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Abstract 

Background  Hepatitis E virus (HEV) infection is an important etiology of liver failure. This study aimed to explore 
the associations of blood fibrosis profiles with HEV-related liver failure (HEV-LF) onset and evaluate their prediction 
performance in hospitalized patients with acute hepatitis E.

Methods  Participants were obtained from two tertiary medical centers in Jiangsu, China, between January 2018 
and November 2024. Cox proportional hazards regression, restricted cubic splines, and threshold effect analysis 
were used to examine associations between fibrosis markers and HEV-LF risk. The predictive value of these markers 
was evaluated for importance ranking, discrimination, calibration, and net benefit.

Results  Among 504 included participants, 59 developed HEV-LF during hospitalization. After adjusting for covari-
ates, elevated baseline laminin (HR = 1.432, 95% CI: 1.080–1.900), fibrosis-4 score (HR = 1.865, 95% CI: 1.375–2.530), 
and aspartate aminotransferase to platelet ratio index (APRI) (HR = 1.603, 95% CI: 1.315–1.954) were associated 
with a higher HEV-LF risk in a dose-dependent manner. Hyaluronic acid (≤ 740 ng/mL: HR = 1.797, 95% CI: 1.177–2.744) 
and type IV collagen (≤ 137 ng/mL: HR = 3.075, 95% CI: 1.709–5.533) showed nonlinear associations. APRI was ranked 
the highest in importance, and its combination with the other two top important markers provided good discrimi-
nation (7-day HEV-LF: AUROC = 84.98%, 95% CI: 78.55–91.41; 14-day HEV-LF: AUROC = 80.11%, 95% CI: 73.49–86.73), 
calibration, and clinical utility for predicting HEV-LF onset.

Conclusions  Several blood fibrosis markers are closely associated with HEV-LF risk and have promising predictive 
value. These findings may inform clinical risk stratification in patients with AHE.
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Background
Hepatitis E virus (HEV) is a leading etiology of acute viral 
hepatitis globally [1, 2]. Although HEV infection is gener-
ally considered asymptomatic or self-limiting in the gen-
eral population, it remains a major contributor to liver 
failure, accounting for approximately 40% of acute liver 
failure cases in developing countries [3]. Hospitalized 
patients with acute hepatitis E (AHE) are usually symp-
tomatic and at risk of developing acute liver failure [4]. 
Patients with preexisting chronic liver diseases (CLD) are 
at higher risk of developing acute-on-chronic liver failure 
if infected by this virus [4–7]. The mechanisms driving 
HEV-related liver failure (HEV-LF) onset remain inad-
equately understood. The treatments for HEV-LF mainly 
include intensive nursing care, artificial liver support, and 
liver transplantation, which often result in high medical 
expenditures and are usually unavailable in resource-
limited settings [8]. Moreover, despite that a recombinant 
HEV vaccine is currently licensed and publicly avail-
able in China, vaccination coverage remains limited [9]. 
Although several useful diagnostic and prognostic tools 
have been constructed, the rapid disease progression and 
limited time for effective treatments highlight the impor-
tance of moving the strategic indication for intervention 
to the earlier onset of liver failure [10]. Thus, identifying 
effective predictors for the early warning of HEV-LF is 
critical for risk stratification, proactive monitoring, and 
optimizing management among hospitalized patients 
with AHE [10].

Fibrosis, characterized by the excessive deposition 
of extracellular matrix, represents a highly conserved 
and coordinated response to both acute and chronic 
tissue injury [11]. Acute liver failure is associated with 
extensive and rapid hepatocellular death, while chronic 
liver injury is characterized by ongoing cell death over 
a protracted period [12]. Liver fibrosis is closely corre-
lated with the prognosis in patients with liver diseases 
of various etiologies [13, 14]. While liver biopsy is con-
sidered the gold standard for the diagnosis and staging 
of hepatic fibrosis, it is invasive and has several limita-
tions, including sampling variability, subjective inter-
pretation, risk of complications, and high cost, which 
hinder its clinical application [13]. Noninvasive fibrosis 
scores (such as fibrosis-4 score [FIB-4] and aspartate 
aminotransferase [AST] to platelet ratio index [APRI]) 
and blood fibrosis markers (such as laminin [LN], hya-
luronic acid [HA], type IV collagen [IV-C], and N-ter-
minal propeptide of type III collagen [PIIINP]) are 
acceptable alternatives for fibrosis assessment and have 
been widely used in both prior literature and clinical 
practice [13, 15–18]. Although acute HEV infection can 
affect the prediction accuracy of the FIB-4 and APRI 
when predicting liver fibrosis, the key components of 

these scores (such as platelet count) have been reported 
to have high prognostic value in patients with HEV-LF 
[13, 19]. Prior studies have demonstrated that FIB-4 
and APRI are valuable in predicting postoperative liver 
failure and hepatitis B virus-related acute-on-chronic 
liver failure [15–18]. Additionally, blood fibrosis mark-
ers have been shown to enhance outcome prediction in 
patients with non-acetaminophen-related acute liver 
failure [20]. However, limited studies have explored the 
associations of these markers with HEV-LF or evalu-
ated their potential as early warning markers. There-
fore, this study aimed to explore the associations of 
blood fibrosis profiles with the risk of HEV-LF and fur-
ther evaluate their predictive value among hospitalized 
patients with AHE.

Methods
Study design and participants
This study was conducted based on a retrospective cohort 
design. Study participants were obtained from two ter-
tiary medical centers in Jiangsu, China, between January 
2018 and November 2024, including The Third Affiliated 
Hospital of Nantong University and The Third People’s 
Hospital of Changzhou. Adult hospitalized patients with 
AHE and available data on fibrosis profiles were included 
in the current study. Pregnant females, patients < 18 years 
old, patients who received baseline treatments for HEV 
infection, artificial liver support, or liver transplantation, 
patients with baseline organ failure, hepatitis A virus 
infection, recent excessive alcohol intake (within 2 weeks 
before admission), drug-induced liver injury, extrahe-
patic malignancies, immunosuppression, chronic hepati-
tis E or chronic liver failure development, hospitalization 
time < 24  h, or missingness on any required data were 
excluded. All the included participants received inte-
grative treatments based on the consensus on preven-
tion and treatment of hepatitis E during hospitalization. 
The baseline and follow-up data were collected from the 
electronic medical records (EMR) using automatic data 
capture systems for analysis. The follow-up time was cal-
culated from the admission date to the date of HEV-LF 
onset or discharge [21]. All study procedures were identi-
cal among all medical centers. This study was conducted 
in line with the Declarations of Helsinki and Istanbul and 
approved by the Institutional Review Board of The Third 
Affiliated Hospital of Nantong University (EK2023108) 
and The Third People’s Hospital of Changzhou (02A-
A2024021). Due to the retrospective design and the use 
of anonymous clinical data, informed consent was waived 
by the Institutional Review Board of The Third Affiliated 
Hospital of Nantong University and The Third People’s 
Hospital of Changzhou.
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Study definitions
Acute Hepatitis E
AHE was defined based on the presence of acute viral 
hepatitis manifestations and at least one of the following 
laboratory results: positive serum anti-HEV IgM, more 
than twofold increased titers in serum anti-HEV IgG, or 
detectable HEV RNA. Acute viral hepatitis manifesta-
tions included jaundice, elevated liver enzymes, and non-
specific clinical presentations (e.g., fatigue, itching, and 
nausea).

HEV‑related liver failure
According to the Chinese diagnostic and treatment 
guidelines for liver failure, liver failure was diagnosed 
based on jaundice, coagulopathy (international normal-
ized ratio [INR] ≥ 1.5 or prothrombin activity < 40%), and 
encephalopathy [4, 22]. In this study, liver failure included 
(sub) acute (in patients without CLDs) and acute-on-
chronic liver failure (in patients with CLDs). CLDs were 
ascertained using the admission diagnosis and medical 
history modules in the EMR, including chronic hepati-
tis B (CHB), chronic hepatitis C (CHC), metabolic dys-
function-associated steatotic liver disease, alcoholic liver 
disease, autoimmune liver disease, hepatocellular carci-
noma, and cirrhosis (known or unknown etiologies).

Blood fibrosis profiles
The blood fibrosis profiles included four blood fibrosis 
markers and two widely used noninvasive fibrosis scores. 
Blood LN, HA, IV-C, and PIIINP were determined using 
automatic analyzers in the standard laboratories in each 
medical center, and the results were obtained from the 
laboratory test module of EMR. FIB-4 and APRI were 
calculated based on established methodologies [23, 24].

Covariates
Sex (male/female), age, self-reported alcohol intake 
(never drink/alcohol drinker), and type 2 diabetes (yes/
no) were obtained from the inpatient record module of 
EMR. The results of complete blood cell count, coagula-
tion function, and blood biochemistry indicators were 
extracted from the laboratory test module of EMR. In 
addition, the systemic inflammation response index 
(SIRI) was computed using the established formula 
to reflect the overall balance between the inflamma-
tory response and immune status [25]. Based on clini-
cal knowledge and data availability, sex, age, alcohol use, 
type 2 diabetes, SIRI, INR, total bilirubin, and cirrhosis 
were defined as covariates in this study.

Statistical analyses
All statistical analyses were performed using statisti-
cal packages in R (Version: 4.4.0) and Python (Version: 
3.11.0). Continuous variables were demonstrated as 
medians (inter-quartile ranges [IQR]) and compared 
using the Wilcoxon rank sum test. Categorical variables 
were demonstrated as frequencies (percentages) and 
compared using the chi-square test or Fisher’s exact 
test. Spearman’s correlation analysis was conducted 
to assess pairwise correlations among fibrosis markers 
and their correlations with disease severity indicators. 
The participants were stratified into two groups based 
on the medians of the fibrosis markers (Low: ≤ median; 
High: > median), and the Kaplan–Meier cumulative 
event curves were visualized to initially evaluate the 
associations between fibrosis markers and HEV-LF 
risk. Univariate and multivariate Cox proportional haz-
ards regression models were subsequently constructed 
to scrutinize the associations. The fibrosis markers 
were ln-transformed before being introduced into the 
continuous models. Based on the tertiles, categori-
cal models were constructed by introducing the fibro-
sis markers as categorical variables. Model 1 was the 
crude model without any adjustment, while models 2 
and 3 were adjusted for a range of potential covariates. 
The proportional hazards assumption was examined 
using the Schoenfeld residual test. The variance infla-
tion factor was calculated to examine the issue of col-
linearity for multivariate models. The restricted cubic 
spline regression (RCS) analysis was applied to explore 
the possible nonlinear associations of fibrosis profiles 
with the risk of HEV-LF. Threshold effect analysis was 
conducted utilizing the maximum likelihood method 
for inflection point ascertainment, piecewise regression 
models for threshold effect exploration, and log-likeli-
hood ratio test for model comparison [26]. Moreover, 
considering the potential nonlinear associations, a ran-
dom survival forest model was constructed to assess 
the predictive value. The Shapley additive explanation 
(SHAP) technique was applied to rank the importance 
of the fibrosis markers in predicting HEV-LF onset. 
The time-dependent area under the receiver-operat-
ing-characteristic curve (AUROC) was calculated to 
evaluate the discrimination ability of the markers. The 
calibration performance was visualized using cali-
bration plots and tested using the Greenwood-Nam-
D’Agostino test. The decision curve analysis was used 
to assess the net benefit of applying the identified 
markers for HEV-LF prediction. The predictive value of 
the markers was tentatively validated using 1000 boot-
strap samples. All statistical analyses were two-sided, 
with statistical significance defined as P < 0.050.
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Results
Baseline characteristics of the included participants
A total of 504 eligible participants were included in this 
study (Table S1). The median baseline age was 55 (IQR: 
48–65) years and 70.44% (n = 355) of them were males. 
During a median follow-up time of 18 (IQR: 10–24) days, 
59 (11.71%, 59/504) HEV-LF cases were observed. Com-
pared to participants without HEV-LF onset, participants 
who progressed to HEV-LF during follow-up were more 
likely to be males (P = 0.035) and had higher baseline lev-
els of inflammation (monocyte count and SIRI), coagu-
lation impairment (prothrombin time and INR), liver 
injury (AST, alanine aminotransferase, total bilirubin, 
and direct bilirubin) indicators, and prolonged hospital 
stays (all P values < 0.050).

Fibrosis markers and their correlations with severity 
indicators
The characteristics of the fibrosis profiles among the 
included participants are demonstrated in Table  S2. 
Spearman’s correlation analysis indicated significant pos-
itive correlations within most pairs of the fibrosis mark-
ers, with correlation coefficients ranging from 0.25 (IV-C 
and APRI) to 0.86 (FIB-4 and APRI) (all P values < 0.050 
except for IV-C and APRI) (Fig.  1A). Compared to par-
ticipants without HEV-LF onset during hospitalization, 
participants who progressed to HEV-LF had significantly 
higher baseline levels of LN, HA, IV-C, PIIINP, FIB-4, 
and APRI (all P values < 0.001) (Fig.  1B). As shown in 

Fig. 2 and Fig. 3, the baseline blood LN, HA, IV-C, and 
PIIINP were significantly correlated to worse liver injury 
(AST and TBIL) (Fig. 2A-B), anabolic capacity (albumin) 
(Fig. 2C), coagulation (INR) (Fig. 3A), inflammation indi-
cators (SIRI) (Fig. 3B), and longer hospital stays (Fig. 3C) 
(all P values < 0.050).

Associations between fibrosis markers and HEV‑LF risk
As presented in Figure S1 (A-F), participants with 
high levels of fibrosis markers or noninvasive scores 
(> median) had a significantly higher cumulative event 
rate of HEV-LF compared to those with low levels 
(≤ median). The log-rank test indicated a significant 
difference between each of the two groups (all P val-
ues < 0.050). Univariate and multivariate Cox pro-
portional hazards regression models were utilized to 
investigate the associations between fibrosis mark-
ers and the risk of HEV-LF onset during hospitaliza-
tion, with results being summarized in Table  1. In 
the crude model without any adjustment (Model 1), 
LN (HR = 2.144, 95% CI: 1.658–2.772, P < 0.001), HA 
(HR = 1.993, 95% CI: 1.534–2.588, P < 0.001), IV-C 
(HR = 2.396, 95% CI: 1.784–3.220, P < 0.001), PIIINP 
(HR = 1.686, 95% CI: 1.367–2.079, P < 0.001), FIB-4 
(HR = 2.301, 95% CI: 1.773–2.985, P < 0.001), APRI 
(HR = 1.888, 95% CI: 1.550–2.300, P < 0.001) were asso-
ciated with an elevated risk of HEV-LF onset. After 
adjusting for all potential covariates (Model 3), the risk 
of developing HEV-LF was significantly increased by 

Fig. 1  Pairwise correlations of fibrosis markers (A) and group comparisons by HEV-LF onset (B). Notes: ***, P < 0.001. Abbreviations: LN, laminin; HA, 
hyaluronic acid; IV-C, type IV collagen; PIIINP, N-terminal propeptide of type III collagen; FIB-4, fibrosis-4 score; APRI, aspartate aminotransferase 
to platelet ratio index
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Fig. 2  Correlations of fibrosis profiles with liver injury (A-B) and anabolic capacity (C) indicators. Abbreviations: AST, aspartate aminotransferase; ALB, 
albumin; TBIL, total bilirubin; LN, laminin; HA, hyaluronic acid; IV-C, type IV collagen; PIIINP, N-terminal propeptide of type III collagen

Fig. 3  Correlations of fibrosis profiles with coagulopathy (A), inflammation (B) indicators, and hospital stays (C). Abbreviations: INR, international 
normalized ratio; SIRI, systemic inflammation response index; LN, laminin; HA, hyaluronic acid; IV-C, type IV collagen; PIIINP, N-terminal propeptide 
of type III collagen
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43.20% (95% CI: 1.080–1.900, P = 0.013), 74.80% (95% 
CI: 1.175–2.599, P = 0.006), 86.50% (95% CI: 1.375–
2.530, P < 0.001), and 60.30% (95% CI: 1.315–1.954, 
P < 0.001) in response to one ln-transformed unit ele-
vation of baseline LN, IV-C, FIB-4, and APRI levels, 
respectively. However, HA and PIIINP were not asso-
ciated with the HEV-LF risk in the fully adjusted con-
tinuous models (all P values > 0.050). The fully adjusted 
categorical model showed that the highest tertiles of 
LN (HR = 3.004, 95% CI: 1.331–6.779, P = 0.008), HA 
(HR = 4.447, 95% CI: 1.576–12.552, P = 0.005), IV-C 
(HR = 4.021, 95% CI: 1.614–10.018, P = 0.003), FIB-4 
(HR = 5.067, 95% CI: 1.890–13.583, P = 0.001), and 
APRI (HR = 8.202, 95% CI: 2.471–27.224, P = 0.001) 
were associated with a higher risk of HEV-LF develop-
ment when compared to their lowest tertiles. Linear 
trends were observed across the tertiles of the above-
mentioned fibrosis markers in the categorical model 
(all P values < 0.050). No evidence of proportional haz-
ard assumption violation (all P values for Schoenfeld 

residual test > 0.050) or collinearity (maximum variance 
inflation factor in the fully adjusted models = 2.840) 
was observed.

The RCS models were fitted with 3 knots at the 
10th, 50th, and 90th percentiles of the fibrosis mark-
ers with the median as the reference (Fig.  4A-F). The 
results showed that LN, FIB-4, and APRI elevated the 
risk of HEV-LF onset in a dose-dependent manner 
(all P for overall < 0.050 and P for nonlinear > 0.050), 
while HA and IV-C showed nonlinear associations 
(all P for overall < 0.050 and P for nonlinear < 0.050). 
Threshold effect analysis further indicated that two-
piecewise  linear  regression models were significantly 
better fitted than the standard  linear  regression mod-
els (all P  for  log-likelihood  ratio  test < 0.050), and 
6.607 (740 ng/mL) and 4.920 (137 ng/mL) were inflec-
tion points for HA and IV-C, respectively (Table 2). The 
positive connections of HA and IV-C with HEV-LF risk 
only existed when their values were less than the above 
inflection points.

Table 1  Associations between fibrosis profiles and HEV-LF risk during hospitalization (n = 504)

Abbreviations: LN laminin, HA hyaluronic acid, IV-C type IV collagen, PIIINP N-terminal propeptide of type III collagen, FIB-4 fibrosis-4 score, APRI aspartate 
aminotransferase to platelet ratio index
a The fibrosis markers were ln-transformed and subsequently introduced into models as continuous variables
b The fibrosis markers were categorized based on tertiles and introduced into models as categorical variables
c P for trend was computed by entering the median value of each tertile of fibrosis markers as continuous variables in the models
d Model 1 was the crude model without any adjustment. Model 2 was adjusted for sex, age, alcohol intake, and type 2 diabetes. On the basis of Model 2, Model 3 
extended the adjustment by further including SIRI, INR, total bilirubin, and cirrhosis

Models ln-transformed continuousa Tertile1b Tertile2b Tertile3b P for trendc

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

Model 1d

  LN 2.144 (1.658, 2.772)  < 0.001 1.00 (Reference) 1.241 (0.514, 2.994) 0.631 4.621 (2.238, 9.543)  < 0.001  < 0.001
  HA 1.993 (1.534, 2.588)  < 0.001 1.00 (Reference) 3.727 (1.391, 9.985) 0.009 7.056 (2.760, 18.035)  < 0.001  < 0.001
  IV-C 2.396 (1.784, 3.220)  < 0.001 1.00 (Reference) 1.904 (0.768, 4.719) 0.164 5.668 (2.529, 12.701)  < 0.001  < 0.001
  PIIINP 1.686 (1.367, 2.079)  < 0.001 1.00 (Reference) 1.940 (0.871, 4.321) 0.105 3.551 (1.692, 7.450) 0.001  < 0.001
  FIB-4 2.301 (1.773, 2.985)  < 0.001 1.00 (Reference) 2.948 (1.071, 8.114) 0.036 7.862 (3.096, 19.970)  < 0.001  < 0.001
  APRI 1.888 (1.550, 2.300)  < 0.001 1.00 (Reference) 4.808 (1.391, 16.613) 0.013 13.969 (4.322, 45.152)  < 0.001  < 0.001
Model 2d

  LN 2.187 (1.678, 2.850)  < 0.001 1.00 (Reference) 1.441 (0.593, 3.501) 0.420 5.075 (2.416, 10.661)  < 0.001  < 0.001
  HA 2.081 (1.586, 2.730)  < 0.001 1.00 (Reference) 4.230 (1.560, 11.473) 0.005 8.741 (3.336, 22.903)  < 0.001  < 0.001
  IV-C 2.552 (1.870, 3.485)  < 0.001 1.00 (Reference) 2.041 (0.818, 5.097) 0.126 6.714 (2.893, 15.580)  < 0.001  < 0.001
  PIIINP 1.667 (1.351, 2.056)  < 0.001 1.00 (Reference) 1.893 (0.848, 4.225) 0.119 3.485 (1.650, 7.360) 0.001 0.001
  FIB-4 2.501 (1.901, 3.289)  < 0.001 1.00 (Reference) 3.248 (1.170, 9.013) 0.024 9.276 (3.573, 24.079)  < 0.001  < 0.001
  APRI 1.883 (1.538, 2.305)  < 0.001 1.00 (Reference) 4.395 (1.267, 15.250) 0.020 13.213 (4.071, 42.889)  < 0.001  < 0.001
Model 3d

  LN 1.432 (1.080, 1.900) 0.013 1.00 (Reference) 1.346 (0.552, 3.286) 0.513 3.004 (1.331, 6.779) 0.008 0.003
  HA 1.263 (0.893, 1.787) 0.187 1.00 (Reference) 3.655 (1.333, 10.023) 0.012 4.447 (1.576, 12.552) 0.005 0.020
  IV-C 1.748 (1.175, 2.599) 0.006 1.00 (Reference) 1.798 (0.717, 4.508) 0.211 4.021 (1.614, 10.018) 0.003 0.001
  PIIINP 1.229 (0.952, 1.586) 0.114 1.00 (Reference) 1.512 (0.671, 3.407) 0.318 1.849 (0.803, 4.255) 0.149 0.229

  FIB-4 1.865 (1.375, 2.530)  < 0.001 1.00 (Reference) 2.557 (0.914, 7.150) 0.074 5.067 (1.890, 13.583) 0.001  < 0.001
  APRI 1.603 (1.315, 1.954)  < 0.001 1.00 (Reference) 2.619 (0.726, 9.450) 0.141 8.202 (2.471, 27.224) 0.001  < 0.001
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Early warning value of fibrosis profiles for HEV‑LF onset
The SHAP summary plot visualized the importance of 
the blood fibrosis markers for predicting the risk of HEV-
LF onset by evaluating the mean SHAP values and exhib-
iting them in descending order. APRI was ranked the 
most important marker, followed by IV-C, LN, FIB-4, and 
PIIINP, while HA contributed the least to the prediction 
of the HEV-LF risk (Fig.  5A). The AUROC values were 
calculated to evaluate the discrimination power of each 
marker for predicting 7-day and 14-day HEV-LF onset 
(Fig.  5B-C). APRI had the best discrimination ability 

among the fibrosis markers, as indicated by the high-
est 7-day (AUROC = 75.30%, 95% CI: 67.36–83.24) and 
14-day (AUROC = 71.32, 95% CI: 63.19–79.45) AUROC 
values. Based on the SHAP results, the top three impor-
tant markers were combined, reaching AUROC values 
of 84.98% (95% CI: 78.55–91.41) and 80.11% (95% CI: 
73.49–86.73) for predicting 7-day and 14-day HEV-LF 
onset. The optimism-corrected values were generally 
similar to the apparent values, which further validated 
their prediction value (Table  S3). Across participants 
with different CLD statuses, the AUROC values for 7-day 

Fig. 4  The restricted cubic spline regression analysis for LN (A), HA (B), IV-C (C), PIIINP (D), FIB-4 (E), and APRI (F). Notes: The models were adjusted 
for sex, age, alcohol intake, type 2 diabetes, SIRI, INR, total bilirubin, and cirrhosis. Abbreviations: LN, laminin; HA, hyaluronic acid; IV-C, type IV 
collagen; PIIINP, N-terminal propeptide of type III collagen; FIB-4, fibrosis-4 score; APRI, aspartate aminotransferase to platelet ratio index

Table 2  Threshold effect analysis of HA and IV-C with HEV-LF risk (n = 504)

a The models were adjusted for sex, age, alcohol intake, type 2 diabetes, SIRI, INR, total bilirubin, and cirrhosis

Abbreviations: HA hyaluronic acid, IV-C type IV collagen

HAa IV-Ca

HR (95% CI) P value HR (95% CI) P value

Model 1 (standard linear regression) 1.263 (0.893–1.787) 0.187 1.748 (1.175–2.599) 0.006
Model 2 (two-piecewise linear regression)
  Inflection point 6.607 (740 ng/mL) 4.920 (137 ng/mL)

   ≤ Inflection point 1.797 (1.177–2.744) 0.007 3.075 (1.709–5.533)  < 0.001
   > Inflection point 0.114 (0.029–0.451) 0.002 0.469 (0.166–1.331) 0.155

P for log-likelihood ratio test  < 0.001 0.004
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and 14-day HEV-LF predictions were the highest in par-
ticipants without any CLD, followed by those with CHB 
or CHC (Table S4). As shown in Fig. 5(D-E), the combi-
nation of the top three markers had sufficient calibration 
performance, as indicated by the calibration curves and 
Greenwood-Nam-D’Agostino tests (all P values > 0.050). 
In addition, the decision curve analysis further dem-
onstrated the net benefit of using the top three fibrosis 
markers to predict the 7-day and 14-day HEV-LF onset 
under certain risk thresholds (Fig. 5F-G).

Discussion
This retrospective cohort study was performed to explore 
the associations between fibrosis profiles and the risk 
of HEV-LF onset and further assess their early warn-
ing value among hospitalized patients with AHE. Three 
major findings were reported in the current study. First, 
the baseline levels of fibrosis markers were correlated 
with worse liver injury and anabolic capacity, coagulation 
impairment, inflammation, and longer hospitalization. 
Second, higher baseline levels of LN, FIB-4, APRI, HA, 
and IV-C significantly elevated the risk of HEV-LF onset, 
with the former three markers in a dose-dependent man-
ner, while the latter two showed nonlinear relationships. 
Third, APRI and its combination with the other two top 
important fibrosis markers (LN and IV-C) exhibited 

promising predictive value for the risk of HEV-LF onset 
regarding discrimination, calibration, and net benefit. 
The above findings supported the use of fibrosis profiles 
for monitoring the disease progression and early warning 
of HEV-LF in hospitalized patients with AHE.

FIB-4 and APRI are two widely used noninvasive scores 
for the prediction of liver fibrosis [8, 13–18, 23, 24]. The 
current study found that participants with higher FIB-4 
and APRI exhibited baseline worse disease severity 
indicators and had  elevated risk of HEV-LF onset dur-
ing hospitalization. It should be noted that the observed 
associations and high predictive value of the above 
noninvasive scores may not be simply interpreted as a 
contribution of their reflection of liver fibrosis. In the 
background of this study, the acute infection of HEV can 
elevate the aminotransferase levels in their algorithms, 
and thereby produce false positive results when pre-
dicting liver fibrosis [13]. The key components of APRI 
and FIB-4 include platelet count and AST. The HEV-
induced  direct impairment and systemic inflammation 
may influence platelet count in patients with HEV infec-
tion [19]. Significantly decreased levels of platelet count 
were observed in patients with HEV-related liver failure, 
and the prognostic value of platelet count for mortal-
ity among patients of this disease has been previously 
reported [19, 27]. Moreover, the association between 

Fig. 5  Summary plot for the importance ranking (A), discrimination (B-C), calibration (D-E), and net benefit (F-G) assessments. Bootstrap 
resampling method (iterations = 1000) was applied to plot the bias-corrected calibration curves. Abbreviations: LN, laminin; HA, hyaluronic acid; IV-C, 
type IV collagen; PIIINP, N-terminal propeptide of type III collagen; FIB-4, fibrosis-4 score; APRI, aspartate aminotransferase to platelet ratio index. 
AUROC, area under the receiver-operating-characteristic curve; DCA, decision curve analysis
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elevated AST and hepatic inflammation has been well 
recognized, and it is also commonly used in the outcome 
prediction among patients with viral hepatitis. The above 
evidence supported the findings of this study.

LN, HA, IV-C, and PIIINP are four regular commercial 
blood fibrosis markers in clinical practice, and their diag-
nostic performance for liver fibrosis has been confirmed 
by numerous studies [28, 29]. Similar to the noninvasive 
scores, LN, HA, and IV-C were closely correlated with 
the disease severity, and higher baseline levels of the 
above three markers independently elevated the risk of 
HEV-LF onset. Liver fibrosis refers to the excessive accu-
mulation of extracellular matrix following both acute or 
chronic liver injury [11, 12]. In chronic liver injury, it is 
well-known that the progression of fibrosis can impair 
the architecture and function of the underlying organ 
or tissue, leading to adverse hepatic-related events, such 
as acute-on-chronic liver failure [11, 12]. By contrast, 
acute liver failure is characterized by massive and rapid 
hepatic injury and cell death in patients without underly-
ing CLDs [22]. Prior studies found histological, imaging 
(increased liver stiffness measured by transient elastogra-
phy), and serological (elevation of fibrosis markers) fibro-
sis evidence in patients with acute liver failure [11, 12]. 
To compensate for extensive cellular loss, hepatic stellate 
cells (HSCs) and the subsequent fibrogenesis may be acti-
vated and serve as a structural framework to maintain 
the architecture of the liver, representing a possibly bene-
ficial response that attempts to repair tissue in acute liver 
damage [11, 12]. During this process, profibrogenic cells 
(e.g., HSCs and myofibroblasts) are activated early after 
liver injury to produce extracellular matrix components 
and HA [12]. LN, HA, and IV-C are three direct markers 
that are fragments of the liver matrix components pro-
duced during the process of fibrosis [29, 30]. Therefore, 
the elevation of fibrosis markers may be the markers of 
baseline severe liver damage in patients who had eventu-
ally progressed to acute liver failure, which may explain 
the associations observed in the current study. It is inter-
esting that HA and IV-C showed nonlinear associations 
with the risk of HEV-LF, and further analysis indicated 
that they induced an HEV-LF risk increase within cer-
tain thresholds. Although degrees of fibrosis were shown 
to have significant correlations with serum HA and IV-C 
levels, little change over time as related to the change in 
fibrosis was noted in prior studies [29], which may con-
tribute to the observed nonlinear associations. Due to 
the lack of direct evidence, these nonlinear associations 
deserve further verification and explanation in future 
studies.

Among the two noninvasive scores, APRI showed 
promising predictive value for early warning of the 
HEV-LF onset, as indicated by the highest AUROC and 

SHAP values among the markers. The calculation of 
APRI only requires routine laboratory parameters, fur-
ther strengthening its applicability in real-world clini-
cal practice. Previous studies also found that FIB-4 and 
APRI were independent risk factors and had sufficient 
predictive accuracy for postoperative liver failure and 
hepatitis B virus-related acute-on-chronic liver failure 
[15–18, 31, 32]. Previous studies reported that IV-C and 
LN were reliable biomarkers of disease progression and 
liver decompensation in patients with compensated cir-
rhosis of  varying etiologies [30]. Additionally, blood 
fibrosis markers have been shown to enhance outcome 
prediction in patients with non-acetaminophen-related 
acute liver failure [20]. Similarly, by utilizing the SHAP 
technique, IV-C and LN were also ranked the second and 
third important fibrosis markers in the present study, 
respectively. The above evidence supported the findings 
of the current study. The top three important markers 
and their combination showed promising early warning 
value for HEV-LF onset among hospitalized patients with 
AHE regarding discrimination, calibration, and net ben-
efit. The optimism-corrected metrics were similar to the 
apparent ones, tentatively validating its predictive value. 
The above results suggested that designing an early warn-
ing model based on these important fibrosis markers or 
incorporating them in the existing prognosis algorithms 
may be helpful for the early risk classification and assign-
ment of intensified monitoring and treatment. Although 
HEV is well-recognized as  a trigger of liver failure, evi-
dence on early warning of HEV-LF remains scarce. The 
present study added further evidence on the associations 
of noninvasive fibrosis scores and blood fibrosis markers 
with the risk of HEV-LF and their promising value for 
risk prediction in this context.

Several important limitations of this study should be 
acknowledged. First, the relatively small sample size 
prevented the possibility of external validation. External 
validation in a multicenter cohort is crucial to assess the 
generalizability of our findings. Additionally, variations 
in the discrimination ability of fibrosis markers across 
subgroups of different CLD statuses were observed. 
However, due to the limited sample size within each 
subgroup, these findings should be regarded as explora-
tory. The prediction fairness of the fibrosis markers 
across these subgroups warrants further investigation 
and should be carefully considered when constructing 
future models using these markers. Second, the retro-
spective study design determined that only available data 
could be analyzed, which may introduce potential selec-
tion, misclassification biases, and residual confounding. 
Last, blood fibrosis markers were usually measured only 
once at baseline, longitudinal alterations of these markers 
during hospitalization could not be studied, which may 
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overestimate or underestimate the associations or corre-
lations of interest.

Conclusions
In conclusion, baseline fibrosis profiles were associated 
with the risk of developing HEV-LF among hospitalized 
patients with AHE. APRI and its combination with cer-
tain blood fibrosis markers exhibited promising predic-
tion value for the early warning of HEV-LF onset.
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