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A short-term predictive model for disease
progression in acute-on-chronic liver failure:
integrating spectral CT extracellular liver
volume and clinical characteristics
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Abstract

Background Acute-on-chronic liver failure (ACLF) is a life-threatening hepatic syndrome. Therefore, this study aimed
to develop a comprehensive model combining extracellular liver volume derived from spectral CT (ECV,_j;,) and
sarcopenia, for the early prediction of short-term (90-day) disease progression in ACLF.

Materials and methods A retrospective cohort of 126 ACLF patients who underwent hepatic spectral CT scans
was included. According to the Asia-Pacific Association for the Study of the Liver (APASL) criteria, patients were
divided into the progression group (n=70) and the stable group (n=56). ECV,-_j,,, Wwas measured on the equilibrium
period (EP) images of spectral CT, and L3-SMI was measured on unenhanced CT images, with sarcopenia assessed.
A comprehensive model was developed by combining independent predictors. Model performance was evaluated
using receiver operating characteristic (ROC) curve analysis, calibration curves, and decision curve analysis (DCA).

Results In the univariate analysis, BMI, WBC, PLT, PTA, L3-SMI, IC-EP, Z-EP, K 4-EP, NIC-EP, ECV|_},, and Sarcopenia
demonstrated associations with disease progression status at 90 days in ACLF patients. In multivariate logistic
regression, white blood cell count (WBC) (OR=1.19, 95% CI: 1.02-1.40; P=0.026), ECV\_,or (OR=1.27,95% CI:
1.15-1.40; P<0.001), sarcopenia (OR=4.15,95% CI: 1.43-12.01; P=0.009), MELD-Na score (OR=1.06, 95%C/: 1.01-
1.13;,P=0.042), and CLIF-SOFA score (OR=1.37,95%Cl:1.15-1.64; P<0.001) emerged as independent risk factors for
ACLF progression. The combined model exhibited superior predictive performance (AUCs=0.910, sensitivity =80.4%,
specificity =90.0%, PPV=0.865, NPV=0.851) compared to CLIF-SOFA, MELD-Na, MELD and CTP scores(both P <0.001).
Calibration curves and DCA confirmed the high clinical utility of the combined model.
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Conclusions Patients without sarcopenia and/or with a lower ECV,_;; have a better prognosis, and the integration
of WBC, ECV/_j,e Sarcopenia, CLIF-SOFA and MELD-Na scores in a composite model offers a concise and effective

tool for predicting disease progression in ACLF patients.
Trial registration Not Applicable.
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Introduction

Acute-on-chronic liver failure (ACLF) represents a
spectrum of clinical syndromes arising in the context of
chronic liver disease, marked by multi-organ failure and a
heightened risk of short-term mortality [1]. ACLF exhib-
its an exceptionally high 90-day adverse progression inci-
dence, with reported mortality rates exceeding 50% in the
Asia-Pacific region [2]. The condition poses significant
diagnostic and therapeutic challenges due to its rapid
onset, swift progression, heightened short-term mortality
risk, and unfavorable prognosis [3, 4]. Prognostic evalu-
ation for ACLF patients, particularly early assessments,
is of paramount importance throughout clinical workup.
This emphasis is crucial, aiming to facilitate timely con-
siderations for liver transplantation (LT) whenever
deemed feasible [5, 6].

The Model for End-Stage Liver Disease (MELD) and
the MELD with Sodium (MELD-Na) stand as commonly
utilized tools for prognostic assessment in liver disease.
Despite their widespread use, both scoring systems lack
parameters that specifically address the nuanced aspects
of effective hepatic function and nutritional status in
ACLF patients [7]. Considering the profound impact of
hepatocyte function and systemic nutritional status on
the severity of ACLF and its association with short-term
mortality, the limitations of these conventional scoring
models become apparent [8]. Large cohort studies have
indicated an inherent tendency for the MELD score and
MELD-Na score to underestimate the 3-month risk of
death in ACLF patients [9, 10]. The Chronic Liver Fail-
ure-Sequential Organ Failure Assessment (CLIF-SOFA)
score is a reliable scoring system for assessing liver and
extrahepatic organ failure. Its ability to predict short-
term mortality in ACLF has been confirmed by previous
studies [11]. Adding to the complexity, the unique land-
scape of liver disease etiology in the Asia-Pacific region,
primarily driven by hepatitis B virus (HBV) infection,
distinguishes it from the Western counterparts, high-
lighting the need for prognostic scoring models tailored
to the Chinese population [12]. Consequently, relying
on the existing scoring models may hinder the provision
of timely and accurate prognostic predictions for ACLF.
In light of these considerations, there exists an urgent
imperative for the development of a predictive model
that can more precisely and comprehensively capture the
short-term prognosis of ACLF patients.

As an innovative functional imaging modality, spectral
CT stands out for its unique advantages in diagnosing,
differentiating, and predicting the prognosis of advanced
liver diseases. Notably, the extracellular liver volume
(ECV), quantified through spectral CT, offers high repro-
ducibility, intuitive visualization, and quantification. Spe-
cifically, ECV proves to be an efficient and noninvasive
predictor of unfavorable disease progression in cirrho-
sis patients [13]. The efficacy of ECV in predicting poor
disease progression can be attributed to its reflection
of both the extent of collagen and matrix protein depo-
sition in the extracellular interstitial space of the liver
and, to some extent, the liver function itself [14]. Previ-
ous research from our team demonstrated that spectral
CT-derived ECV effectively predicted short-term disease
progression in patients with liver cirrhosis-acute decom-
pensation [15]. However, prior investigations from our
team primarily focused on liver function, overlooking the
potential impact of nutritional status on the prognosis of
patients with advanced liver disease.

Sarcopenia, a prevalent complication in advanced
liver disease, serves as an effective indicator of overall
nutritional status and has been consistently linked to
the clinical outcomes of patients with acute-on-chronic
liver failure (ACLF) [7, 16, 17]. Sarcopenia is indicative
of a decline in skeletal muscle mass and function [18]. In
patients with advanced liver disease, various factors, such
as physical inactivity and ascites, contribute to reduced
energy intake, excessive activation of muscle protein
degradation, and impaired protein synthesis. These fac-
tors lead to progressive muscle wasting, which ultimately
results in malnutrition (sarcopenia) [19]. A significant
body of prior research has focused on the impact of sar-
copenia in cirrhosis patients, demonstrating its strong
prognostic value [20, 21]. However, given the differences
in the onset and metabolic mechanisms between ACLF
and cirrhosis, the prognostic significance of sarcopenia
in ACLF remains to be further explored. Presently, CT
measurement of skeletal muscle at the lumbar 3 vertebral
level is a common method to assess whole-body skel-
etal muscle condition, with the L3-skeletal muscle index
(SMI) widely adopted for defining sarcopenia [22]. More-
over, the L3-SMI obtained from non-contrast-enhanced
liver CT scans is more easily applicable in clinical prac-
tice, as it can be simultaneously acquired during routine
disease evaluation and follow-up CT scans without the
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need for additional imaging [23]. Despite these advances,
relying solely on clinical features and sarcopenia informa-
tion for predicting poor prognosis in ACLF yields widely
variable efficacy, with an area under the curve (AUC)
range spanning from 0.636 to 0.865 [7, 24].

Therefore, the study aimed to create an integrated
model by combining hepatic spectral CT-derived
ECVic_jiver and unenhanced CT-assessed sarcopenia
(defined by L3-SMI). This combined model was devel-
oped to predict the 90-day disease progression in patients
with ACLF. The primary objective is to provide a stream-
lined and effective tool for guiding clinical decision-mak-
ing and offering a more precise prognosis reference for
individuals with ACLE.

Materials and methods

Patients

We conducted a retrospective analysis of individuals
diagnosed with ACLF and treated at our institution from
June 2019 to December 2022, meeting the Asian-Pacific
Association for the Study of the Liver (APASL) criteria.
Jaundice (serum bilirubin>5 mg/dL) and coagulation
disorder (international normalized ratio (INR)>1.5 or
prothrombin activity (PTA)<40%) complicated by asci-
tes and/or encephalopathy within 4 weeks [25]. Inclu-
sion Criteria encompassed individuals who underwent
liver spectral CT multiphase enhancement examina-
tions within 1 week before and after ACLF diagnosis,
aged between 18 and 80 years. Exclusion Criteria: (1)
presence of malignant tumors in the liver or other body
parts; (2) anatomical variations of liver blood vessels
significantly impacting blood supply; (3) concomitant
severe chronic extrahepatic diseases (e.g., chronic kidney
disease, heart failure, respiratory failure); (4) history of

Patients were included who met the following inclusion criteria:

(1) Liver energy-spectrum CT multiphase enhancement was performed within 1 week

before and after the diagnosis of ACLF

(2) Between 18 and 80 years of age

[ 214 patients were included in the study ]
Exclusion criteria: n=88
(1) Presence of malignant tumors in the liver or other body parts: n=38(2)
Anatomical variations of liver blood vessels significantly impacting blood
supply: n=15
(3) Concomitant severe chronic extrahepatic diseases: n=7
(4) History of surgical treatments for cirrhosis and portal hypertension: n=11
(5) Poor-quality CT images affecting measurements: n=8
(6) Incomplete clinical information or loss of follow-up visits: n=9
126 patients whitn ACLF were enrolled

Fig. 1 Patient Selection Flowchart for Acute-on-Chronic Liver Failure
(ACLF)
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surgical treatments for cirrhosis and portal hypertension
(e.g., liver transplantation, splenectomy, TIPS, TACE);
(5) poor-quality CT images affecting measurements;
(6) incomplete clinical information or loss of follow-up
visits. The final cohort included 126 ACLF patients, as
depicted in the patient selection flow chart (Fig. 1).

All patients diagnosed with ACLF underwent com-
prehensive medical management during hospitalization.
This included etiological treatment, symptomatic care,
and complication prevention strategies, such as smoking
and alcohol cessation, antiviral therapy, discontinuation
of drugs inducing liver injury, bed rest, plasma and albu-
min supplementation, hepatoprotective and anti-jaun-
dice medications, water-electrolyte balance maintenance,
nutritional support, and anti-inflammatory therapy. The
study’s primary endpoint was the 90-day progression sta-
tus of ACLF patients, with follow-up conducted through
a review of hospitalization records and/or telephone con-
sultations. Patients discharged with improved or stable
disease status within 90 days after ACLF diagnosis were
categorized into the stable group, while those experienc-
ing deterioration, death, or undergoing liver transplanta-
tion were classified into the progressive group.

The present study was approved by our hospital ethics
committee (No. 2022 A-112) and performed according to
the ethical guidelines of the 1975 Declaration of Helsinki.
The requirement for obtaining informed consent from
patients was waived because of the retrospective nature
of the study.

Data collection

The clinical data for patients are summarized in Table 1,
and prognostic scores, including the Child-Turcottee-
Pugh (CTP) score, CTP classification, MELD score,
MELD-Na score and CLIF-SOFA score, were computed
utilizing the provided clinical information. The CLIF-
SOFA score criteria are consistent with previous litera-
ture [26].

Calculation Formulas:

(1)CTP score and classification: The CTP score was
the sum of the scores of five items (ascites, hepatic
encephalopathy, TB, ALB, and PT extension time).
The CTP score was classified as class A (5-6), class B
(7-9), or class C (10-15) [27].

(2)MELD score =3.8xLn[TB (mg/
dL)] +11.2xLn[INR] + 9.57xLn[Cr (mg/
dL)] + 6.43xetiology (0: alcoholic or cholestatic; 1:
other).

(3) MELD-Na score = MELD + 1.59x[135-Na*(mmol/L)]

Note Na* > 135 mmol/L is calculated as 135 mmol/L and
Na* < 120 mmol/L is calculated as 120 mmol/L.
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Table 1 Comparative analysis of clinical baseline characteristics in two groups of ACLF patients

Clinical Characteristics Progressive Group (n=70) Stable Group (n=56) T/U/ &2 PValue
Age (years) 51.0+10.7 493+99 -0.944 0.347
Gender, n (%) 0.002 0.968
male 41 (58.6%) 33 (58.9%)
female 29 (41.4%) 23 (41.1%)
BMI (kg/mz) 22.9(20.6, 26.7) 24.1(22.9,26.2) -2.283 0.022
Etiology, n (%) 3.605 0.462
HBV 45 (64.3%) 37 (66.1%)
HCV 7 (10.0%) 2 (3.6%)
Alcohol 5(7.1%) 3 (5.4%)
Autoimmune/Biliary 7 (10.0%) 0(17.9%)
Others 6 (8.6%) 4(7.1%)
Infections, n (%) 1.639 0.200
Yes 62 (88.6%) 45 (80.4%)
No 8 (11.4%) 11 (19.6%)
Gastrointestinal bleeding, n (%) 0411 0.521
Yes 13 (18.6%) 8 (14.3%)
No 57 (81.4%) 48 (85.7%)
Ascites, n (%) 1.646 0.200
Yes 61 (87.1%) 44 (78.6%)
No 9 (12.9%) 2 (21.4%)
Hepatic encephalopathy, n (%) 1.012 0314
Yes 18 (25.7%) 19 (33.9%)
No 52 (74.3%) 37 (66.1%)
Sarcopenia, n (%) 11.421 0.001
Yes 37 (52.9%) 13(23.2%)
No 33 (47.1%) 43 (76.8%)
BUN (mmol/L) 55(4.1,7.9) 5.25(4.1,6.5) -0.791 0429
Cr (umol/L) 69.5(61.0,76.2) 66.7 (52.2,80.7) -0.589 0.556
Na® (mmol/L) 1374 (133.5,139.3) 134.8(131.4,139.0) -1.302 0.193
ALT (U/L) 39.5(26.0,56.3) 33.5(17.8,64.5) -1481 0.139
AST (U/L) 69.0 (44.3,103.25) 62.0(32.5,121.0) -1.107 0.268
GGT (U/L) 40.0 (24.8,53.3) 30.0(17.5,66.0) -1.341 0.180
ALP (U/L) 137.0(102.0, 196.0) 130.0(112.3,173.0) -0413 0.680
ALB (g/L) 29.0(14.6,31.9) 26.5 (24.0, 29.6) -1.645 0.100
TB (umol/L) 72.5(49.7,123.9) 75.9 (53.6,108.6) -0.290 0.772
TC (mmol/L) 1.9(1.5,2.6) 2.0(1.8,26) -0.339 0.735
WBC (1019/L) 49(3.511.0) 35(2.1,54) -3.319 0.001
PLT (1079/L) 82.5(50.0,129.8) 65.0 (42.0,104.0) -1.989 0.047
PTA (%) 464 (41.0,52.8) 43.0(37.6,53.0) -2.065 0.039
INR 1.8(1.5,1.9) 16(1.5,1.9) -0.825 0.409
CTP classification, n (%) 0.903 0.637
Class A 1(1.4%) 1(1.8%)
Class B 15 (21.4%) 16 (28.6%)
Class C 54 (77.1%) 39 (69.6%)
CTP score 10.0 (10.0, 12.0) 10.0(9.0,11.0) -1.392 0.164
MELD score 15.8(14.2,20.3) 13.3(10.5,16.4) -3.385 0.001
MELD-Na score 225(154,27.2) 14.8(11.7,18.6) -3.975 <0.001
CLIF-SOFA score 12.0(10.0, 14.0) 9.0(7.0,11.3) -4.226 <0.001
30-day mortality 32 (45.7%) 7 (12.5%)
90-day mortality 36 (51.4%) 9 (16.1%)

ACLF, Acute-on-chronic liver failure; BMI, Body mass index; HBV, Hepatitis B virus; HCV, Hepatitis C virus; BUN, Blood urea nitrogen; Cr, Creatinine; Na*, Natrium; ALT,
Alanine aminotransferase; AST, Aspartate aminotransferase; GGT, Gamma-glutamyl transpeptidase; ALP, Alkaline phosphatase; ALB, Albumin; TB, Total bilirubin; TC,
Total cholesterol; WBC, White blood cells; PLT, Platelet count; PTA, Prothrombin activity; INR, International normalized ratio; CTP, Child-Turcottee-Pugh; MELD, Model
of end-stage liver disease; CLIF-SOFA, Chronic liver failure-sequential organ failure assessment
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Spectral CT image acquisition and analysis

All participants underwent hepatic gemstone spectral CT
(GE Discovery CT 750 HD, GE Healthcare, Waukesha,
WI, USA) scans. Scanning parameters: the unenhanced
scan was performed using the conventional helical scan-
ning mode with a tube voltage of 120 kVp, automatic
tube current modulation, a pitch of 1.375:1, a rotation
speed of 0.6 s/r, and a slice thickness and increment of
1.25 mm. The contrast-enhanced scan was performed
using gemstone spectral imaging (GSI) mode with a tube
voltage of 80 kVp/140 kVp for instantaneous switching,
and the remaining parameters were the same as for the
unenhanced scan. Following the unenhanced scan, an
iodinated contrast agent (Iodixanol, 320 mg/mL iodine or
Iopromide, 370 mg/mL iodine) was injected at a rate of
3.5-4.0 ml/s at a dose of 1.0-1.2 ml/kg of body weight.
Arterial phase (AP) scanning commenced 20 s after the
abdominal aorta CT value reached 100 HU. Subsequent
venous phase (VP) and equilibrium phase (EP) scans
were performed at 60 s and 120 s, respectively.

All data were transferred to a workstation (GE AW4.7,
GE Healthcare, Waukesha, W1, USA) and processed for
analysis using GSI Volume Viewer software. The delinea-
tion of the liver regions of interest (ROI) and analysis of
ECVc_jiver are detailed in the supplementary materials.

Measurement of L3-SMI on CT images and definition of
sarcopenia

The lumbar 3 (L3)-skeletal muscle index (SMI) was
derived from unenhanced CT images. Two diagnostic
abdominal imaging experts, each possessing 5 years of
experience, delineated the region of interest (ROI) along
the skeletal muscle at the transverse processes level of L3
bilaterally. The CT value threshold (-29 ~ 150 HU) was set
to obtain the cross-sectional skeletal muscle area (SMA).
The average of the measurements by the two experts con-
stituted the result, and the corresponding L3-SMI was
calculated using the formula L3-SMI=SMA (cm)?/height
(m)? [28]. The diagnosis of sarcopenia adhered to the Jap-
anese Society of Hepatology (JSH) guidelines for sarco-
penia in liver disease: L3-SMI <38 cm®/m? in women and
<42 cm?/m? in men [29].

Statistical analysis

IBM SPSS (Version 26.0; IBM, New York, USA) and R
(Version 4.3.1, https://www.r-project.org/) statistical
software were used for analysis. The agreement between
the measured parameters of the two physicians was eval-
uated using intraclass correlation coefficients (ICCs), and
ICCs values>0.75 were considered good. The Shapiro-
Wilk normality test was performed on the measures, and
the independent samples t-test was used for the measures
that conformed to the normal distribution, expressed as
("X ts); intergroup comparisons of measures that did not
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conform to the normal distribution were performed by
the Mann-Whitney U-test, and expressed as M (Q1, Q3).
Count data were compared using the x* test or Fisher’s
exact test and expressed as frequency (%).

Factors influencing 90-day disease progression in
ACLF patients were identified through univariate and
multivariate logistic regression with a stepwise forward
approach. An integrated model-nomogram, based on
independent predictors, was subsequently developed.
The presence of multicollinearity among variables was
evaluated using the variance inflation factor (VIF), with a
VIF 210 indicating a high risk of multicollinearity. Model
performance was evaluated using the C-index, calibra-
tion curve, and decision curve analysis (DCA). The mod-
el’s effectiveness was further assessed using the Receiver
Operating Characteristic (ROC) curve and Area Under
Curve (AUC). Comparative analyses were conducted
against established prognostic prediction scoring mod-
els (CLIF-SOFA, MELD, MELD-Na, and CTP scores).
Diagnostic efficacy was compared using Delong’s test to
calculate the cut-off value, sensitivity, specificity, and the
AUC with Yuden’s index. Statistical significance was set
at two-sided P<0.05.

Results

Patient characteristics

A total of 126 patients diagnosed with ACLF were
included in this study, comprising 56 individuals in the
stable group and 70 in the progressive group. Within
the progressive group, there were 45 deaths, 18 exacer-
bations, and 7 liver transplants within 90 days, resulting
in a disease progression rate of 55.56%. 30 patients died
within 30 days (30.95%), and 45 patients died within 90
days (35.71%). The prevalence of sarcopenia, along with
the counts of WBC, PLT, PTA, MELD score, MELD-Na
score, and CLIF-SOFA score was higher in the progres-
sive group, while BMI was lower compared to the stable
group. All these differences achieved statistical signifi-
cance (P<0.05). The clinical baseline data of the patients
are presented in Table 1.

L3-SMI and liver spectral CT parameters

The interobserver agreements for L3-SMI and liver spec-
tral CT parameters, as measured by two radiologists,
demonstrated good consistency, with ICC values exceed-
ing 0.85 (Table 2). Comparative analysis of L3-SMI and
equilibrium hepatic spectral CT parameters between
the two ACLF patient groups revealed a significantly
lower L3-SMI in the progressive group compared to the
stable group. Furthermore, IC-EP, Z-EP, K,,-EP, NIC-
EP, and ECV/c_j;,., in the progressive group were signifi-
cantly elevated compared to those in the stable group (all
P<0.05, Table 2and Fig. 2). No statistically significant dif-
ferences in ECV¢_j;,., scores were seen in ACLF patients
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Table 2 Comparison of SMI and Liver Spectral CT parameters between two groups of patients with ACLF, along with ICC for

measurements by two radiologists

SMI and liver spectral CT parameters Progressive Group (n=70) Stable Group (n=56) T/U/ 2 PValue ICC

L3-SMI (cm*m?) 405+6.7 449+59 3.856 <0.001 0.889
IC-EP (100 ug/cm3) 20.6(18.2,26.1) 18.8(16.5,23.8) -2.286 0.022 0912
Z-EP 88(8.7,9.1) 8.7(86,89) -2.298 0.020 0.907
Ki40-EP 16(1.5,20) 1.5(13,1.8) -2.227 0.026 0913
NIC-EP 0.6 (0.5,0.6) 0.5(0.5,0.6) -3.511 <0.001 0.926
ECV _jiver 40.6 (38.8,41.8) 31.4(293,34.8) -6.076 <0.001 0917

ACLF, Acute-on-chronic liver failure; L3-SMI, Skeletal muscle index at L3; IC, lodine concentration; EP, Equilibrium phase; Z, Effective atomic number; K,,,, Energy
spectrum curve slope; NIC, Normalized iodine concentration; ECV|_;.» Extracellular liver volume; ICC, Intraclass correlation coefficient
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Fig. 2 Violin plots illustrating the distribution of L3-SMI and hepatic equi-
librium-phase spectral CT parameters between the progressive and stable
groups. EP, Equilibrium phase; Z, Effective atomic number; K, 4, Slope of
the spectral curve; IC, lodine concentration; NIC: Normalized iodine con-
centration; ECV_je. Extracellular liver volume; L3-SMI: Skeletal muscle
index at L3; *, P<0.05; ***, P<0.001

with different etiologies (HBV vs. Non-HBV and Alcohol
vs. Non-Alcohol, Additional file 1: Table. S1). Represen-
tative images of L3-SMI and liver spectral CT for two
ACLEF patients are depicted in Fig. 3and Fig. 4.

Development and assessment of a predictive model for
90-day progression of ACLF

In the univariate analysis, BMI, WBC, PLT, PTA, L3-SMI,
IC-EP, Z-EP, K,,-EP, NIC-EP, ECV,( ..o Sarcopenia,
MELD-Na score, and CLIF-SOFA score demonstrated
associations with disease progression status at 90 days
in ACLF patients. Following the exclusion of parame-
ters with high multicollinearity (Z-EP, K,,,-EP, NIC-EP)
using VIE, multivariate logistic regression analysis iden-
tified WBC (OR=1.19, 95% CI 1.02-1.40; P=0.026),
ECVicjwer (OR=1.27, 95% CI 1.15-1.40; P<0.001),
Sarcopenia (OR=4.15, 95% CI: 1.43-12.01; P=0.009),
MELD-Na score (OR=1.06, 95%CI: 1.01-1.13;P=0.042),
and CLIF-SOFA score (OR=1.37, 95%CI:1.15-1.64;
P<0.001)as independent predictors of disease progres-
sion (Table 3). A predictive model for 90-day disease pro-
gression in ACLF patients was then formulated based on
these three independent predictors (Fig. 5A). Each vari-
able received a specific weight, and the cumulative score
derived from all variables was directly proportional to the
patient’s risk of disease progression within 90 days.

The discriminative performance of the model was
evaluated using the C-index, revealing a C-index of 0.910
(95% CI: 0.860-0.961) and a corrected C-index of 0.892.
These findings indicate strong discriminative capacity
in predicting disease progression status within 90 days
in ACLF patients. The calibration curve closely paral-
leled the diagonal line, signifying excellent concordance
between the model’s predicted probability and actual
outcomes. Additionally, the Hosmer—Lemeshow test
yielded a nonsignificant p-value of 0.421, affirming the
model’s favorable fit (Fig. 5B). Results from the DCA
demonstrated that the model offered greater net benefit
across nearly the entire range of threshold probabilities
when compared to scenarios involving all or none of
the variables, underscoring its heightened clinical utility
(Fig. 5C).

The performance of the proposed combined model
was assessed and compared with established models
(CLIF-SOFA, MELD, MELD-Na, and CTP scores). The
combined model exhibited superior accuracy in predict-
ing 90-day disease progression status in ACLF patients,
boasting an AUC of 0.910 (95% CI. 0.860-0.961), a
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tral curve, and SMA measurements, corresponding to IC-FP=22.88 (100 ug/cm?), NIC-EP=057, Z-EP=8.90, K,4;-EP=1.77, ECV_jjes=39.97, and L3-
SMI=35.65 (cm?/m?)-with sarcopenia
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Fig. 4 (Stable group) Equilibrium-phase liver spectral CT and L3-SMI imaging images of a 60-year-old male patient with ACLF. Panels A-F depict the io-
dine (water) pseudo-color map, effective atomic number map, schematic outlining skeletal muscle area (SMA), histogram, slope of the spectral curve, and
SMA measurements, corresponding to IC-EP=15.63 (100 pg/cm?), NIC-EP=0.62, Z-EP=8.52, K, ,-EP=1.20, ECV/c_j;,e,=32.88, and L3-SMI=48.92 (cm?/
m?)-without sarcopenia
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Table 3 Univariate and Multivariate Logistic Regression Analysis for Predicting 90-Day disease progression in patients with ACLF

Variables Univariate analysis Multivariate analysis

OR 95%Cl PValue OR 95%Cl PValue
BMI (kg/m?) 093 0.84-1.02 0.115
Sarcopenia (YES) 3.71 1.70-8.07 <0.001 4.15 1.43-12.01 0.009
WBC (1019/L) 1.12 1.02-1.24 0.020 1.19 1.02-140 0.026
PLT (1019/L) 0.99 0.98-0.99 0.021 1.00 0.99-1.0 0317
PTA (%) 0.98 0.95-1.01 0.186
L3-SMI (cm?#/m?) 0.90 0.84-0.95 <0.001 1.03 091-1.16 0.671
IC-EP 1.08 1.01-1.15 0.027 1.03 0.95-1.12 0.499
ECV _jiver 1.22 1.13-131 <0.001 1.27 1.15-140 <0.001
MELD-Na score 1.08 1.03-1.13 0.002 1.06 1.01-1.13 0.042
CLIF-SOFA score 1.31 1.15-149 <0.001 1.37 1.15-1.64 <0.001

ACLF, Acute-on-chronic liver failure; BMI, Body mass index; WBC, White blood cells; PLT, Platelet count; PTA, Prothrombin activity; L3-SMI, Skeletal muscle index at
L3; IC, lodine concentration; EP, Equilibrium phase; ECV,_;,.» Extracellular liver volume; MELD, Model of end-stage liver disease; CLIF-SOFA, Chronic liver failure-
sequential organ failure assessment; OR, Odds ratio; Cl, Confidence interval
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Fig. 5 Nomogram (A), Calibration Curve (B), and DCA (C) for Predicting 90-day Progression Status in Patients with ACLF
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Table 4 Comparative analysis of ROC curves for Predicting 90-Day disease progression using clinical scores and the combined model

in patients with ACLF

AUC 95%Cl Cut-off value Sensitivity (%) Specificity (%) PPV NPV
Combined model 0910 0.860-0.961 0455 80.4 90.0 0.865 0.851
CLIF-SOFA score 0.719 0.629-0.809 9.517 57.1 80.0 0.696 0.700
MELD-Na score 0.707 0.613-0.800 20.588 839 60.0 0.627 0.824
MELD score 0.676 0.580-0.771 13.758 53.6 77. 0.652 0.675
CTP score 0.570 0.472-0.668 9493 304 814 0.567 0.594

CLIF-SOFA, Chronic liver failure-sequential organ failure assessment; MELD, Model for end-stage liver disease; CTP, Child-Turcottee-Pugh; AUC, Area under the curve;
Cl, Confidence interval; PPV, Positive Predictive Value; NPV, Negative Predictive Value

1.0 4
0.8
0.6
2
Z
Q
%]
0.4 AUC (95%CI)
—Combined model 0.910 (0.860-0.961)
- —CLIF-SOFA score 0.719 (0.629-0.809)
——MELD-Nascore 0.707 (0.613-0.800)
MELD score 0.676 (0.580-0.771)
0.04 . —CTP score 0.570 (0.472-0.668)
0.0 0.2 04 0.6 0.8 1.0

1-Specificity

Fig. 6 Comparison of ROC Curves for Predicting 90-day Disease Progression based on Clinical Scores (CLIF-SOFA, MELD, MELD-Na and CTP scores) and
the Combined Model. The AUCs was 0.910 (95% CI: 0.860-0.961) for the combined model, 0.719 (95% C/- 0.629-0.809) for CLIF-SOFA score, 0.707 (95%
Cl:0.613-0.800) for the MELD-Na score, and 0.676 (95% Cl: 0.580-0.771) for the MELD score, and 0.570 (95% CI: 0.472-0.668) for CTP score. The combined
model demonstrated higher AUCs compared to the CLIF-SOFA, MELD, MELD-Na and CTP scores

cut-off value of 0.455, a sensitivity of 80.4%, a specific-
ity of 90.0%, a PPV of 0.865, and an NPV of 0.851. In
contrast, the AUC value for the CLIF-SOFA score was
0.719 (95% CI: 0.629 - 0.809), with a cutoff value of 9.517,
sensitivity of 57.1%, specificity of 80.0%, PPV of 0.696,
and NPV of 0.700. The AUC for the MELD-Na score
was 0.707 (95% CI: 0.613-0.800), with a cut-off value of
20.588, a sensitivity of 83.9%, a specificity of 60.0%, a
PPV of 0.627, and an NPV of 0.824. The AUC value for

the MELD score was 0.676 (95% CI: 0.580-0.771), with a
cutoff value of 13.758, sensitivity of 53.6%, specificity of
77.1%, PPV of 0.652, and NPV of 0.675. The AUC value
for the CTP score was 0.570 (95% CI: 0.472—-0.668), with
a cutoff value of 9.493, sensitivity of 30.4%, specificity
of 81.4%, PPV of 0.567, and NPV of 0.594 (Tables 4and
Fig. 6). Delong’s test showed that the diagnostic perfor-
mance of the combined model was superior to that of
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the individual clinical scores (CLIF-SOFA, MELD-Na,
MELD, and CTP scores) (Additional file 1: Table S2.).
Furthermore, the combined model was used to predict
30-day and 90-day mortality in ACLF patients, with AUC
values of 0.808 (95% CI: 0.729-0.887) and 0.825 (95% CI:
0.750-0.900), respectively (Additional file 1: Fig. S2).

Discussion

Prognostic accuracy plays a pivotal role in risk stratifi-
cation and treatment decisions for patients with ACLF
[30]. This study identified independent risk factors asso-
ciated with the 90-day disease progression in ACLF
patients through univariate and multivariate logistic
regression analysis, including WBC (1079/L), ECV ¢_jiver
derived from the EP of spectral CT, Sarcopenia defined
by L3-SMI measured with unenhanced CT, MELD-Na,
and CLIF-SOFA scores. Subsequently, a combined clin-
ical-imaging model was formulated. In comparison to
existing clinical scores (CLIF-SOFA, MELD-Na, MELD,
and CTP scores), the combined model, incorporating
WBC, ECVic_jiver Sarcopenia, MELD-Na, and CLIF-
SOFA scores, exhibited superior efficacy in predicting
the 90-day disease progression status in ACLF patients. A
visualized nomogram was developed to enhance the util-
ity of clinical decision-making.

Evaluation of liver function is pivotal in the diagno-
sis and treatment of ACLFE. Spectral CT, a commonly
employed imaging modality for chronic liver disease, not
only visually and quantitatively delineates hepatic hemo-
dynamic changes but also yields valuable insights into
liver function, particularly through the quantification
of ECV derived from the EP [31]. ECV is a quantitative
measure of the extracellular matrix (ECM), encompass-
ing the intravascular space fraction and tissue interstitial
space between blood vessels. It serves as an indicator of
vascular growth, stromal fibrosis severity, and the cellu-
lar microenvironment, emerging as a reliable biomarker
for noninvasive liver disease assessment [31, 32]. Spec-
tral CT-derived ECV quantification offers enhanced
accuracy and consistency in measuring iodine within
intravascular and intervascular tissue spaces compared
to conventional enhanced CT. Its superiority extends to
the evaluation of hepatic fibrosis, portal hypertension,
and disease progression prediction. Thus, ECV quan-
tification by spectral CT stands out as an independent
and convenient tool, less influenced by confounding
factors and physiological variations, facilitating its clini-
cal application [33, 34]. Despite these advantages, there
is a paucity of clinical studies examining the prognostic
value of spectral CT-derived ECV in ACLF patients. This
study utilized ECV|¢_j;,.» quantified through spectral CT,
to predict 90-day disease progression in ACLF patients.
The findings underscored ECV/c_j;,., s an independent
predictor of short-term progression. Notably, ECV|c_jier
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was significantly elevated in patients with an unfavorable
short-term prognosis compared to those with stabilized
disease, solidifying its efficacy as a predictive biomarker.
Additionally, the incorporation of abdominal unen-
hanced CT during liver spectral CT examination allowed
for the determination of L3-SMI. This parameter not only
quantifies nutritional status but also provides concurrent
liver-related information, presenting a more compre-
hensive and reliable imaging approach for evaluating the
overall condition of patients.

The nutritional status of individuals with advanced
liver disease constitutes a critical clinical consideration.
Sarcopenia, characterized by reduced skeletal muscle
mass, strength, and function, is intricately linked to the
organism’s nutritional well-being [35]. Numerous prior
investigations have underscored that the presence of
sarcopenia heightens mortality in cirrhotic patients,
emphasizing the importance of regular skeletal muscle
assessment in prognosis evaluation [36, 37]. Patients with
advanced liver disease commonly experience increased
energy expenditure (hypermetabolism), physical inactiv-
ity, ascites, and reduced energy intake due to premature
satiety. These factors collectively induce hyperactivation
of muscle breakdown and protein degradation systems,
elevated production of proinflammatory cytokines and
growth factors, impaired protein synthesis, and diuretic-
induced aberrant differentiation of myoblasts. This com-
bination of causal factors and mechanisms precipitates
progressive muscle depletion, culminating in malnutri-
tion, specifically sarcopenia [38, 39]. Our findings cor-
roborate that sarcopenia independently predicts 90-day
disease progression in ACLF patients. The hypothesized
mechanism suggests a mutually reinforcing relation-
ship between ACLF progression and sarcopenia. ACLF
onset triggers the release of numerous inflammatory and
growth factors, instigating disorders in muscle synthesis
and regeneration. This cascade of events, coupled with
heightened muscle catabolism, contributes to the malig-
nant progression of ACLFE. Consequently, sarcopenia,
a prevalent complication of advanced liver disease, not
only mirrors the body’s nutritional status but also signifi-
cantly influences disease prognosis [40].

This study establishes a correlation between elevated
WBC levels and short-term adverse progression in ACLF
patients, identifying WBC as an independent predic-
tor of 90-day disease progression. Given its reflection of
organismal inflammation, WBC assumes significance in
ACLF pathogenesis, where an excessive inflammatory
response contributes to severe tissue damage, diminish-
ing the body’s resilience and exacerbating organ failure,
ultimately resulting in an unfavorable prognosis [41, 42].
Moreover, WBC serves as an indicator of immuno-nutri-
tional status, complementing its role as an inflammation
marker [43, 44]. Li F et al. [44] demonstrated a positive
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correlation between WBC levels and prognostic nutri-
tional scores, quantitatively assessing nutritional and
immune status. Previous studies further affirm WBC’s
strong association with variceal grading and hepatic
steatosis in cirrhotic patients [45, 46]. Given that ACLF
patients often exhibit inflammation and malnutrition,
WBC, as a marker reflecting inflammation and immuno-
nutritional status, proves valuable in assessing poor prog-
nosis in ACLF patients.

The CLIF-SOFA score, MELD score and MELD-Na
score are widely applied prognostic models for liver dis-
ease, yet their utility in predicting outcomes in ACLF
remains controversial. Recent studies, such as the one
by CHANG ] et al. [47], reported an underestimation of
mortality by the MELD score in ACLF patients await-
ing liver transplantation. Similarly, HERNAEZ R et al.
[9], in a large-scale cohort study, found that the MELD-
Na score predicts a lower mortality rate than the actual
90-day mortality in ACLF patients. Consequently, the
MELD score and MELD-Na score exhibit limitations in
assessing ACLF prognosis, possibly due to their exclusive
consideration of hepatic and renal dysfunction, neglect-
ing crucial factors like infection, nutritional status, and
extrahepatic organ failure, which significantly influence
ACLF prognosis [36]. The CLIF-SOFA score is a com-
prehensive scoring system for assessing liver and extra-
hepatic organ failure [11]. Therefore, we hypothesize
that the CLIF-SOFA score may partially compensate for
the limitations of the MELD-Na score. Therefore, this
study aimed to enable early prediction of short-term dis-
ease progression in ACLF. Results indicated that WBC,
Sarcopenia incidence, ECVic_j;,.» and the CLIF-SOFA
and MELD-Na scores increased with disease progres-
sion, demonstrating significant intergroup differences
between the two patient groups. Furthermore, a com-
prehensive model was devised by integrating indicators
of clinical inflammation (WBC), nutritional status (Sar-
copenia), hepatic ECM (ECV¢_ji,.,)» and liver function
scoring systems (CLIF-SOFA and MELD-Na scores).
This combined model exhibited superior predictive effi-
cacy compared to commonly used clinical prognostic
models for liver disease (CLIF-SOFA score, MELD score,
MELD-Na score, and CTP score). This finding aligns with
the research conducted by PENG H et al. [7], who intro-
duced a novel composite model named the AMPAS1
model, incorporating age, MELD score, platelet count,
alpha-fetoprotein level, sarcopenia, and a combination of
more than one complication. Their model demonstrated
an AUC value of 0.865 for predicting 90-day adverse pro-
gression in ACLF patients. In comparison, the compre-
hensive model proposed in our study not only exhibits
relatively better efficacy (AUC value of 0.910), but also
provides easier accessibility to factors such as WBC, sar-
copenia, and ECVi_j;,, This indicates a certain clinical
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value in quantitatively reflecting the inflammatory con-
dition of the organism, nutritional status, the degree of
collagen and matrix protein deposition in the extracel-
lular interstitial space of the liver, and the liver function.
Specifically, the study conducted by PENG H et al. [7]
involved a total of 433 patients, resulting in a lower AUC
value compared to our small-sample study (n=126). It is
anticipated that the AUC value will further improve in
the future as we conduct studies with larger sample sizes.
Thus, our model serves as a reliable supplement to exist-
ing models.

This study has several limitations. Firstly, the pri-
mary aim was to identify high-risk ACLF patients with
a short-term (90-day) risk of disease progression at an
early stage, intending to offer a more reliable method
for assessing individualized precision medical care in
clinical practice. However, the study’s follow-up duration
was short, potentially introducing bias in the assessment
of long-term prognosis. Secondly, dynamic measure-
ments of L3-SMI were not conducted, and the relation-
ship and mechanism between ECV|c ., and L3-SMI
require further exploration in subsequent studies. Lastly,
this investigation was a single-center retrospective study,
with patients all coming from the East Asia region. The
sample size is relatively small and lacked prospective
validation of the model. Future research should involve
multicenter, multinational, and multi-regional collabora-
tion, expanded sample sizes, prospective study designs,
and increased internal and external validation cohorts
to enhance the model’s robustness. This will provide evi-
dence-based medical insights for early prognosis predic-
tion of ACLE, delivering a convenient, accurate, reliable,
and mature prognosis prediction model for clinical diag-
nosis and treatment.

Conclusions

Patients without sarcopenia and/or with a lower
ECVic_jiver have a better prognosis. The novel model
introduced in this study, incorporating WBC, Sarcope-
nia, ECV|c_j» CLIF-SOFA, and MELD-Na scores dem-
onstrated superior predictive accuracy for 90-day disease
progression in patients with ACLF compared to conven-
tional prognostic scores (CLIF-SOFA, MELD, MELD-Na,
and CTP scores). This model could serve as an effective
guide for the targeted and precise implementation of
clinical treatment decisions.

Abbreviations

ACLF Acute-on-chronic liver failure

CLIF-SOFA  Chronic Liver Failure-Sequential Organ Failure Assessment
ECVic_jiver Extracellular liver volume
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IC lodine concentration

NIC Normalized iodine concentration

Kiao Slope of the spectral curve
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