Supplementary Materials
Supplement to: Chunming Wang, Lei Cai, Yongguang Yang, et al.
Liquid Biopsy-Based Multi-Omics Approach for Early Detection of Hepatocellular Carcinoma (ASCEND-Hep): A Multiphase Prospective Development and Validation Study

[bookmark: _Toc162962928][bookmark: _Toc171951268][bookmark: _Toc191238484][bookmark: _GoBack]Supplementary Methods
[bookmark: _Toc162962929]Study design and participants
The ASCEND-Hep is a prospective and comprehensive study initiated by Zhujiang Hospital of Southern Medical University for early detection of HCC.
To identify potential methylation signatures for early detection of HCC, tissue samples were collected with approval from the Ethics Committee of Zhujiang Hospital of Southern Medical University (approval number: 2021-KY-013-01). These samples encompassed cancer and adjacent non-cancer tissue samples from treatment-naïve HCC patients, tissue samples from patients with liver cirrhosis, and normal liver tissues obtained from liver donors who died of non-liver related causes. All of the tissue samples were pathologically reviewed by at least two independent expert pathologists.
Blood samples from patients with HCC and chronic liver disease for the case-control study were prospectively collected from seven medical centers in China, namely: Zhujiang Hospital of Southern Medical University, the Second Affiliated Hospital of Guangzhou University of Chinese Medicine, Nanfang Hospital of Southern Medical University, Affiliated Hospital of Guangdong Medical University, the Third Affiliated Hospital of Sun Yat-sen University, Shenzhen People's Hospital, Shunde Hospital of Southern Medical University. All enrolled patients had been clinically or pathologically diagnosed. Chronic liver diseases included liver cirrhosis, chronic hepatitis B virus (HBV) infection, chronic hepatitis C virus (HCV) infection, alcoholic liver disease (ALD), and nonalcoholic fatty liver disease (NAFLD). Additionally, we incorporated samples from a previous study called THUNDER (NCT04820868). All normal controls in the THUNDER study were divided into two distinct groups based on their originating medical centers and the time of enrollment. One group, comprising individuals from four hospitals and consistent with the enrollment period of this study, was used to match HCC patients of similar age and sex for the training and validation sets. The other group included 588 normal controls, sourced from eight other hospitals, were combined with 160 HCC and 49 chronic liver disease cases from the THUNDER study to form the independent validation set for this research. All normal control subjects underwent comprehensive examinations at baseline, including physical examinations, blood biochemical tests, routine blood tests, routine urine tests, tumor marker assays, HBV/HCV serological tests, abdominal ultrasonography, urinary system ultrasonography, breast ultrasonography/mammography (female), gynecological ultrasonography (female), thyroid ultrasonography and chest low-dose computed tomography (LDCT) scans, followed by a one-year follow-up to confirm the absence of cancer in the subjects. Normal controls were defined as individuals without clinically significant pathological findings during routine health checkups. In addition, individuals with cirrhosis, hepatitis, and HBV carriers were excluded.
[bookmark: OLE_LINK6][bookmark: OLE_LINK5]We recruited asymptomatic individuals at high risk for HCC from the community. Participants who were positive for hepatitis B surface antigen (HBsAg) or participants with liver cirrhosis caused by HBV/HCV infection, alcohol, genetic hemochromatosis, non-alcoholic fatty liver disease, stage 4 primary biliary cholangitis, alpha-1-antitrypsin deficiency, or other causes were defined as high-risk for HCC. After completing the questionnaire, all subjects who initially met the eligibility criteria for enrollment underwent blood draw and baseline laboratory tests, as well as abdominal color Doppler ultrasonography. Blood samples from all high-risk participants were subjected to methylation sequencing and alpha-fetoprotein (AFP) testing. Our study also provided participants with additional abdominal magnetic resonance imaging (MRI). Those with abnormalities in ultrasonography (nodules ≥ 10 mm), AFP (≥ 20 ng/mL), or MRI received dynamic contrast-enhanced MRI (DCE-MRI) for a diagnosis. Participants not diagnosed with HCC were followed up for 1 year, with ultrasonography examinations and AFP testing conducted every six months post-enrollment, to ascertain their cancer status. 
All participating centers obtained ethical approval from their respective ethics committees.
[bookmark: _Toc162962930]Inclusion and exclusion criteria for the training and the validation sets
Inclusion criteria for cancer participants include:
· Age ≥ 40 and < 75 years at the day of consenting to the study;
· Able to provide a written informed consent;
· Pathological/ imaging diagnosis of any BCLC stage (0‒C) of HCC;
· No prior or ongoing anti-cancer therapy (local or systematic) prior to blood draw.
Exclusion criteria for cancer participants include:
· Pregnancy or lactating women;
· Recipients of organ transplant or prior non-autologous (allogeneic) bone marrow transplant or stem cell transplant;
· Recipients of blood transfusion within 7 days prior to blood draw;
· Recipients of any anti-cancer therapy within 30 days prior to blood draw, due to diseases other than cancers;
· With concurrent or metachronous for other known malignant tumors or multiple primary tumors.
Inclusion criteria for benign participants include:
· Age ≥ 40 and < 75 years at the day of consenting to the study;
· Able to provide a written informed consent;
· Confirmed pathological diagnosis of benign liver diseases;
· No prior radical treatment of the benign diseases prior to blood draw.
Exclusion criteria for benign participants include:
· Pregnancy or lactating women;
· Recipients of organ transplant or prior non-autologous (allogeneic) bone marrow transplant or stem cell transplant;
· Recipients of blood transfusion within 7 days prior to blood draw;
· Recipients of any anti-cancer therapy within 30 days prior to blood draw, due to diseases other than cancers;
· Confirmed diagnosis of malignancies or precancerous lesion;
· A history of malignant tumors. 
[bookmark: _Toc162962931]Inclusion and exclusion criteria for the high-risk population
Inclusion criteria include: 
· Age ≥ 40 and < 75 years old with the ability to provide informed consent; 
· Participants with cirrhosis caused by hepatitis B or hepatitis C virus infection, alcohol, genetic hemochromatosis, non-alcoholic fatty liver disease, stage 4 primary biliary cholangitis, alpha-1-antitrypsin deficiency, or other causes of cirrhosis, and Chronic hepatitis B viral infection.
Exclusion criteria include:
· Cancer-related clinical symptoms within 30 days prior to screening;
· Previous organ transplantation or non-autologous bone marrow or stem cell transplantation;
· Blood transfusion within 7 days prior to screening;
· Inability to tolerate routine cancer screening or contraindications for relevant examinations;
· Subjects who have received or are receiving curative treatment for cancer within 3 years prior to screening;
· Pregnant or lactating female subjects;
· Subjects with other clinically significant and/or poorly controlled comorbidities that, in the investigator's judgment, make them unsuitable for participation in the study.
[bookmark: _Toc162962932]Sample collection, processing, and sequencing
	Formalin-fixed tissues were obtained from eligible participants, and 8-10 mL peripheral blood samples were collected in Cell-Free DNA Streck tubes. After centrifugation at 1600 g for 20 minutes at room temperature, plasma samples were separated from whole blood and stored at -80℃. For DNA extraction, the QIAamp DNA formalin-fixed and paraffin-embedded (FFPE) tissue kit and the QIAamp Circulating Nucleic Acid Kit (Qiagen, Valencia, CA, USA) were employed for tissue and plasma samples, respectively, following the manufacturer's instructions.
Methylation sequencing began with the generation of target libraries using the ELSA-seq method. This method has a limit of detection (LOD) of 0.01%. Afterwards, the libraries were quantified using real-time PCR and sequenced on the NovaSeq 6000 instrument. The average sequencing depth was 1,000× and 500× for plasma and tissue samples, respectively. Raw sequencing data (.fastq) were trimmed by Trimmomatic and aligned to the hg19 reference genome using BWA-meth. PCR duplicate reads were identified and removed by samblaster. Paired reads were processed to represent the originating DNA fragments, and those with discordant pairing or low mapping quality (MAPQ < 60) were removed from further analyses. Rather than examining individual CpG sites, methylation blocks were utilized for further analysis. These blocks were defined as regions with assembled CpG sites that demonstrated highly correlated methylation levels and close genomic distances. Ultimately, methylation values for 7,558 blocks covering 161,984 CpG sites were generated for each sample.
For somatic mutation analysis, library preparation was based on Unique Molecular Identifiers (UMI), and cfDNA were sequenced at a depth of 35,000× using a 168-gene panel. This method has been validated by the Sequencing Quality Control Phase 2 (SEQC2) workgroup initiated by the FDA and the LOD of this method can reach 0.2%. This panel covers the vast majority of genes associated with HCC, such as TP53, CTNNB1, KEAP1, RB1 and ARID1A. Additionally, sequencing on white blood cells was performed at a depth of 10,000× to exclude clonal hematopoiesis and germline mutations.
Definition of methylation block score
We defined the measure of the methylation block score as follows:

For a given block, n represents the total number of reads covering multiple CpG sites. Li denotes the number of CpG sites covered on ith read, while lij signifies the length of successive methylated CpG sites (>1), and m stands for the total counts on the ith read. Normalizing the depth difference, the number of reads in each region was utilized to constrain the metric within the range of 0 to 1.
[bookmark: _Toc162962933]Marker selection and construction of the methylation-based model
First, differentially methylated blocks (DMBs) were identified between the cancer and non-cancer control tissues, with the criteria of adjusted P < 0.05 and absolute mean difference ≥ 0.2. Next, these DMBs were further compared using the Boruta algorithm in the blood samples from HCC and non-HCC participants in the training set and the DMBs with adjusted P < 0.05 and absolute mean difference ≥ 0.02 were retained. Additionally, to further ensure the efficacy of the model in distinguishing very early-stage HCC from benign diseases, DMBs derived from comparing blood samples of Barcelona Clinic Liver Cancer Classification (BCLC) stage 0 HCC patients against those of LC, HBsAg+/CHB, and other benign subjects in the training set were also added. These blood-specific DMBs were selected using the Boruta algorithm with criteria of an adjusted P < 0.05 and an absolute mean difference ≥ 0.02.
Based on the DMBs identified, a methylation-based two-category model was developed in the training set using the supporting vector machine (SVM) algorithm with radial basis function kernel from caret R package (version 6.0) in order to distinguish between HCC samples and non-HCC controls. To determine the optimal regularization parameter C and sigma and estimate the performance of the classifier, ten-fold cross-validation was implemented. Receiver operating characteristics curves (ROC) were generated with the maximized area under the curve (AUC) to select the best model and optimize parameters.
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