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Abstract
The limited performance of guideline- recommended abdominal ultrasound 
and serum alpha- fetoprotein (AFP) highlights the urgent, unmet need for new 
biomarkers for more accurate detection of early hepatocellular carcinoma 
(HCC). To this end, we have conducted a prospective clinical validation study 
to evaluate the performance of the HelioLiver Test, a multi- analyte blood test 
combining cell- free DNA methylation patterns, clinical variables, and protein 
tumor markers. A blinded, multicenter validation study was performed with 
247 subjects, including 122 subjects with HCC and 125 control subjects with 
chronic liver disease. The performance of the HelioLiver Test was compared 
with AFP and the GALAD score as established HCC surveillance blood tests. 
The performance of the HelioLiver Test (area under the receiver operating 
characteristic curve [AUROC] = 0.944) was superior to both AFP (AUROC 
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INTRODUCTION

Mortality of liver cancer, with hepatocellular carcinoma 
(HCC) as the major histological type, has substantially 
increased over the past two to three decades in the 
United States and worldwide, and its incidence is pro-
jected to continue to increase over the next decade.[1– 3] 
HCC prognosis remains dismal (5- year survival <15%) 
due to frequent diagnoses at late, noncurable stages.[4,5]

To increase HCC tumor detection at earlier stages 
that are more amenable to curative treatment, practice 
guidelines recommend semi- annual HCC surveillance 
using ultrasound with or without serum alpha- fetoprotein 
(AFP) for high- risk populations.[6– 8] However, the sub-
optimal performance of current HCC surveillance tests 
hinders effective early tumor detection. The sensitiv-
ity of ultrasound for detecting early- stage HCC is only 
45%, and a systematic review and meta- analysis study 
has suggested that the improvement to ultrasound by 
adding AFP is limited to only 63%.[9] Additionally, the 
performance of ultrasound is reduced by various fac-
tors such as obesity, which is sharply increasing glob-
ally.[10,11] Thus, HCC surveillance tests with superior 
performance are urgently needed. In an effort to im-
prove HCC detection, the GALAD score was developed 
by combining age, sex, AFP, Lens culinaris agglutinin- 
reactive AFP (AFP- L3%), and des- gamma- carboxy 
prothrombin (DCP).[12] The GALAD score has shown 
superior HCC detection performance compared with 
AFP, but there is room for improvement,[13,14] indicat-
ing the still unmet need for HCC surveillance tests with 
substantially improved performance characteristics.

“Liquid biopsies” assaying the methylation of circu-
lating cell- free DNA (cfDNA) released from cancer cells 
have been actively explored as a promising noninvasive 
biomarker to sensitively detect various cancer types, in-
cluding HCC, at early stages.[15] Previously, from a com-
prehensive methylome profiling of HCC tissue/plasma 

samples combined with machine- learning analysis, 
we identified cfDNA methylation markers associated 
with the presence of HCC in patients with chronic liver 
diseases as a potential HCC detection biomarker.[16,17] 
Based on this foundational work, we further optimized 
the candidate cfDNA methylation panel and developed 
the HelioLiver Test, a multi- analyte blood test that com-
bines cfDNA methylation markers with patient demo-
graphic information and clinically available HCC tumor 
markers (components of the GALAD score) to enable 
robust and accurate HCC detection. Here, we validated 
the performance characteristics of the HelioLiver Test 
in a prospective, blinded, multi- center phase 2 bio-
marker study (the ENCORE study; NCT05059665).

PATIENTS AND METHODS

Study design

The HelioLiver Test was prospectively validated in 
an independent, multicenter study (the HelioLiver 
Test Validation Set 1) for the blinded evaluation of 
test performance as an HCC early detection marker 
(The Specimen Collection for Multi- analyte Blood 
Test for Hepatocellular Carcinoma [ENCORE] study; 
NCT05059665). The full study details can be accessed 
on clini caltr ials.gov.

Study subjects

Subjects recruited in this study were patients newly di-
agnosed with HCC or patients with a benign liver dis-
ease that were recommended for HCC surveillance 
and were found to be without HCC (control subjects). 
Subjects with HCC were diagnosed by histopathologic 
examination or by specific radiologic characteristics 

= 0.851; p < 0.0001) and GALAD (AUROC = 0.899; p < 0.0001). Using a 
prespecified diagnostic algorithm, the HelioLiver Test showed sensitivities of 
85% (95% confidence interval [CI], 78%– 90%) for HCC of any stage and 76% 
(95% CI, 60%– 87%) for early stage (American Joint Committee on Cancer 
[AJCC] I and II) HCC. In contrast, AFP (≥20 ng/mL) alone and the GALAD 
score (≥−0.63) showed lower sensitivities of 62% (95% CI, 54%– 70%) and 
75% (95% CI, 67%- 82%) for HCC overall, and 57% (95% CI, 40%– 71%) and 
65% (95% CI, 49%– 79%) for early stage (AJCC I and II) HCC, respectively. 
The specificities of the HelioLiver Test (91%; 95% CI, 85%– 95%), AFP (97%; 
95% CI, 92%– 99%), and the GALAD score (94%; 95% CI, 88%– 97%) were 
similar for control subjects. The HelioLiver Test showed superior performance 
for HCC detection compared to with both AFP and the GALAD score and 
warrants further evaluation in HCC surveillance settings.

http://clinicaltrials.gov
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according to current practice guidelines in China.[18] 
HCC stage (i.e., extent of tumor spread) was deter-
mined for subjects according to the American Joint 
Commission on Cancer (AJCC) 8th Edition. The con-
trol subjects were patients who were recommended to 
HCC surveillance in China[18] due to underlying chronic 
liver disease, including chronic fibrotic liver diseases 
from any cause, chronic hepatitis B virus (HBV) infec-
tion, chronic hepatitis C virus infection, fatty liver dis-
ease, and nonalcoholic fatty liver disease.

The presence of cirrhosis was defined by histology 
or clinical evidence of portal hypertension in subjects 
with chronic liver disease. All clinical information, in-
cluding patient demographics and clinical characteris-
tics, were prospectively obtained from medical records.

All subjects were prospectively and consecutively 
enrolled at the Third Affiliated Hospital of Sun Yat- sen 
University (Guangzhou, China) and the First Affiliate 
Hospital of Guangzhou Medical University (Guangzhou, 
China) between 2020 and 2021 with written informed 
consent. The study was approved by their respective 
ethical review boards.

In total, the study included 140 patients with HCC 
and 150 patients diagnosed with a benign liver disease 
without HCC (control subjects). A total of 93 subjects 
were enrolled at the Third Affiliated Hospital of Sun 
Yat- sen University, and 210 subjects were enrolled 
at the First Affiliate Hospital of Guangzhou Medical 
University. Subsequently, 5 subjects were excluded 
for incomplete health and/or demographic information, 
and 44 subjects were excluded for failing to meet qual-
ity control criteria for the HelioLiver Test, specifying an 
average sequencing coverage of ≥50 times among all 
target sites. The final study population analyzed con-
sisted of 122 patients with HCC and 125 control sub-
jects (Table 1).

Serum protein HCC tumor markers

Serum concentrations of AFP, AFP- L3%, and DCP 
were measured by using commercially available assays 
(Hotgen Biotech, Beijing, China) on a HotGen MQ60 in-
strument according to the manufacturer’s instructions.

cfDNA methylation detection with targeted 
capture assay

The Helios Eclipse platform was used to evaluate meth-
ylation patterns of cfDNA at target sites (Table S1). To 
this end, total cfDNA was isolated from specimens by 
using the EliteHealth cfDNA Extraction Kit (EliteHealth, 
Guangzhou Youze, China). Isolated cfDNA was eluted 
into nuclease- free low- bind 1.5- mL microcentrifuge 
tubes and stored at −80°C. DNA concentration was 
measured using the Qubit dsDNA High Sensitivity 

Assay Kit (Thermo Fisher Scientific, USA) as per man-
ufacturer’s instructions. A total of 5 ng cfDNA per sam-
ple was used to prepare the barcoded next- generation 
sequencing (NGS) libraries by using the NEB Next 
Enzymatic Methyl- seq Kit (New England Biolabs, USA) 
according to the manufacturer’s instructions. The librar-
ies were then pooled in groups of 24 barcoded librar-
ies at 100 ng each and hybridized with a custom set 
of HelioLiver capture probes (Twist Bioscience, USA) 
to capture the target library sequences using the Twist 
Fast Hybridization and Wash Kit, along with the Twist 
Universal Blocker. The captured libraries were then 
supplemented with 20% PhiX genomic DNA library 
to increase base calling diversity and submitted for 
NGS on either a HiSeq X or a NovaSeq 6000 platform 
(Illumina, USA).

cfDNA methylation data analysis

Raw sequencing data were first trimmed by TrimGalore 
(ver. 0.6.5) to remove low- quality (Phred score < 20) se-
quences and potential adapter contamination. To remove 
M- bias, 5 bp and 10 bp of sequence was trimmed from 
the 5’ end of Read 1 and Read 2, respectively. Cleaned 

TA B L E  1  Clinical characteristics of study participants

HCC
Control 
subjects

Subjects (n) 122 125

Age, median, years 55 47

Sex

Male (n) 106 (87%) 83 (66%)

Female (n) 16 (13%) 42 (34%)

Liver disease

Cirrhosis, n (%) 45 (37%) 46 (37%)

Chronic HBV, n (%) 88 (72%) 72 (58%)

Chronic HCV, n (%) 3 (3%) 4 (3%)

Fatty liver disease, n (%) 1 (1%) 20 (16%)

Othera, n (%) 34 (28%) 26 (21%)

Protein tumor markers

AFP, median (ng/mL) 65.8 1.7

AFP- L3%, median (%) 10% <5%

DCP, median (ng/mL) 13.8 0.6

GALAD 2.76 −4.52

Stage

I 29 (24%)

II 8 (7%)

III 43 (35%)

IV 28 (23%)

Unstaged or unknown 14 (12%)

Abbreviations: HBV, hepatitis B virus; HCV, hepatitis C virus.
aOther liver conditions include liver cysts and benign liver tumors.
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sequencing reads were then aligned to the hg19 human 
reference genome by using BSMAP (ver. 2.90).[19] The 
aligned reads were further processed by Samtools (ver. 
1.13)[20] and Bedtools (ver. 2.29.1)[21] to select only pri-
marily mapped reads with fragment size between 80 
bp and 200 bp. Methratio.py (BSMAP) was finally used 
to extract the methylation ratio from aligned bam files. 
Samples with insufficient sequencing depth (<50 times) 
were excluded from the downstream analysis.

HelioLiver Test

The HelioLiver Test (Figure 1) was developed to dis-
criminate between patients with HCC from high- risk 
patients without HCC. Figure 2 summarizes the overall 
HelioLiver Test development. Briefly, DNA methylation 
sites that were shown to be differentially methylated 
between HCC and control subjects for tissue and 
blood specimens were first identified from The Cancer 
Genome Atlas and evaluated in previous studies.[16,17] 
These target DNA methylation sites were included in a 
Discovery methylated cell- free DNA (m- cfDNA) panel. 
DNA methylation sites with undesirable characteristics 
(e.g., repeated elements, poor sequence capture) in the 
NGS- based cfDNA methylation assay were then re-
moved to generate a preliminary NGS m- cfDNA panel.

Finally, an optimized subset of m- cfDNA markers, 
clinically available serum protein markers (AFP, AFP- 
L3%, and DCP), and patient demographics (age and 
sex) were combined to generate the HelioLiver Test. To 
this end, we first selected cytosine- guanine dinucleo-
tide (CpG) sites showing significant methylation alter-
ation in HCC samples compared to non- HCC control 
samples. Subsequently, the feature selection R pack-
age “Boruta” was used to identify the optimal cfDNA 
methylation markers within the Integrative Training 
Set. This approach identified 77 CpG sites in 28 genes 
(Table S1) as being significantly and consistently 

differentially methylated for HCC and was used to 
construct the cfDNA methylation model. For model 
training, we assessed different off- the- shelf machine 
learning models and chose the random forest model 
(implemented by R package “Ranger”) that showed the 
best performance. The hyper parameters of the ran-
dom forest model were fine- tuned by the grid- search 
method. The cfDNA methylation component, protein 
tumor marker component, and demographic compo-
nent were combined by using a decision tree model to 
generate the HelioLiver Test diagnostic algorithm. The 
threshold of the HelioLiver Test diagnostic algorithm 
was fixed based on the out- of- bag predictions in the 
Training Set to achieve approximately 90% specificity. 
The HelioLiver diagnostic algorithm was then locked 
before the initiation of this validation study (ENCORE). 
For cfDNA methylation analysis, targeted NGS capture 
was performed by using the Preliminary NGS m- cfDNA 
panel. However, only the 28 target genes (77 CpG sites) 
included in the HelioLiver Test (Table S1) were used to 
calculate HelioLiver Test results.

Statistical analysis

For the independent clinical validation of the HelioLiver 
Test (in Validation Set 1), the primary endpoint was to 
compare the area under receiver operating character-
istic (AUROC) curve of the HelioLiver Test to both AFP 
alone and the GALAD score. The co- secondary end-
points were to compare the sensitivity and specificity 
of the HelioLiver Test (using a prespecified diagnostic 
algorithm and cutoffs) to AFP at the most commonly 
reported clinical cutoff of 20 ng/mL,[22] at a lower cutoff 
of 10 ng/mL, and to the GALAD score at a proposed 
cutoff of −0.63.[12] As an exploratory endpoint, the sen-
sitivity of the HelioLiver Test was compared with AFP 
and the GALAD score at standardized specificities. As 
a post hoc analysis, the performance characteristics 

F I G U R E  1  The HelioLiver Test Workflow. Blood specimens were collected from patients and then assayed for alpha- fetoprotein (AFP), 
Lens culinaris agglutinin- reactive AFP (AFP- L3%), and des- gamma- carboxy prothrombin (DCP) by using immunoassays, and for cell- free 
DNA (cfDNA) methylation patterns of 28 genomic regions by using a cfDNA Methylation Assay. The data for each assay were then input into 
a diagnostic algorithm with the patient’s age and sex, to generate a qualitative (positive/negative) test result
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of AFP- L3% alone, DCP alone, and the combination 
of AFP and DCP[23] were also calculated for compari-
son. Due to the relatively high prevalence of chronic 
HBV within the study population, a post hoc subgroup 
analysis was additionally performed in a subpopulation 
of subjects without chronic HBV infection, to compare 
the AUROC curve, sensitivity, and specificity of the 
HelioLiver Test, AFP alone, and the GALAD score.

The comparison of the AUROCs for both all sub-
jects with HCC and only early (stage I and II) HCC were 
performed by sample permutation– based Wilcoxon 
signed- rank test (10,000 permutations) with Bonferroni 
correction. The comparisons of the sensitivity and 
specificity of the HelioLiver Test to AFP and GALAD 
score were performed using McNemar’s test for paired 
proportions. A two- tailed p value less than 0.05 was 
regarded as statistically significant. All statistical anal-
yses were performed by using Prism software version 

8.0 (GraphPad, La Jolla, CA). To assess confounding, 
the logit function from the python statsmodels module 
(statsmodels.formula.api.logit) was used to perform lo-
gistic regression, with the cancer status as the response 
variable, and the HelioLiver Test result along with age, 
gender, and several benign liver conditions as explana-
tory variables. For each variable, the exponential of the 
coefficient was calculated to determine the odds ratio.

RESULTS

Development of the HelioLiver Test and 
algorithm

The HelioLiver Test algorithm was developed as out-
lined in Figure 2. Interestingly, 10 of the 28 genes in 
our cfDNA panel are involved in molecular pathways 

F I G U R E  2  Development of the HelioLiver Test. To develop the HelioLiver Test, DNA methylation markers that were consistently 
differentially methylated by hepatocellular carcinoma (HCC) were first identified in both tissue and blood specimens (Derivation Set 1 
and Derivation Set 2), yielding the Discovery cfDNA methylation (m- cfDNA) panel. This Discovery m- cfDNA panel was then refined to 
exclude markers with undesirable characteristics (repeated elements, poor capture) to generate the Preliminary m- cfDNA panel. The 
Preliminary next- generation sequencing (NGS) m- cfDNA panel was then combined with protein tumor markers (AFP, AFP- L3%, and DCP) 
and patient demographic data (age and sex) within an Integrative Training Data Set, to train the HelioLiver Test diagnostic algorithm. The 
final HelioLiver Test consists of 28 gene (77 CpG site) m- cfDNA markers, three protein tumor markers (AFP, AFP- L3%, and DCP), and 
patient demographic characteristics (age and sex). The HelioLiver Test was then evaluated within HelioLiver Validation Set 1 (described in 
this manuscript; ENCORE study; NCT05059665). White boxes indicate test development steps. Gray boxes represent sample sets. ICC, 
intrahepatic cholangiocarcinoma
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implicated in HCC pathogenesis,[24,25] whereas of the 
497 unselected genes, only MLK1[26] has been associ-
ated in molecular pathways implicated in HCC patho-
genesis (Figure S1).

Independent validation of the HelioLiver 
Test (the ENCORE study)

We prospectively enrolled 247 evaluable subjects 
(Figure 3), including 122 subjects diagnosed with HCC 
and 125 subjects with a chronic liver disease, who were 
found to be without HCC after undergoing HCC surveil-
lance (control subjects). The demographic and clinical 
characteristics of all eligible subjects are described in 
Table 1. The subjects with HCC were older (median age 
= 55 years) compared with the control subjects (median 
age = 47 years). The major disease etiology was HBV 
infection similarly among both subjects with HCC (72%) 
and control subjects (58%), in part due to the high rate 
of HBV infections in China. As expected, AFP, AFP- 
L3%, DCP, and the GALAD score were higher in the 
subjects with HCC compared to the control subjects. 
The individual performance of the 525 genes included 
in the Preliminary NGS cfDNA panel used to evalu-
ate ENCORE subjects and the performance of the 28 
genes included in the HelioLiver Test are described in 
Table S1.

Performance of the HelioLiver Test 
for HCC detection compared with 
AFP and GALAD

As the primary endpoint of the study, AUROC curves 
were used to compare the performance characteris-
tics of the HelioLiver Test to both AFP alone and the 
GALAD score for the detection of HCC (Figure 4). The 
HelioLiver Test demonstrated a significantly higher 

AUROC of 0.944 (95% CI 0.917– 0.975) compared with 
AFP (AUROC 0.851; 95% CI 0.777– 0.903; p < 0.0001), 
AFP- L3% (AUROC 0.801; 95% CI 0.755– 0.847; p < 
0.0001), DCP (AUROC 0.780; 95% CI 0.719– 0.842; 
p < 0.0001), and the GALAD score (AUROC 0.899; 
95% CI 0.833– 0.941; p < 0.0001) for the detection of 
HCC overall (Figure 4A). The HelioLiver Test (AUROC 
0.924; 95% CI 0.846– 0.986) also outperformed both 
AFP (AUROC 0.806; 95% CI 0.653– 0902; p < 0.0001), 
AFP- L3% (AUROC 0.769; 95% CI 0.686– 0.852; p < 
0.0001), DCP (AUROC 0.742; 95% CI 0.632– 0.852; 
p < 0.0001), and the GALAD score (AUROC 0.842; 
95% CI 0.693– 0.926; p = 0.0003) for the detection of 
early- stage (AJCC stage I and II) HCC (Figure 4B). As 
anticipated, the performance of GALAD was superior 
to AFP, AFP- L3%, and DCP alone for detection of both 
HCC overall and early HCC (Figure 4).

To investigate whether confounding variables influ-
enced the HelioLiver Test results, we used logistic re-
gression analysis to assess the relationship between 
the patient group (subjects with HCC or control sub-
jects) and the HelioLiver Test result in the presence of 
potential confounding variables including age, gender, 
and underlying liver disease. We then calculated an 
odds ratio for the HelioLiver Test result, adjusted for 
these potential confounders (Table S2). The coefficient 
associated with the HelioLiver Test prediction was cal-
culated to be 3.9 with a p value < 2.2e- 16 and an odds 
ratio = 50. This suggests that patients that have a pos-
itive HelioLiver Test are approximately 50 times more 
likely to actually have HCC than patients with a nega-
tive test result. This odds ratio was adjusted for patient 
demographic data (age and gender) and the underlying 
liver disease of the subjects.

To further confirm that the underlying etiology of 
liver disease for ENCORE subjects did not influence 
the performance characteristics of the HelioLiver Test, 
a subset of 100 subjects diagnosed with HCC and 100 
control subjects with matched liver disease etiologies 

F I G U R E  3  ENCORE validation study workflow
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was identified (Table S3). Within the etiology- matched 
subgroup of subjects, the HelioLiver Test demonstrated 
superior performance characteristics (Table S4) for 
HCC overall (AUROC 0.933; 95% CI 0.905– 0.964) 
compared with AFP (AUROC 0.844; 95% CI 0.789– 
0.898), AFP- L3% (AUROC 0.797; 95% CI 0.745– 0.848; 
p < 0.0001), DCP (AUROC 0.750; 95% CI 0.678– 0.821; 
p < 0.0001), and the GALAD score (AUROC 0.881; 
95% CI 0.832– 0.930) (Figure S2). The HelioLiver Test 
(AUROC 0.917; 95% CI 0.866– 0.968) similarly outper-
formed the AFP (AUROC 0.803; 95% CI 0.708– 0.898), 
AFP- L3% (AUROC 0.765; 95% CI 0.682– 0.849; p < 
0.0001), DCP (AUROC 0.733; 95% CI 0.622– 0.844; p 
< 0.0001), and GALAD score (AUROC 0.834; 95% CI 

0.743– 0.924) for the detection of early (Stage I and II) 
HCC within the etiology matched subgroup of subjects.

As co- secondary endpoints, the sensitivity and speci-
ficity of the HelioLiver Test (using a prespecified diagnos-
tic algorithm and cutoffs) were compared with GALAD 
and the individual protein tumor markers at standard 
clinical cutoffs. These test performance characteristics 
are summarized in Table 2. The HelioLiver Test (85.2%; 
95% CI 77.8%– 90.4%) demonstrated a superior overall 
sensitivity for the detection of all- stage HCC compared 
with AFP at both the commonly used cutoff 20 ng/mL 
(62.3%; 95% CI 53.5%– 70.4%) and a lower cutoff of 10 
ng/mL (68.0%; 95% CI 59.3%– 75.6%). The HelioLiver 
Test was also more sensitive than the GALAD score at 

F I G U R E  4  Receiver operating characteristic (ROC) curves for HCC blood tests. (A) ROC curves for analysis of all subjects diagnosed 
with HCC and control (benign liver disease) subjects. (B) Subjects diagnosed with early- stage (American Joint Commission on Cancer 
[AJCC] stage I and II) HCC and control (benign liver disease) subjects. AUROC, area under receiver operating characteristic

TA B L E  2  Comparison of test performance characteristics for detection of HCC

Early- stage (I + II) 
sensitivity, %  
(95% CI) (n = 37)

Late- stage (III + IV) 
sensitivity, %  
(95% CI) (n = 71)

Overall sensitivity, % 
(95% CI) (n = 122)

Specificity, % (95% 
CI) (n = 125)

HelioLiver Test 75.7 (59.9, 86.7) 91.5 (85.2, 95.3) 85.2 (77.8, 90.4) 91.2 (84.9, 95.0)

GALAD (≥−0.63) 64.9 (48.8, 78.2) 80.3 (72.4, 86.4) 75.4 (67.1, 82.2) 93.6 (87.9, 96.7)

GALAD (≥−1.2)a 70.3 (54.3, 82.5) 81.7 (73.9, 87.6) 77.9 (69.8, 84.4) 91.2 (84.9, 95.0)

AFP (≥10 ng/mL) 62.2 (46.1, 76.0) 69.0 (57.5, 78.6) 68.0 (59.3, 75.6) 90.4 (84.0, 94.4)

AFP (≥12.1 ng/mL)a 59.5 (43.5, 73.4) 67.6 (58.9, 75.3) 66.4 (57.6, 74.2) 91.2 (84.9, 95.0)

AFP (≥20 ng/mL) 56.8 (40.1, 71.4) 63.4 (54.6, 71.4) 62.3 (53.5, 70.4) 96.8 (92.1, 98.8)

AFP- L3% (≥10%) 51.4 (35.9, 66.6) 60.6 (49.0, 71.1) 59.8 (50.9, 68.1) 97.6 (93.2, 99.2)

DCP (≥7.5 ng/mL) 40.5 (26.3, 56.5) 62.0 (50.4, 72.4) 52.5 (43.7, 61.2) 93.6 (87.9, 96.7)

AFP (≥20 ng/mL) + DCP (≥7.5 ng/mL) 67.6 (51.5, 80.4) 80.3 (72.4, 86.4) 76.2 (67.9, 82.3) 91.2 (84.9, 95.0)
aCutoff value corresponds to HelioLiver Test specificity of 91%.
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an established cutoff of −0.63 (75.4%: 95% CI 67.1%– 
82.2%). The HelioLiver Test demonstrated a superior 
sensitivity (75.7%; 95% CI 59.9%– 86.7%) for early- 
stage (I and II) HCC when compared with AFP at both 
the 20- ng/mL cutoff (56.8%; 95% CI 40.1%– 71.4%) and 
the 10- ng/mL cutoff (62.2%; 95% CI 46.1%– 76.0%), and 
the GALAD score (64.9%; 95% CI 48.8%– 78.2%) at the 
cutoff of −0.63. The specificity of the HelioLiver Test 
(91.2%; 95% CI 84.9%– 95.0%) was comparable to AFP 
at the 10- ng/mL cutoff (90.4%; 95% CI 84.0– 94.4%) and 
the GALAD score (93.6%; 95% CI 87.9%– 96.7%). The 
sensitivity of both the HelioLiver Test and the GALAD 
score (at both the −0.63 and −1.2 cutoffs) was found to 
be superior to AFP- L3% (≥10% cutoff), DCP (≥7.5 ng/mL 
cutoff), and the combination of AFP (≥20 ng/mL cutoff) 
and DCP (≥7.5 ng/mL cutoff)[23] for the detection of both 
HCC overall and early- stage HCC (Table 2).

As an exploratory endpoint, the sensitivity of the 
HelioLiver Test was compared with AFP and the 
GALAD score at the specificity determined for the 
HelioLiver Test (91.2%) (Table 2). At this standardized 
specificity, the sensitivity of the HelioLiver Test for HCC 
detection overall was 85.2% (95% CI 77.8%– 90.4%), 
which was higher than AFP (cutoff = 12.1 ng/mL; 66.4%; 
95% CI 57.6%– 74.2%) and the GALAD score (cutoff = 
−1.2; 77.9%; 95% CI 69.8%– 84.4%). The sensitivity of 
early- stage HCC detection for the HelioLiver Test was 
75.7% (95% CI 59.9%– 86.7%), which remained higher 
than AFP (cutoff = 12.1 ng/mL; 59.5%; 95% CI 43.5%– 
73.4%) and the GALAD score (cutoff = −1.2; 70.3%; 95% 
CI 54.3%– 82.5%). The sensitivity of the HelioLiver Test 
also remained higher than both AFP and the GALAD 
score at the remaining standardized specificities be-
tween 85% and 95% (Figure S3, Table S5).

The major underlying liver disease etiology in the 
ENCORE study was HBV, which is more prevalent in China 
compared with many other areas of the world. To gain in-
sight surrounding this issue, a post hoc exploratory sub-
group analysis was performed in subjects with non- HBV 
etiologies (Table S6). AUROC of the HelioLiver Test (0.93; 
95% CI 0.863– 0.983) remained higher than AFP (0.913; 
95% CI 0.852– 0.974) and the GALAD score (0.901; 95% 
CI 0.825– 0.977) within this non- HBV subgroup (Figure S4). 
Additionally, the sensitivity of the HelioLiver Test (86.7%; 
95% CI 70.4%– 94.7%) was also higher than AFP (66.7%; 
95% CI 48.8%– 80.8%) and the GALAD score (80.0%; 
95% CI 62.7%– 90.5%) within this subgroup for all HCC 
(Table S7). These results suggest that the performance of 
the HelioLiver Test is etiology agnostic.

DISCUSSION

In this phase 2 cancer detection biomarker study as de-
fined by the NCI Early Detection Research Network,[27] 
we confirmed that the HelioLiver Test demonstrated 
superior performance in detecting early- stage (AJCC 

stage I and II) HCC compared with clinically available 
tests (AFP, AFP- L3%, and DCP), the combination of 
AFP and DCP,[23] and the GALAD score.

The current standard of care for HCC surveillance is 
ultrasound either with or without AFP. A recent meta- 
analysis of 32 separate studies (consisting of 13,367 pa-
tients) indicated ultrasound alone has a sensitivity of 84% 
(95% CI 76%– 92%) for HCC of any stage and 47% (95% 
CI 33%– 61%) for early- stage HCC.[9] These relatively 
wide CIs for ultrasound sensitivity are indicative of the 
variability of ultrasound performance in different clinical 
settings. This variability is due in part to differences in the 
skill and training of the ultrasound operator, the quality 
of the instrument, and confounding factors that reduce 
ultrasound sensitivity, such as obesity and underlying 
liver disease.[28] Interestingly, many of these challenges 
posed to ultrasound as an HCC surveillance tool may be 
overcome by the development of a sensitive and easy- to- 
use blood test. Further subgroup analysis of studies com-
paring the performance of ultrasound with or without AFP 
indicated that including AFP increases the sensitivity for 
early HCC lesions from 45% for ultrasound alone to 63% 
for the combination of ultrasound and AFP.[9] However, 
the specificity is reduced from 92% to 84%.

Various meta- analyses have calculated the pooled 
sensitivity and specificity for the individual protein tumor 
markers evaluated in this study to be 61% and 86% for 
AFP,[29] 56% and 90% for AFP- L3%,[30] and 69% and 
88% for DCP,[31] respectively. The combination of these 
three markers as part of the GALAD score consistently 
outperforms any of these markers individually. Within 
separate, multicenter studies of subjects with HCC with 
different etiologies of liver disease, the GALAD score 
was calculated to have sensitivities from 68% to 92% 
and specificities from 88% to 95%.[13,14,32] However, the 
combination of GALAD and ultrasound was found to 
possess superior performance characteristics than ei-
ther test alone, with a sensitivity of 95% and specificity 
of 91%.[32] In this study, the sensitivity of the HelioLiver 
Test was found to be superior to AFP, AFP- L3%, and 
DCP individually, and to the combination of these mark-
ers as part of the GALAD score.

Of note, the HelioLiver Test, which incorporates 
components of the GALAD score, achieved improved 
performance over the GALAD score itself by addition-
ally measuring cfDNA methylation patterns from blood. 
Similar attempts also showed promising improvement 
of the GALAD score’s performance by combining ad-
ditional tests and examinations such as ultrasound and 
tumor glycomics biomarkers,[19,20] suggesting that this is 
a valid strategy to incorporate such biomarkers and/or 
other HCC surveillance modalities for clinical translation.

Various types of biomolecules have been evaluated 
as potential HCC biomarkers. These include (1) a pro-
teomics approach that identified a panel of seven serum 
protein markers[33]; (2) the DNA methylation marker 
Sept9,[34,35] which has previously been evaluated for 
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detection of colorectal cancers; (3) the combination of 
detecting both protein biomarkers and cfDNA mutations 
by using an NGS approach and protein markers[36]; and 
(4) the measurement of up to six cfDNA methylation sites 
by using a polymerase chain reaction– based approach 
in combination with one to three protein markers.[37,38] 
A common observation in these studies is that assays 
combining multiple types of analytes generally achieve 
superior performance compared with single- analyte 
methods, while other specific parameters to maximize 
performance of cfDNA- based assays remain elusive. 
A recent technical assessment in gastrointestinal can-
cers, including HCC, suggested that approximately at 
least 10 to 50 cfDNA methylation markers are needed to 
achieve robust and accurate distinction between cancer 
cases and control subjects. This finding is consistent to 
our foundational work[16,17] and the number of cfDNA 
methylation markers (77 CpG markers in 28 genes) in-
corporated into the HelioLiver Test (Figure 1). As previ-
ously mentioned, we found that several of the 28 genes 
in our cfDNA panel are involved in molecular pathways 
implicated in HCC pathogenesis, such as mitogen- 
activated protein kinase signaling, interleukin- 17, toll- 
like- receptor- mediated innate immunity, and T/B- cell 
receptor signaling.[24,25] In contrast, only one (MLK1) 
of the 497 unselected genes[26] has been associated 
in molecular pathways implicated in HCC pathogene-
sis (Figure S1). This suggests that our marker selection 
based solely on their HCC detection performance in-
deed enriched broad HCC- pathogenesis- related path-
ways, which may not be sufficiently covered by small 
gene panels. Such knowledge of underlying HCC bi-
ology may lead to the use of multianalyte blood tests, 
such as the HelioLiver Test, as a companion biomarker 
test to guide therapeutic interventions targeting relevant 
pathways. Additionally, the cfDNA methylation model 
used in the HelioLiver Diagnostic Algorithm was trained 
with the Integrative Training Set, which consisted ex-
clusively of specimens collected from U.S. patients 
(Figure 2). In this study, we found that the HelioLiver 
Test outperformed both the GALAD score and each of 
the three evaluated protein tumor markers individually 
within a study cohort consisting entirely of patients from 
China. This finding suggests that the cfDNA methyla-
tion markers incorporated into the HelioLiver Test are 
not strongly influenced by the race or ethnicity. Further 
comparisons within boarder patient populations will be 
needed to evaluate this hypothesis.

Studies support the survival benefit of semi- annual 
HCC surveillance, but its real- world use is only 24% 
in all clinical settings and below 9% in community clin-
ics.[39,40] Among the several obstacles for implemen-
tation and use of the recommended HCC surveillance 
approach, the requirement of abdominal ultrasound is a 
major logistical barrier that compromises adherence to 
semi- annual surveillance.[41] If a blood test, such as the 
HelioLiver Test, is found to have favorable performance 

characteristics when compared with ultrasound- based 
HCC surveillance, then HCC surveillance using a blood 
test may prove to be a more accessible option for patients. 
Reducing logistical barriers to semi- annual surveillance 
is anticipated to significantly improve adherence or even 
inspire more frequent monitoring of at- risk patients.

Despite the promising performance of our test, there 
are several limitations inherent to our study design. First, 
all subjects with HCC were diagnosed before enrollment. 
HCC diagnosis of all study subjects occurred after sus-
picion of HCC by ultrasound and/or serum AFP within 
a surveillance setting, or in subjects previously present-
ing with symptoms of HCC, which are not generally as-
sumed in a surveillance setting. Thus, it is not feasible 
to directly compare the performance of the experimental 
tests assessed in this study to the current standard- care 
surveillance method of ultrasound with or without AFP 
for the detection of HCC, as this population is biased 
for subjects in whom HCC was detected by the current 
surveillance techniques. Second, some control subjects 
with chronic liver diseases were diagnosed as HCC- free 
based only on ultrasound and AFP rather than with diag-
nostic imaging such as multiphasic magnetic resonance 
imaging (MRI) or computed tomography. Therefore, al-
though unlikely, it is possible that some of the control sub-
jects may have undiagnosed HCC. Third, surveillance 
tests such as the HelioLiver Test are expected to have 
the most significant impact on health outcomes when 
HCC is detected at an early stage, when curative treat-
ment options are more likely. The enrollment of a greater 
number of subjects with early- stage HCC in follow- up 
case- control studies or prospective studies will allow for 
a more robust analysis of test performance for subjects 
with early HCC. Finally, the underlying HCC etiology was 
biased toward HBV infection, which is representative of 
the patient population in China.[42– 44] The limitations in 
the design of our study are common among recently pub-
lished studies to evaluate the performance of novel blood 
tests for HCC.(33– 38,45) To address these limitations, the 
HelioLiver Test is being further evaluated as part of a 
currently ongoing phase 3 biomarker study, in which the 
performance of the HelioLiver Test will be directly com-
pared with standard- of- care ultrasound using multiphasic 
MRI as the gold standard for HCC diagnosis (CLiMB trial; 
NCT03694600). Prospective trials that directly compare 
the performance characteristics of the current standard- 
of- care surveillance methods to these novel blood tests 
for HCC detection are essential for evaluating the true 
contribution of these potential surveillance tools.

CONCLUSIONS

The HelioLiver Test was found to have a superior sensi-
tivity for HCC and a similar specificity when compared 
to both AFP alone and the GALAD score. Most im-
portantly, the HelioLiver Test demonstrated a superior 
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sensitivity for early- stage (AJCC I and II) HCC when 
compared with either AFP testing alone or the GALAD 
score. The implementation of a blood test such as the 
HelioLiver Test will enable easy, flexible, noninvasive, 
and accurate HCC detection at early stages, and signif-
icantly improve treatment outcomes for a transforma-
tive reduction of HCC mortality.
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