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Background: Acute-on-chronic liver failure (ACLF) has high short-term mortality and lacks sufficient medical therapy. Available 
algorithms are unable to precisely predict short-term outcomes or safely stratify patients with ACLF as emergent liver transplantation 
candidates. Therefore, a personalized prognostic tool is urgently needed.
Purpose: Platelet function and its clinical significance in ACLF patients with chronic hepatitis B virus (HBV) infection have not been 
investigated. This study aimed to assess changes in platelet function using thromboelastography (TEG) and platelet mapping (TEG-PM) 
in HBV-related ACLF patients.
Methods: Chronic liver disease patients with acute decompensation or acute hepatic injury were recruited. The derivation cohort enrolled 
HBV-related patients at Nanfang Hospital. HBV-related and non-HBV-related patients were both enrolled in internal and external validation 
cohorts at seven university hospitals. TEG and TEG-PM were performed at baseline in the derivation cohort and baseline, day 7, and day 14 in 
the validation cohorts. The primary outcome was all-cause 28-day mortality. Status check and new-onset complications were recorded during 
the 3-month follow-up, but status check will extend to 5 years.
Conclusion and Future Plans: In this study, 586 participants were enrolled, including 100 in derivation cohort, 133 in internal 
validation cohort, and 353 in external validation cohort. Biomaterials, including plasma, serum, urine, and some explanted liver 
tissues, were collected from these patients. A 3-month follow-up with survival status was completed. The baseline characteristics 
indicated that 51% of the patients had adenosine diphosphate (ADP)-hyporesponsive circulating platelets. The prognostic potential of 
platelet function will be explored in the derivation cohort (HBV-related ACLF patients) and further substantiated in the validation 
cohorts (HBV-related and non-HBV-related ACLF patients). Biosamples are currently used to explore the underlying mechanisms 
related to ADP-hyporesponsive platelets. The ongoing proteomic and metabolic analyses will provide new insights into the 
pathogenesis of extrahepatic organ failures in ACLF patients.
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Introduction
Acute-on-chronic liver failure (ACLF) is a condition in which patients with chronic liver diseases develop hepatic and 
extrahepatic organ failure due to acute insults.1 In Asia and many other developing regions, the majority of ACLF 
patients have chronic hepatitis B virus (HBV) infections, which are characterized by a high prevalence of coagulation 
disorder.2 ACLF patients in Europe or North America mostly have non-HBV-related liver cirrhosis in which coagulation 
disorder is much less frequent than those with HBV-related liver cirrhosis. It has been demonstrated that C5a receptor 
(C5aR), TNF-a, and fibrinogen-like protein 2 (FGL2) form an integral network that contributes to coagulation and 
complement activation from FH patients infected by HBV.3 In contrast to the ACLF definition of the European 
Association for the Study of the Liver (EASL)1 or the American Association for the Study of Liver Diseases 
(AASLD),4 coagulation disorder is an essential component in the definitions proposed by the Asian Pacific 
Association for the Study of the Liver (APASL)5 or the Chinese Medical Association (CMA)6 (See Online 
Supplemental Table 1). APASL and CMA define ACLF as “an acute hepatic insult manifesting as jaundice and 
coagulopathy, while EASL and AASLD definitions of ACLF require the presence of organ failure.7

Coagulation disorder in ACLF patients is always presented by an elevated international normalised ratio (INR) in 
the literature. And plasma exchange or plasma transfusion aiming to correct the INR has a controversial role in 
prognosis modification.7,10,11 Compared with alcoholic and/or hepatitis C-related ACLF patients (the CANONIC 
study), ACLF patients with hepatitis B virus (the COSSH study) showed a higher incidence of coagulation failure 
(INR ≥2.5).8,9 However, upper gastrointestinal bleeding in patients with ACLF is mostly variceal bleeding and caused 
by portal hypertension rather than coagulation disorders.13 And ACLF patients had similar upper gastrointestinal 
bleeding rates, as 13.5% (37/274)12 in HBV-related ACLF and 13.2% (40/303) in alcoholic and/or hepatitis C-related 
ACLF patients.9

Recently, impaired but mixed fibrinolysis phenotypes have been found at the time of admission of liver cirrhosis and 
ACLF patients.14 Elevated D-dimer concentrations indicating active fibrinolysis were found in HBV-related ACLF 
patients and associated with worse 28-day survival.15 Circulating platelet count and platelet function are also funda-
mental to the coagulation system. In a prospective multicenter cohort, the declining trend of platelet counts was more 
significant in ACLF than in non-ACLF patients, indicating exacerbated clinical outcomes. In Kaplan–Meier analysis, the 
cumulative incidence of 90-day adverse outcomes increased with the decline of platelet counts. However, platelet count 
alone does not seem to independently predict outcomes of ACLF patients.16 Therefore, a global measurement (instead of 
INR alone) for coagulation disorder and platelet response to endogenous agonists, in addition to platelet count, might 
expand the knowledge on coagulation disorder in ACLF patients. As such, these studies might provide insights for 
further prognostic and therapeutic investigations.

Thromboelastography-platelet mapping (TEG-PM) provides a global and dynamic assessment of coagulation. This 
measurement reflects the cumulative effect of interactions at various levels between plasma components (clotting 
proteins) and cellular components (platelets, red and white blood cells, and microparticles) of coagulation. Meanwhile, 
it is also able to measure platelet reactivity presented as a response to adenosine diphosphate (ADP) or arachidonic acid 
(AA).17

As there are no previous prospective and multicentre studies aiming to profile the coagulation abnormalities and 
platelet function using TEG and platelet mapping in HBV-related ACLF patients, we aimed to investigate the alterations 
in coagulation and platelet function with a global measurement using TEG-PM in our patients. The prognostic potential 
of platelet function for 28-day mortality would also be explored and validated with this patient cohort.

Methods
Aim and Study Protocol
The primary aim was to explore and validate the prognostic potential of platelet function for 28-day mortality in HBV- 
related ACLF patients. The study protocol was as follows:

1. To conduct a global evaluation of coagulation abnormalities and platelet response to ADP/AA in hospitalised 
ACLF patients using TEG-PM.
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2. To implement a statistical approach to develop and validate a prognosis model composed of TEG-PM variable(s). 
A more accurate prognostic algorithm for 28-day mortality than those proposed by national and international liver 
societies would be pursued.

3. To explore the mechanisms underlying platelet hyporesponsiveness to ADP with multi-omics approaches and 
relevant validation assays.

The study was approved by ethics committees and registered accordingly (ClinicalTrials.gov Identifiers: 
NCT03281278, NCT04119973) and conducted in compliance with the Declaration of Helsinki guidelines.

Overview
With promising data in the derivation cohort (NCT03281278), the study was expanded to internal validation and external 
validation cohorts (NCT04119973). All participants were patients who were hospitalised. Both derivation and validation 
cohorts enrolled HBV-related patients. In addition, non-HBV participants were also enrolled in the validation cohort to 
further validate the prognostic algorithm derived from HBV-related patients.

In the derivation cohort, HBV patients with severe liver injury who were at a potential risk of ACLF development 
were consecutively screened and recruited at Hepatology Unit, Nanfang Hospital, Southern Medical University. Patient 
enrolment occurred from October 2017 to August 2018. A larger sample size for the validation cohort was estimated to 
gain enough statistical power for the analysis of primary outcomes (n≥50) in non-HBV patients. Internal validation was 
conducted from August 2018 to August 2019, and a multicentre external validation study was conducted in six centres 
from provinces with different geographic distributions.

Data were collected according to case report forms. Patients were followed up for 3 months. Death from any cause was 
considered the endpoint, and liver transplantation (LT) was considered a censoring event. Figure 1 shows the study design 
(Figure 1A), TEG measurements and biomaterials collection schedule (Figure 1B), and the flowchart of patient enrolment for 
the derivation (Figure 1C), internal validation (Figure 1D), and external validation (Figure 1E) cohorts.

Eligibility Criteria
Derivation Cohort
Patients with an estimated hospital stay >24 hours would be screened on the admission day. The inclusion criteria were as 
follows: 1) chronic HBV infection was the only cause of chronic liver disease, 2) between 18 and 80 years of age, and 3) having 
acute and significant liver injury defined as INR >1.5 and total bilirubin >85 μmol/L8 (Online Supplemental Appendix 1). 
Exclusion criteria were as follows: 1) patients with any types of malignancies, 2) obstructive biliary diseases or other diseases that 
result in bilirubin evaluation, 3) acute haemorrhage 1 week prior to the hospital admission, 4) received platelet transfusion, 
cryoprecipitate transfusion, or plasmapheresis therapy within 1 week prior to admission, 5) usage of antiplatelet or anticoagulant 
drugs within 4 weeks prior to the admission, or receipt of steroids and immunosuppressants, 6) pregnant or breastfeeding, 7) 
receiver of LT or kidney transplantation, and 8) having other severe extrahepatic diseases, such as heart failure (New York Heart 
Association Class IV), respiratory failure (partial pressure of oxygen <60 mmHg), renal insufficiency (stage 5 of chronic kidney 
disease), and conscious disturbance (Glasgow coma scale score of <8), leading to organ failure.

Validation Cohort
The enrolled population included patients aged 18–80 years, with acute and significant liver injury (INR >1.5, total 
bilirubin >85 μmol/L), irrespective of the aetiology of chronic liver diseases. With the expansion of aetiologies for 
chronic liver diseases, we expected to validate the prognostic potential of platelet function in ACLF with chronic HBV- 
infected and non-HBV patients. The exclusion criteria were identical to the derivation cohort (Online Supplemental 
Appendix 2). Written informed consent was obtained from all participants or their entrusted kins after a full explanation 
of this study by the investigators.

Selection of Centres
All participating centres met the following qualifications: 1) having a liver division from the Department of Hepatology, 
Gastroenterology or Infectious Disease with a tertiary university hospital affiliation, 2) the candidate principal 
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Figure 1 Flow chart of patient enrollment, biosamples collection and the study design for related basal studies. And the study design for molecular mechanism exploration 
with multi-omics approaches (A). Calendar for biosamples collection and follow-ups (B). Flow chart of the derivation cohort (C), internal validation cohort (D) and external 
validation cohort (E).
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investigator is academically active in liver failure and liver cirrhosis research, 3) available staff member(s) and research 
fellows assigned to this study, 4) TEG measurements were available and performed strictly according to the study 
protocol, and 5) a representative geographic distribution. Ultimately, seven centres from different provinces (Guangdong, 
Chongqing, Jilin, Xinjiang, Fujian, Hunan, and Hubei) participated in this study (Figure 2).

Data, TEG Measurements, Biosamples Collection
All measured parameters are listed in Table 1. Demographic data, medical history, physical examinations, and imaging 
examination(s) on days 1, 4, 7, 14, and 28 after enrolment were collected and recorded according to the case report 
forms. And clinical outcomes, together with abovementioned parameters, are listed in Table 1 (Online Supplemental 
Appendix 3-5). Table 2 shows the detailed list of the laboratory parameters during hospitalization and follow-up. Organ 
failure was assessed according to the EASL-CLIF diagnostic criteria9 (Online Supplemental Table 1). The related 
therapeutics, including data on antibiotics, antiviral medicines, red blood cell transfusion(s), platelet transfusion(s), 
plasma transfusion or exchange, and assisted liver support, were all recorded. Patients were followed up until 28 and 90 
days after enrolment (Online Supplemental Appendix 6).

The participants were scheduled for TEG measurement on days 1, 7, and 14 after enrolment (Figure 1B). Blood samples 
were drawn from a single clean puncture of a forearm vein and collected into test tubes provided by manufacturers and tested 

Urumqi, Xinjiang

Guangzhou, Guangdong

Chongqing

Shiyan, Hubei

Changsha, Hunan

Fuzhou, Fujian

Changchun, Jilin

Figure 2 The geographical distribution of seven recruitment centres. Approximately 6% of the total population in China resides in the western regions, and 94% of the total 
population in China resides in the eastern regions. Six of our centres are located in Eastern China and one in Western China.
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according to the manufacturer’s protocol (TEG ® 5000 Thromboelastography analyser, TEG ®Thromboelastogram 
®Haemostasis system, Haemonetics Corporation, USA, or CFMSLEPU-8800 Thromboelastography, LEPU MEDICAL, 
China). Platelet response to ADP via P2Y12 receptor pathway and to AA via cyclooxygenase pathway was measured and 
presented as the ADP or AA inhibition rates, respectively. All TEG parameters in this study are presented in Online 
Supplemental Table 2.

Different types of biosamples, including plasma, serum, peripheral blood mononuclear cell DNA, and urine, were 
collected and stored at −80°C (Figure 1B). Platelet pellets were collected from patients in the derivation cohort for further 
proteomic studies. There were 10 explanted liver tissues that were not acquired due to liquid nitrogen shortage at 
operation unit and 2 without signed explanted organ donation consent from patients and/or their kins, and only 13 
explanted liver tissues were collected and cryopreserved appropriately. Explanted liver tissues must be frozen in liquid 
nitrogen, and held for 1 hour before transferring to −80°C. Proteomics (plasma, platelet pellets), genome-wide associa-
tion studies (genomic DNA), single-cell transcriptome sequencing (explanted liver tissues), and metabolomics (serum) 
investigations were planned (Figure 1A).

Follow Up
Each patient had been followed up to 90 days after enrolment as planned. The primary endpoint was 28-day all-cause 
mortality. The 90-day all-cause mortality and progression to EASL-CLIF-defined ACLF within 28-day were both considered 
secondary endpoints. LT and loss to follow-up were considered censoring events.

During the study, detailed clinical and laboratory data were collected on days 1, 4, 7, 14, 21, and 28 or till the day of death 
within 28 days. Afterwards, monthly follow-up was performed by telephone calls, WeChat exchanges with investigators, clinic 
visits, and hospitalization or re-hospitalization up to 3 months after enrolment. Except for patient status checks (survival, death, or 
LT), monthly follow-ups also included specific health guidance regarding issues of ascites growth, infection, gastrointestinal 

Table 1 Parameters of This Study

Phase Broad 
categories

Data elements

Baseline (Day 1) Demographic 

data

Name, age, sex, identification number, telephone number, family address, WeChat number*.

History of 

disease

Etiology of liver disease, history of antiviral therapy, history of cirrhosis and previous acute 

decompensation, predisposing factors, main cause of admission, and other chronic disease.

D3/5/7/14/21/28 Physical 

examinations

Height, weight, body mass index, temperature, heart rate, blood pressure and oxygen saturation 

(measured using pulse oximeters).
Medical history Starting and ending times and dosage of antibiotics, red blood transfusion, platelet transfusion, plasma 

transfusion or exchange, assisted liver therapy.

Evaluation of 
infection

Bacterial infection, systemic inflammatory reactive syndrome, sirs, sepsis, severe sepsis, and septic shock.

Organ failure 

assessment

Liver, coagulation, respiratory, renal, brain, circulation failure.

Laboratory 

examinations

Levels of virus hepatitis-related antigen and antibody, HBV-DNA, ceruloplasmin, immunoglobulins (IgA, 

IgG, IgM, and IgG-4), autoantibody measurement; routine blood, urine, and stool tests, liver and renal 

function tests; levels of blood electrolytes, blood glucose, traditional coagulation test, C-reactive protein, 
and procalcitonin measurements; blood culture (if a patient exhibited fever and shivering), sputum 

culture (for suspected pulmonary infection), middle urine culture (for suspected urinary tract infection), 

and ascites culture (for suspected spontaneous bacterial peritonitis); TEG-PM.
Imaging† Thoracic X-ray or CT, MRI, B-ultrasound, endoscope, and FibroScan# or other elastography.

Prior to death/LT/ 
discharge

Clinical 
outcomes

Survival, liver transplantation (LT): the time of LT and hospital name, death: the time and cause of death, 
lost to follow-up, malignancy detected, and new complications.

Notes: *WeChat (Tencent Inc., Shenzhen, China) # Fibroscan (Echosens Inc., Paris, France). † Depending on the investigator’s decision. 
Abbreviations: CT, computed tomography; HBV, hepatitis B virus; MRI, magnetic resonance imaging; TEG-PM, thromboelastography (TEG®) platelet mapping.
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bleeding, overt hepatic encephalopathy, jaundice, and malignancy. For patient ceased, the date and cause of death were 
documented. For patients with LT, the procedure centre and date were recorded accordingly (Online Supplemental 
Appendix 6). After 3 months, we only recorded patients’ status (survival or death) by telephone calls every 6 months in 5 
years. Death of participants with loss of follow-ups would be confirmed or excluded through the civil registration system with the 
permission of the public security.

Quality Assurance and Control
Electronic Data Capture System
An electronic data capture system was designed, set up, and completed to minimise errors and optimise data accuracy. 
The system included electronic case report form development, data retention and audit trials, logical verification, source 
data verification and correction, database locking, data storage, and data export.

Table 2 Data Collection Schedule During 28-Day of the Study

Time After Recruitment Hospitalisation Follow-Up (or the Day Before Discharge)

Data D1 D3 D5 D7 D14 D21 D28 Prior to death/LT/discharge
Total bilirubin (TB) √ √ √ √ √ √ √ √

Alanine aminotransferase (ALT) √ √ √ √ √ √ √ √

Aspartate aminotransferase (AST) √ √ √ √ √ √ √ √
Alkaline phosphatase (AKP) √ √ √ √ √ √ √ √

Glutamyl transpeptidase (γ-GT) √ √ √ √ √ √ √ √

Albumin (ALB) √ √ √ √ √ √ √ √
White blood cell count (WBC) √ √ √ √ √ √ √ √

Platelet count (PLT) √ √ √ √ √ √ √ √
Haemoglobin (HGB) √ √ √ √ √ √ √ √

Proportion of neutrophils (N%) √ √ √ √ √ √ √ √

Absolute neutrophil count √ √ √ √ √ √ √ √
Proportion of monocytes (M%) √ √ √ √ √ √ √ √

Absolute monocyte count √ √ √ √ √ √ √ √

Haematocrit (HCT) √ √ √ √ √ √ √ √
International normalized ratio (INR) √ √ √ √ √ √ √ √

D-dimer √ √

Creatinine (Cr) √ √ √ √ √ √ √ √
Potassium (K+) √ √ √ √ √ √ √ √

AFP √

CA199 √
Procalcitonin (PCT) √ √ √ √ √ √ √ √

C-reactive protein (CRP) √ √ √ √ √ √ √ √

Blood ammonia √ √ √ √ √ √ √ √
Fasting blood glucose (GLU) √ √ √ √ √ √ √ √

Bacteriology √ √If necessary

Ascites test √ √If necessary
Etiological examination of liver disease √

Thoracic X-ray or CT, MRI # √

B ultrasound # √
Gastroscope # √

FibroScan or other elastography # √

TEG (TEG-native and TEG-PM) √ √* √*

Notes: *Patients in the derivation cohort were tested using TEG-PM only on the day of enrollment. #Depending on disease progression and the investigator’s decision on 
the need for additional imaging.
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Personnel Training
Before the electronic data capture system was implemented, mandatory and timely training of personnel was conducted, 
and access to the corresponding system rights was granted to those qualified.

Verification
Internal verification: Annual on-site verification of eligibility criteria for all screened and enrolled patients, extreme value 
verification, logical verification, review of critical medical records, and examination of missing data were performed.

External verification: 1) A third-party company (Unimed Scientific Inc. Wuxi, China) was responsible for data 
management and inventory. 2) A statistical plan was developed in advance.

Archiving of Traceable Raw Data
Raw data were obtained from medical records, physical examinations, clinical and laboratory data, imaging, pathology, 
medication orders, clinic notes, and telephone or WeChat follow-up documents. All data were traceable and stored in the 
corresponding servers at each centre.

TEG and TEG-PM Measurements
To maintain the quality of TEG measurements, personnel training and calibrations were carried out at each centre. TEG 
tests were performed within 2 hours after blood collection, which was 4 hours from blood collection to TEG measure-
ment as recommended by the manufacturer of the TEG. The time interval between the blood collection and TEG 
measurement was also documented for each test.

For TEG analysis details, whole blood was collected from citrate tubes (3mL, 0.109 M) and lithium heparin tubes 
(4mL, 75 USP Units) using BD Vacutainer ® tubes (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). All 
samples were stored upright at room temperature (20–25°C) for a median time of 60 minutes (range: 15 −180 min) as 
recommended. Each citrate blood sample was re-calcified and analyzed by a two-channel TEG cartridge, performed 
using citrated kaolin assay (CK, TEG-native). Heparinized blood sample was used for TEG-PM assay including platelet 
response to ADP via P2Y12 receptor pathway and to AA via cyclooxygenase pathway.

The Accuracy of TEG and TEG-PM
The tube system was internally validated and specimen handling was in accordance with local protocols with samples 
checked for clots and to ensure accurate collection volumes. Inadequate samples, including those with clots or those 
overfilled or underfilled, were discarded and excluded from analysis. The accuracy of the instrument will be checked 
monthly. In brief, when using the same lot number of reagents to test the same samples, parameters assessed by TEG- 
native and TEG-PM assays had a coefficient of variation (CV) ≤10%.

Cold Chain (−80°C) Transport
All biochemical samples were cold chain (−80°C) transported to the oversight centre to ensure quality and unified 
management. At the end of November 2019, all bio-specimens (plasma, serum, platelet pellets, liver tissues, and urine) 
were transported to the biosample bank at Nanfang Hospital.

Sample Size
To date, there have been no reported data on the relationship between TEG parameters and 28-day mortality among patients 
with ACLF. The results from the derivation cohort were used to evaluate the sample size of the validation cohort. In the 
derivation cohort, ADP inhibition rate showed the independent and the best predictive value for 28-day mortality. The sample 
size statistical analyses were performed using Empower Stats software (www.empowerstats.com, X&Y solutions, Inc Boston 
MA). The lower limit of the 95% CI of the area under the curve (AUC) of the ADP inhibition rate was 0.9 for the prediction 
of 28-day mortality (N1=6), and the mortality rate of the derivation cohort was approximately 25% (N2=6/0.25=24). Twenty- 
four patients with HBV-related ACLF achieved 90% power and detected a difference of 0.4 between the AUC under the null 
hypothesis of 0.500 and the AUC under the alternative hypothesis of 0.9 using a two-sided z-test at a significance level of 
0.05. HBV-related ACLF accounts for approximately 50% of ACLF cases (N3=24*2=48). Considering a 20% loss to follow- 
up (N4=48/0.8=60), 60 participants were planned to be included in the internal and external validation cohorts. Different 
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centers may represent different populations as the study commenced simultaneously in each center, it was finally decided to 
include about 60 patients per center, resulting in a total of 420 participants in the validation cohort.

Statistical Analyses
Statistical analyses were conducted using IBM SPSS Statistics (version 22) and R version 3.6.0 (R Foundation for 
Statistical Computing, Vienna, Austria). Descriptive statistics were calculated. Continuous variables were tested for 
normality using the Shapiro–Wilk test and presented as mean±SD or median and interquartile range (IQR 25–75%), 
while categorical variables were reported as absolute numbers and percentages. Comparisons would be performed using 
Student’s t-test, Mann–Whitney U-test, χ2 test, or Fisher’s exact test. All statistical tests were two-sided with 
a significance level of P<0.05.

As specified in the analysis plan, the optimal cutoff point of the ADP inhibition rate is defined using maximally 
selected log-rank statistics.18 Mortality rates and differences in 28-day mortality influenced by clinical complications 
were estimated and displayed using the Kaplan–Meier estimator. Short-term mortality risk prediction equations were 
explored using logistic regression, Cox proportional hazards models, and competing risk models. Variable selection was 
performed by applying the LASSO methodology in conjunction with 10-fold cross-validation to prevent overfitting. 
Variables were selected based on their contribution to the model’s significance, using the likelihood ratio test, and 
including the least number of variables to facilitate its future usage in clinical practice. Model fit was evaluated (by 
discrimination C-statistic and calibration Ȥ2 using modified Nam-D’Agostino test,) using the Hosmer–Lemeshow test. 
The performance of the equations was evaluated in both internal and external validation cohorts using the same statistical 
methods. As part of the validation process, the predictive capacity of each model was estimated by calculating the 
receiver operating characteristic curves and the area under the curve (AUC), and comparing the AUC of each model, if 
necessary. If the models proved valid and accurate enough for prediction purposes, scoring systems permitting simpler 
use of clinical practice models were defined.

For high-throughput screening (Figure 1A), patients were divided into two groups according to platelet responses to 
ADP and stratified at the optimal cutoff value, which was adopted in the model for the 28-day survival prediction. Five 
biological replicates for each group were planned for platelet phosphoproteomic and non-targeted plasma proteomics 
(tandem mass tags), and 25 biological replicates were planned for non-targeted serum metabolomics (ultra-high- 
performance liquid chromatography-tandem mass spectrometry). For targeted plasma proteomics (parallel-reaction 
monitoring) and serum metabolomics (Liquid chromatography-tandem mass spectrometry), more than 50 biological 
replicates were designed for each group.

In omics analysis, using a p-value <0.05 with a difference of 1.2-fold or more and 0.83-fold or less, we identified 
biomarkers with high or low expression from proteomics and metabolomics.

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis or Gene Ontology (GO) was 
performed to select highlighted pathways from GWAS (400 biological replicates for each group) and SC-Seq (3 
biological replicates for each group). Next, the least absolute shrinkage and selection operator (LASSO) approach was 
used to find biomarkers of interest as explanatory variables to build up a new prognostic score or to uncover underlying 
molecular mechanisms. Each of those selected biomarkers was subjected to ROC analyses evaluating its sensitivity and 
specificity in discriminating high mortality patients from enrolled patients. A logistic regression model or multivariate 
Cox proportional hazards regression model was constructed for the diagnosis score. ROC analysis was used to estimate 
the performance of the diagnostic score.

Ethics
This study was approved by the Nanfang Hospital Ethics Committee at Southern medical University.

Results
A total of 586 patients were enrolled from seven centres (Figure 2) according to the study design. Among these patients, 
100 HBV-related patients were enrolled in the derivation cohort (Figure 1C), in which ADP inhibition rate was found as 
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the most promising variable in the 4-week mortality prediction. As previously planned, 133 patients were enrolled in the 
internal validation cohort (Figure 1D), and 353 were enrolled in the external validation cohort (Figure 1E).

In overall, 189 HBV-related patients were screened and 100 were enrolled in the derivation cohort at Nanfang 
Hospital (Figure 3A). For the internal validation cohort, 139 patients were screened, and 100 HBV-related and 33 non- 
HBV patients were enrolled (Figure 3B). For the external validation cohort, 411 patients were screened, and 277 HBV- 
related and 76 non-HBV patients were enrolled. In the validation cohort, no alcoholic hepatitis or autoimmune hepatitis 
patient was excluded due to steroids use prior to enrollment. And 6 patients with acute gastrointestinal bleeding events 
which might significantly change coagulation parameters were excluded from this entire study. The number of patients 
screened and enrolled at each centre is shown in Figure 3B, and the number of HBV-related patients enrolled at each 
centre was further highlighted.

The types and numbers of collected biosamples for the entire study are shown in Figure 4. On the first day of 
enrolment, 456 plasma (and peripheral blood mononuclear cell DNA), 445 serum, and 323 urine samples were 
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Figure 3 The number of patients enrolled in each of the seven centres. The enrolment of the entire cohort (A) and the validation cohort (B). Nanfang Hospital, Southern 
Medical University (Guangzhou); Xiangya Hospital, Central South University (Changsha); Mengchao Hepatobiliary Hospital (MCLB), Fujian Medical University (Fuzhou); 
Southwest Hospital, Third Military Medical University (Chongqing); First Hospital of Jilin University (JLU) (Changchun); First Affiliated Hospital of Xinjiang Medical University 
(XJMU) (Urumqi); Taihe Hospital, Hubei University of Medicine (Shiyan).
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successfully collected. Additionally, explanted liver tissues were collected from 13 patients who underwent LT. Seventy 
platelet pellet samples were collected from the derivation cohort.

The baseline characteristics, including the demographic and laboratory data of eligible patients, are summarized in 
Table 3. Overall, men were the majority in all three cohorts (84.0% in the derivation cohort, 82.7% in the internal 
validation cohort, and 80.2% in the external validation cohort). The median age of the patients was 45 years.

Regarding the aetiology of chronic liver disease, patients with chronic HBV infection accounted for 75.2% (100/133) and 
78.5% (277/353) of the internal and external validation cohorts, respectively. Both cohorts reached the expected enrolment 
numbers of patients with HBV-related diseases. The number of primary outcomes in non-HBV patients was also reached. 
ACLF diagnoses in our patients were classified as per the definitions of national or international liver societies (Online 
Supplemental Table 1). The proportion of our ACLF patients was the largest, consistent with the CMA criteria (91.0% in the 
derivation cohort, 84.5% in the internal validation cohort, and 79.3% in the external validation cohort), followed by the 
APASL and EASL-CLIF criteria. AASLD criteria were deemed to be obviously unsuitable for our patients (Table 3). The 
prevalence of ACLF diagnosed with different definitions in the entire population is shown in Figure 5A. Patients who met the 
EASL-CLIF criteria had the highest 28-day mortality rate (Figure 5A). The parameters of the TEG-PM measurement 
suggested that 51% (299/586) and 38% (225/586) of the patients had circulating platelets with ADP and AA hyporespon-
siveness, respectively, as indicated by an ADP inhibition rate of >30% and an AA inhibition rate of >50%.19–23 ACLF 
patients met EASL-CLIF criteria had the highest proportion of ADP hyporesponsiveness, followed by the APASL and CMA 
criteria (Figure 5B). The rates of loss to follow-up at 28 and 90 days were all zero in the three cohorts. For the entire study, 
the number of patients who underwent LT was 18 within 28 days and 6 within 29–90 days (Figure 1C-E).

Discussion
This large, prospective and multicenter study has been completed. It focused on the potential prognostic role of TEG 
measurement and platelet functions in ACLF patients with chronic hepatitis B virus infection. These related omics 
researches will provide insights for understanding the mechanisms underlying liver failure development and extrahepatic 
organ injuries or failures.

To date, TEG measurement has been used to explore coagulation abnormalities relating to bleeding and thrombosis 
complications. It has been reported to be helpful in guiding blood product usage in patients with liver cirrhosis or acute 
liver failure or those requiring invasive procedures. No such study has been carried out in ACLF patients.

This study makes a considerable contribution to the exploration more precise and accurate prognostic model for 
ACLF patients with HBV infection. The newly proposed model is expected to more accurately stratify the 28-day 
survival of ACLF patients defined as COSSH study and CANONIC study, respectively. Our model provided superior 
overall accuracy compared to the commonly cited prognosis scores including CLIF-OF, MELD and MELD-Na. In both 
the derivation and validation cohorts, the sensitivity remained at ≥99% in patients with HBV-related ACLF, which was 
able to be applied to all-cause chronic liver diseases as our validation cohort showed. More importantly, the model owned 
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capacity to differentiate some patients who would develop ACLF patients within 28 days and would facilitate timely and 
appropriate prophylactic interventions.

Moreover, the already collected biosamples had been investigated with emerging technologies, including metabo-
lomics and proteomics. Those omics researches would obtain molecular insights into the mechanism for extrahepatic 
organ failures in ACLF patients precipitated with intrahepatic insults. Furthermore, those studies also identified the 
potential intervention to modify the 28-day mortality of ACLF patients. Previous studies have shown that upon receiving 
signals of blood vessel damage, platelets reorganize their actin cytoskeleton, which transforms into a spiky dynamic 
adherent glue.24 Our data showed that over half of EASL-CLIF-defined ACLF patients had hyporeactive circulating 
platelets, and the dysfunction platelets were supposed to impair the ability of rolling, spreading, adhesion, and contrac-
tion in endothelial repair, local coagulation,25 thrombosis,26 and bacterial killing.27 In addition, platelets have been shown 
to prevent tissue injury during the early phase of inflammatory reactions through GPVI-dependent platelet binding and 

Table 3 Baseline Characteristics of Study Participants

Characteristics Derivation Cohort 
(n=100)

Internal Validation Cohort 
(n=133)

External Validation Cohort 
(n=353)

Demographic data
Male sex, n (%) 84 (84.0%) 110 (82.7%) 283(80.2%)

Age (years) median (IQRs) 42.50 (35.25–53.00) 45.88(37.00–54.06) 50.00(40.00–56.00)
HBV-related, n (%) 100 (100.0%) 100(75.2%) 277(78.5%)

Laboratory data, median (IQRs)
Total bilirubin (µmol/L) 322.30 (222.53–439.60) 353.80(241.10–483.20) 308.10(198.07–444.60)
International normalized ratio 2.20 (1.82–2.87) 2.23(1.84–2.92) 2.08(1.74–2.60)

Serum creatinine (µmol/L) 68.00 (58.25–86.50) 73.00(61.50–85.50) 68.00(54.90–90.00)
White blood cell count (×109/L) 7.27 (5.63–10.33) 7.32(5.54–10.28) 6.25(4.40–8.53)

Platelet count (×109/L) 108.00(63.50–155.75) 105.00(74.50–142.50) 90.00(63.00–124.50)

Serum sodium (mmol/L) 137.00(135.00–139.00) 137.00(135.00–139.00) 136.40(133.00–138.80)
TEG parameter, median (IQRs)

R (min) 5.10(4.30–6.55) 4.50(4.00–5.20) 5.90(4.70–7.25)

K (min) 2.80(2.10–4.58) 2.20(1.80–3.60) 3.10(2.10–4.50)
Angle (deg) 57.45(47.53–63.10) 62.20(54.40–68.20) 55.50(47.30–65.00)

MA (mm) 44.50(34.18–52.85) 47.60(40.60–53.00) 42.20(34.30–51.40)

EPL (%) 0(0–0.68) 0.10(0–1.80) 0(0–0.30)
LY30 (%) 0(0–0.60) 0.10(0–1.40) 0(0–0.10)

AA inhibition rate (%) 18.50(2.70–40.98) 17.30(2.70–37.40) 53.00(22.53–85.70)

AA inhibition rate >50%(n) 15 24 186
ADP inhibition rate (%) 12.15(0–50.28) 20.40(0–44.60) 44.40(12.80–81.65)

ADP inhibition rate >30%(n) 35 47 220

Score, median (IQRs)
MELD score 26.71(23.81–31.60) 26.63(22.89–31.19) 25.35(22.62–29.14)

CLIF-OFs 9.00(8.00–10.00) 9.00(8.00–10.00) 9.00(8.00–10.00)

Liver transplantation
28 days (n) 1 4 13

90 days (n) 1 6 17

Definitions for ACLF
APASL, n (%) 61(61.0%) 81(60.9%) 243(68.8%)

EASL-CLIF, n (%) 38(38.0%) 51(38.3%) 125(35.4%)

NACSELD, n (%) 1(1.0%) 2(1.5%) 2(0.6%)
CMA, n (%) 91(91.0%) 115(84.5%) 280(79.3%)

Abbreviations: APASL, Asian Pacific Association for the Study of the Liver; CMA, Chinese Medical Association; EASL-CLIF, European Association for the 
Study of Liver-Chronic Liver Failure; NACSELD, North American Consortium for the Study of End-Stage Liver Disease; TEG, thromboelastography; ACLF, 
acute-on-chronic liver failure.
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activation,28 thus preventing bleeding in inflamed tissues. And our retrospective analysis of ACLF patients transfused 
with platelets had improved 28-day survival (data not shown) which strengthened our hypothesis. Therefore, with the 
stratification of patients with their platelet responses to ADP, we started platelet transfusion for selected ACLF patients 
aiming to improve their short-term prognosis (NCT04564651).

In brief, we successfully established a qualified internal and external validation cohort of ACLF patients in HBV 
high-endemic areas. We used rigorous data quality control strategies to ensure the relatively high validity of the data 
collection. The loss to follow-up rates at 28 and 90 days were both zero.

Our study has some limitations. Firstly, since it is a prospective cohort study, the absence of data on potential 
confounding factors can lead to a conclusion bias. Secondly, our inclusion criteria and exclusion criteria would certainly 
miss some ACLF patients. We excluded patients complicated with acute hemorrhage, as previous studies have elaborated 
that major bleeding would compromise platelet reactivity,29,30 therefore it would bias the potential prognostic value of 
TEG-PM in ACLF patients. Even though only six patients were excluded from this entire study, we recognized that 
prognostic value of TEG-PM in ACLF precipitated by acute upper gastrointestinal bleeding needs further study. Patients 
with steroids using prior to enrollment would also be excluded due to undetermined effects of steroids on platelet 
reactivity. Although no patient was excluded for this exclusion in the validation cohort, we recognized that the effects of 
steroids on platelet reactivity need investigation in ACLF patients with severe alcoholic hepatitis or autoimmune hepatitis 
both of which are indications for steroids therapy. Finally, our patients were all Chinese ethnic.

In summary, this multicenter, prospective cohort study was to explore and validate the prognostic role of TEG and TEG- 
PM in chronic liver disease patients with acute severe liver injury. And multiple biosamples were collected to elucidate the 
mechanism underlying ADP-hyporesponsive platelets and to explore novel therapeutic approaches for ACLF.

Abbreviations
ACLF, acute-on-chronic liver failure; ALI, acute hepatic injury; APASL, Asian Pacific Association for the Study of the 
Liver; EASL, European Association for the Study of the Liver; HBV, hepatitis B virus; LT, liver transplantation; TEG, 
thromboelastography; TEG-PM, thromboelastography-platelet mapping.
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Figure 5 The prevalence of ADP hyporesponsiveness and 28-day mortality according to different ACLF definitions. The prevalence of ACLF according to CMA, APASL or 
EASL-CLIF criteria, and 28-day deaths according to ACLF definitions (A). Prevalence of platelet dysfunction according to ACLF definitions (B). # Liver transplantation 
patients and platelet transfusion patients were not included in the survival analysis.
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