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Simple Summary: Circulating cell-free DNA (cfDNA) has emerged as a compelling candidate of 
liquid biopsy markers for early diagnosis and prognosis of several cancers. We systematically 
reviewed the existing data on the potential role of cfDNA markers in diagnosis, prognosis and 
treatment of hepatocellular carcinoma (HCC). According to our findings, there are many data 
supporting that specific cfDNA species could be rather useful liquid biomarkers for early HCC 
diagnosis, although further research and methodological improvements are necessary. Moreover, 
cfDNA markers can be useful for monitoring treatment effectiveness and for early detection of 
minimal residual disease post-treatment, thus optimizing patients’ management. 

Abstract: Circulating cell-free DNA (cfDNA) has emerged as a compelling candidate of liquid biopsy 
markers for diagnosis and prognosis of several cancers. We systematically reviewed the data on the 
role of cfDNA markers in diagnosis, prognosis and treatment of hepatocellular carcinoma (HCC). 
Early studies suggested that levels of circulating cfDNA, mitochondrial DNA and cfDNA integrity 
are higher in patients with HCC than chronic liver diseases. Numerous subsequent studies showed 
that methylation changes in circulating tumor DNA (ctDNA) as well as cfDNA fragmentation 
patterns and circulating nucleosomes offer excellent diagnostic accuracy with high sensitivity (>60%) 
and excellent specificity (>90%) for HCC diagnosis. The predictive role of cfDNA markers and ctDNA 
has been assessed in a few studies including untreated patients with HCC providing promising 
results for prediction of survival, but detection of such markers or copy number variations indicators 
of cfDNA post-hepatectomy seems to reflect minimum residual disease and thus high risk for HCC 
recurrence. The same markers can be useful for prediction after transarterial chemoembolization, 
radiofrequency ablation, radiotherapy and even systemic therapies. In conclusion, cfDNA markers 
can be useful in HCC surveillance improving early diagnosis rates as well as for monitoring treatment 
effectiveness and minimal residual disease post-treatment. 

Keywords: hepatocellular carcinoma; cell free DNA; tumor DNA; methylation 
 

1. Introduction 

Liver cancer currently represents the sixth most prevalent cancer and the third leading cause of 
cancer related death worldwide with hepatocellular carcinoma (HCC) being responsible for 75–85% 
of such cases [1,2]. Not only the incidence of HCC has been rising over the recent years, but the 
projections for the future are more discouraging with HCC related deaths expected to continuously 
increase in the next decade [3]. Therefore, early diagnosis, accurate prediction and optimized 
treatment of HCC are of great clinical importance. 
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HCC usually develops in patients with pre-existing chronic liver disease, more frequently 
chronic infection with hepatitis B virus (HBV) and especially cirrhosis, cirrhosis due to chronic 
infection with hepatitis C virus (HCV), alcohol related and any other cause of cirrhosis. In recent 
years, advanced liver injury or cirrhosis due to metabolic dysfunction-associated steatotic liver 
disease (MASLD) is becoming the most common risk factor for HCC in most Western countries [4,5]. 
All patients at increased risk of HCC are recommended to undergo surveillance for early HCC 
diagnosis [4]. Although the HCC diagnosis can be often made by non-invasive imaging methods such 
as computed or magnetic resonance tomography [4], the current methods of HCC surveillance 
including 6-monthy ultrasonography with or without alfa fetoprotein (AFP) measurements remain 
suboptimal for several reasons. Thus, HCC is often diagnosed at advanced stages leading to limited 
treatment options and reduced patients’ survival. In addition, there are no markers of accurate 
prediction and most importantly markers which may tailor and optimize treatment efforts [6]. 

Recently, liquid biopsy has been a field of growing interest especially in oncology, as it is a non-
invasive method which can be potentially helpful for the identification of specific cancer biomarkers 
and characteristics [6]. In particular, circulating cell-free DNA (cfDNA) has emerged as a compelling 
candidate of liquid biopsy markers [7]. Hence, our systematic review focuses on the potential role of 
cfDNA markers in diagnosis, prognosis and treatment of HCC. 

2. Circulating cfDNA 

2.1. Types and Subtypes 

cfDNA usually presenting as circulating double-stranded DNA fragments associated with 
nucleosomes is released into the bloodstream as a result of apoptosis, necrosis, and secretion. In 
patients with cancer, tumor cells release specific components of cfDNA which constitute the 
circulating tumor DNA (ctDNA) representing <1% to 90% of the total cfDNA [6,7]. 

2.2. Methods of Detection 

Several features of the cfDNA have been employed to develop assays that could be used as a 
readout for the diagnosis, prognosis and therapy of HCC. Specifically, approaches pertinent to the 
total quantity and integrity of cfDNA, alterations in its methylation status, DNA fragmentation, as 
well as detection of mutations have been used in this field [8]. 

Firstly, estimation of total cfDNA concentration and integrity are considered traditional 
methods in HCC research and semi-quantitative or quantitative PCR approaches for the detection of 
specific housekeeping genes or ALU amplicons are utilized to this direction. Other methods, such as 
Qubit Fluorometric Quantification for the detection of double-stranded DNA are also used; 
nevertheless, the heterogeneity of HCC may nowadays dispute their importance during HCC 
prediction and monitoring [8–10]. 

Global cfDNA methylation or analysis of the methylation status of CpG islands of specific genes 
such as HOXA1, EMX1, TSPYL5, SEPT9, ECE1, PFKP, CLEC11A have been identified and utilized as 
indicators of the progression and prognosis of HCC [6]. The methodological detection in this case 
includes a spectrum of approaches including targeted low-cost ones such as methylation-specific 
PCR assays and pyrosequencing approaches focused in specific genomic regions and genes, up to 
more sophisticated NGS-based approaches such as whole genome bisulfite sequencing [11]. As far as 
DNA fragmentation of cfDNA is concerned, the base pair size of the “fragments” depends on 
nucleosome packing and is used predominantly in the case of patients at risk for developing HCC 
[6]. Whole genome sequencing approaches are usually applied for fragmentation analyses and the 
short/long fragments ratio serves as an indicator of fragmentation [12]. In addition, mutations at the 
promoters or other regions of genes such as TP53, TERT, CTNNB1 have been used for this purpose, 
especially in the case of early-stage HCC. In most of the cases, commercially available kits developed 
for the isolation of circulating nucleic acids are used, followed by PCR-enhancement of the fragments 
of interest which are then analyzed using several sequencing platforms. Digital Polymerase Chain 
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Reaction (dPCR) system and Tagged-amplicon deep sequencing (TAm-Seq) have also been used for 
the same purpose [6,13–15]. More expensive untargeted approaches such as whole exome sequencing 
have also been utilized in certain studies [8]. 

3. Search Strategy, Selection Criteria and Data Extraction 

PubMed from January 2000 to November 2024 was searched to identify all medical literature 
included under the following search text terms “cell free DNA” AND “hepatocellular carcinoma” In 
addition, a manual search of relevant review articles and of the retrieved original studies was 
performed. 

All studies published in English as full papers were included, if they fulfilled the following 
criteria: (1) were observational studies (case-control, cross-sectional or cohort) or randomised trials, 
(2) included at least 50 patients for HCC diagnosis and prognosis or at least 30 patients for HCC 
therapy, (3) assessed the role of cfDNA in the diagnosis, prognosis or therapy of patients with HCC. 

Literature search was performed by two independent reviewers (AP, VL), who determined 
which studies could be potentially included. Two lists of selected papers were compared for 
concordance and discrepancies were discussed and arbitrated by a third reviewer (GP). Each study 
in the list of selected papers was evaluated by two independent reviewers (AP, VL) to determine 
whether it fulfilled all the inclusion criteria. These two reviewers extracted data from the selected 
papers according to a predefined form. The two data summary tables were compared for 
concordance and discrepancies were discussed and arbitrated by a third reviewer (GP). 

4. cfDNA for HCC Diagnosis 

cfDNA concentration and several cfDNA species, such as integrity, methylation and target 
mutations, have been assessed as potential markers of HCC diagnosis, but the results sometimes 
seem to vary among different studies. The key findings of the studies in this setting are described 
below and are presented in Tables 1–4. 

4.1. cfDNA Concentration and Integrity (Table 1) 

Table 1. Circulating cell free DNA (cfDNA) concentration and integrity for diagnosis of hepatocellular 
carcinoma (HCC). 

First author, 
yearReference 

HCC 
patients 

Controls Species of cfDNA Sensitivity Specificit
y 

AUROC 
(95% CI) 

Other key 
findings 

Izuka, 2006 
[16] 

52 HCV 30 HCV & 
18 controls 

cfDNA levels 
measured by rtPCR 

(GSTP1 gene) 
69% 93% 0.90 (0.83-

0.96) 

cfDNA superior 
than AFP or 

PIVKA-II 

Iida, 2008 
[17] 

96 HCV 100 HCV 
Serum cfDNA 

levels 
NA NA NA 

cfDNA levels: 
higher in HCC 
than non-HCC 
cases, p<0.001; 

High cfDNA level: 
association with 

HCC inflammatory 
status 

Tokuhisa, 
2007 [18] 

96 HCV 100 HCV cfDNA levels NA NA NA 

cfDNA higher in 
HCC vs non-HCC 

pts (116 vs 34 
ng/mL, p<0.0001) 

Elzehery, 
2022 [19] 

50 HCV  
50 HCV 
LC & 50 
controls 

cfDNA levels & 
cfDNA integrity 

(Alu247/115)  

cfDNA:82
% 

integrity:7
0% 

cfDNA: 
76% 

integrity: 
88% 

cfDNA: 
0.83 (0.75-

0.91); 
integrity: 
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0.86 (0.78-
0.93) 

Lian, 2024 
[20] 

63 HBV 90 CHB  
Genome-wide copy 
number and tumor 
content in cfDNA 

1 year pre-
diagnosis 

23% 
BCLC 
A:30% 

98% NA 

High tumor 
content associated 

with tumor stage & 
poor survival 

Jiang, 2015 
[24] 90 

135 
controls 

(103 CLD) 

ctDNA size and 
mitochondrial 

DNA 

Mitochond
rial DNA: 

80% 

Mitochon
drial 

DNA: 
94% 

Mitochond
rial DNA: 

0.93 
 

Huang, 2016 
[23] 

53 (& 19 
non-HCC 
cancers) 

37 controls cfDNA integrity: 
Alu247/Alu115 

43% 100% 0.705 

cfDNA integrity: 
may be useful for 
HCC treatment 

surveillance 

Papatheodo
ridi, 2021 [9] 

19 CHB  38 CHB 

cfDNA, Alu115, 
Alu247, 

nucleosomes & 
cfDNA integrity 

(Alu247/115)  

NA NA NA 

HCC-CHB vs CHB 
– median Alu 247: 
64 vs 23, p=0.010; 
Alu247/115: 1 vs 

0.7, p<0.001   

Papatheodo
ridi, 2021 

[21] 
37 CHB  74 CHB 

cfDNA levels, Alu 
247 & 115, RNase P 

coding DNA, 
mitochondrial 

DNA, DNA 
methylation   

NA NA 

0.80 (0.71–
0.89) for 
RNase P 

levels 

Median Alu247: 
123 vs 69, p=0.042; 
median RNase P:  

GE 68 vs 15, 
p<0.001 

Kamal, 2022 
[22] 

80 HCV 80 HCV 
LC 

cfDNA integrity 
(Alu115/247) by 

rtPCR 
85% 97.5% NA  

AFP: alfa fetoprotein; AUROC: area under receiving operating characteristic; CHB: chronic hepatitis B; CI: 
confidence interval; CLD: chronic liver disease; HBV: hepatitis B virus; HCV: hepatitis C virus; LC: liver 
cirrhosis; NA: not available; rtPCR: reverse transcription polymerase chain reaction. 

In three early studies from Japan, serum cfDNA levels were found to be higher in patients with 
HCV related HCC compared to HCV carriers or healthy controls [16–18] suggesting however that 
serum cfDNA level in such cases may be associated with the inflammatory tumor status [17]. In a 
more recent study from Egypt, cfDNA levels were also reported to be useful in discriminating 
patients with HCV cirrhosis from patients with HCV related HCC [19]. Finally, one study from China 
indicated that the tumor content of circulating cfDNA is related with the development of HBV related 
HCC and presents an increasing trend during the 4-year period preceding clinical diagnosis of HCC, 
whereas it is correlated with tumor burden and worse survival [20]. 

Our group has shown that cfDNA integrity is higher in chronic hepatitis B (CHB) patients with 
than without HCC and that increased cfDNA integrity is related to worse one year HCC prognosis 
[9]. In addition, we have reported that the levels of RNAse P in cfDNA, an indicator of amplifiable 
genomic DNA, are increased in serum of CHB patients even 5 years before the diagnosis of HCC [21]. 
In the previously reported study from Egypt, levels of cfDNA integrity (Alu 247/Alu 115) were shown 
to be higher in HCV patients with HCC than HCV patients with cirrhosis [19], while, in another study 
from Egypt, cfDNA integrity was reported to be lower in plasma of HCV genotype 4 patients with 
HCC than HCV genotype 4 patients with cirrhosis [22]. In a study from China, plasma cfDNA 
integrity was found to be lower in patients with liver cancers (including HCC, intrahepatic 
cholangiocarcinoma and liver metastasis from other primary tumors) compared to a small sample of 
individuals with benign liver diseases and healthy controls [23]. On the other hand, in a study from 
Hong Kong, elevated amounts of mitochondrial DNA were detected in the plasma of patients with 
HCC compared to CHB patients with or without cirrhosis and healthy controls [24]. 
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4.2. cfDNA Methylation in HCC Diagnosis (Table 2) 

Numerous studies have supported a potential role of cfDNA methylation in HCC diagnosis. In 
2017, in a large study from China including 1098 HCC cases and 835 healthy controls divided in 
training and validation cohorts, epigenetic alterations in cfDNA and specifically a circulating tumor 
DNA (ctDNA) methylation marker were reported to offer excellent diagnostic accuracy (AUROC: 
0.94-0.97) with high specificity (90%-94%) and sensitivity (83%-86%), which was furtherly correlated 
with tumor burden, stage and treatment response [25]. Towards the same line, additional studies 
from China have suggested that several diagnostic models based on methylation markers and 
mutations can exhibit high rates of sensitivity (60%-94%) and specificity (91%-98.5%) for HCC 
diagnosis [26–30], whereas the combined use of traditional markers including AFP appears to 
potentially increase the diagnostic performance of such tests [26,30]. Moreover, cfDNA methylation 
ratio [methylation copies/(methylation copies plus unmethylation copies)] was also suggested to 
have good diagnostic accuracy for HCC diagnosis [31]. In a case control study from Germany and 
USA, a DNA-methylation panel established by next generation sequencing (NGS) offered very good 
diagnostic accuracy with excellent specificity (97%) and acceptable sensitivity (58%) which was 
improved after the combined use of the NGS panel with AFP (AUROC: 0.90) [32]. In a phase 2 
prospective clinical trial, HelioLiver Test, which combined cfDNA methylation patterns with clinical 
characteristics and protein tumor markers, showed sensitivity of 85% for any or early stage (76%) of 
HCC diagnosis performing better than AFP and GALAD score and having similarly high specificity 
(>90%) [33]. 

More specific methylation markers have also been evaluated. In 2014, three studies from China 
reported that hypermethylation of specific of cfDNA regions (TGR5 promoter, IGFBP7 promoter, 
INK4A promoter) are detected more frequently in HCC cases compared to controls often including 
CHB patients, whereas the combined use of AFP seemed to improve the diagnostic accuracy of these 
markers especially sensitivity [34–36]. In 2018 in two phase 2 studies, the methylation of SEPT9 
promoter in cfDNA was shown to offer high sensitivity (85%-94%) and specificity (84%-91%) in 
discriminating HCC cases among cirrhotic patients [37]. Recently in a study from Korea, specific HCC 
methylation markers including Ring Finger Protein 135 and Lactate Dehydrogenase B were also 
shown to offer good sensitivity (57%) for HCC diagnosis, especially in combination with AFP 
(sensitivity 70%), maintaining excellent specificity (93%-94%) [38]. Additionally, studies from China 
suggested that liquid biopsy based on 5-hydroxymethylcytosine signatures of cfDNA may accurately 
distinguish HCC patients from healthy controls and high HCC risk patients [39,40], whereas the 
diagnostic accuracy can increase by combining other HCC biomarkers such as AFP and des-gamma-
carboxy prothrombin [40]. In 2024, a large multicenter study including three cohorts reported that 
HCC specific differentially methylated regions (DMRs) by NGS & quantitative methylation-specific 
polymerase chain reaction (PCR) could offer a model based on DNRs that may represent an effective 
tool for HCC detection and prognosis, demonstrating high sensitivity (71%-86%) and specificity 
(90%-92%) for HCC diagnosis [41]. 

Table 2. Circulating cell free DNA (cfDNA) methylation markers or models for diagnosis of hepatocellular 
carcinoma (HCC). 

First author, 
yearReference 

HCC 
pts Controls Species of cfDNA Sensiti-

vity 
Specifi-

city 
AUROC  (95% 

CI) Other key findings 

Xu, 
2017 
[25] 

Training 
cohort 

715 560 HCC-specific 
methylation marker 

Panel by targeted 
bisulfite sequencing 

86% 94% 0.97 (0.96-0.98) Correlation with tumor 
burden, stage, & 

treatment response; 
prediction of survival 

Validation 
cohort 

383 275 83% 90.5% 0.94 (0.93−0.96) 

Wang, 2020 [31] 97 
80 & 46 

CHB/CHC 

cfDNA methylation 
ratio [methylation cp/ 

(methyla-
tion+unmethylation 

cp)] 

79% 89% 0.81 (0.72-0.90)  
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Lewin, 
2021 
[32] 

Training 
cohort 

41 46 LC 
cfDNA methylation 

markers: 
HCCBloodTest 

(Epigenomics AG) & 
NGS panel 

77% & 
57%; 

NGS & 
AFP:68% 

64% & 
97%; NGS 

& AFP: 
97% 

NGS:                     
0.85 (0.78–0.91) 

NGS & AFP: 
0.90 (0.84-0.95) 

 
Testing 
cohort 

60 103 LC 

Luo, 
2022 
[26] 

Training 
cohort 

120 
290 (65 

HBsAg+) 
& 92 LC 

cfDNA methylation 
profiles based on tissue 

methylation profiles 
from pts and controls 

86% 98% 0.98 (0.97-0.99) For early-stage HCC 
diagnosis:              

AUROC 0.93               
(95% CI: 0.90-0.96) Validation 

cohort 
67 

242 (56 
HBsAg+) 
& 111 LC 

84% 96% 0.97 (0.95–0.99) 

Lin, 
2022 
[33] 

Phase 2 
study 

122 125 CLD 
HelioLiver Test: 

methylation, clinical & 
tumor markers 

85% 91% 0.94 (0.92-0.97) 

HelioLiver Test 
superior sensitivity for 

HCC detection than 
AFP and GALAD score 

Wang, 
2022 
[27] 

Training 
cohorts 

30 & 60 30 & 60 (Epi)Genetic alterations 
in cfDNA and genome-

wide discovery of 
methylation markers 

93% 95% 0.96 (0.93-1.00) 
 

Independe
nt cohort 

58 198 90% 94% 0.93 (0.90-0.97) 

Phan, 
2022 
[30] 

Testing 
cohort 

58 
121 LC or 

CH 
cfDNA methylation 
markers (450 target 
regions, 18,000 CpG 

sites) 

62% 91% 0.84 (0.82–0.90) Plus GALAD score – 
AUROC: 0.87 (95% CI: 
0.85–0.94) (sensitivity: 
69%, specificity: 96%)  

Validation 
cohort 

48 
72 LC or 

CH 
60% 96% 0.84 (0.82–0.90) 

Deng, 2023 [28] 62 
39 & 67 

CLD 

cfDNA methylation by 
whole genome 

sequencing plus deep 
learning techniques 

94% 
(early 
sta-ge 
HCC: 
90%) 

98.5% 
(early sta-
ge HCC: 
89.5%) 

0.99 (0.98-0.99) 
Superior diagnostic 
accuracy than AFP 

Guo, 2023 [29] 73 
84 & 22 

CLD 

cfDNA methylation by 
enzymatic methyl 

sequencing 
90% 97% 0.96 (0.93-0.99)  

Han, 2014 [34] 
160 

HBV 
133 (88 
CHB) 

Methylation of TGR5 
promoter  

TGR5+ 
AFP: 

65%-81% 

TGR5+AFP
: 85%-39% 

TGR5 without 
AFP: 0.67 (0.61–

0.73.) 
 

Li, 2014 [36] 
136 

HBV 
35 & 46 

CHB 
Methylation at IGFBP7 

promoter  
65% 83% 0.74 

HCC with vascular 
invasion: higher 

IGFBP7 methylation 
rates (84% vs 60%, 

p=0.010)  

Huang, 2014 [35] 66 43 CLD 
Methylation at INK4A 

promoter 

65/39/20
% for 5/7/ 
10% CpG  

87/96.5/99
% for 

5/7/10% 
CpG cut-

off 

0.82 
 

INK4A methylation & 
AFP: sensitivity 80% 

(45.5% for AFP alone) 

Oussala
h, 2018 

[37] 

Initial 
study 

51 135 LC mSEPT9 test: SEPT9 
promoter methylation 

in cfDNA 

94% 84% 0.94 (0.90–0.97) 
 

Replication 47 56 LC 85% 91% 0.93 (0.86–0.97) 

Kim, 2023 [38] 313 
413 (211 

high risk) 
Methylation markers of 

RNF135 & LDHB 
57%; & 

AFP:70% 
94%; & 

AFP: 93% 
0.80 (0.76-0.83) 

Superior sensitivity 
than AFP alone (45%) 

Cai, 2019 [39] 1204 
958 & 392 
CHB/LC 

Genome-wide 5-hydro-
xymethylcytosines: 32-
gene diagnostic model 

83% 76% 

0.88 (0.86-0.91) 
Early stage 
HCC: 0.85 
(0.81-0.89) 

Superior performance 
than AFP alone 

Cai, 
2021 
[40] 

Training 
set 

103 167 
HCC score: 5-hydroxy-

xymethylcytosine 
signatures & AFP & 

des-γ-carboxy-
prothrombin  

79% 91% 0.92 (0.88−0.92) Prediction of relapse 
and survival after 

resection in high HCC 
recurrence risk pts Test set 32 60 94% 78% 0.95 (0.89−0.95) 

Guo, 
2024 
[41] 

Training 
cohort 

293 
266 (96 

CHB/LC) 
Differentially 

methylated regions 
(DMRs) by NGS & 

quantitative methyla-
tion-specific PCR 
HepaAiQ: 20 best 

DMRs 

86% 92% 0.94 (0.93-0.96) 
High postoperative 

HepaAiQ score: higher 
HCC recurrence risk 
(Hazard Ratio: 3.33, 

p<0.001) 

Validation 
cohort 

205 
318 (100 

CHB/LC) 
84% 90% 0.94 (0.93-0.95) 

Independe
nt cohort 

65 
124 

CHB/LC 
71% 90%  
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AFP: alfa fetoprotein; AUROC: area under receiving operating characteristic; CH: chronic hepatitis; CHB: 
chronic hepatitis B; CI: confidence interval; CLD: chronic liver disease; GALAD score: serum AFP, AFP-L3, des-
γ-carboxy-prothrombin, gender, age; HBV: hepatitis B virus; IGFBP7: insulin-like growth factor-binding protein 
7; LC: liver cirrhosis; LDHB: Lactate Dehydrogenase B NGS: next generation sequencing; PCR: polymerase chain 
reaction; pts: patients; RNF135: Ring Finger Protein 135. 

4.3. cfDNA Fragments Size and Nucleosomes (Table 3) 

Recent research indicated that cfDNA fragmentation patterns and circulating nucleosomes hold 
potential as diagnostic biomarkers for HCC. In several studies from China, cfDNA fragmentation 
profiles (e.g., fragment size, tumor fraction, copy number and 4-mer end motifs) determined by low-
coverage whole genome sequencing sometimes combined with machine learning programs were 
shown to offer excellent sensitivity (87%-97%) and specificity (80%-99%) for detection of HCC 
[12,42,43]. In another study from China, the combination of copy number variations and cfDNA 
fragment size with AFP was reported to result in improved sensitivity of 75% and specificity of 98% 
for diagnosing HCC [44]. Similar results were presented when a different cfDNA fragmentation 
profile by low-coverage whole genome sequencing was analyzed by machine leaning approach and 
tested in a training USA/European cohort and then validated in a Hong Kong cohort [45]. Moreover, 
in a study from Vietnam and USA, cfDNA fragmentomics resulted in 13 HCC related genes, which 
seemed to offer high sensitivity and specificity for HCC diagnosis [46]. 

Another group from China created a score, namely HIFI score, which comprised nucleosomes, 
5-end motif, 5hmC, and fragment size patterns assessed by NGS and tested its performance in a 
training and a validation large cohort including 508 HCC patients, 2250 patients with cirrhosis and 
476 healthy controls reporting high accuracy in detecting HCC [47]. In 2024, the same group 
presented data for an updated version of HIFI score, which also included cfDNA copy number 
variation and was named PreCar. The score was tested in a multi-center, large-scale, cross-sectional 
study of two cohorts including collectively 586 HCC patients and 7048 cirrhotic patients and showed 
high sensitivity and specificity in diagnosing HCC patients [48]. Finally, another study from China 
proposed scores which incorporated cfDNA fragmentation, motifs scores and nucleosomes with an 
established HCC risk score (aMAP) and AFP achieving excellent diagnostic accuracy for HCC 
diagnosis (AUROC: 0.85-0.89) with good sensitivity (67%-70%) and excellent specificity (88%-92%) in 
both the training and validation cohorts [49]. 

Table 3. Circulating cell free DNA (cfDNA) fragmentation profiles and nucleosomes for diagnosis of 
hepatocellular carcinoma (HCC). 

First author, 
yearReference 

HCC 
pts Controls Species of cfDNA Sensitivity Specificity AUROC 

(95% CI) Other key findings 

Jin, 2021 [42] 
197 

HBV 
187 HBV 

Fragment size, tumor 
fraction, copy number 

& 4-mer end motifs 
NA NA NA 

These markers can help 
in HCC detection 

Meng, 2021 [44] 76 247 
Copy-numbers & 

fragment size plus AFP 
75% 98% 0.95 

High score: shorter 
recurrence-free survival 

Chen, 
2021 
[47] 

Training 255 260 & 347 
LC HIFI score = 4 cfDNA 

genomic features: 
nucleosome footprint, 

motif, 5hmC, 
fragmentation profiles 

    

 Validation 95 
100 & 100 

LC 
96% 95% 

0.995 (0.99–
1.000) 

Test 131 
116 & 1800 

LC 
95% 98% 

0.996 (0.992–
0.999) 

Sun, 2022 [12] 
110 HCC 

(105 HBV, 
5 HCV) 

342 (100 
HBV & 99 
HBV LC) 

Fragment size by 
whole-genome 

sequencing  
87%  88%  NA  

Zhang, 
2022 
[43] 

Trainin
g 

cohort 

159 (& 26/7 
ICC/mixed) 

170 (51 
LC/HBV) cfDNA fragmentomic 

profiles using whole-
genome sequencings 

97% 99% 0.995 
 

Test 
cohort 

157 (& 26/6 
ICC/mixed) 

164 (51 
LC/HBV) 

NA NA NA 
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Fan, 
2023 
[49] 

Training 
cohort 

47 1,706 LC 
aMAP2 Plus score, 

aMAP score & AFP & 3 
cfDNA signatures 

(nucleosome, fragment 
and motif scores) 

70% 92% 
0.89 (0.83-

0.94) 
 

Validation 
cohort 

67 2,520 LC 67% 88% 
0.85 (0.80-

0.90) 
 

Foda, 
2023 
[45] 

Training 
cohort 

75 
426 (133 

CLD) 

cfDNA fragmentation 
profiles by low-
coverage whole-

genome sequencing & 
machine learning 

program 

Average/ 
High risk: 
88%/85% 

Average/ 
High risk: 
98%/80% 

Average/High risk:  
0.98 (0.97–0.99),  
/0.90 (0.86-0.94) 

 
Validation 

cohort 
90 

133 (101 
LC/HBV) 

NA NA 
High risk:  

0.97 (0.95–0.99)  

Nguye
n, 2023 

[46] 

Test cohort 55 55 
ctDNA fragmentomics, 

13 HCC-related gene 
mutations 

89% 82% 0.88 Incorporation of 
mutation fragment 

length enhances early 
HCC detection 

Validation  54 53 81% 81% 0.86 

Chen, 
2024 
[48] 

Stage 1 510 4561 LC PreCar Score =5 cfDNA 
genomic features: 

nucleo-some footprint, 
motif, 5hmC, 

fragmentation profiles 

94% 95% NA PreCar Score: higher 
sensitivity than US or 

AFP; PreCar Score plus 
US: improved sensitivity 
for early/very early HCC 

Stage 2 76 2487 LC 51% 96% 
0.79 (0.73-

0.85) 

AFP: alfa fetoprotein; AUROC: area under receiving operating characteristic; CI: confidence interval; CLD: 
chronic liver disease; HBV: hepatitis B virus; ICC: intrahepatic cholangiocarcinoma; LC: liver cirrhosis; pts: 
patients; US: ultrasonography. 

4.4. cfDNA Target Mutations (Table 4) 

Table 4. Circulating cell free DNA (cfDNA) target mutations for diagnosis of hepatocellular carcinoma (HCC). 

First author, 
yearReference 

HCC 
pts 

Control
s Species of cfDNA Sensitivity Specif

icity 
AUROC 
(95% CI) Other key findings 

Wu, 
2023 
[50] 

Test cohort 151 145 LC Gene mutation signatures 
by cSMART & NGS: TERT, 

TP53 & CTNNB1 muta-
tions plus serum markers 

89% 81% 

0.87   Validation 
cohort 

112 88 LC 81% 82% 

Li, 2020 [51] 
50 

HBV 
 

Virus-host chimera DNA 
(vh-DNA) 

98% 
(detection 

limit: 1.5 cm) 
NA NA 

Correlation between vh-DNA 
copy number and tumor size: 

r=0.7955, p<0.0001. 

Campani, 2024 [59] 173 56 CLD 
ctDNA & cfDNA: mutations 

in TERT, TP53, CTNNB1, 
PIK3CA & NFE2L2 

   
ctDNA mutations correlated 
with active HCC (40.2%) vs 

controls (1.8%). 

AUROC: area under receiving operating characteristic; CI: confidence interval; CLD: chronic liver disease; cSMART: 

Circulating Single-Molecule Amplification and Resequencing Technology; ctDNA: cell tumor DNA; HBV: hepatitis B virus; 

LC: liver cirrhosis; pts: patients. 

A few studies have assessed the role of cfDNA mutations in HCC diagnosis, sometimes in 
combination with known HCC serum markers. In particular, in another study from China, three 
specific mutations in cfDNA, namely, TERT, TP53, and CTNNB1 were detected by Circulating Single-
Molecule Amplification and Resequencing Technology (cSMART): The combination of these 
mutations with established HCC serum markers, specifically AFP, AFP-L3, and PIVKA-II, resulted 
in improved sensitivity and specificity for early HCC diagnosis [50]. Using another approach, virus 
host chimera DNA was also assessed as a potential biomarker by NGS and was reported to have 
sensitivity of 98% for HCC detection [51]. 

5. cfDNA for HCC Prognosis 

The role of cfDNA markers in the prognosis of untreated patients with HCC has been evaluated 
in only two studies, both of which assessed their prognostic role after HCC treatment as well (Table 
5). 
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Table 5. Main characteristics of studies evaluating cell free DNA (cfDNA) as a marker of prognosis of 
hepatocellular carcinoma (HCC). 

First author, 
yearReference 

Study 
population 

Study 
design Main objective Marker 

type Methodology Key findings 

Xu, 2017 [52] 

1,098 HCC 
patients & 
835 healthy 

controls 

Retrospe
ctive 
case-

control 
study 

ctDNA methylation 
markers for HCC 

diagnosis, treatment 
response & 
prognosis 

ctDNA 
methyla-

tion 
markers 

Bisulfite 
sequencing, 

padlock probe 
capture, LASSO 
& random-forest 
feature selection 

Prognostic model - 8-marker panel 
correlated with survival outcomes. 

high-risk (cp-score>-0.24): worse 
survival than low-risk patients  

Treatment response monitoring - 
decreased cp-scores post-treatment: 
better outcomes than rising scores, 

which correlated with tumor burden 
and progression. 

Lian, 2024 
[20] 

67 patients 
with HBV-

related HCC 
& 90 

controls 

Retrospe
ctive 
case-

control 

Tumor-derived 
cfDNA (tumor 

content) as 
biomarker for 

monitoring, HCC 
progression and 

prognosis 

cfDNA 
tumor 

content 

Shallow WGS & 
ichorCNA 

method to assess 
genome-wide 
copy number 
variations & 

tumor content in 
cfDNA 

Tumor content and stage/survival - 
High tumor content in cfDNA 

correlated with advanced tumor 
stage (p<0.001) and poorer survival 
(HR:12.3, 95% CI:1.4–107.9; p=0.023) 
Post-treatment monitoring: -Tumor 
content turned negative post-surgery 
p=0.027) but remained positive after 

TACE (p=0.578). 

CI: Confidence Interval; ctDNA: Circulating Tumor DNA; HR: Hazard Ratio; TACE transarterial chemoembolization; WGS: 

Whole-Genome Sequencing. 

In a study from China and USA, the prognostic role of cell tumor DNA (ctDNA) methylation 
markers was explored in a large cohort of 1,098 HCC patients [52]. A panel of 8 methylation 
indicators, which were correlated with survival outcomes, were integrated into a prognostic 
prediction model, verified in independent training (n=680) and validation cohorts (n=369). The 
combined prognosis score (cp-score) efficiently categorized patients into high-risk and low-risk, with 
high-risk cases having independently reduced survival [HR: 2.4 (95% CI: 1.9–3.1) in the training and 
1.5 (95% CI: 1.2–1.9) in the validation cohort]. Moreover, the integration of cp-score with TNM staging 
enhanced prognosis accuracy, yielding superior AUC values (0.79 and 0.76 for training and 
validation datasets) in comparison to TNM staging alone. The study also emphasized the dynamic 
characteristics of ctDNA methylation alterations, illustrating its effectiveness in tracking treatment 
response. Patients who underwent full tumor excision demonstrated diminished cp-scores post-
surgery, whereas individuals with tumor growth or recurrence displayed elevated values. 

A recently published cohort study from China involving patients with HBV-related HCC 
emphasized the predictive value of tumor-derived circulating cfDNA [20]. High tumor content in 
cfDNA was found to correlate with advanced tumor stage (p<0.001) and poorer survival (HR:12.3, 
95% CI:1.4–107.9; p=0.023). In addition, paired pre- and post-treatment samples from 17 patients 
indicated a substantial correlation between tumor content in cfDNA and tumor burden as well as 
disease progression. In advanced-stage HCC, the sensitivity of cfDNA tumor content for identifying 
active disease was 82% for Barcelona Clinic Liver Cancer (BCLC) B and 95% for BCLC C, indicating 
its capacity to monitor tumor dynamics post-treatment. 

6. cfDNA and HCC Therapy 

The role of cfDNA markers in the prediction of HCC patients after treatment has been evaluated 
in several studies, mostly including cases treated with surgical or locoregional therapies and only a 
few including cases treated with systemic therapies. 

6.1. Surgical or Locoregional Therapies (Table 6) 

In an early study from Japan, the predictive significance of cfDNA levels post-curative 
hepatectomy was assessed in a cohort of 87 patients with HCV-related HCC and found to be 
correlated with clinical outcomes [18]. High cfDNA levels (≥117.8 ng/mL) were independently 
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associated with reduced overall survival (HR: 3.4; 95% CI: 1.5–7.6, p=0.004) and increased probability 
of extrahepatic recurrence (HR: 4.5; 95% CI: 1.3–14.9, p=0.014). 

The predictive role of postoperative circulating cfDNA levels was also explored in another study 
from China including 82 HCC patients who underwent curative hepatectomy, with postoperative 
cfDNA levels quantified by a fluorometric dsDNA assay [53]. Patients with high (>2.95 ng/μL) 
compared to low cfDNA levels had significantly lower recurrence-free survival (RFS) (median RFS: 
14 months vs. 19.5 months, p=0.022). Multivariate analysis indicated that postoperative cfDNA (HR: 
1.3, 95% CI: 1.1–1.6, p=0.023), tumor count, and microvascular invasion (MVI) serve as independent 
predictors of recurrence. Furthermore, postoperative cfDNA levels exhibited a correlation with 
significant clinical characteristics, including tumor diameter, vascular invasion, and advanced BCLC 
stages. 

Table 6. Main characteristics of studies evaluating the role of cell free DNA (cfDNA) on response/prognosis after 
surgical or locoregional therapy for hepatocellular carcinoma (HCC). 

First author, 
yearReference 

Study 
population 

Study 
design 

Main 
objective 

Marker 
type Methodology Key Findings  

Tokuhisa, 
2007 [18] 

96 HCV-
HCC 

patients (87 
resection) & 

100 HCV 
carriers 

Case-
control 

cfDNA levels 
for prediction 
of survival & 

distant 
metastasis 

cfDNA 
concentrati

on 

Real-time 
PCR 

quantification 
of cfDNA 

Prognostic cutoff - High cfDNA levels (>117.8 
ng/mL): shorter OS (HR:3.4, 95% CI: 1.5–7.6, 

p=0.004) & greater risk of EHR (HR:4.5, 95% CI: 
1.3–14.9, p=0.014). 

Tumor characteristics - cfDNA levels positively 
associated with tumor size and differentiation  

Long, 
2020 [53] 

82 HCC 
patients 

after hepa-
tectomy 

Prospec
tive 

cohort 
study 

Postoperative 
cfDNA levels 
as biomarker 
for recurrence 
and prognosis 

in HCC 
patients 

Postoperat
ive cfDNA 
concentra-

tions 

cfDNA 
postoperativel

y using a 
fluorometric 

dsDNA assay 

Postoperative cfDNA cutoff for recurrence: 2.95  
ng/μL (AUC:0.68, sensitivity:88%, 

specificity:45%). 
Survival analysis - High postoperative cfDNA 
(>2.95 ng/μL): poorer RFS (median 14 vs. 19.5 

mos, p=0.02) 
Independent risk factors for recurrence: cfDNA 
(HR: 1.287, p=0.023), tumor number (HR:0.037, 
p=0.004) & microvascular invasion (HR:0.127, 

p=0.005)  

Wang, 
2021 [54] 

117 HBV-
related HCC 

patients 
receiving 

radical 
treatments 

Prospec
tive 

cohort 
study 

Multi-level 
cfDNA CNV 
indicators for 

prognosis 
after radical 
treatments 

cfDNA 
CNVs 

(TFx, P-
score, S-

score) 

Low-coverage 
whole-
genome 

sequencing of 
plasma 

cfDNA, CNV 
profiling at 

genome-wide, 
chromosomal-
arm, and bin 

levels 

Genome-wide CNVs - 3 genome-wide indicators 
(TFx, P-score, and S-score): associated with 

poorer RFS and OS; High TFx (≥0.02), P-score 
(≥0.74) & S-score (≥0.04): associated with worse 

prognosis 
Chromosomal-arm CNVs - 17p loss/8q gain: HR 
4.31/3.20 for death (p<0.001) & HR 2.74/2.49 for 

recurrence (p≤0.003). 
Bin-level CNVs - A novel bin score (1Mb 

resolution): outperformed genome-wide and 
chromosomal-arm indicators in prognosis (AUC: 

0.820 for 1-year survival & 0.746 for 3-year 
survival) 

Fu, 2022 [55] 

258 HCC 
patients 

undergoing 
curative 

liver 
resection 

Prospec
tive 

cohort 
study 

Preoperative 
ctDNA for 

early 
recurrence 
prediction 

ctDNA 

Blood 
samples 
collected 

preoperativel
y, ctDNA 

detection and 
mutation 

analysis, RNA 
sequencing 
for immune 

profiling 

Early recurrence prediction - Number of ctDNA-
mutant genes: associated with early HCC 

recurrence (HR:2.2, p<0.001). 
High-risk patients - Mutations in HRGs (APC, 
ARID1A, CDKN2A, FAT1, LRP1B, MAP3K1, 

PREX2, TERT, TP53): worse RFS (HR:13, p<0.001). 
Prognostic nomogram - Combination of ctDNA 
risk level and TNM stage predicted recurrence 

with high accuracy (C index:0.76). 
Therapy response prediction - FAT1 or LRP1B 

but no TP53 mutations: worse PFS with 
lenvatinib plus ICIs after recurrence (HR:17, 

p<0.001). 
Immune profiling - ctDNA status correlates with 

tumor immune infiltration 
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Dong, 2022 
[56] 

64 HCC 
patients 

treated with 
TACE, 57 

LC patients 
& 32 healthy 

controls 

Prospec
tive 

case-
control 
study 

cfDNA copy 
number 

profiling and 
TFx as 

biomarkers 
for TACE 
efficacy 

cfDNA, 
CNV, TFx 

LD-WGS of 
cfDNA pre- 

and post-
TACE; tumor 
fraction and 

CNV profiling 

Pre-TACE – High TFx (≥0.1): correlation with 
tumor burden and prediction of shorter PFS (97 

vs. 189 days) & OS (243 vs. 630 days)  
Post-TACE - Reductions in TFx (>0.03): better PFS 

(163 vs. 63 days, p=0.007) and aligned with 
imaging-based assessments. 

Lipiodol deposition - Amplifications in 
chromosomes 1q,3p, 6p, 8q, 10p,12q, 18p and18q 
were associated with poor lipiodol deposition. 

TFx outperformed AFP levels in predicting 
tumor burden and therapeutic outcomes 

(Sensitivity: 85.3%, Specificity: 94.4%). 

Muraoka, 
2021 [14] 

67 HCC 
patients: 32 
TACE, 35 

TKIs 

Prospec
tive 

cohort 
study 

cfDNA 
hTERT 

promoter 
mutations for 

predicting 
responses 

cfDNA 
(hTERT 

promoter 
mutation) 

cfDNA by 
dPCR; 

analysis of 
mutant vs. 
wild-type 

cfDNA 
changes 

TACE – Mutant cfDNA rate increased post-TACE 
(33% to 73%, (p=0.001). Post-TACE correlations: 

mutant cfDNA changes with tumor necrosis 
(p<0.001) & wild-type cfDNA changes with AST 

changes (p<0.001) 
TKIs - Mutant cfDNA levels peaked within 1 

week only in responders, who had longer PFS (10 
vs. 3.4 months, p = 0.004). 

Nakatsuka, 
2021 [57] 

100 HCC 
patients: 

TACE: 32, 
MTAs 

(lenvatinib, 
sorafenib, 

regorafenib): 
35, RFA: 33 

Prospec
tive 

cohort 
study 

cfDNA levels 
and mutation 

profiles for 
tumor 

response & 
treatment 
outcomes 

cfDNA, 
ctDNA, 
TERT 

promoter 
mutations 

cfDNA levels 
measured 

pre- & post-
treatment; 

TERT 
mutations 
detected 

using ddPCR; 
ultra-deep 
sequencing 

(22,000x 
coverage) 

Baseline cfDNA -High (>70.7 ng/mL) vs low 
baseline cfDNA: shorter OS (5.5 vs. 14 mos, 

p<0.001) 
Post-treatment - cfDNA levels increased post-

TACE (49 to 249 ng/mL, p<0.001) & post-RFA (39 
to 96 ng/mL, p < 0.001); rate of TERT mutations 
increased post-TACE (45% to 57%) & post-RFA 

(42% to 55%) 
Post-MTA - cfDNA levels increased after 

initiation of MTA; >1.5-fold cfDNA increase 
within 1 week: longer PFS (10 vs. 3.4 mos, 

p=0.004) 
Lenvatinib response: associated with mutations 

in genes like AMER1, MLL3 and NOTCH2 
identified by ultra-deep sequencing 

Kim, 
202358 

37 patients 
with 

advanced 
HCC under-

going RT 

Prospec
tive 

cohort 
study 

cfDNA for 
prediction of 

treatment 
response in 
advanced 

HCC treated 
with RT 

cfDNA 
genomic 

instability 
score (I-
score) 

cfDNA 
analysis at 

pre-RT and 1 
week post-RT, 

whole-
genome 

sequencing, 
genomic 

instability 
scoring 

Genomic instability - I-score: predictive of PFS 
(AUC=0.71; sensitivity=50%, specificity=91%) 

Pre-RT I-score - Pre-treatment I-score (≥6.3) was 
associated with worse PFS (HR=2.69, p=0.017) 

and correlated with tumor burden.  
Post-RT I-score - High I-score (≥6.2): poor 

responses (non-complete response, p=0.034).  
Dynamic changes in I-score - delta I-score ratio 

reflected treatment effects, with negative/positive 
ratios in responders/non-responders. 

Campani, 
2024 [59] 

173 HCC 
patients and 
56 controls 
(including 
cirrhotic 
patients) 

Prospec
tive 

case-
control 

ctDNA as 
biomarker for 
tumor biology 
and treatment 

monitoring 

ctDNA 

NGS on 
MiSeq & 

droplet based 
digital PCR 
for TERT, 

TP53, 
CTNNB1, 
PIK3CA 
NFE2L2 

mutations 

ctDNA mutations - 40% of active HCC, 14.6% of 
inactive HCC & 1.8% of controls 

- Increasing prevalence in advanced stages 
(BCLC C: 65% vs. BCLC 0: 8%). 

- Reduced OS with locoregional therapies 
(HR:2.6, p=0.001). 

ctDNA mutations post-treatment - Detection 
prior to and 24 hours after percutaneous ablation 

& persistence throughout the initial 4 cycles of 
atezolizumab+bevacizumab: lower OS and RFS. 

AFP: Alpha-Fetoprotein; AST: Aspartate Aminotransferase; AUC: Area Under the Curve; BCLC: Barcelona 
Clinic Liver Cancer; CHIP: Clonal Hematopoiesis of Indeterminate Potential; CI: Confidence Interval; CNV: 
Copy Number Variation; ddPCR: Droplet Digital PCR; EHR: Extrahepatic Recurrence; HBV: Hepatitis B Virus; 
HR: Hazard Ratio; HRG: High-Risk Gene; ICIs: Immune Checkpoint Inhibitors; I-score: Genomic Instability 
Score; LD-WGS: Low-Dose Whole Genome Sequencing; mos: months; MTA: Molecular Targeted Agent; 
NFE2L2: Nuclear Factor, Erythroid 2-Like 2; NGS: Next-Generation Sequencing; OS: Overall Survival; PFS: 
Progression-Free Survival; RFA: Radiofrequency Ablation; RFS: Recurrence-Free Survival; RT: Radiotherapy; 
TACE: Transarterial Chemoembolization; TERT: Telomerase Reverse Transcriptase; TFx: Tumor Fraction; TKIs: 
Tyrosine Kinase Inhibitors; WGS: Whole-Genome Sequencing. 
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The prognostic role of copy number variations (CNVs) in circulating cfDNA at multiple levels 
(genome-wide, chromosomal-arm, and bin level) was investigated in a prospective cohort study from 
China including 117 patients with HCC who were treated with surgical resection or radiofrequency 
ablation (RFA) [54]. A significant agreement in CNV profiles was noted between cfDNA and tumor 
tissue DNA, with sensitivity and specificity >70% at both the bin and chromosomal-arm levels, 
suggesting cfDNA as a reliable surrogate for tissue-based genomic analysis. High values of 3 genome-
wide CNV indicators (tumor fraction, prediction score, stability score) were associated with poorer 
overall survival (OS) and RFS (HR for OS: 3.7-4.0). Additionally, the chromosomal-arm-level analysis 
revealed that high-frequency CNVs at chromosomal-arm levels were associated with worse OS and 
RFS, while combined indicators from specific chromosomal arms (e.g., 8q gain with 17p loss) may 
improve further the prognostic prediction. Finally, a novel risk score was developed using significant 
CNVs at the bin (1-Mb) level. Patients exhibiting elevated bin scores experienced markedly inferior 
OS and RFS, with AUC for the bin score of 0.82 and 0.75 for 1- and 3-year survival, respectively, 
indicating superior prognostic accuracy compared to other CNV indicators. 

Furthermore, another study from China evaluated the preoperative serum circulating ctDNA in 
a cohort of 258 patients undergoing curative HCC resection [55]. The number of mutant genes 
identified in ctDNA was significantly correlated with early tumor recurrence (HR:2.2, p<0.001). A 
high-risk gene set (HRGs), including mutations in APC, ARID1A, CDKN2A, FAT1, LRP1B, MAP3K1, 
PREX2, TERT, and TP53, was identified, enabling risk stratification into low-, medium-, and high-
risk groups. High-risk individuals, especially those with solitary tumors, demonstrated significantly 
reduced RFS (HR:13.0, p<0.001). A nomogram integrating ctDNA-based risk levels and TNM staging 
accurately predicted recurrence (C-index: 0.76, 95% CI: 0.70–0.82). Notably, specific ctDNA 
mutations, such as FAT1 or LRP1B variants without TP53 mutations, predicted poor progression-free 
survival (PFS) in patients receiving lenvatinib combined with immune checkpoint inhibitors after 
recurrence (HR:17.1, p<0.001). 

A fourth study from China assessed the efficacy of CNVs and tumor fraction (TFx) as biomarkers 
for predicting therapeutic response and prognosis in advanced HCC patients undergoing 
transarterial chemoembolization (TACE) [56]. Pre-TACE TFx was strongly correlated with tumor size 
(r=0.563, p<0.001), while patients with high TFx (≥0.1) had significantly shorter PFS [97 vs. 189 days 
(p=0.002)] and OS [243 vs. 630 days (p<0.001)]. Notably, fluctuations in TFx were predictive of TACE 
response, as patients exhibiting a TFx reduction exceeding 0.03 post-TACE experienced markedly 
improved outcomes compared to those with stable or rising TFx levels [PFS: 163 vs. 63 days; p=0.007]. 
These TFx changes aligned with mRECIST assessments, highlighting their clinical utility for real-time 
treatment surveillance. Furthermore, specific CNVs, such as amplifications on chromosomes 1q, 6p, 
8q, 10p, and 18q, were linked to reduced lipiodol deposition (p=0.008). Notably, chromosome 16q 
amplification and alterations in the NQO1 gene were linked to significantly shorter PFS (median: 83 
vs. 158 days; p=0.02). 

In two studies from Japan, human telomerase reverse transcriptase (hTERT) promoter mutations 
were evaluated as predictors of the efficacy of TACE [14,57]. The rate of hTERT mutant cfDNA 
detection increased post-TACE (from 33% or 45% to 73% or 57%), reflecting increased tumor necrosis 
following therapy. Moreover, mutant cfDNA levels strongly correlated with tumor volume after 
TACE in one study (r²=0.449, p<0.001) [14], highlighting its potential as a surrogate marker for tumor 
burden, whereas patients with reduced cfDNA levels following TACE demonstrated superior OS 
compared to those with consistently elevated cfDNA levels in the other study [57]. Notably, in both 
studies [14,57], cfDNA levels appeared to outperform traditional serum markers such as AFP, AFP-
L3, and des-gamma-carboxy prothrombin (DCP) in accurately reflecting tumor burden and 
therapeutic response. In one study which also included patients treated with RFA, post-RFA cfDNA 
levels and TERT promoter mutations also showed a significant increase (p<0.001), reflecting tumor 
cell destruction caused by thermal ablation. Notably, patients exhibiting significant cfDNA increases 
following RFA showed improved treatment results, as the elevation was associated with successful 
tumor cell ablation. 
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In a prospective cohort study from Korea including 37 advanced HCC patients treated with 
radiation therapy, the clinical utility of cfDNA was assessed as a biomarker to predict treatment 
outcomes by examining cfDNA genomic instability (I-score) [58]. Patients with a high baseline I-score 
(≥6.3) demonstrated significantly worse PFS (HR:2.69, p=0.017). Furthermore, the baseline I-score 
showed a strong positive correlation with tumor burden, quantified by the radiation therapy 
planning target volume. 

Finally, in a study from France, the role of ctDNA as a prognostic biomarker across various 
therapeutic approaches was evaluated through a prospective observational cohort of 229 participants 
(173 with HCC and 56 controls) [59]. Using NGS on MiSeq and digital droplet PCR (ddPCR), ctDNA 
mutations were detected in plasma samples of 40% of active HCC cases, compared to 14.6% of 
patients with inactive HCC and only 1.8% of controls, with prevalence increasing in advanced disease 
stages (BCLC C: 65 vs. BCLC 0: 8%). Among patients treated with locoregional therapies, the presence 
of ctDNA mutations was independently linked to the risk of death (HR:2.6, p=0.001). Specifically, 
baseline mutations in ≥2 genes were linked to a higher risk of recurrence beyond Milan criteria (75%) 
and extrahepatic spread (62.5%) compared to single or no mutation (p=0.001). Moreover, ctDNA 
mutation detection both prior to and 24 hours after percutaneous ablation was associated with the 
worst OS (p<0.001) and RFS (p=0.003). 

6.2. Systemic Therapies (Table 7) 

Table 7. Main characteristics of studies evaluating the role of cell free DNA (cfDNA) on response/prognosis after 
systemic therapy for hepatocellular carcinoma (HCC). 

First author, 
yearReferenc 

Study 
population 

Study 
design Main objective Marker type Methodology Key Findings  

Oh, 2019 
[60] 

151 HCC 
patients 

receiving 
sorafenib 

Prospective 
case-control 

study 

cfDNA levels, 
genome-wide 

CNAs, VEGFA 
amplification 
for prognosis 
post sorafenib 

cfDNA levels, 
genome-wide 

CNAs (I-score) 
& VEGFA 

amplification 

WGS of cfDNA; 
VEGFA analysis 

via ddPCR 

cfDNA - Higher cfDNA linked to 
worse TTP (2.2 vs. 4.1 mos, 

HR:1.71) and OS (4.1 vs. 14.8 mos, 
HR:3.50) 

Genome-Wide CNAs (I-score) - 
Higher I-score: worse TTP (2.2 vs. 

4.1 mos, HR:2.09, p<0.0001) and OS 
(4.6 vs. 14.8 mos, HR:3.35). 

VEGFA amplification - VEGFA 
amplification levels: higher in 

HCC, but no significant correlation 
with treatment outcomes (DCR, 

TTP, or OS) 

Mohamed, 
2024 [61] 

44 HCC 
patients 

receiving 
nivolumab 

Prospective 
cohort study 

ctDNA as a 
biomarker for 

predicting OS & 
PFS 

ctDNA alte-
rations in TP53, 

PIK3CA, 
BRCA1, 

CCND1 & 
CTNNB1 genes 

CLIA-certified 
Guardant360 

platform 
targeting 74 

cancer-related 
using NGS 

Mutation profiles - PIK3CA & KIT 
mutations: associated with shorter 

PFS (p<0.0004); 
CTNNB1 mutation: associated with 

longer PFS (p=0.04) 
Mutations in PIK3CA, BRCA1, and 
CCND1 amplification: correlated 

with shorter OS (p<0.0001, p<0.0001 
& p=0.01, respectively). 

CCND1: Cyclin D1; CLIA: Clinical Laboratory Improvement Amendments; CNAs: Copy Number Alterations; 
CTNNB1: Catenin Beta 1; ddPCR: Droplet Digital Polymerase Chain Reaction; DCR: Disease Control Rate; HR: 
Hazard Ratio; NGS: Next-Generation Sequencing; OS: Overall Survival; PFS: Progression-Free Survival; 
PIK3CA: Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha; TTP: Time to Progression; 
VEGFA: Vascular Endothelial Growth Factor A; WGS: Whole-Genome Sequencing. 

In a study from Korea including 151 HCC patients treated with first-line sorafenib, elevated 
cfDNA concentration and higher I-score, were significantly associated with worse treatment 
outcomes, including lower disease control rates, shorter time to progression (2.2 vs 4.1 months) and 
reduced OS (4.1 vs 14.8 months) [60]. 
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In the previously discussed French study [59] persistence of ctDNA mutations during the initial 
4 treatment cycles of atezolizumab plus bevacizumab therapy was found to correlate with 
radiological progression (63.6%), while their clearance indicated a favorable response (p=0.019). 
Lastly, new mutations such as CTNNB1, emerged in some cases during disease progression, 
reflecting subclonal evolution. 

Finally, in a study from USA including 44 patients with advanced HCC who were treated with 
nivolumab, ctDNA profiling revealed somatic mutations in 93% of cases, with TP53 being the most 
frequently altered gene [61]. Mutations in PIK3CA, BRCA1, and CCND1 amplifications were 
significantly associated with shorter OS, whereas mutations in KIT and PIK3CA correlated with 
diminished PFS. Conversely, CTNNB1 mutations correlated with extended PFS. 

7. Discussion 

Circulating cfDNA and its derivative ctDNA, which represent main components of a liquid 
biopsy, are increasingly assessed as potential biomarkers for early diagnosis and prognosis of several 
cancers including HCC as well as for guiding treatment decisions [62]. In early studies, levels of 
circulating cfDNA were shown to be higher in HCC patients than patients with chronic liver diseases 
[16,17,19], but their association with the severity of inflammation was considered to represent a major 
limitation [17,63]. Thus, research focused on ctDNA, which however is estimated to be <1% of total 
cfDNA [64], and species of cfDNA. In particular, cfDNA integrity usually determined by Alu 247 / 
Alu 115 ratio was reported to increase in serum of HCC patients in some [9,19] but not in all studies 
[22,23]. Mitochondrial DNA has also been shown to be higher in HCC patients, but it has been 
assessed in only one study [24]. 

Numerous studies have focused on the evaluation of cfDNA and especially ctDNA methylation 
and mutations as biomarkers for early HCC diagnosis, as there are characteristic methylation changes 
in tumor DNA, which usually develop early in carcinogenesis and are expressed in ctDNA [65]. Thus, 
several ctDNA methylation markers have been repeatedly shown to offer excellent diagnostic 
accuracy (AUROCs >0.90) with high rates of sensitivity (60%-94%) and specificity (91%-98.5%) for 
HCC diagnosis and more importantly for early HCC diagnosis [25–31]. Additional efforts including 
a methylation panel established by NGS [32], the HelioLiver Test (combined cfDNA methylation 
patterns with clinical characteristics and protein tumor markers) [33] as well as hypermethylation of 
specific of cfDNA regions [34–41] have also been shown to offer excellent diagnostic accuracy for 
HCC diagnosis. In several studies, the combined use of ctDNA methylation markers and AFP was 
shown to improve the diagnostic performance and especially sensitivity [26,30,32,34–36,38,40]. 

cfDNA fragmentation patterns and circulating nucleosomes have also been assessed as potential 
diagnostic biomarkers for HCC. In several studies, cfDNA fragmentation profiles have always been 
shown to offer high rates of sensitivity (75%-97%) and specificity (80%-99%) for detection of HCC 
[12,42–46]. Moreover, specific scores including cfDNA fragmentation markers, motifs scores and 
nucleosomes with or without the combination with established HCC markers and 
clinicoepidemiological scores were also shown to offer excellent diagnostic accuracy for HCC 
diagnosis [47–49]. Finally, the role of cfDNA mutations sometimes combined with established HCC 
serum markers has been evaluated in a limited number of studies [50,51]. 

The role of circulating cfDNA markers and particular of ctDNA on the prognosis of untreated 
patients with HCC has been assessed in only two studies providing promising results for prediction 
of survival [20,52]. However, more data is required on this topic, although it may be currently 
unethical to keep diagnosed HCC patients under no treatment. 

On the other hand, the predictive role of circulating cfDNA levels or mutations of ctDNA as well 
as CNVs indicators has been confirmed in several studies including patients with HCC undergoing 
liver resection [18,53–55]. Detection of any such marker post-hepatectomy seems to reflect minimum 
residual disease and thus high risk for HCC recurrence, which can guide postoperative monitoring 
and treatment strategies. Moreover, detection of these markers, which may signify the metastatic 
capability of HCC, appears to be associated with increased probability of distant metastasis and 
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reduced overall survival suggesting that these patients could benefit from enhanced monitoring and 
perhaps from adjuvant therapy. 

Similarly to HCC patients undergoing hepatectomy, in patients with advanced HCC undergoing 
TACE, post-TACE cfDNA and ctDNA levels as well as pre-TACE CNVs and TFx have been shown 
to predict therapeutic response and survival [14,56,57], which seems to be favorably associated with 
reduced cfDNA levels and increasing rates of hTERT promoter mutations [14,57,59]. The extent of 
cfDNA alterations and ctDNA mutations during RFA have been also suggested as useful non-
invasive predictors of treatment effectiveness in HCC patients treated with RFA potentially guiding 
management decisions [57,59]. Moreover, cfDNA genomic instability was shown to predict treatment 
outcomes in HCC patients undergoing radiotherapy [58]. 

In the few available studies including HCC patients treated with systemic therapies, the elevated 
cfDNA concentration and persistence of ctDNA mutations have been associated with worse 
outcomes [59–61]. Such findings, if further validated, might lead to the advancement of personalized 
treatment strategies of patients with advanced HCC. 

In conclusion, there are many data supporting that cfDNA species and especially ctDNA 
methylation markers as well as cfDNA fragmentation patterns and circulating nucleosomes could be 
rather useful liquid biomarkers for early HCC diagnosis, although further research and 
methodological improvements are necessary for the determination of the most precise and practical 
non-invasive HCC biomarker and for wide use of such markers in clinical practice. On the other hand, 
given the low sensitivity of currently used biomarkers and methods for HCC surveillance such as 
AFP and ultrasonography with wide inter-observer variation, more precise HCC biomarkers are 
certainly required. In addition to HCC surveillance, cfDNA markers can be extremely useful for 
monitoring treatment effectiveness and for early detection of minimal residual disease post-
treatment, thus optimizing patients’ management by potentially guiding additional therapeutic 
interventions that could improve patient outcomes. 
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