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Graphical abstract

Precipitants impact on transition from acute decompensation to acute-on-chronic liver failure
in patients with hepatitis B virus-related cirrhosis
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CONCLUSION: Precipitant-systemic
inflammation-organ injury framework
can be a useful tool for predicting ACLF
development in decompensated cirrhosis
with HBV etiology.
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Highlights Lay summary

� Three distinct clinical trajectories were validated in patients

with HBV-related cirrhosis.

� Specific precipitants were associated with an increased risk of
developing ACLF.

� Models incorporating precipitants performed better for the
prediction of ACLF development.
https://doi.org/10.1016/j.jhepr.2022.100529
It was previously shown that patientswith decompensated cirrhosis
could be stratified into 3 groups based on their short-term clinical
prognoses. Herein, we showed that this stratification applies to pa-
tients who develop cirrhosis as a result of hepatitis B virus infection.
We also developed a precipitant-based model (i.e. a model that
incorporated information about the exact cause of decompensation)
that could predict the likelihood of these patients developing a very
severe liver disease called acute-on-chronic liver failure (or ACLF).
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Background & Aims: Pre-acute-on-chronic liver failure (ACLF) is a distinct intermediate stage between acute decompen-
sation (AD) and ACLF. However, identifying patients with pre-ACLF and predicting progression from AD to ACLF is difficult.
This study aimed to identify pre-ACLF within 28 days, and to develop and validate a prediction model for ACLF in patients with
HBV-related decompensated cirrhosis.
Methods: In total, 1,736 patients with HBV-related cirrhosis and AD were enrolled from 2 large-scale, multicenter, prospective
cohorts. ACLF occurrence within 28 days, readmission, and 3-month and 1-year outcomes were collected.
Results: Among 970 patients with AD without ACLF in the derivation cohort, the 94 (9.6%) patients with pre-ACLF had the
highest 3-month and 1-year LT-free mortality (61.6% and 70.9%, respectively), which was comparable to those with ACLF at
enrollment (57.1% and 67.1%); the 251 (25.9%) patients with unstable decompensated cirrhosis had mortality rates of 22.4%
and 32.1%, respectively; while the 507 (57.9%) patients with stable decompensated cirrhosis had the best outcomes (1-year
mortality rate of 2.6%). Through Cox proportional hazard regression, specific precipitants, including hepatitis B flare with
HBV reactivation, spontaneous hepatitis B flare with high viral load, superimposed infection on HBV, and bacterial infection,
were identified to be significantly associated with ACLF occurrence in the derivation cohort. A model that incorporated
precipitants, indicators of systemic inflammation and organ injuries reached a high C-index of 0.90 and 0.86 in derivation and
validation cohorts, respectively. The optimal cut-off value (0.22) differentiated high-risk and low-risk patients, with a negative
predictive value of 0.95.
Keywords: acutely decompensated cirrhosis; acute-on-chronic liver failure; hepatitis
B virus; precipitants; prediction model.
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Conclusions: Three distinct clinical courses of patients with AD are validated in the HBV-etiology population. The precipitants
significantly impact on AD-ACLF transition. A model developed by the precipitant–systemic inflammation–organ injury
framework could be a useful tool for predicting ACLF occurrence.
Clinical trial number: NCT02457637 and NCT03641872.
Lay summary: It was previously shown that patients with decompensated cirrhosis could be stratified into 3 groups based
on their short-term clinical prognoses. Herein, we showed that this stratification applies to patients who develop cirrhosis as a
result of hepatitis B virus infection. We also developed a precipitant-based model (i.e. a model that incorporated information
about the exact cause of decompensation) that could predict the likelihood of these patients developing a very severe liver
disease called acute-on-chronic liver failure (or ACLF).
© 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
Over the past decades, cirrhosis has become a progressively
pressing concern because of the constantly increasing death and
disability it causes, as well as its increasing global prevalence.1,2

Decompensation, which is defined as the presence of variceal
bleeding, ascites, encephalopathy or jaundice, marks a prog-
nostic watershed in the natural history of cirrhosis, leading to a
dramatic decline in median survival from more than 12 years in
compensated cirrhosis to approximately 2–4 years in decom-
pensated cirrhosis.3

One of the major clinical challenges in the management of
patients with decompensated cirrhosis is that patients with
acute decompensation (AD) (usually at first decompensation) are
susceptible to acute-on-chronic liver failure (ACLF) which is
defined by organ failures (OFs) and accounts for approximately 1
million deaths per year worldwide.4 The high short-term mor-
tality of patients with ACLF and the lack of specific drugs or
therapies, apart from liver transplantation (LT), has led to the
concept of a ‘golden window’ for early intervention at the AD-
ACLF transition. Thus, the first essential step is identifying pa-
tients who are more likely to develop ACLF and predicting the
progression from AD to ACLF.

Recently, the PREDICT study delineated the clinical courses of
patients with AD without ACLF on admission through the follow-
up of patients for OF and readmission events within 3 months.5 A
distinct pre-ACLF state with a high grade of systemic inflam-
mation, in contrast to unstable decompensated cirrhosis (UDC)
and stable decompensated cirrhosis (SDC), was clearly identified
but failed to be accurately predicted.

It has been well recognized that HBV-related ACLF (HBV-ACLF)
displayed specific phenotypes and prognoses that are different
from those of patients with ACLF of another etiology.6–8 For
instance, HBV exacerbation is the most frequent potential precip-
itant during the evolving disease course from HBV-related chronic
liver disease to ACLF,9,10 whereas bacterial infection and severe
acute alcoholic hepatitis are frequent in precipitating Western
ACLF.11 It seems that HBV-ACLF is more homogenous than ACLF
described in the CANONIC study and may therefore be more pre-
dictable. Actually, the COSSH-II score could predict the short-term
outcomes of patients with HBV-ACLF with a concordance index (C-
index) of >0.80, which was not achieved by prognostic scores
developed in Western ACLF.9 Therefore, it is likely that HBV etiol-
ogy is a feasible clinical setting to predict the AD-ACLF transition.

Due to scant information on the current topic, we identified
1,736 patients with HBV-related cirrhosis and AD from 2 large-
scale prospective observational cohorts. Our aims were to
verify the differential clinical trajectories in HBV-related cirrhosis
and AD, identify risk factors associated with ACLF development,
and finally, to develop and validate an AD-ACLF prediction model
JHEP Reports 2022
to differentiate high-risk and low-risk patients on admission in
clinical practice.
Patients and methods
Patients
Data were collected from 2 large, multicenter, prospective,
observational cohorts from the Chinese Acute on Chronic Liver
Failure (CATCH-LIFE) study, which was performed in areas where
HBV is endemic; the derivation cohort was based on data from
January 2015 to December 2016 (NCT02457637) and the valida-
tion cohort from September 2018 to March 2019 (NCT03641872).
The design and baseline characteristics of these cohorts have
been reported elsewhere.12,13 Briefly, 2,600 and 1,370 patients
with cirrhosis or other chronic liver diseases hospitalized for AD
and/or acute liver injury were consecutively included, respec-
tively. The study protocol and informed consent form were
approved by the Ethics Committee of Renji Hospital (the lead
center of the CATCH-LIFE study), Shanghai Jiaotong University
School of Medicine [Approval No. (2014) 148 k and (2016) 142 k].
Appropriate approvals were obtained from all participants or
their legal surrogates before recruitment. All patients hospital-
ized for AD of cirrhosis were eligible for the analysis.

Patients with HBV-related etiology and cirrhosis with AD
were selected. HBV-related etiology was defined as seropositive
status for the HBV surface antigen at 6 months or beyond.14

Cirrhosis was diagnosed based on a composite of clinical signs
and findings provided by imaging examination or signs of portal
hypertension on endoscopy.15 AD upon hospitalization was
defined as the onset of overt ascites, hepatic encephalopathy,
variceal bleeding, bacterial infection or jaundice (total bilirubin
[TB] >5 mg/dl) or their combination within 1 month before
enrolment.16,17 ACLF was diagnosed based on the EASL-CLIF
criteria (supplementary information).18 Detailed management
of patients was provided in the supplementary information.

Pre-ACLF was defined as patients who developed ACLF within
28 days after enrolment. Patients who did not develop ACLF 28
days after enrolment were followed up for 3 months for read-
mission; those who died or underwent LT during hospitalization
were censored. UDC was defined as at least one readmission
during the 3-month follow up after discharge, and SDC was
defined as patients who experienced no readmission during the
3-month follow up. Hepatitis B flare was defined as an upsurge of
alanine aminotransferase (ALT) by more than 5 times the upper
limit of the normal value, which is a modification of the defini-
tion by AASLD.14 HBV reactivation in the setting of the study was
caused by viral resistance and withdrawal of nucleoside/nucle-
otide analogues (NUCs), and it was defined as an increase in
HBV-DNA by >2log IU/ml in patients who had ever achieved a
2vol. 4 j 100529
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2,600 patients with cirrhosis or other chronic liver disease hospitalized 
for acute decompensation and/or acute liver injury from 
CATCH-LIFE derivation cohort (January 2015 - December 2016)

1,433 excluded
•  741 non-HBV related etiology
•  610 non-cirrhotic patients
•  82 cirrhotic patients without acute decompensation

118 patients were excluded:
•  63 LT during hospitalization
•  55 without readmission information

1,167 HBV-related cirrhotic patients with acute decompensation

569 HBV-related cirrhotic patients
with acute decompensation

970 did not have ACLF
at enrollment

876 did not develop
ACLF within 28 days

197 ACLF at enrollment

Transplant-free mortality

At 90 days: 57.14%
(96 death, 29 LT)

At 1 year: 67.07%
(110 death, 30 LT)

94 developed ACLF
within 28 days

Transplant-free mortality

At 90 days: 61.63%
(53 death, 8 LT)

At 1 year: 70.93%
(61 death, 8 LT)

251 UDC

Transplant-free mortality

At 90 days: 22.36%
(53 death, 14 LT)

At 1 year: 32.06%
(76 death, 14 LT)

507 SDC

Transplant-free mortality

At 90 days: 0%

At 1 year: 2.57%
(13 death)

1,370 patients with cirrhosis or other
chronic liver disease hospitalized for
acute decompensation and/or acute
liver injury from CATCH-LIFE validation
cohort (September 2018 - January 2019)

801 excluded
•  418 non-HBV related etiology
•  319 non-cirrhotic patients
•  64 cirrhotic patients without
    acute decompensation

Fig. 1. Patient screening flow chart according to diagnosis of ACLF and 3-month readmission in the derivation and validation cohort. ACLF, acute-on-
chronic liver failure; LT, liver transplantation.
serum HBV-DNA of <20 IU/ml through NUC therapy. For patients
without a history of NUC therapy, hepatitis B flare with HBV-DNA
>106 was considered high load, and hepatitis B flare with HBV-
DNA <106 was considered a low load.

Superimposed HAV/HEV infection on HBV was defined by the
presence of anti-HAV/HEV serum IgM and IgG. Hepatotoxic drug
exposure was defined as exposure within 3 months before
admission. Active alcohol intake was defined as more than 2
standard drinks per day for women (approximately 40 g of
alcohol) and 3 standard drinks per day for men (approximately
50-60 g of alcohol).19 Surgery was defined as surgery within the
past 3 months. Portal vein thrombosis (PVT) was diagnosed based
on imaging examination at present or previous admission.16
Data collection
We collected data on demographics, decompensation and pre-
cipitation events on the first day of hospitalization. Findings of
clinical manifestations, physical examinations, and laboratory
measurements were collected at enrolment and 4, 7, 14, 21, and
28 days, respectively, including the day before discharge and 24
hours prior to death or LT. Data regarding cirrhosis severity were
collected, with particular attention given to liver function scores
and OFs. Prognostic information, including the 28-day, 90-day,
and 1-year outcomes (death and LT), were recorded. Patients
who were lost to follow-up were censored at last follow-up date.
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We also recorded the occurrence of ACLF and readmission of
patients with AD without ACLF at enrolment during the 28-day
and 3-month follow-ups, respectively. All-cause readmission
details were obtained through scheduled post-discharge tele-
phone calls and/or acquired from the outpatient and inpatients
records of hospitals. Patients discharged to a hospice or trans-
ferred to other care facilities were not considered a readmission.
Development and validation of a model for predicting ACLF
development
To predict AD-ACLF transition during the 28-day hospitalization,
a multivariable prediction model was fitted using derivation
cohort. No data were missing in categorical variables. The dis-
tributions of the missing data for each variable in the derivation
cohort are shown in Fig. S1. We supposed that these missing
values could be considered at random and performed a multiple
imputation based on a mixed model including all potential
predictors significantly associated with pre-ACLF in the univari-
ate analysis. Independent predictors were screened by a uni-
variate Cox proportional hazard regression, and only variables
with p <0.1 were introduced into the multivariable regression
analysis. The collinearity for continuous variables was assessed
through a correlation analysis. One of the two variables was
removed based on clinical relevance if the magnitude of the
correlation coefficient was >0.6. Competing risk regression was
3vol. 4 j 100529



Table 1. Baseline characteristics and outcomes in patients with ACLF, pre-ACLF, UDC and SDC.

Characteristics ACLF
(n = 197)

Pre-ACLF
(n = 94)

UDC
(n = 251)

SDC
(n = 507)

p* p# p§

Male, n (%) 176 (89.3) 75 (79.8) 211 (84.1) 391 (77.1) 0.042 0.436 0.033
Age (years), (median (IQR)) 47.6 [41.4, 54.3] 49.6 [41.9, 57.59] 50.87 [44.4, 57.6] 47.8 [42.2, 56.5] 0.252 0.374 0.011
Previous decompensation, n (%) 71 (23.1) 39 (28.5) 196 (51.6) 251 (34.5) 0.003 0.005 <0.001
Decompensation, n (%)
HE <0.001 0.129 0.255

Grade 0 141 (71.6) 92 (97.9) 235 (93.6) 485 (95.7)
Grade 1 13 (6.6) 0 (0.0) 9 (3.6) 7 (1.4)
Grade 2 30 (15.2) 1 (1.1) 6 (2.4) 12 (2.4)
Grade 3 11 (5.6) 0 (0.0) 1 (0.4) 3 (0.6)
Grade 4 2 (1.0) 1 (1.1) 0 (0.0) 0 (0.0)

Bacterial infection 96 (48.7) 54 (57.4) 69 (27.5) 121 (23.9) 0.206 <0.001 0.320
Variceal bleeding 10 (5.1) 8 (8.5) 53 (21.1) 86 (17.0) 0.380 0.010 0.197
Ascites 154 (78.2) 77 (81.9) 172 (68.5) 351 (69.2) 0.560 0.020 0.909
Laboratory data, median (IQRs)
TB (mg/dl) 24.5 [17.3, 31.0] 18.2 [8.6, 26.9] 3.4 [1.4, 11.2] 3.4 [1.5, 10.6] 0.001 <0.001 0.748
INR 2.8 [2.3, 3.4] 2.06 [1.8, 2.3] 1.5 [1.3, 1.8] 1.5 [1.3, 1.7] <0.001 <0.001 0.013
Cr (mg/dl) 0.9 [0.7, 1.6] 0.8 [07, 1.0] 0.8 [0.7, 1.0] 0.8 [0.7, 0.9] <0.001 0.601 0.138
BUN (mEq/L) 5.5 [3.6, 11.1] 5.1 [3.7, 6.9] 5.0 [3.7, 7.0] 4.6 [3.6, 6.3] 0.062 0.576 0.051
ALT (U/L) 172.5 [57.0, 595.6] 200.5 [60.2, 429.9] 42.7 [23.6, 117.0] 61.90 [29.0, 194.5] 0.769 <0.001 <0.001
AST (U/L) 191.0 [89.0, 470.7] 197.5 [97.5, 470.0] 63.1 [34.6, 151.9] 70.0 [40.0, 165.6] 0.737 <0.001 0.105
Hemoglobin (g/L) 117.0 [104.0, 131.0] 118.0 [100.0, 134.8] 109.0 [91.5, 126.5] 113.5 [93.0, 129.0] 0.988 0.006 0.112
WBC count (109/L) 7.2 [5.0, 10.6] 6.1 [4.4, 8.1] 4.2 [3.0, 6.4] 4.4 [3.0, 6.2] 0.003 <0.001 0.970
PLT (109/L) 81.0 [50.0, 112.0] 73.0 [47.3, 103.5] 62.0 [42.0, 95.5] 72.0 [51.0, 108.0] 0.544 0.056 0.001
NL ratio 4.84 [3.01, 7.80] 3.60 [2.35, 5.89] 2.58 [1.68, 4.48] 2.3 [1.5, 3.5] 0.004 <0.001 0.009
Sodium (mEq/L) 135.0 [131.0, 138.0] 136.2 [131.7, 139.3] 138.1 [134.6, 140.6] 138.4 [136.0, 141.0] 0.098 0.002 0.087
Albumin (g/L) 30.0 [26.7, 33.6] 30.3 [27.7, 34.0] 30.2 [25.7, 33.5] 30.8 [26.4, 34.3] 0.428 0.293 0.138
Prealbumin (mg/L) 41.9 [26.0, 56.3] 47.4 [21.3, 58.5] 59.5 [38.0, 94.5] 62.0 [39.0, 89.4] 0.792 <0.001 0.936
C-reaction protein (mg/L) 12.5 [6.7, 19.6] 18.0 [11.5, 28.5] 9.4 [2.6, 20.3] 7.4 [3.1, 15.3] 0.005 <0.001 0.313
Procalcitonin (ng/ml) 5.0 [3.1, 6.0] 5.2 [3.7, 7.2] 3.7 [2.0, 5.7] 4.3 [2.7, 6.1] 0.689 <0.001 0.842
HBV parameters
HBV-DNA (log10 IU/ml) 5.0 [3.1, 6.0] 5.2 [3.7, 7.2] 3.7 [2.0, 5.7] 4.3 [2.7, 6.1] 0.013 <0.001 0.031
Antiviral treatment history, n (%) 130 (66.0) 57 (60.6) 135 (53.8) 331 (65.3) 0.560 0.066 0.001

Antiviral naïve 11 (5.6) 9 (9.6) 11 (4.4) 35 (6.9)
<6 months 55 (27.9) 27 (28.7) 104 (41.4) 141 (27.8)
>−6 months

Severity scores, (median [IQR])
MELD 31.0 [29.0, 35.0] 26.00 [23.0, 28.0] 17.0 [12.0, 22.8] 16.0 [12.0, 21.0] <0.001 <0.001 0.234
iMELD 51.0 [47.0, 57.0] 45.0 [41.0, 48.8] 37.0 [30.0, 42.8] 34.0 [29.0, 39.0] <0.001 <0.001 0.002
MELD-sodium 32.0 [30.0, 36.0] 27.0 [24.25, 30.0] 19.0 [13.0, 25.0] 17.0 [12.0, 23.0] <0.001 <0.001 0.041
Child-Pugh 12.0 [11.0, 13.0] 11.0 [10.0, 12.0] 9.0 [8.0, 11.0] 9.0 [8.0, 10.0] <0.001 <0.001 0.462
CLIF-C AD 61.7 [56.1, 69.7] 53.8 [47.4, 59.4] 44.8 [39.8, 52.0] 43.5 [38.2, 49.3] <0.001 <0.001 0.006
CLIF-C ACLF 45.3 [40.9, 49.3] 39.0 [35.0, 42.0] 32.1 [28.0, 38.3] 30.9 [26.8, 35.4] <0.001 <0.001 0.006
CLIF SOFA 8.0 [7.0, 9.0] 7.0 [6.0, 7.0] 5.00 [3.0, 6.0] 5.0 [3.0, 6.0] <0.001 <0.001 0.047
CLIF OF 10.0 [10.0, 11.0] 9.00 [8.0, 9.0] 7.0 [6.0, 8.0] 6.0 [6.0, 8.0] <0.001 <0.001 0.085
Organ failure
Liver, n (%) 177 (89.8) 59 (62.8) 60 (24.0) 110 (21.7) <0.001 <0.001 0.534
Coagulation, n (%) 139 (70.6) 9 (9.6) 5 (2.0) 5 (1.0) <0.001 0.005 0.412
Kidney, n (%) 38 (19.4) 0 (0.0) 0 (0.0) 0 (0.0) <0.001 - -
Cerebral, n (%) 13 (6.6) 1 (1.1) 1 (0.4) 3 (0.6) 0.077 1.000 1.000
Circulation, n (%) 6 (3.0) 0 (0.0) 1 (0.4) 1 (0.2) 0.205 1.000 1.000
Lungs, n (%) 2 (1.0) 0 (0.0) 0 (0.0) 0 (0.0) 0.825 - -
LT-free mortality (%)
28-day 64/175 (37.1%) 31/90 (34.4%) 13/243 (5.7%) 0 (0.0) 0.145 <0.001 <0.001
90-day 96/168 (56.0%) 55/88 (60.3%) 53/184 (19.6%) 0 (0.0) 0.260 <0.001 <0.001
1-year 110/165 (65.1%) 61/86 (68.8%) 76/237 (29.8%) 13/493 (2.1%) 0.209 <0.001 <0.001

ACLF, acute-on-chronic liver failure; ALT alanine aminotransferase; BUN, blood urea nitrogen; CLIF-OF, Chronic Liver Failure-organ failure; CLIF-SOFA, Chronic Liver Failure-
sequential organ failure assessment; Cr, creatinine; HE, hepatic encephalopathy; iMELD, integrated MELD; INR, International normalised ratio; LT, liver transplantation; PLT,
platelet count; NL ratio, neutrophil-lymphocyte ratio; MELD, model of end-stage liver disease; SDC, stable decompensated cirrhosis; TB, total bilirubin; UDC, unstable
decompensated cirrhosis; WBC, white blood cell.
* p value for comparisons between patients with ACLF and pre-ACLF.
# p value for comparisons between patients with pre-ACLF and UDC.
§ p value for comparisons between patients with UDC and SDC.
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performed to isolate the effect of risk factors on ACLF develop-
ment from that of LT. A multivariate logistic regression model
was utilized based on Akaike information criterion to obtain the
probability of each observation. The model performance was
JHEP Reports 2022
assessed by testing discrimination and calibration. Model
discrimination was assessed by the C-index, and calibration was
evaluated by plotting predicted and observed events. The model
was internally validated within the derivation cohort, followed
4vol. 4 j 100529



Table 2. The multivariate regression for development of ACLF in patients with HBV-related decompensated cirrhosis in the derivation cohort.

Characteristics HR (95% CI) p value

Demographic data
ln (Age) 2.71 (0.89-5.86) 0.074

Precipitant events
Hepatitis B flare with HBV reactivation 2.39 (1.34-4.26) 0.003
Spontaneous hepatitis B flare with high HBV-DNA load 2.09 (1.10-3.97) 0.024
Superimposed infection on HBV 4.19 (1.85-9.46) 0.001
Hepatotoxic drugs 1.60 (0.73-3.51) 0.245
Bacterial infection 3.59 (1.31-9.84) 0.013
Variceal bleeding 2.18 (0.85-5.57) 0.103

Disease severity parameter
ln (TB) 2.68 (1.82-3.94) <0.001
ln (INR) 38.72 (13.92-107.71) <0.001
ln (Hemoglobin) 0.79 (0.23-2.68) 0.706
ln (Sodium) 0.39 (0-165.7) 0.759
Ascites 2.27 (0.84-6.17) 0.108
AD number 0.34 (0.05-2.16) 0.252

Systemic inflammatory
ln (WBC count) 0.67 (0.42-1.07) 0.096
ln (NL ratio) 1.69 (1.16-2.45) 0.006

HR, hazard ratio; INR, International normalized ratio; NL ratio, neutrophil-lymphocyte ratio; TB, total bilirubin; WBC, white blood cell.
by external testing in the validation cohort by calculating the
prediction score of the formula.

Statistical analysis
Continuous variables were represented as mean ± SD or median
(IQR) in congruence with their distribution, while categorical
variables were expressed as counts and percentages. The Stu-
dent’s t test or Mann–Whitney U test was used to compare
continuous variables depending on their distribution, and the
chi-square test or Fisher’s exact test was used for categorical
parameters. All non-normal data were transformed to natural
logarithms for the regression analysis. Survival probabilities
were estimated using the Kaplan–Meier estimate, and the overall
or pairwise comparisons of groups were conducted using the
log-rank test. The C-index of the new model was compared with
generic prognostic scores, including the integrated model for
end-stage liver disease (iMELD) score, model for end-stage liver
disease-sodium (MELD-sodium) score, Chronic Liver Failure
Consortium acute decompensation score (CLIF-C AD), and the
Child-Pugh score, by using the Delong’s test. A 2-tailed p <0.05
was considered statistically significant in all statistical analyses.
All statistical analyses were conducted with R version 4.0.2
(http://www.r-project.org).
Results
Differential clinical courses of hospitalized patients with
HBV-related cirrhosis and AD
In total, 1,167 eligible patients with HBV-related cirrhosis and AD
were finally analyzed from 2,600 patients screened in the deri-
vation cohort (Fig. 1). Patients were more often male (853, 81.1%),
with a median age of 49 years and a median MELD score of 19
(IQR 13–26). All patients had 90-day outcomes while 4 patients
were lost to follow-up at 1 year. Comparison between ACLF, pre-
ACLF, UDC, and SDC with regards to demographic, clinical char-
acteristics and outcomes is presented in Table 1. In total, 197
patients were diagnosed with ACLF at enrollment according to
JHEP Reports 2022
EASL-CLIF criteria. Among no-ACLF patients, 94 pre-ACLF pa-
tients had high LT-free mortality rates at 3-month and 1-year
follow-ups (61.63% and 70.93%, respectively), 251 patients with
UDC showed lower mortality rates (22.36% and 32.06%, respec-
tively), whereas 507 patients with SDC showed very low mor-
tality rates (0.00% and 2.57%, respectively).

Consistent with the PREDICT study, patients with pre-ACLF
and ACLF shared similar 90-day (61.63% vs. 57.14%) and 1-year
mortality rates (70.93% vs. 67.07%) (Fig. S2), and they initially
displayed higher levels of serum ALT, aspartate aminotransferase
(AST), bilirubin, and international normalized ratio (INR) and
higher grades of systemic inflammation as indicated by the
white blood cell (WBC) count, neutrophil-lymphocyte ratio (NL
ratio), and C-reactive protein (CRP) than patients with UDC.
Further analysis on bacterial infection types indicated that
pneumonia, spontaneous bacterial peritonitis and bacteremia
were high prevalence in patients with ACLF and pre-ACLF
(Table S1). In addition, serum HBV-DNA was significantly
higher in the pre-ACLF group, suggesting an involvement of the
HBV-specific mechanism in the progression from pre-ACLF to
ACLF. The risk of ACLF development appeared to peak within the
first 4 days after enrollment and gradually decline with hospi-
talization prolongation (Fig. S3). The evolving disease course of
ACLF development was exhibited by deteriorating parameters
related to multiple intrahepatic and extrahepatic systems,
including coagulation dysfunction, renal dysfunction, hemato-
logical disorder, and electrolyte disturbance (Table S2).

Compared with patients with pre-ACLF, patients in the UDC
group represented significantly lower inflammatory parameters,
including WBC count, CRP, procalcitonin, and NL ratio. However,
they exhibited a higher degree of portal hypertension, as shown
by frequent episodes of variceal bleeding (21.5% vs. 8.5%, p
<0.001) and lower platelet counts (62.00 [42.00, 95.50] vs. 73.00
[47.25, 103.50] 109/L, p = 0.003). Patients in the SDC group were
younger, less frequently had previous decompensations, and had
more stable liver and renal function than those in the UDC group,
with a very low 1-year mortality rate. Overall, our findings
5vol. 4 j 100529
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Calibration plot in the derivation cohort; (D) Calibration plot in the validation cohort. ACLF, acute-on-chronic liver failure.
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recapitulated the 3 distinct clinical trajectories in patients with
HBV-related cirrhosis and AD.

Impacts of precipitants on AD-ACLF transition
We next explored the risk factors associated with ACLF devel-
opment in patients with HBV-related cirrhosis and AD. Previous
studies have demonstrated that the patterns of precipitants
determined the clinical phenotypes of AD and ACLF. Therefore,
we hypothesized that the precipitant type may affect AD-ACLF
transition. Patients with pre-ACLF were more likely to be
precipitated by hepatitis B flare with HBV reactivation, sponta-
neous hepatitis B flare with high HBV-DNA load and super-
imposed infection on HBV when compared with those without
progression to ACLF (Table S3). In patients with hepatitis B flare,
high viral load predisposed patients to develop ACLF, and HBV-
DNA load <2,000 IU/ml was associated with a lower the risk of
JHEP Reports 2022
ACLF development (Fig. S4). In addition, we analyzed the OFs and
grade of ACLF at enrollment by precipitants. The prevalence of
precipitant events was not significantly different in ACLF grade 1,
2 and 3 (Table S4). As for OFs, spontaneous hepatitis B flare with
high HBV-DNA load was more frequent in liver and coagulation
failure, while variceal bleeding was significantly higher in
extrahepatic OF (Table S5). Also, patients with ACLF precipitated
by variceal bleeding had improved ACLF grades at day 4 and day
7, probably due to effective immediate intervention (Table S6).
For patients with AD without ACLF, ACLF development was also
more prone to present as liver and coagulation failure (Table S7).

Risk factors for ACLF development
Among 970 patients with AD without ACLF, 94 developed ACLF
during hospitalization, while 876 did not. Through univariate
Cox analysis, 15 variables including 3 HBV-specific precipitants,
6vol. 4 j 100529
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bacterial infection, and other laboratory parameters were
screened as potential risk factors for ACLF development (p <0.1)
(Table S8). Neutrophil count was dropped due to high correlation
with WBC count and NL ratio (0.9 and 0.62, respectively). The
multivariate regression revealed that hepatitis B flare with HBV
reactivation (hazard ratio [HR] 2.39; 95% CI 1.34–4.26; p = 0.003),
spontaneous hepatitis B flare with high HBV-DNA load (HR 2.09;
95% CI 1.10–3.97; p = 0.024), superimposed infection on HBV (HR
4.19; 95% CI 1.85–9.46; p = 0.001), bacterial infection (HR 3.59;
95% CI 1.31–9.84; p = 0.013) and laboratory tests including ln (TB)
(mg/dl) (HR 2.68; 95% CI 1.82–3.94; p <0.001), ln (INR) (HR 38.72;
95% CI 13.92–107.71; p <0.001), and ln (NL ratio) (HR 1.69; 95% CI
1.16–2.45; p = 0.006) were independently associated with ACLF
development (Table 2). The effect of these precipitants on ACLF
development was shown to be independent of each other by an
interaction analysis (Table S9). We further calculated the sub-
hazard risk for ACLF development while using LT as a competing
event and the competing risk analysis confirmed the risk factors
identified in the prior analysis (Table S10). Collectively, our
Table 3. Predictive performance of models for ACLF development in patient
validation cohorts.

Derivation cohort (n = 970)

C-index (95% CI) p

Model 0.902 (0.874-0.930)
iMELD 0.840 (0.807-0.873)
MELD-sodium 0.859 (0.828-0.891)
Child-Pugh 0.769 (0.727-0.810)
CLIF-C AD 0.783 (0.737-0.829)

ACLF, acute-on-chronic liver failure; AD, acute decompensation; CLIF-C AD, CLIF consorti
liver disease.
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findings highlight the impact of HBV-specific and non-specific
precipitants in driving the AD-ACLF transition.

Developing a model to predict HBV-ACLF development
Using a logistic regression approach, a model incorporating 7
predictors was established to predict the probability of ACLF
development. Predictors were composed of 3 intrahepatic pre-
cipitants (hepatitis B flare with HBV reactivation, spontaneous
hepatitis B flare with high HBV-DNA load, and superimposed
infection on HBV), one extrahepatic precipitant (bacterial infec-
tion), 2 disease severity parameters [ln (TB) and ln (INR)], and 1
systematic inflammatory parameter [ln (NL ratio)]. Their co-
efficients were used as a relative weight to compute the corre-
sponding score (Table S11). The formula used for calculating the
prediction score was as follows:

Score = −7.71 + 1.38 * (Hepatitis B flare with HBV
reactivation) + 0.74 * (Spontaneous hepatitis B flare with high
HBV load) + 1.50* (Superimposed infection on HBV) + 0.91 *
(Bacterial infection) + 0.81 * ln (TB) + 4.17 * ln (INR) + 0.63 * ln
s with HBV-related decompensated cirrhosis in the derivation cohort and

Validation cohort (n = 458)

value C-index (95% CI) p value

0.862 (0.805-0.920)
<0.001 0.821 (0.767-0.876) 0.033
<0.001 0.823 (0.764-0.882) 0.027
<0.001 0.762 (0.594-0.750) <0.001
<0.001 0.771 (0.707-0.835) <0.001

um acute decompensation score; iMELD, integrated MELD; MELD, model for end-stage
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(NL ratio). The probability of ACLF development equals to logit
(Score) and dropped between 0% and 100%. The relative impor-
tance of predictors in the derivation model is shown in Fig. S5.

Performance of the new prognostic score
The current model achieved a high discriminative performance,
as shown by a high C-index (0.902, 95% CI 0.874−0.930) (Fig. 2A).
Moreover, the superiority of the current model was demon-
strated by a significant improvement of the C-index over 4 other
generic scores (CLIF-C AD: 0.783, p <0.001; iMELD: 0.804 p
<0.001; MELD-Na: 0.859, p <0.001; Child-Pugh: 0.783, p <0.001;
Fig. 3, Table 3). The calibration plot showed a good agreement
between the predicted and actual probabilities in the derivation
cohort (intercept: 0.00, slope: 1.00, Brier: 1.062) (Fig. 2C).

Validation of the HBV-ACLF prediction model
In the validation group, of 458 patients with HBV-related AD
without ACLF, 43 developed ACLF during hospitalization
(Table S12). The outcomes and prevalence of pre-ACLF were
similar in the derivation and validation cohorts (Table S13). The
C-index of the model exceeded 0.85 in the validation cohort
(0.862, 95% CI 0.805−0.920) (Fig. 2B) and was superior to 4 other
generic scores (CLIF-C AD, iMELD, MELD-Na, and Child-Pugh;
Fig. 3, Table 3). The calibration plot showed a good agreement
between the predicted and actual probabilities in the validation
JHEP Reports 2022
(intercept: −0.230, slope: 0.78, Brier: 1.083) cohorts (Fig. 2D).
Additionally, the C-indexes of the model for 28-day, 3-month
and 1-year LT-free mortality were 0.763, 0.781 and 0.702 in the
validation cohort, respectively (Table S14). Collectively, the
model to predict HBV-ACLF occurrence was proven to be statis-
tically robust.

Utility of prediction model to differentiate patients with high
risk of developing ACLF from those with low risk
Finally, we stratify patients with different degrees of risk by an
optimal cut-off threshold (0.22) based on 90% specificity in the
derivation cohort. The negative predictive value (NPV) and pos-
itive predictive value (PPV) were 0.95 and 0.4, respectively. In the
validation cohort, this cut-off value could facilitate specialists to
assign approximately 88% of the patients to the low-risk group,
and only 5% of the patients in the low-risk group developed ACLF
(Fig. 4). By contrast, 39% of patients in the high-risk group
developed ACLF, representing a >7-fold increased risk compared
to those in the low-risk group. Overall, applying an optimal cut-
off value of the model score simply differentiated patients at a
high risk of developing ACLF from those with a low likelihood.
Discussion
Our study validated 3 clinical courses with differential prognosis
proposed by the PREDICT study in patients with HBV-related
acutely decompensated cirrhosis by using a longitudinal pro-
spective, multicenter cohort. We identified HBV-specific and
non-specific precipitants that were associated with ACLF devel-
opment. More importantly, a precipitant-based model was
developed and validated externally; this model could have high
clinical significance for predicting ACLF occurrence and initiating
early interventions.

According to the study design in our protocol, in accordance
with the CANONIC study and other studies,18,20,21 pre-ACLF were
classified as patients who developed the condition within 28
days after enrollment. Among all patients with AD without ACLF
at enrollment, 9.6% developed ACLF during hospitalization
within 28 days, compared with 20.3% in the PREDICT study who
developed ACLF within 3 months. The observed difference in the
rates of AD-ACLF progression likely cannot be completely
explained by the observed period as the majority of ACLF
development occurred within 2 weeks, and a gradual time-
dependent decline in the progression from AD to ACLF was
observed. Moreover, the 3 subtypes, namely pre-ACLF, UDC, and
SDC, had 3-month mortality rates comparable with their coun-
terparts in the PREDICT study (our study vs. PREDICT: pre-ACLF,
61.6% vs. 53.7%; UDC, 22.4% vs. 21.0%; SDC, 0% vs. 0%). Thereby,
these findings highlight a rapid AD-ACLF transition and a narrow
‘golden window’ to prevent ACLF in patients with HBV etiology,
which may be accounted for by HBV-specific characteristics of
AD and ACLF. Moreover, we noted a remarkably lower 1-year
mortality in the SDC group than in the PREDICT study (2.6% vs.
9.5%). The observed discrepancy in mid-term survival may be
affected by etiology-oriented treatment for underlying cirrhosis.
Anti-HBV NUCs have been shown to stabilize or improve LT-free
outcomes in patients with HBV-related decompensated
cirrhosis,22,23 and all patients in our study received antiviral
therapies with close monitoring for the interruption. However,
long-term complete alcohol abstinence was unlikely for a
considerable proportion of patients with alcohol-related
cirrhosis because of a lack of discipline, alcohol abuse, or a
8vol. 4 j 100529



dependence problem after discharge.19,24 Our results suggested
an optimal mid-term outcome for patients with HBV-related
stable cirrhosis under viral control, who could be transferred to
primary care.

One of the remarkable findings was the identification of
specific precipitants that were associated with ACLF develop-
ment. Considering the chronological order, a causality between
a precipitant and ACLF occurrence can be speculated. We noted
that a high viral load was a critical determinant in precipitating
ACLF in patients with a spontaneous flare-up of hepatitis B. The
findings concurred with a prior study that showed a rapid and
significant viral reduction following tenofovir disoproxil
fumarate treatment, predicting survival benefit in patients with
ACLF precipitated by spontaneous hepatitis B flare.25 Further-
more, hepatitis B flare with HBV reactivation was associated
with an increased risk of developing ACLF. Actually, it has been
reported that HBV reactivation by interruption/discontinuation
of antiviral treatments was more likely to cause a high level of
HBV replication.26 Thus, our findings suggested a crucial role of
hepatic necroinflammation caused by a vigorous immune
response against active viral replication in driving HBV-AD to
ACLF. Supporting this, a significantly higher level of indicators
of liver injury, such as ALT and AST, was observed in pre-ACLF
patients compared with the other 2 groups. In addition, we
found that superinfection on HBV constituted another influ-
ential hepatic precipitant in progression to ACLF, in line with
previous studies that reported superinfections frequently led to
rapid exacerbation and death in patients with cirrhosis.27,28

Bacterial infection is the most frequent extrahepatic trigger in
the development of OF(s) and ACLF in both alcohol- and HBV-
related cirrhosis.29,30 A prior study has shown a remarkably
higher mortality in ACLF precipitated by bacterial infection
than by other insults.31 Our study showed that bacterial
infection was the only extrahepatic precipitant associated with
progression to ACLF, enforcing the central role of bacterial
infection in the extrahepatic precipitating events of ACLF. In
addition to precipitants, our study confirmed that the presence
of high-grade systematic inflammation was associated with
AD-ACLF progression, and it identified the NL ratio as an in-
dependent risk factor. Many studies have reported a robust
association between NL ratio and death in patients with
decompensated cirrhosis and ACLF.32–34 Our study revealed
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that NL ratio was more statistically applicable than other sur-
rogates of systematic inflammation, such as WBCs and CRP,
probably affected by liver dysfunction or compartmentaliza-
tion. Other predictive variables were bilirubin and INR, which
are well-recognized indicators of liver and coagulation
dysfunction/failures. Based on the precipitant–systemic
inflammation–organ dysfunction/failure framework, we
developed a model with high statistical accuracy to predict
ACLF development. The C-index of our model in the validation
cohort was lower than that in the derivation cohort, possibly
due to milder disease severity of patients in the validation
cohort. Still, it was significantly higher than for the other 4
traditional prognostic scores. The application of an optimal
model score was shown to successfully screen patients at high
risk of developing ACLF, which would be clinically helpful for
the management of patients with AD.

Nevertheless, our study has several limitations. First of all, the
follow-up of ACLF development ended at 28 days after enroll-
ment, and the number of patients with pre-ACLF may be
underestimated compared with the PREDICT study. However, the
bias may be limited, and as indicated earlier, the AD-ACLF tran-
sition mainly occurred within 2 weeks and declined with time.
Secondly, the relatively low PPV limited the accuracy of predic-
tion that only less than 50% of patients with pre-ACLF could be
identified. However, the high NPV enables clinicians to exclude
low-risk patients in the clinical scenario, which is meaningful for
the allocation of medical resources and the adjustment of man-
agement strategy. Third, due to the lack of dynamic HBV-DNA,
the impact of viral response on ACLF development was not
investigated in this study.

In summary, pre-ACLF in patients with HBV-related cirrhosis
and AD followed a distinct clinical course compared to UDC and
SDC. Hepatitis B flare with HBV reactivation, spontaneous hep-
atitis B flare with high HBV-DNA load, superimposed infection on
HBV, and bacterial infection are precipitants associated with an
increased risk of AD-ACLF progression. A model that incorpo-
rated precipitants and indicators of systemic inflammation and
organ injury accurately predicted ACLF development. Our find-
ings represent an essential step towards preventing the AD-ACLF
transition and provide information on the management of pa-
tients with AD and for the design of interventional clinical
studies.
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