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Abstract

Hepatocellular carcinoma (HCC) remains a major global health challenge, characterized by high incidence, late
diagnosis, and frequent recurrence despite curative-intent treatments. Conventional tools for disease monitoring,
including imaging modalities and serum biomarkers such as alpha-fetoprotein, have significant limitations in
accurately capturing tumor dynamics and early molecular changes.

Circulating tumor DNA (ctDNA), a tumor-derived fraction of cell-free DNA, has emerged as a promising non-
invasive biomarker that reflects the real-time molecular landscape of HCC. Recent advances in liquid biopsy
technologies have enabled the detection of tumor-specific genetic and epigenetic alterations, offering new
opportunities for dynamic disease monitoring.

In this review, we provide a comprehensive overview of the biological basis, detection technologies, and clinical
applications of ctDNA in HCC, with a particular focus on its role in treatment monitoring and minimal residual
disease (MRD) detection. Accumulating evidence suggests that ctDNA dynamics correlate with tumor burden and
treatment response, and may allow earlier detection of recurrence compared to conventional methods. In addition,
emerging approaches such as methylation-based assays, fragmentomics, and tumor-informed platforms are
improving detection sensitivity, particularly in the context of low tumor DNA shedding. Despite its considerable
potential, several challenges—including low ctDNA abundance, lack of assay standardization, and limited
prospective validation—continue to hinder its routine clinical implementation.

In conclusion, ctDNA represents a highly promising biomarker in HCC, with the potential to transform treatment
monitoring and precision oncology strategies. Future integration with multi-omics approaches and artificial

intelligence, along with large-scale prospective studies, will be critical to establish its role in clinical practice.
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Introduction

Hepatocellular carcinoma (HCC) remains one of the leading
causes of cancer-related mortality worldwide, ranking as
the third most common cause of cancer-related death and
accounting for a substantial global disease burden (Sung et al.,
2021; Llovet et al., 2021). Despite advances in surveillance
strategies and imaging techniques, a significant proportion of
patients are still diagnosed at advanced stages, limiting the
applicability of curative treatments such as surgical resection,
ablation, or liver transplantation (Reig et al., 2022).

Serum biomarkers, particularly alpha-fetoprotein (AFP), have
long been used in clinical practice; however, their sensitivity
and specificity remain suboptimal, especially for early-stage
disease and for monitoring treatment response (Trevisani et
al., 2001). Furthermore, radiological assessment, although
essential, may not fully capture tumor heterogeneity or early
molecular changes that precede radiographic progression
(Bruix & Sherman, 2011).

In recent years, circulating tumor DNA (ctDNA), a fraction of
cell-free DNA (cfDNA) released into the bloodstream through
tumor cell apoptosis and necrosis, has emerged as a promising
non-invasive biomarker capable of reflecting the dynamic
molecular landscape of tumors (Wan et al., 2017; Jahr et al.,
2001). ctDNA analysis enables the detection of tumor-specific
genetic and epigenetic alterations, offering opportunities for
real-time monitoring of tumor burden, clonal evolution, and
treatment response (Heitzer et al., 2019).

While the clinical utility of ctDNA has been extensively
investigated in malignancies such as colorectal, lung, and
breast cancers, its application in HCC remains relatively
underexplored (Bettegowda et al., 2014; Siravegna et al.,
2017). Unique challenges, including the presence of underlying
chronic liver disease, low tumor DNA shedding, and technical
variability in detection methods, have limited its integration
into routine clinical practice (Labgaa et al., 2021).
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Nevertheless, emerging evidence suggests that ctDNA may
play a critical role in the management of HCC, particularly
in the context of treatment monitoring and minimal residual
disease (MRD) detection. Recent studies have demonstrated
that ctDNA dynamics can precede radiological progression
and may provide earlier insights into therapeutic response and
disease recurrence (Cai, et al., 2019; Kim et al., 2020).

This review aims to provide a comprehensive and up-to-date
overview of the role of ctDNA in HCC, with a particular
emphasis on its emerging applications in treatment monitoring,
minimal residual disease detection, and future integration into
clinical practice.

Biology of ctDNA in Hepatocellular Carcinoma (Referansli)
Circulating tumor DNA (ctDNA) represents a tumor-derived
fraction of cell-free DNA (cfDNA) that is released into the
bloodstream primarily through apoptosis, necrosis, and active
secretion from cancer cells (Mouliere et al., 2018; Thierry
et al., 2016). In patients with hepatocellular carcinoma
(HCC), ctDNA carries tumor-specific genetic and epigenetic
alterations, including point mutations, copy number variations,
and aberrant methylation patterns, thereby providing a non-
invasive window into tumor biology (Thierry et al., 2016; Wan
etal., 2019).

The biology of c¢tDNA in HCC is particularly complex due
to the unique hepatic microenvironment and the frequent
coexistence of chronic liver diseases such as cirrhosis and viral
hepatitis. These conditions contribute to increased background
cfDNA levels derived from non-malignant hepatocyte
turnover, which may dilute the tumor-derived ctDNA fraction
and reduce detection sensitivity (Schwarzenbach et al., 2011).
Consequently, distinguishing tumor-specific signals from non-
tumor-derived cfDNA remains a critical challenge in HCC
compared to other solid tumors (Liu et al., 2022).

ctDNA fragments are typically short, with a modal size of
approximately 160-180 base pairs, reflecting nucleosomal
fragmentation during apoptosis (von Felden et al., 2020).
However, emerging evidence suggests that fragment size
distribution and fragmentation patterns (“fragmentomics”)
may provide additional discriminatory power for identifying
tumor-derived DNA and improving assay sensitivity (Lo et al.,
2021). In HCC, altered fragmentation profiles and preferred
end motifs have been associated with tumor presence and
progression, highlighting their potential as complementary
biomarkers (Reinert et al., 2016).

Another important characteristic of ctDNA in HCC is its
relatively low abundance, particularly in early-stage disease
or in tumors with low vascularity. Tumor shedding into the
circulation varies widely depending on tumor burden, vascular
invasion, and biological aggressiveness (Jiang et al., 2018).
This variability limits the sensitivity of ctDNA-based assays,
especially when using tumor-agnostic detection strategies. To
overcome this limitation, tumor-informed approaches—where
patient-specific mutations identified from tumor tissue are

tracked in plasma—have been shown to significantly enhance
detection rates (Zhu et al., 2020).

Beyond genetic alterations, epigenetic changes, particularly
DNA methylation patterns, have emerged as highly sensitive
biomarkers in HCC. Aberrant methylation signatures are often
more consistent across tumor cells and may be detectable even
when utation-based ctDNA is scarce (Reinert et al., 2016).
Recent studies have demonstrated that methylation-based
ctDNA assays outperform mutation-based approaches in early
detection and may also provide robust signals for disease
monitoring (Shen et al., 2018).

Additionally, ctDNA reflects tumor heterogeneity and clonal
evolution over time, offering insights into dynamic changes
under therapeutic pressure. This is particularly relevant in
HCC, where intratumoral heterogeneity and the influence
of the tumor microenvironment play a significant role in
disease progression and treatment resistance (Liu et al., 2020).
Longitudinal ctDNA analysis allows for real-time tracking
of these changes, potentially enabling earlier detection of
resistance mechanisms and guiding therapeutic decision-
making (Dagogo-Jack & Shaw, 2018).

Despite these promising biological features, several challenges
remain. The lack of standardized pre-analytical and analytical
protocols, variability in assay sensitivity, and the influence of
liver-related confounders continue to limit the reproducibility
and clinical translation of ctDNA in HCC (Merker et al., 2018).

Detection Technologies for ctDNA in Hepatocellular
Carcinoma

The accurate detection and quantification of circulating tumor
DNA (ctDNA) in hepatocellular carcinoma (HCC) rely on
highly sensitive and specific analytical technologies capable
of identifying low-frequency tumor-derived alterations within
a high background of non-tumor cell-free DNA (cfDNA)
(Heitzeretal., 2015). Over the past decade, significant advances
in molecular techniques have enabled the development of both
targeted and genome-wide approaches for ctDNA analysis.

One of the most widely used methods is digital droplet
polymerase chain reaction (ddPCR), which allows for highly
sensitive and precise quantification of known mutations.
ddPCR is particularly advantageous in detecting low variant
allele frequencies and monitoring specific hotspot mutations
such as TP53 or CTNNBI1 in HCC (Hindson et al., 2011).
However, its major limitation lies in its targeted nature, as it
requires prior knowledge of tumor-specific mutations and is
not suitable for comprehensive genomic profiling (Newman et
al., 2014).

Next-generation sequencing (NGS)-based approaches have
expanded the scope of ctDNA analysis by enabling the
simultaneous detection of multiple genomic alterations,
including single nucleotide variants, insertions/deletions, and
copy number variations (Murtaza et al., 2013). Targeted NGS
panels offer a balance between sensitivity and breadth, while
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whole-exome or whole-genome sequencing provides a more
comprehensive overview of tumor genomics, albeit at higher
cost and lower sensitivity for low-frequency variants (Zhang
et al., 2023). In HCC, NGS has been successfully applied to
characterize mutational landscapes and track clonal evolution
during treatment (Schulze et al., 2015).

In addition to mutation-based approaches, methylation-based
ctDNA assays have emerged as a highly promising strategy in
HCC. Aberrant DNA methylation patterns are among the earliest
events in hepatocarcinogenesis and are often more consistent
across tumor cells than genetic mutations (Villanueva, 2019).
Recent studies have demonstrated that methylation signatures
can achieve higher sensitivity than mutation-based assays,
particularly in early-stage disease and in cases with low tumor
DNA shedding (Luo et al., 2020). These findings highlight the
growing importance of epigenetic profiling in ctDNA-based
diagnostics and monitoring.

Another emerging field is fragmentomics, which focuses on
the analysis of cfDNA fragment size distribution, end motifs,
and nucleosome positioning patterns. Fragmentation profiles
differ between tumor-derived and normal cfDNA and can
enhance the detection of ctDNA without relying solely on
genetic alterations (Chen et al., 2022). In HCC, fragmentomics
has shown potential for improving both diagnostic accuracy
and disease monitoring, particularly when integrated with
other ctDNA features (Sun et al., 2015).

Tumor-informed  approaches represent a  significant
advancement in ctDNA detection. In this strategy, somatic
mutations identified from a patient’s tumor tissue are used
to design personalized assays for tracking ctDNA in plasma
(Wang et al., 2023). This method significantly increases
sensitivity and specificity, making it particularly valuable for
minimal residual disease (MRD) detection and longitudinal
monitoring. In contrast, tumor-agnostic approaches rely on
predefined panels and may miss patient-specific alterations,
especially in heterogeneous tumors such as HCC (Parikh et
al., 2019).

Despite these technological advances, several challenges
remain. Pre-analytical variables, including blood collection,
processing time, and storage conditions, can significantly
affect cfDNA quality and yield (Meddeb et al., 2019).
Analytical variability across platforms, differences in assay
sensitivity, and lack of standardized thresholds for ctDNA
positivity further complicate clinical interpretation (Gao et al.,
2024). These limitations underscore the need for standardized
protocols and large-scale validation studies before widespread
clinical implementation can be achieved.

Clinical Applications of ctDNA
Carcinoma

c¢tDNA in Treatment Monitoring (Referansli — Kritik
Boliim)

The ability to dynamically monitor treatment response remains
a major unmet need in hepatocellular carcinoma (HCC), where

in Hepatocellular

conventional tools such as imaging and serum biomarkers
often fail to capture early molecular changes. In this context,
circulating tumor DNA (ctDNA) has emerged as a promising
biomarker capable of providing real-time insights into tumor
burden and therapeutic efficacy (Wan et al., 2023; Liu et al.,
2023).

Post-Curative Treatment Monitoring (Resection and
Transplantation)

Following curative-intent therapies such as surgical resection
or liver transplantation, recurrence rates remain high,
necessitating close surveillance strategies. Emerging evidence
suggests that ctDNA detection after surgery is strongly
associated with minimal residual disease (MRD) and predicts
recurrence significantly earlier than conventional imaging
modalities (Peng et al., 2022).

Longitudinal studies have demonstrated that postoperative
ctDNA positivity correlates with an increased risk of recurrence,
often preceding radiological evidence by several months. This
early detection window provides a potential opportunity for
risk stratification and timely intervention [46]. In contrast,
patients with undetectable ctDNA following curative treatment
tend to have significantly improved recurrence-free survival,
highlighting the prognostic value of ctDNA-based monitoring
(von Felden et al., 2021).

Locoregional therapies (TACE, ablation)

In patients undergoing locoregional treatments such as
transarterial chemoembolization (TACE) or radiofrequency
ablation, assessment of treatment response remains challenging
due to tumor necrosis and imaging artifacts. ctDNA offers a
complementary approach by reflecting viable tumor burden
rather than structural changes alone (Ding et al., 2022).

Several studies have reported that a decline in ctDNA levels
following TACE 1is associated with favorable treatment
response, whereas persistent or rising ctDNA levels may
indicate residual disease or early progression (Oellerich et
al., 2019). Additionally, baseline ctDNA profiles, including
specific mutations such as TP53 or CTNNBI, have been linked
to differential responses to locoregional therapies, suggesting
a potential role in patient stratification (Zucman-Rossi et al.,
2015).

Systemic Therapy and Immunotherapy Monitoring

The introduction of targeted therapies and immune checkpoint
inhibitors has transformed the management of advanced HCC;
however, reliable biomarkers for treatment response are still
lacking. ctDNA dynamics have shown promise in this setting
as an early indicator of therapeutic efficacy (Reig et al., 2018).

Studies have demonstrated that reductions in ctDNA levels
during systemic therapy correlate with radiological response
and improved survival outcomes. Conversely, an increase in
ctDNA levels may precede clinical or radiographic progression,
allowing for earlier detection of treatment failure (Tie et al.,
2022).
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In the context of immunotherapy, ctDNA kinetics may also
help distinguish true progression from pseudoprogression,
a phenomenon that complicates imaging-based assessment.
Early decreases in ctDNA levels have been associated with
durable responses, while persistent ctDNA positivity may
indicate resistance to immune checkpoint inhibitors (Lee et al.,
2021).

Clonal Evolution and Resistance Monitoring

One of the unique advantages of ctDNA is its ability to capture
tumor heterogeneity and clonal evolution over time. Under
therapeutic pressure, resistant clones may emerge and drive
disease progression. ctDNA analysis enables the identification
of these emerging alterations, potentially guiding treatment
modification (Chan et al., 2022).

For example, longitudinal ctDNA profiling has revealed
dynamic changes in key oncogenic pathways, including Wnt/
B-catenin and PI3K/AKT signaling, which are associated with
resistance to systemic therapies in HCC (Harding et al., 2019).
This real-time molecular monitoring provides a foundation for
precision oncology approaches in HCC management.

Critical Interpretation

Despite these promising findings, ctDNA-based treatment
monitoring in HCC has not yet been fully integrated into routine
clinical practice. The lack of standardized assays, variability in
detection thresholds, and limited prospective validation studies
remain significant barriers (Merker et al., 2022).

Importantly, while ctDNA dynamics correlate with treatment
response, it is still unclear whether ctDNA-guided treatment
decisions can improve clinical outcomes. Large-scale
prospective trials are needed to establish its clinical utility
and define standardized frameworks for its implementation
(Heitzer et al., 2022).

Minimal Residual Disease (MRD) and ctDNA in
Hepatocellular Carcinoma (Referansli)

Minimal residual disease (MRD) refers to the presence of
microscopic tumor burden that persists after curative-intent
therapy and remains undetectable by conventional imaging
modalities. In hepatocellular carcinoma (HCC), MRD
represents a critical determinant of disease recurrence, as a
substantial proportion of patients experience relapse even
after apparently complete tumor removal (Llovet et al., 2016;
Forner et al., 2018).

In this context, circulating tumor DNA (ctDNA) has emerged as
a highly promising biomarker for MRD detection, offering the
ability to identify residual disease at a molecular level. Unlike
imaging techniques, which rely on structural changes, ctDNA
reflects tumor-specific genetic and epigenetic alterations,
enabling earlier detection of recurrence (Kaseb et al., 2022).

ctDNA as a Surrogate Marker for MRD
Several studies have demonstrated that postoperative ctDNA
positivity is strongly associated with the presence of MRD

and significantly increased risk of recurrence. Patients with
detectable ctDNA following curative resection exhibit
markedly shorter recurrence-free survival compared to those
with undetectable ctDNA (Pfister et al., 2021).

Importantly, ctDNA detection often precedes radiological
recurrence by several months, providing a valuable lead
time for clinical intervention. This early detection capability
positions ctDNA as a potential tool for risk stratification and
personalized surveillance strategies in HCC (Rimassa et al.,
2023).

Tumor-informed MRD approaches

Tumor-informed ctDNA assays have shown particular promise
in MRD detection. By leveraging patient-specific somatic
mutations identified from tumor tissue, these approaches
significantly enhance sensitivity and specificity compared to
tumor-agnostic methods (Zhang et al., 2023).

In HCC, where tumor heterogeneity is pronounced, tumor-
informed strategies allow for more accurate tracking of
residual disease and may overcome limitations associated
with low ctDNA shedding (Cheng et al., 2022). Recent studies
have reported that personalized ctDNA assays can detect MRD
with high accuracy, even in cases with minimal tumor burden
(Huang et al., 2022).

Epigenetic MRD Markers

Beyond mutation-based  detection, methylation-based
ctDNA assays are emerging as powerful tools for MRD
assessment. DNA methylation alterations occur early in
hepatocarcinogenesis and tend to be more consistent across
tumor clones, making them attractive targets for sensitive
detection (Liu et al., 2023).

Recentdata suggest that methylation signatures may outperform
mutation-based assays in MRD detection, particularly in early-
stage disease or in patients with low circulating tumor DNA
levels (Zhang et al., 2023). This has led to growing interest
in integrating epigenetic profiling into MRD monitoring
strategies.

Clinical Implications of MRD Detection

The detection of MRD using ctDNA has several potential
clinical applications. First, it enables the identification of
patients at high risk of recurrence who may benefit from
intensified surveillance or adjuvant therapies. Second,
ctDNA-guided monitoring may allow for earlier therapeutic
intervention before overt clinical relapse occurs (Chen et al.,
2022).

Furthermore, MRD assessment may serve as a surrogate
endpoint in clinical trials, facilitating the evaluation of novel
therapies in the adjuvant setting. This is particularly relevant
in HCC, where traditional endpoints such as overall survival
require long follow-up periods (Abbosh et al., 2017).
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Critical Interpretation

Despite its strong biological rationale and promising clinical
data, MRD detection using ¢tDNA in HCC is not yet part of
routine clinical practice. Key challenges include the lack of
standardized assays, variability in detection thresholds, and
limited prospective validation in large patient cohorts (Zhang
et al., 2024).

Moreover, it remains unclear whether ctDNA-guided
interventions can improve clinical outcomes. While MRD
positivity identifies high-risk patients, there is currently
insufficient evidence to support changes in treatment strategy
based solely on ctDNA results (Gao et al., 2024).

Thus, while ctDNA-based MRD detection represents a major
step toward precision oncology in HCC, its integration into
clinical decision-making requires further validation through
prospective, randomized studies.

Limitations and Challenges of ctDNA in Hepatocellular
Carcinoma

Despite the rapidly expanding body of evidence supporting
the clinical potential of circulating tumor DNA (ctDNA) in
hepatocellular carcinoma (HCC), several biological, technical,
and clinical challenges continue to limit its widespread
implementation in routine practice (Cristescu et al., 2022;
Llovet et al., 2016).

Biological Limitations

One of the primary challenges in ctDNA analysis in HCC is the
inherently low abundance of tumor-derived DNA in circulation,
particularly in early-stage disease or in tumors with limited
vascular invasion (Forner et al., 2018). Tumor DNA shedding
varies significantly across patients and is influenced by tumor
size, location, differentiation, and underlying liver function. As
a result, ctDNA levels may fall below the detection threshold
of current assays, leading to false-negative results (Kaseb et
al., 2022).

Moreover, the presence of chronic liver disease—such as
cirrhosis or viral hepatitis—introduces substantial background
noise due to increased turnover of non-malignant hepatocytes.
This elevated baseline cfDNA can dilute the ctDNA fraction
and complicate the interpretation of results, especially in
borderline cases (Pfister et al., 2021).

Another important biological limitation is intratumoral
heterogeneity. HCC is characterized by marked genetic
and epigenetic diversity, both spatially and temporally. A
single ctDNA sample may not fully capture this complexity,
particularly in multifocal disease, potentially leading to
incomplete molecular profiling (Rimassa et al., 2023).

Technical Challenges

From a technical standpoint, pre-analytical variability
represents a major source of inconsistency in ctDNA analysis.
Factors such as blood collection tubes, processing time, storage
conditions, and DNA extraction methods can significantly

influence cfDNA quality and quantity (Zhang etal.,2023). Even
minor deviations in sample handling may result in degradation
or contamination, ultimately affecting assay performance.

Analytical challenges also persist. Different detection
platforms—including  ddPCR, targeted NGS, and
methylation-based assays—vary in sensitivity, specificity,
and reproducibility. The lack of standardized assay protocols
and the absence of universally accepted thresholds for ctDNA
positivity complicate cross-study comparisons and clinical
interpretation (Cheng et al., 2022).

Furthermore, error rates inherent to sequencing technologies,
particularly when detecting low-frequency variants, may lead
to false-positive findings. Advanced error-correction strategies
have been developed, yet these approaches increase cost and
complexity, limiting accessibility in routine clinical settings
(Huang et al., 2022).

Clinical and Translational Barriers

Despite promising correlations between ctDNA dynamics
and clinical outcomes, a key limitation remains the lack of
prospective clinical trials demonstrating that ctDNA-guided
management improves patient survival (Liu et al., 2023). Most
available data are derived from retrospective or exploratory
studies, which limits the strength of clinical recommendations.

In addition, there is currently no consensus regarding optimal
timing and frequency of ctDNA sampling for treatment
monitoring or MRD detection in HCC. The absence of
standardized clinical algorithms restricts its integration into
established surveillance strategies (Zhang et al., 2023).

Cost-effectiveness is another important consideration. High-
throughput sequencing and advanced molecular assays remain
expensive and may not be widely available, particularly in
low- and middle-income settings where HCC burden is highest
(Chen et al., 2022).

Interpretation Challenges

Interpreting ctDNA results in HCC is further complicated
by confounding factors such as clonal hematopoiesis of
indeterminate potential (CHIP), which can introduce somatic
mutations unrelated to the tumor (Abbosh et al., 2017).
Without appropriate filtering strategies, these alterations may
be misinterpreted as tumor-derived signals.

Additionally, the dynamic nature of ctDNA raises questions
regarding the clinical significance of transient fluctuations.
Not all increases in ctDNA necessarily translate into clinically
meaningful progression, and distinguishing biological noise
from true disease evolution remains a critical challenge (Zhang
et al., 2025; Liu et al., 2023).

Critical Perspective

Taken together, these limitations highlight a fundamental gap
between technological capability and clinical applicability.
While ctDNA offers unprecedented insights into tumor biology,
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its translation into routine HCC management requires rigorous
standardization, large-scale validation, and integration into
clinically actionable frameworks.

Until such evidence is established, ctDNA should be considered
a highly promising investigational tool rather than a definitive
clinical biomarker in HCC.

Future Directions

The rapid evolution of circulating tumor DNA (ctDNA)
technologies is poised to reshape the clinical management of
hepatocellular carcinoma (HCC), particularly in the context of
precision oncology. While current applications remain largely
investigational, several emerging directions suggest that
ctDNA may soon transition from a promising biomarker to an
integral component of routine clinical decision-making (Rossi
& Ignatiadis, 2023).

One of the most important future developments lies in the
integration of ctDNA with multi-omics approaches. Combining
genomic, epigenomic, transcriptomic, and proteomic data may
significantly enhance the sensitivity and specificity of liquid
biopsy platforms. In HCC, where tumor heterogeneity and
background liver disease complicate molecular detection,
multi-layered biomarker strategies could overcome the
limitations of single-modality assays (Markou et al., 2022).

Artificial intelligence (AI) and machine learning algorithms are
also expected to play a transformative role in ctDNA analysis.
By integrating complex datasets—including mutation profiles,
methylation signatures, and fragmentomics—Al-driven
models may improve early detection, treatment response
prediction, and recurrence risk stratification (McDonald et
al., 2023). These computational approaches could enable the
development of personalized predictive models tailored to
individual patients.

Another promising direction is the refinement of tumor-
informed ctDNA assays. Personalized platforms designed
to track patient-specific mutations are likely to improve
sensitivity, particularly in minimal residual disease (MRD)
detection and early recurrence monitoring. As sequencing
technologies become more accessible and cost-effective, such
individualized approaches may become increasingly feasible
in clinical practice (Anagnostou et al., 2022).

In addition, the development of methylation-based ctDNA
assays represents a major advance in HCC diagnostics and
monitoring. Epigenetic alterations are often more stable and
abundant than genetic mutations, making them attractive
targets for highly sensitive detection strategies. Future studies
focusing on standardized methylation panels may facilitate
broader clinical adoption (Yang et al., 2023).

Prospective clinical trials will be essential to validate the clinical
utility of ctDNA-guided management strategies. In particular,
interventional studies evaluating whether treatment decisions
based on ctDNA dynamics improve survival outcomes will be
critical for establishing its role in clinical guidelines (Coombes
et al., 2022). Such trials may explore ctDNA-guided adjuvant

therapy, early treatment switching, and adaptive surveillance
strategies.

Finally, efforts toward standardization will be crucial.
Harmonization  of  pre-analytical  protocols,  assay
methodologies, and reporting frameworks will be necessary
to ensure reproducibility and comparability across studies.
International collaborations and consensus guidelines are
expected to accelerate this process and facilitate the translation
of ctDNA into routine clinical workflows (Coombes et al.,
2022).

Conclusion (Impact Paragraph)

Circulating tumor DNA (ctDNA) represents a transformative
advancement in the field of hepatocellular carcinoma
(HCC), offering a non-invasive and dynamic approach
to understanding tumor biology and monitoring disease
progression. Accumulating evidence highlights its potential in
treatment monitoring, minimal residual disease detection, and
early identification of recurrence, addressing critical gaps left
by conventional biomarkers and imaging modalities.

However, despite these promising developments, ctDNA has
not yet reached the level of evidence required for routine
clinical implementation in HCC. Biological complexity,
technical variability, and the absence of standardized clinical
frameworks continue to limit its widespread adoption.

Looking forward, the integration of ctDNA with emerging
technologies such as multi-omics platforms and artificial
intelligence, combined with robust prospective validation
studies, may pave the way for its incorporation into precision
oncology paradigms. As the field advances, ctDNA has the
potential not only to refine disease monitoring but also to
fundamentally redefine how treatment decisions are made in
HCC.

In this evolving landscape, ctDNA stands at the intersection of
innovation and clinical need, representing a promising yet still
maturing tool that may ultimately transform the management
of hepatocellular carcinoma.
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