronal abdominal CT of a 55-year-old man with HCV liver cirrhosis with a spleen volume of 675.4 cm®. The patient was
identified as high decompensation risk with a prognostic value of 5.0 (cut-off value 4.4). Overt ascites was diagnosed 535 days after baseline CT. (D and E) Spleen
segmentation in contrast-enhanced axial and coronal abdominal CT of a 62-year-old man with HCV liver cirrhosis with a spleen volume of 429.6 cm>. The patient
was identified as high decompensation risk with a prognostic value of 4.9. Variceal bleeding happened 505 days after baseline CT. 2D, 2-dimensional; 3D, 3-
dimensional; ALBI, albumin-bilirubin; CT, computed tomography; FCN, fully convolutional network; FIB-4, Fibrosis-4; MELD, model for end-stage liver dis-

ease; PACS, picture archiving and communication systems.

The inclusion criteria for patients were as follows: (1)
adults (aged 18-75 years); (2) with confirmed cirrhosis
diagnosed by laboratory tests, imaging methods, physical
examination findings, or biopsy?° (see detailed diagnostic
criteria in the Supplementary Methods 1.1); (3) who had
abdominal computed tomography (CT) in a routine cirrhosis
assessment; (4) did not have present or past decompensation
(ascites, variceal bleeding, or hepatic encephalopathy)’; (5)
did not have decompensation within the 6 months after
baseline CT; and (6) with at least 6 months of follow-up after
the CT scan.?!

The exclusion criteria were as follows: (1) individuals who
previously underwent any surgical procedures of the liver or
spleen (e.g. transjugular intrahepatic portosystemic shunt
[TIPS], liver transplantation, splenectomy, or partial splenic
embolisation); (2) had hepatocellular carcinoma; (3) had portal
vein thrombosis; and (4) with no available clinical data at
baseline.

A total of 1,200 patient profiles were collected initially from 5
different centres (Fig. 1). After the patient-by-patient inclusion,
689 individuals were enrolled in this study. Patients were
divided into 3 cohorts: (1) training cohort (n = 282 from In-
stitutions I, II, and III) for model training and variable selection;
(2) external validation cohort 1 from Institution IV (n = 97); and
(3) external validation cohort 2 from Institution V (n = 310) for
model testing. There is no overlap between each cohort.
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Liver-related events and follow-up
The primary endpoint was classic clinical decompensation,
which was defined as overt ascites, variceal haemorrhage, or
hepatic encephalopathy.! Variceal haemorrhage and hepatic
encephalopathy were labelled acute decompensation and would
be further analysed.” The details of the definitions are shown in
Supplementary Methods 1.2. The follow-up started at the time of
the baseline CT scan, which was performed while 1 patient was
on a routine follow-up schedule, starting in January 2016. Pa-
tients were followed up until the first meeting of the primary
endpoint, until death, or until the end of December 2021. The last
follow-up evaluation date and the last status were registered for
patients who were no longer available for follow-up.
Outpatient and inpatient digital medical records were
extracted and reviewed in each centre for follow-up by board-
certified gastroenterologists. In accordance with medical insur-
ance policies and clinician requirements, patients were regularly
followed up at least every 6 months for cirrhosis assessment and
for (1) antiviral therapy (or individuals who needed medications
for other types of cirrhosis), (2) blood tests, (3) variceal
screening, or (4) routine imaging examinations (ultrasound, CT,
or magnetic resonance imaging [MRI]). Ascites was screened in
time using imaging methods if it was clinically suspected outside
the follow-up schedule. Variceal bleeding and hepatic encepha-
lopathy were diagnosed by an experienced clinician in a patient
requiring admission.



Table 1. Baseline characteristics of cohorts.
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Variables Total Training cohort External Validation External Validation
(N = 689) (n = 282) cohort 1 cohort 2

(n=97) (n = 310)

Age, years 54 (17) 56 (18) 52 (17) 54 (17)
Sex, male 441 (64) 176 (62) 64 (66) 201 (65)
Weight, kg 64 (16) 63 (15) 65.5 (18.83) 64 (10)
Height, cm* 165.2 (8.9) 161.6 (8.3) 166.4 (8.3) 166.6 (7)
ALB, g/L 39.7 (8.8) 40.1 (7.65) 42.7 (9.9) 38.1 (9.05)
TBIL, pmol/L 18 (14.36) 18.59 (15.71) 17.5 (9.15) 17.7 (15.17)
IBIL, pmol/L 11 (7.98) 11.7 (8.43) 11.65 (5.22) 10.45 (7.93)
DBIL, pmol/L 6.3 (6.3) 6.4 (6.72) 5.3 (4.5) 6.5 (7.07)
ALT, IU/L 34 (35) 36 (33) 38 (31.5) 33 (37)
AST, IU/L 34.7 (27.3) 35(27) 35 (27.5) 32.8 (27.5)
ALP, IU/L 94 (55.72) 97 (57) 89 (46.5) 94.1 (57.7)
GGT, IU/L 57 (89.1) 63 (109) 44 (71.5) 56.8 (76.9)
CHE, U/L 5,893 (3241) 6,000 (2759) 6,646 (3248) 5,545 (3360)
BUN, mmol/L 4.79 (1.92) 4.7 (2.03) 4.85 (2.12) 4.79 (1.88)
Cr, pmol/L 66 (22) 66.3 (23.15) 69 (19.25) 64.5 (20.75)
UA, pmol/L 295.6 (132.4) 292.85 (127.6) 311 (130) 296 (136)
Hb, g/L 134 (30) 135 (30) 140 (26) 131 (31.5)
Platelets, x10°/L 103 (76) 103 (76.75) 127 (63.5) 98 (72.5)
INR 1.14 (0.23) 1.1 (0.19) 1.2 (0.2) 1.17 (0.23)
Spleen volume, cm? 364.3 (351.9) 354.2 (350.8) 335.9 (310.7) 385.8 (346.3)

Child-Pugh score, n (%)

A5 273 (50) 109 (52) 22 (49) 142 (48)
A 6 134 (24) 60 (29) 10 (22) 64 (22)
B, 7 78 (14) 21 (10) 9 (20) 48 (16)
B, 8 29 (5) 9 (4) 3(7) 17 (6)
B, 9 36 (7) 9 (4) 1(2) 26 (9)
MELD 6.72 (5.59) 5.53 (6.11) 5.64 (5.04) 737 (5.3)
ALBI -2.57 (0.82) -2.61 (0.74) -2.88 (0.89) -2.4 (0.82)
FIB4 3.46 (3.7) 3.24 (3.68) 3.15 (4.07) 3.75 (3.66)
ALBI-FIB4 -2.74 (1.56) -2.83 (1.41) -3.14 (1.76) -2.58 (1.67)
Aetiology, n (%)
Viral hepatitis 485 (70) 188 (67) 77 (79) 220 (71)
Alcohol 32 (5) 18 (6) 5(5) 9(3)
Cholestatic and autoimmune liver disease 91 (13) 34 (12) 10 (10) 47 (15)
Other 81 (12) 42 (15) 5 (5) 34 (11)

Except where indicated, data are reported by median (IQR). This model used the following variables: aetiology (viral hepatitis), aetiology (sustained virological responses),
aetiology (alcohol), aetiology (cholestatic and autoimmune liver disease), ALB, TBIL, IBIL, DBIL, ALT, AST, AST/ALT, ALP, GGT, CHE/1,000, BUN, Cr, UA, Hb, platelets, INR, Child-
Pugh score, MELD, ALBI, FIB-4, and ALBI-FIB-4. LASSO could resolve any potential co-linearities among these features.
ALB, albumin; ALBI, albumin-bilirubin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate transaminase; CHE, cholinesterase; Cr, creatinine; DBIL, direct
bilirubin; FIB-4, Fibrosis-4; GGT, gamma-glutamyltransferase; Hb, haemoglobin; IBIL, indirect bilirubin; INR, international normalised ratio; LASSO, least absolute shrinkage

and selection operator; MELD, model for end-stage liver disease; TBIL, total bilirubin; UA, urine albumin.

* Mean (SD).

Demographic, clinical, laboratory data, and liver stiffness
Baseline characteristics of patients were collected, including
demographics (age and sex), clinical data (aetiology and sus-
tained virological response), and laboratory data (liver function,
renal function, PLT count, haemoglobin [Hb], and coagulation
function) at the time of the CT scan. The Child-Pugh score, model
for end-stage liver disease (MELD), albumin-bilirubin (ALBI)
score, Fibrosis-4 (FIB-4), and ALBI-FIB4 score were calculated
using the baseline characteristics.*** A total of 176 liver stiffness
measurement results (kPa) using transient elastography (Fibro-
Scan®, Echosens, Paris, France) were extracted from Institution V
(validation cohort 2) within 1 week around the time of the
baseline CT.

Spleen-based model development

The spleen-based model included 2 main components: auto-

mated spleen segmentation and decompensation risk prediction.

The input of the model was the original abdominal CT images,

and the output was the risk score of decompensations (Fig. 2A).
We first used a 2-step deep learning network to segment the

spleen area on CT images automatically (Fig. 2A). The input CT

images were resampled to 3-mm thickness (details of CTs in each
institution are summarised in Table S1). The network was based
on two 3D fully convolutional networks (FCNs) and was opti-
mised for cirrhosis and splenomegaly. Finally, the network
output of the spleen mask and the 3D spleen volume were
calculated according to the segmentation.

The deep learning algorithm is described in our previous
study'® and is available online (https://github.com/vanziaa/
aHVPG), and the examples of spleen segmentation are shown
in Fig. 2. All segmentation results were checked (SH and JYZ,
board-certified radiologists). To test the accuracy of the seg-
mentation results, 10% (69/689) of individuals from 5 centres
were selected by stratified random sampling, and 3 radiologists,
who were blinded to the spleen mask generated by deep
learning model, segmented the spleen in these individuals
manually. The mean Dice metric of these people is 0.954 (95% CI
0.951-0.958) with a mean speed of 5.5 s per patient. The data for
each patient are shown in Fig. S1.

Afterwards, we incorporated clinical factors and the spleen
volume to build the spleen-based model. We used the least ab-
solute shrinkage and selection operator (LASSO)-Cox algorithm
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to select prognostic features and build the model in a list of
spleen volume and 25 clinical and laboratory variables (Table 1
footnote and Supplementary Methods 1.3) from the training
set. Moreover, 1 SE was considered as the criterion to select the
regulation weight (1) on the leave-one-out cross-validation of
the training cohort in LASSO-Cox regression. Finally, the model
directly used the nonzero-coefficient variables and their co-
efficients from LASSO to output a linear predictor (risk score) for
each patient. A larger risk score indicates an increased risk of
decompensation. The spleen-based model was trained using the
training cohort and applied to each patient and tested in 2
external validation cohorts.

Associations of spleen volume with 2D spleen measurements,
decompensation risk, and clinical characteristics
To investigate whether 2D parameters can accurately reflect the
spleen volume, we also calculated the maximum 3D diameter,
major axis length, and maximum 2D diameters in the axial,
coronal, and sagittal planes of the spleen using the segmentation
results (Supplementary Methods 1.4). The relationship between
spleen volume and 2D parameters of the spleen was evaluated
by using the Pearson correlation in all patients. Furthermore, we
used restricted cubic splines with 4 knots to flexibly model and
visualise the association of spleen volume with decompensation.
To assess the added predictive value of spleen volume, we
built a clinical model using LASSO-Cox, including only clinical
and laboratory variables in the training cohort. The clinical
model would generate a benchmark of potential prognostic
variables. The difference in including variables and their co-
efficients between the clinical and spleen-based models would
display the added predictive effect of the spleen volume.

Model performance and validation

The spleen-based model was initially assessed in the training
cohort and then validated in 2 independent external cohorts. The
prognostic performance was evaluated using Harrell's concor-
dance index (C-index), time-dependent receiver operating
characteristic curves (ROCs), areas under the curve (AUCs) at 3
and 5 years, calibration curves, and a decision curve analysis in
all of the cohorts.

For less than 5% misdiagnosis,*?*> the high-risk individuals
were identified by applying a cut-off, which was based on the
95% sensitivity point on the time-dependent ROC at 3 years only
from the training cohort. Then, the threshold was applied to the
validation cohorts for the external test. Kaplan-Meier graphs
were plotted with the log-rank test in each cohort according to
the 2 risk groups.

Comparisons with serum-based models

We compared the prognostic power of the spleen-based model
with that of conventional serum-based models, namely using the
Child-Pugh score, MELD, ALBI, FIB-4, and ALBI-FIB-4 scores
(which are based on the C-index,>* time-dependent AUC, and
decision curve analysis) in the training and validation cohorts.
The net reclassification improvement (NRI) and integrated
discrimination improvement (IDI) values* were evaluated to
quantify the incremental prognostic improvement. Owing to the
limited number of individuals that were included in both the
clinical models and spleen-based models, the validation groups
were combined.

JHEP|Reports

LSM and comparisons with Baveno VII criteria

We compared spleen volume between different liver stiffness
intervals in individuals with liver stiffness according to Baveno
VII to explore the relationship between spleen volume and liver
stiffness. Meanwhile, we assessed the risk stratification perfor-
mance by the spleen-based model and Baveno VII criteria (low
risk: LSM <15 kPa and PLT >150 x 10°/L; high risk: LSM >25 kPa;
and medium risk: other)." In addition, we compared the differ-
ences in liver stiffness between the high- and low-risk groups
identified by the spleen-based model to verify whether our
model is consistent with the existing theories based on LSM.

Robustness assessments of features and model

To assess the robustness of features, we performed a sensitivity
Cox regression analysis with only spleen volume, cholinesterase
(CHE), and Hb on the completed cases in both training and test
cohorts.

To assess the robustness of the spleen-based model, 3
different training and test datasets were randomly enrolled for
patients from all centres at a ratio of 7:3. The models were
retrained using the same variables but trained by different pa-
tients’ combinations and were tested and compared with the
original model.

Statistical analysis

We reported continuous variables as the mean (SD) or median
(IQR) and categorical variables as n (%). Differences between
groups were compared using Mann-Whitney U tests for 2
groups and Kruskal-Wallis 1-way ANOVA for >2 groups. The
Dunn test was used for pairwise comparison and the Holm
correction method for p values for multiple comparisons. The
Kaplan-Meier method with the log-rank test was used to es-
timate the cumulative incidence of decompensation events
and compare survival curves in patient characteristics
description and risk stratification. A Pearson correlation was
used to evaluate the relationship between the variables.
Restricted cubic splines with 4 knots were used to flexibly
model and visualise the association of spleen volume with
decompensation.

The LASSO-Cox method was used to build the prognostic
model. Individuals with missing variables in the final model
were not included in the model assessment. The prognostic
performance was evaluated using C-index, time-dependent ROC,
calibration curves, and decision curve analysis in the training and
validation cohorts. A high-sensitivity (95% sensitivity) cut-off
point was extracted from time-dependent ROC in the training
cohort and was applied to the validation cohorts. Median sur-
vival, hazard ratio (HR), and percentage decompensation at 3 and
5 years were calculated for each risk group and were reported in
each cohort.

To quantify the model’s incremental prognostic improvement,
the developed model would be compared with conventional
serum-based models based on the C-index (Student’s t test),**
time-dependent AUC, decision curve analysis, NRI, and IDI*®
from the same samples. The stratified analyses were performed
on weight, height, age, and sex to assess the interaction effects
on the model predictions.

A total of 73 individuals experienced decompensation events
in a training cohort of 282 persons. About 7 prognostic variables
would be able to be investigated using the 10:1 rule of thumb for
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Table 2. Summary of C-index, median decompensation, decompensation percentage, and hazard ratio of different risk groups in each cohort.

Decompensation

Decompensation

Median

decompensation-free

Time-dependent AUC

Hazard ratio

at 5 years

at 3 years

Number of
patients (%)

(95% CI)

n (%)

survival (years)

Category

5-year

3-year

C-index (95% CI)

~~—

~ A~~~

Not reached

4.2
Not reached

3.5
Not reached

3.8

~ o~~~

—

—

—

~—

P

0.84

0.84 (0.79-0.88)

Training cohort

Low ri

0.91

0.89

0.87 (0.79-0.94)

External validation cohort 1

Low i

0.91

0.89

0.84 (0.80-0.87)

External validation cohort 2

Hazard ratios, 95% Cls, and p values were estimated using the log-rank approach.

AUC, area under the curve.
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prediction models. Then, 95% CIs were reported for the C-index,
HR, IDI, and NRI. Statistical significance was set at a 2-tailed p
value of <0.05.

The statistical analysis was conducted in R software (version
4.1.0; https://www.r-project.org R Foundation for Statistical
Computing, Vienna, Austria). R codes are available on GitHub
(https://github.com/vanziaa/Spleen_volume), and the main R
packages used are in Supplementary Methods 1.5.

Results

Patient characteristics

Individuals (689) were enrolled in this study between 2016 and
2020, as shown in Fig. 1. A total of 441/689 (64%) persons were
male, and the median age was 54 years (IQR 47-64 years). The
median length of follow-up was 37.6 months (IQR 21.1-52.1
months) for the training cohort and 31 months (IQR 19.8-43.3
months) for the validation cohorts. The decompensation pro-
portion had no significant difference between the 2 cohorts (log-
rank test, p = 0.28). The baseline characteristics of the training
and validation cohorts are described in Table 1.

The decompensation rate at 3 years was 23%, with an overall
decompensation rate of 26%. The acute decompensation rate was
10%. The most common decompensation event was ascites (113/
184 [61%]), followed by variceal bleeding (57/184 [31%]) and
hepatic encephalopathy (14/184 [8%]). Two persons died after
developing severe acute decompensation. A total of 123 people
with HBV definitely achieved sustained virological responses at
baseline.

Spleen volume at baseline

At baseline, the median spleen volume was 3542 cm?®
(IQR 216.2-567.0 cm?®) in training and 3716 cm® (IQR
228.9-576.3 cm?) in validation individuals, without a noticeable
difference between the training and validation cohorts (p = 0.80).
A moderate correlation was observed between spleen volume
and maximum 2D diameters in the axial plane (Pearson r = 0.64,
p <0.001), followed by the major axis length (r = 0.62, p <0.001),
whereas the other 2D parameters had a weak correlation with
spleen volume (Fig. 3A).

The baseline spleen volume was markedly larger in in-
dividuals who developed first decompensation (median, 413.8
vs. 302.1 cm® in those remaining compensated; p <0.001). In
Fig. 3B, the relationship between spleen volume and decom-
pensation in all individuals was visualised using restricted cubic
splines. The risk of decompensation was relatively low until the
spleen enlargement was 364.3 cm?, which was followed by a
rapid increase (Pnontinearicy <0.001). For a splenic volume above
364.3 cm?, the HR per SD of higher spleen volume was 1.53 (95%
CI 1.39-1.70), and a significantly higher risk of decompensation
was observed in the larger spleen volume group (Fig. 3C).
Therefore, spleen volume was considered a predictor for liver
decompensation for this analysis.

Model development

Spleen volume was negatively correlated with PLT (r = -0.45,
p <0.001), followed by FIB-4 (r = -0.42, p <0.001), whereas other
clinical indicators were less correlated (Fig. S2A). For the
nonlinearity relationship between spleen volume and decom-
pensation (Pnonlinearity <0.001), the natural logarithm of spleen
volume (Pnontinearity = 0.02) and all of the clinical variables
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(A total of 26 variables) were incorporated into a LASSO-Cox
regression to build the spleen-based model (Fig. 3E and 3F).
The spleen volume strongly replaced some traditional markers,
including PLT, alkaline phosphatase (ALP), and FIB-4 (Table S2).

Spleen volume (cm? natural logarithm), CHE, and Hb
remained to form the model (risk score in Table S2). Coefficient
changes are presented in Table S2 and Fig. S2B and C. A set of 591
individuals with spleen volume, CHE, and Hb were enrolled in
model validation in the next step.

Model performance

The spleen-based model indicated good prognostic performance
for all-cause decompensation with a C-index of 0.84 (95% CI
0.79-0.88) in the training cohort and C-indexes of 0.87 (95% CI
0.79-0.94) in validation cohort 1 and 0.84 (95% CI 0.80-0.87) in
validation cohort 2 (Table 2). The AUCs at 3 and 5 years also
confirmed a favourable prognostic accuracy (Table 2 and Fig. S3).
The subgroup analysis of acute decompensation further showed
good performance (Table S3).
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Table 3. Comparison between spleen-based model and other scores for all-cause decompensation.

Time-dependent AUC

p value p value
Model C-index (95% CI) 3 years 5 years IDI (95% CI) (IDI) NRI (95% CI) (NRI)
Training cohort
Spleen-based model 0.84 (0.79-0.88)" 0.84 0.9 Benchmark Benchmark
Child-Pugh score 0.68 (0.58-0.79)" 0.59 0.59 0.43 (0.25-0.58) 0.009 0.73 (0.46-0.95) 0.01
MELD 0.5 (0.41-0.59)" 0.56 0.38 0.50 (0.30-0.65) 0.01 0.73 (0.39-0.94) 0.009
ALBI 0.61 (0.52-0.7)" 0.55 0.6 0.38 (0.23-0.51) 0.007 0.66 (0.31-0.85) 0.01
FIB-4 0.73 (0.66-0.8)" 0.71 0.77 0.34 (0.19-0.5) 0.003 0.64 (0.24-0.84) 0.02
ALBI-FIB4 0.7 (0.62-0.78)" 0.66 0.7 0.34 (0.18-0.47) 0.005 0.64 (0.29-0.83) 0.02
External validation cohort
Spleen-based model 0.84 (0.81-0.87)" 0.89 0.91 Benchmark Benchmark
Child-Pugh score 0.72 (0.66-0.78)" 0.71 0.7 0.28 (0.14-0.43) 0.007 0.45 (0.09-0.78) 0.01
MELD 0.62 (0.56-0.68)" 0.63 0.63 0.32 (0.15-0.48) 0.01 0.43 (0.06-0.73) 0.03
ALBI 0.68 (0.62-0.73)" 0.69 0.73 0.28 (0.13-0.42) 0.006 0.44 (0.13-0.73) 0.02
FIB-4 0.68 (0.63-0.74)" 0.72 0.81 0.29 (0.11-0.46) 0.02 0.52 (0.21-0.8) 0.02
ALBI-FIB4 0.7 (0.65-0.75)" 0.72 0.79 0.24 (0.09-0.4) 0.01 0.5 (0.09-0.72) 0.02

p values and 95% Cls and for IDI and NRI were estimated using perturbation resampling (1,000 iterations).
ALBI, albumin-bilirubin; AUC, area under the curve; FIB-4, Fibrosis-4; IDI, integrated discrimination improvement; MELD, model for end-stage liver disease; NRI, net

reclassification improvement.
* Reference of C-index comparison.

T p values <0.001 for each model compared with the spleen-based model from the same samples using Student’s ¢ test.

The calibration curves (Fig. 4A and B) for the spleen-based
model at 3 and 5 years showed good agreement between esti-
mations and clinical outcomes in the development and valida-
tion cohorts. These results confirmed the high prognostic
accuracy of the model.

Stratified analyses were performed by weight, height, age
(smean and >mean), and sex. There were no significant in-
teractions in any of the subgroups (Pinteraction >0.05 for all), which
confirmed that the model was not affected by height, weight,
age, or sex (Table S4).

The incremental value of the spleen-based model

The C-index and AUCs at 3 and 5 years for the spleen-based
model and the conventional serum-based models in the
training and combined validation cohorts are listed in Table 3 (all
decompensation) and Table S3 (acute decompensation), by the
limited number of patients having the clinical models and
spleen-based models at the same time. Relative to the serum-
based models, the spleen-based model showed better perfor-
mance in both the training (C-index was 0.826-0.833) and
validation cohorts (C-index was 0.831-0.841) on the same
shared patients. NRI and IDI results confirmed that the spleen
model exhibited higher accuracy and significant improvement in
the classification accuracy for decompensation (Table 3).

The decision curve analysis demonstrated that the spleen-
based model provided good clinical performance across the
range of reasonable threshold probabilities compared with other
models in the training and validation cohorts (Fig. 4C and D).
These results revealed that the spleen-based model had an in-
cremental value for personalised decompensation prediction.

Risk stratification

With the use of 4.4 as the cut-off from the 95% sensitivity at 3
years only from the training cohort, people were classified into
high- and low-risk groups. The time-to-event curves confirmed a
clear separation in both the all-cause decompensation and acute
decompensation between the low- and high-risk groups in all 3
cohorts (p <0.001, Fig. 5 and Fig. S4A and C; p = 0.009, Fig. S4B),
with HRs of 7.3 (95% CI 4.2-12.8) in the training cohort and 5.8

(95% CI 3.9-8.6) in the 2 validation cohorts when evaluating the
low-risk group vs. the high-risk group (Table 2).

One of 99 (1%) individuals in the training cohort and 1 of 150
(<1%) individuals in the validation cohorts in the low-risk group,
identified by the spleen model, developed decompensation
events within 3 years. The details of individuals who reached
decompensation events are described in Table 2 and Fig. 5A and
C. These results suggested that the model had good risk strati-
fication ability.

LSM and comparisons with Baveno VII criteria

In a subgroup including 176 individuals with LSM in validation
cohort 2, baseline spleen volume was significantly larger in in-
dividuals with LSM 225 kPa than in individuals with LSM <15
and 15~25 kPa (i.e. median: 583.0 vs. 335.0 cm?, and 583.0 vs.
413.2 cm?, pairwise comparison Ppoim-corrected <0.05, as shown in
Fig. 3D). Notably, we found higher LSM results in high-risk in-
dividuals identified by the model, an important predictive factor
linked to decompensation (Fig. 5F), which explains why they face
a higher risk of decompensation.

According to Baveno VII, a clear separation between the low-,
middle-, and-high-risk groups was observed in the criteria in
Fig. 5. People in the low-risk group by the Baveno VII criteria,
including LSM and PLT, did not develop any decompensation
events during follow-up. However, the HR of reaching decom-
pensation was 1.9 (95% CI 0.9-3.8, p = 0.07) between the middle-
and high-risk groups according to Baveno VII. The spleen-based
model identified more low-risk individuals than the Baveno VII
criteria (60/176 [34.1%] vs. 18/176 [10.2%]) with 1 misclassifica-
tion (1/60 [1.7%]). A similar risk stratification result by the
Baveno VI criteria is shown in Fig. S5. The competitive risk
stratification results suggested that the model could be a po-
tential alternative when LSM is unavailable.

Robustness assessments of features and model

The sensitivity Cox regression analysis showed that the 3 variables
remained significant related to the composite endpoint in the
training and combined test (external validation) cohorts
(Table S5). In addition, the trend of HR is consistent with the
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DF, degree of freedom; HR, hazard ratio; LSM, liver stiffness measurement.
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model in our study that a larger spleen volume implies a higher
risk of decompensation, whereas CHE and Hb are on the contrary.

After retraining and testing, there was no variation in the C-
indexes in different training and test datasets (Fig. S6). These
experiments illustrate the robustness of the model and features
selected by cross-validation.

Discussion

Decompensation leads to increased mortality risk, and NITs that
are used to stratify the liver decompensation risk remain unmet.
In this study, we described the relationship between the spleen
volume and the increase in decompensation risk. We built an
artificial intelligence-driven spleen-based model and validated it
using external test cohorts. The proposed model was able to
predict decompensation (C-index >0.84) independently of the
aetiology, better than the traditional serum-based models (C-
index, NRI, and IDI test p <0.05 for all cohorts) in both training
and external validation cohorts, suggesting its good reliability
and reproducibility. The model could predict individual decom-
pensation risk (log-rank test, p <0.05). Specifically, individuals in
the low-risk group had a negligible 3-year risk (<1%) of decom-
pensation. The similar performance of the proposed model
compared with the Baveno VII criteria suggested its potential
clinical applicability in diverse healthcare settings where HVPG/
LSM are not available.

Our sample consisted of 689 persons with compensated
cirrhosis, with 88% of them having a Child-Pugh score of <7, and the
median MELD score of the patients was <7 at baseline. Our study
had a similar median follow-up time of 37.6 months (IQR 21.1-52.1
months) and decompensation rate at 3 years of 23% compared with
previous studies.'®'>?!?627 With more than 2 billion people
infected with chronic hepatitis as estimated by the World Health
Organization (WHO), our findings might be generalised to patients
in other countries, especially in Asian and African regions, given the
appropriate follow-up and decompensation rate.”®

Herein, we described the spleen volume enlargement in people
with cirrhosis. Previous studies have provided us with population-
based reference intervals of approximately 81.1-322.0 cm? for the
spleen volume in healthy donors, and these intervals allow us to
independently assess the size of the spleen.'* We observed a larger
spleen volume (median 413.8 cm?) in decompensated individuals
at baseline, which exceeds the upper limit. We also observed a
nonlinear increase in the decompensation risk starting at 364.3 cm>
in all patient cohorts. However, Yoo et al.'? proposed a cut-off of
656.9 ml for spleen volume for decompensation, which is larger
than our observation, especially from the LSM perspective. Median
spleen volumes were 413 and 583 cm® when LSM is larger than 15
and 25 kPa, respectively, which means relatively higher risks of
decompensation independent of the aetiology and ruling in CSPH.!
A higher threshold would underestimate the decompensation risk
in individuals with smaller spleen volumes.

The ability of the spleen volume to accurately predict decom-
pensation confirms its prognostic value, showing better perfor-
mance than serum indicators. When spleen volume was entered
into the model, the importance for decompensation of ALP, PLT,
and FIB-4 was obliterated by the spleen volume, which suggests
an added predictive value from the spleen. The decreased CHE
and Hb levels reflect decreased liver function and hypersplenism.
The use of these factors can improve decompensation risk apart
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from structural alterations.*?%3° Combining the above 2 points,
the spleen-based model outperformed the traditional serum-
based models. Aetiology was initially sieved out during model
building, implying it was less important,?” and the model could be
applied to different aetiologies. Additionally, ALBI and ALBI-FIB4
scores were also better predictors than the Child-Pugh score
and MELD score in our study, which is consistent with a previ-
ously reported study.>?

However, the prognostic role of liver volume, as compared
with spleen volume, in the transition from compensation to
decompensation does not appear to be clear. There was no dif-
ference in the liver volume in decompensated individuals as
compared with healthy participants and compensated persons.'°
The tendency for the liver volume to increase or decrease during
cirrhosis was not apparent.' Liver volume was also reported to
have a low diagnostic capability for high-risk varix'' and CSPH.'8
Therefore, the liver volume was not analysed.

We also assessed the Baveno VII criteria for risk stratification
in a subgroup of the validation group. The Baveno VII criteria
could be highly effective in identifying low-risk individuals by
ruling out CSPH. However, compared with high-risk individuals
(ruled in CSPH), middle-risk group individuals seem to have the
same decompensation risk. There were differences between the
EASL guidelines* and the Baveno VII criteria also.' Liu et al.?®
proposed a more detailed method for predicting decompensa-
tion. Further research is required for the Baveno VII criteria.

The strength of our study was that individuals could be
effectively stratified into low- and high-risk groups similar to the
Baveno VII criteria, where the low-risk group had a negligible
decompensation risk (£1%) in both training and external vali-
dation cohorts. Our spleen model achieves a competitive prog-
nostic ability, which is similar to that of LSM or spleen stiffness
measurement reported,?®>>"*2 and the model outperformed the
accessible serum-based models.?? A higher LSM was observed in
the high-risk group identified by the model, which explains why
they face a higher risk of decompensation. Compared with liver
stiffness, the spleen volume could be easily obtained by CT and
MRI using a public segmentation algorithm. Because the model
uses easy, non-invasive, and repeatable variables, it offers a
means for clinicians to select personalised prophylactic strate-
gies and assess risks repeatedly’ without additional time and
efforts in diverse healthcare settings where HVPG and LSM are
not available. The decision curve analysis suggested that patients
would benefit from the spleen-based model.

Our study has some limitations to be considered. First, there
is an inherent bias that resulted from the retrospective study
design, although an external validation was conducted to test the
reliability. Second, there are concerns regarding the ionising ra-
diation from the CT scans. Spleen segmentation on MRI is worth
evaluating. Finally, virus-related cirrhosis remained the pre-
dominant aetiology in our study, although aetiologies have been
enrolled in model building and were sieved out. The model
would be further validated in other aetiologies.

In conclusion, we developed a spleen-based clinical features-
combined model that effectively predicted decompensation in
people with compensated cirrhosis. Our model provides a user-
friendly tool to help select personalised prophylactic strategies
in individuals with cirrhosis when HVPG and LSM are not
available.
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