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Abstract: Over the past decades, liquid biopsy, especially
circulating tumor DNA (ctDNA), has received tremendous
attention as a noninvasive detection approach for clinical
applications, including early diagnosis of cancer and
relapse, real-time therapeutic efficacy monitoring, po-
tential target selection and investigation of drug resis-
tance mechanisms. In recent years, the application of
next-generation sequencing technology combined with Al
technology has significantly improved the accuracy and
sensitivity of liquid biopsy, enhancing its potential in solid
tumors. However, the increasing integration of such
promising tests to improve therapy decision making by
oncologists still has complexities and challenges. Here, we
propose a conceptual framework of ctDNA technologies
and clinical utilities based on bibliometrics and highlight
current challenges and future directions, especially in
clinical applications such as early detection, minimal re-
sidual disease detection, targeted therapy, and immuno-
therapy. We also discuss the necessities of developing
a dynamic field of translational cancer research and
rigorous clinical studies that may support therapeutic
strategy decision making in the near future.
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Introduction

Liquid biopsy has gained prominence in biomedical
research due to its non-invasive approach and the ability to
detect biomarkers in body fluids, offering important insights
for precision cancer medicine. Circulating tumor DNA
(ctDNA), first observed in cancer patients’ blood in 1989 [1],
serves as a pivotal biomarker for various tumor evaluations.
Recent progress in next-generation sequencing (NGS) and
DNA methylation monitoring [2] has markedly improved the
precision of ctDNA, underscoring its potential value in
clinical practice. The integration of Al, particularly deep
learning, has revolutionized ctDNA research [3], improving
mutation and drug resistance predictions and enhancing
treatment strategies. Additionally, with the increasing un-
derstanding of the tumor microenvironment and immuno-
therapy, the role of ctDNA in tumor immunotherapy has also
attracted wide attentions.

Despite many advances in ctDNA research, its applica-
tion in solid tumors is hindered by many challenges, such as
technical difficulties related to ctDNA extraction and detec-
tion, standardization of clinical application, and data inter-
pretation. Thus, we present a comprehensive review of the
latest research progress in the application of ctDNA in solid
tumors to provide a reference and inspiration for further
research in this field. In this review, we use bibliometrics
[4, 5] to shed light on the evolving trends with the utilization
of ctDNA in the context of solid tumor applications. We
provide a concise summary of ctDNA’s key characteristics,
the most recent advancements in detection technologies, as
well as an assessment of its merits and drawbacks. Our focus
is on its pivotal role in early detection, the evaluation of
minimal residual disease (MRD), and its significance in the
evaluation of therapeutic response, particularly within the
realms of immunotherapy and targeted therapy. Through
this comprehensive exploration of ctDNA’s applications in
solid tumors, our intention is to inspire further research and
innovation within this field.
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Development trends in ctDNA
utility over the past decade - based
on bibliometrics

The dynamic changes in the number of papers over the past
decade reflect the overall development trends and the
scope of research in the field of ctDNA. From 2013 to 2022,
the number of papers in this field has shown a significant
upward trend, with relatively small fluctuations in the
past two years, indicating foundational work in previous
research (Figure 1A). Correspondingly, the citation fre-
quency increased from 100 times in 2013 to 37,078 times in
2022, indicating increasing research depth and academic
influence (Figure 1A). China ranked first in the number of
publications (n=1233), followed by the USA (n=1094), with
close collaboration between the two countries (Figure 1B).
Analysis of corresponding authors’ countries revealed
China’s weaker communication and collaboration with
other countries in this field (Supplementary Table 1). The
top 25 most globally cited documents on ctDNA research
from 2013 to 2022 are listed (Supplementary Table 2). The
journals Cancers and Clinical Cancer Research have the
most publications and citations in ctDNA-related research,
reflecting their academic influence and visibility in this
field (Supplementary Table 3). Moreover, Clinical Cancer
Research has the highest Source Local Impact, indicating its
high reputation and influence (Supplementary Table 4).
The University of Texas MD Anderson Cancer Center had
the highest number of publications (n=393) (Supplemen-
tary Table 5). Keyword analysis revealed lung cancer as a
significant research focus, with “diagnosis”, “prognosis”,
and “recurrence” as hotspots. “Factor receptor mutation” is
the most recent citation explosion keyword, with EGFR
mutation as a prominent research area. ctDNA has gained
attention as a liquid biopsy method for tumor diagnosis,
monitoring efficacy, and evaluating prognosis. Lung cancer
and factor receptor mutations are important in this field.
ctDNA research and application are hotspots in oncology,
expected to become important for tumor diagnosis, treat-
ment selection, and prognosis evaluation as technology
improves.

Origin and biological
characteristics of ctDNA
Peripheral circulating free DNA (cfDNA) refers to DNA

fragments in a free state detected in plasma or serum. These
fragments are released into the bloodstream during
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processes such as necrosis, apoptosis, or cell disintegration,
primarily resulting from the apoptosis of hematopoietic
cells [6]. In healthy individuals, the cfDNA level is typically
low. However, it rises with diseases, especially tumors or
significant inflammatory responses. Circulating tumor DNA
(ctDNA) refers to free DNA obtained from tumor cells, it can
be detected in various bodily fluids like blood, urine, saliva,
cerebrospinal fluid, and semen [7]. For most situations,
blood holds the highest ctDNA concentrations due to its role
as the main release channel for tumor cell-derived ctDNA,
which can be obtained conveniently. This review mainly
focuses on ctDNA in peripheral blood, which is about 0.01-
10 % of total blood DNA.

CtDNA exhibits several distinct biological properties.
Its length, between 134 and 144 bp, is generally shorter than
tumor tissue DNA which is about 3.2 billion bp, and its half-
life in blood is short, often between 16 min and 2.5 h [6-8].
As a dynamic biomarker, ctDNA is highly tumor-relevant
and tissue-specific, spread throughout the blood with its
level reflecting tumor burden and quickly entering the
bloodstream post-release [9]. Its concentration depends on
factors like tumor type, size, location, differentiation level,
and the release and clearance rates in tumor cells. Thus,
changes in its blood level can indicate tumor shifts, making
it a key marker for evaluating tumor progress or therapy
effectiveness.

CtDNA detection techniques

Even though the blood sample is noninvasive and acces-
sible, the ctDNA test technology requires high accuracy and
remains more breakthroughs in materials and analytical
techniques. The ctDNA test is a noninvasive and highly
sensitive method for detecting tumors. It analyzes the
presence, amount, and mutations of tumor cells by study-
ing ctDNA in the blood. Current detection methods include
digital PCR (dPCR), BEAMing, next-generation sequencing
(NGS), and plasma methylation assays. Digital PCR or
Droplet digital PCR (ddPCR, a kind of dPCR) rapidly iden-
tifies DNA sequences even at extremely low concentrations
[10]. However, the assay is limited in terms of expanding its
capacity due to technical constraints, particularly droplet
chip capacity. To improve result accuracy, automated
sample preprocessing procedures must be enhanced to
mitigate experimental challenges. BEAMing (Bead, Emul-
sion, Amplification, and Magnetics) can detect specific
mutations in ctDNA and quantitatively analyze the amount
of ctDNA in a sample [11]. This method may have limited use
in clinical settings because it can only detect specific mu-
tations, requires complex equipment and trained staff, and
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Figure 1: Bibliometric analysis of ctDNA-related documents from 2013 to 2022. (A) Annual scientific publication and total citation frequency from 2013 to
2022; (B) cooperation relationships of countries or regions; (C) top 15 keywords with the strongest citation bursts. A red bar indicates high citations in that
year; (D) the co-occurrence network of keywords related to research on ctDNA from 2013 to 2022.
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can be expensive for sample analysis. NGS possesses the
remarkable ability to simultaneously analyze hundreds of
target genes, highly applicable for tumor genomic and
transcriptomic analysis, while its operation and data
interpretation are typically complex [12]. Plasma methyl-
ation assays detect minute ctDNA amounts in whole blood,
serum, and tissues, enabling the precise identification of
whether ctDNA originates from tumor cells [13]. These as-
says hold potential for clinical diagnosis. However, the
technique is limited to detecting specific tumor types and
necessitates rigorous sample selection and quality control
measures. To broaden the applicability and adaptability of
the technique, more precise and stable analytical tech-
niques and algorithms must be developed [14, 15].

Recent ctDNA research has introduced innovative testing
techniques. Some of these approaches have undergone labo-
ratory validation and are gradually advancing toward clinical
application, while others remain in the research and explo-
ration phase. Nanomaterial-based assays, like a graphene
oxide-based platform and functionalized black phosphorus
nanosheets, have shown high sensitivity in ctDNA detection.
While the former efficiently isolates ctDNA cross-linked to
collagen, the latter uses fluorescent probes selectively bind to
ctDNA, skipping purified DNA extraction or PCR amplifica-
tion. Both techniques offer potential for early tumor diagnosis
and disease surveillance, ultimately enhancing relevant
clinical treatment and prognosis [16]. Some methods use gene
editing in conjunction with nanoparticles for ctDNA detection,
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but their widespread adoption and popularity in clinical ap-
plications is hindered by high cost and reliance on the
nanomaterial characteristics.

Besides nanomaterials, novel ctDNA detection ap-
proaches are being explored. Artificial intelligence and
machine learning techniques have been studied for quick,
accurate ctDNA analysis. Ray et al. conducted a study on
using specific biomarkers for noninvasive lung cancer
detection. The research highlights DNA methylation analysis
for cfDNA detection and the significance of combining arti-
ficial intelligence with this technique to improve the accu-
racy of lung cancer detection and provide individualized
patient care [17] (Figure 2). Herein, the current challenges in
ctDNA detection, such as achieving high sensitivity, speci-
ficity, and standardization, still pose significant hurdles.
Overcoming technological limitations, navigating the com-
plexities of tumor heterogeneity, and mitigating sample
contamination are crucial aspects for clinical applications.
The future exploration of ctDNA research encompasses not
just advancements in sequencing technologies but also the
integration of ctDNA into routine clinical practice based on
liquid biopsy, the application of multi-omics approaches, the
utilization of machine learning for data analysis, and the
execution of large-scale clinical validation studies. The
future objective is to establish ctDNA as a reliable and widely
applicable biomarker, paving the way for enhanced early
cancer detection, precise efficacy monitoring, and the
development of personalized therapeutic interventions [18].

Nanotechnology

CtDNA Methylation\oﬁ []

2020

e
553
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Figure 2: Timeline of the development of ctDNA technology. In 1948, Mandel and Metais discovered cell-free nucleic acid molecules (cfDNA) in plasma,
and it was not until 1989 that Stroun reported that some cfDNA from tumor patients originated from tumor cells. KRAS mutations were first detected in
blood cfDNA of pancreatic cancer patients using PCR in 1994. Afterward, dPCR technology appeared in 1999, and BEAMing appeared in 2006, which
greatly improved the accuracy of ctDNA detection and pushed the research in related fields to the peak. Currently, with the emergence of new
technologies, such as the popularity of NGS, DNA methylation detection, nanomaterials, artificial intelligence, and deep machine learning, ctDNA has

many potential clinical applications waiting to be developed by researchers.
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Areas of ctDNA clinical applications

Unlike imaging and traditional tissue sample testing, ctDNA
testing of blood samples offers a noninvasive and time-
resilient approach in different clinical areas. This capa-
bility enables early tumor diagnosis, detection of minimal
remaining lesions or recurrence, real-time monitoring
of treatment response, prediction of patient prognosis,
enhanced treatment plan formulation, and support for
individualized treatment. Consequently, the application
and utilization of ctDNA technology in clinical practice hold
great promise (Figure 3).

Early detection and diagnosis

CtDNA harbors significant potential as a molecular beacon
for the early detection of various cancer types, often pre-
empting disease onset earlier than traditional imaging mo-
dalities and clinical symptomatology. Characterized by its
high sensitivity and noninvasive nature, this approach
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encapsulates a comprehensive spectrum of tumor-specific
information, thus serving as a robust tool in the early cancer
detection landscape [19]. As one of the means of early
screening, ctDNA has achieved many results in clinical trials
of solid tumors. According to the statistical results, we found
that there are 18 clinical trials related to early cancer
detection as observational studies (Figure 4A), among which
13 clinical trials are currently recruiting participants.
Compared to several other clinical applications of ctDNA, the
clinical trials related to early cancer detection were initiated
earliest (Figure 4B), and they involved the most diverse solid
tumor types, with lung cancer-related trials being the most
numerous (22 %) (Figure 4C). These clinical trials utilizing
ctDNA for early cancer detection will provide guidance and
reference for further research and applications.

In the case of common cancers like breast and colorectal
cancer, ctDNA detection has become the standard approach
for medical practice. A study conducted by K. Page et al. [20]
aimed to investigate the occurrence of ctDNA in early-stage 1
and stage 2 breast screening. The results showed that ctDNA
was detected in 14.3% of the patients. Although the low
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Figure 3: Dynamic changes of ctDNA and its clinical application. As cancer develops and is treated, the levels of ctDNA in the body undergo dynamic
changes. CtDNA detection technology can indicate disease changes ahead of traditional imaging. Initially, ctDNA levels in the body are too low to be
detected by either imaging or ctDNA detection technology; thus, the disease is in a hidden stage. When ctDNA levels reach a detectable threshold, the
tumor may still be unidentifiable by imaging, making ctDNA detection technology suitable for preclinical early screening. Following the surgical removal
of early-stage tumors, the lesions are unobservable by imaging, but ctDNA can still be detected in the body, entering the stage of minimal residual disease
(MRD) detection. By continuously monitoring ctDNA-MRD over time, postoperative prognosis can be evaluated, and a dynamic increase in ctDNA may
predict disease recurrence or metastasis in advance. Notably, when ctDNA is undetectable, a state we refer to as MRD negative, treatment for the patient
can be temporarily halted, a period known as a “drug holiday”. In late-stage cancer treatment, ctDNA can indicate patient response. When a tumor
develops resistance, particularly in targeted and immunotherapies, the genetic information of the tumor reflected by ctDNA may provide reasons for the
tumor’s resistance, paving the way for new approaches to overcome tumor resistance.
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percentage of ctDNA-positive results suggests that relying
solely on ctDNA for early breast cancer detection may not be
highly effective as a supplement to mammography, this
personalized ctDNA approach might be useful in monitoring
post-surgery patients or those with detectable cfDNA
initially. In colorectal cancer (CRC), S. Mo et al. [21] intro-
duced the ColonES assay, a precise method for early detec-
tion. It distinguished CRC or advanced adenoma patients
from healthy ones with high accuracy and sensitivity (a
sensitivity of 79.0% for AA and 86.6 % for CRC, with a
specificity of 88.1 % in healthy individuals), especially noting
poorer outcomes in patients with elevated ctDNA methyl-
ation levels.

In addition to these applications, ctDNA holds promise for
the detection and management of less common or rare can-
cers. For pancreatic cancer, often diagnosed late, Liu et al. [22]
found ctDNA can detect early-stage disease with impressive
accuracy by detecting the combination of KRAS, TP53,
CDKN2A, SMAD4 mutations. These small mutant fragments,
especially 75-85bp for KRAS G12D, are more prevalent in
early stages, differing from the 150 bp peak in advanced ones,
suggesting a detection method based on fragment sizes.
Beyond traditional ctDNA detection, methylation analysis el-
evates its application in early screening. DNA methylation,
a widely researched epigenetic modification, is linked to
tumorigenesis, even in precancerous stages. This suggests its
use as an early biomarker, a claim recent studies validate [23].
Wu’s team [24] analyzed whole-genome methylation profiles
and formulated a method for early pancreatic ductal adeno-
carcinoma detection. The PDACatch-based classifiers showed
76-82 % sensitivity for early-stage PDAC, aligning with other
studies using DNA methylation as cancer biomarkers. In lung
adenocarcinoma detection, ctDNA-based high-throughput
DNA methylation sequencing complements LDCT screening.
WH Liang’s team [25] devised a model distinguishing malig-
nant from benign pulmonary nodules by comparing DNA
methylation patterns. Applied to plasma samples, it displayed
robust sensitivity and specificity for early-stage lung cancer.
Furthermore, combining machine learning with deep
methylation sequencing enhances detection of minuscule
ctDNA amounts, vital for cancer screening and treatment
assessment. Naixin Liang et al. [26] highlighted that this
method detects tumor signals in dilutions as low as 1in 10,000,
accurately pinpointing 52-81 % of patients in stages IA to III,
and doubling detections in a subgroup, surpassing ultradeep
mutation sequencing.

Based on the aforementioned applications, it is worth
noting that ctDNA has garnered significant attentions as an
emerging tumor marker. Therefore, we conducted a biblio-
metric analysis of the literature on ctDNA and early cancer
detection to provide insights for further research. We found
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790 articles published in this field over the past decade, with
a consistent increase in the number of articles and citations
each year (Figure 1A). Johns Hopkins University had the
highest publication volume with 39 articles (Figure 4D). The
United States had the highest overall publication volume,
followed by China, but the average article citations in China
were lower, indicating room for improvement in the quality
and influence of papers from China (Figure 4E). The trending
topics in 2022 were validation, surveillance, and residual
disease. Validation research focused on verifying the reli-
ability of ctDNA testing for clinical use, surveillance research
aimed to monitor tumor progression, and residual disease
research focused on detecting and treating residual disease
to improve treatment outcomes (Figure 4F). The top 10 most
cited documents in ctDNA and early detection research are
listed in Supplementary Table 6.

In summary, ctDNA testing holds significant promise in
the areas of validation, surveillance, and residual disease
monitoring within the clinical context. The increasing
research and heightened interest in this field point toward
ongoing developments that will enhance our capabilities for
early cancer detection and treatment. This progress extends
not only to common cancers but also offers potential benefits
for the detection and management of rarer malignancies.
With rigorous randomized controlled trials supporting its
application, ctDNA research is steadily advancing, marking
substantial strides in the realm of cancer diagnostics.

CtDNA MRD detection

Minimal residual disease (MRD) refers to the tiny number
of cancer cells left in the body during or after treatment.
These cells are detectable only through highly sensitive
methods capable of identifying a single cancer cell among a
million normal cells [27]. With advances in liquid biopsy
technology, ctDNA has become a vital tool in MRD moni-
toring. While MRD testing is primarily used for blood
cancers like lymphoma and leukemia [28], recent clinical
trials have expanded its use in monitoring recurrence,
risk assessment, treatment efficacy, and prognosis for
solid tumors. Currently, most clinical trials on MRD
are ongoing, while a few have already been completed,
such as the DYNAMIC trial for colorectal cancer(-
ACTRN12615000381583) [29] (Figure 4A). There has been a
noticeable increase in the number of clinical trials con-
ducted in the past three years (Figure 4B). Lung cancer
studies predominantly comprise observational trials (40 %)
and interventional trials (55 %) (Figure 5B and C). Inter-
ventional trials are mainly in Phase IT [6], followed by Phase
III [3] and Phase I [2] (Figure 5A). The analysis of these
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clinical trials highlights the growing understanding and
emphasis on MRD as an evolving concept in cancer treat-
ment and monitoring. With an increasing number of MRD
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clinical trials, there are more opportunities to assess its
value in guiding treatment decisions and prognostic
assessment. Assessing and monitoring MRD enables precise
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individualized treatment approaches, leading to improved
treatment outcomes and survival rates. This trend reflects
the growing importance of MRD in the medical community
and its potential to play a crucial role in future cancer
treatments.

The clinical significance of ctDNA in MRD is increasingly
recognized based on growing evidence. We conducted a
bibliometric analysis of 334 relevant articles from 2013 to
2022, revealing an overall increase in publications since 2016
(Figure 1A). The US and China rank highest in publications
and influence, but Chinese scholars as corresponding
authors (MCPs) have a low proportion (Supplementary
Table 7). This calls for stronger collaboration and exchange
with other countries to enhance research impact. Analysis of
institution-country and author collaborations highlights US
engagement and China’s further potential with Nanjing
University, Fudan University, and Sun Yat-sen University
leading in China (Figure 5D). These results support the need
for collaborative studies, emphasizing the importance of
teamwork. The top ten most cited publications are provided
in Supplementary Table 8, with top journal rankings in
Supplementary Table 9 indicating emerging status and
acceptance challenges of ctDNA in MRD research. Trending
topics include cell-free DNA, ctDNA, mutation status, while
colon cancer remains an intense focus (Figure 5E). Overall,
ctDNA and MRD research contribute to advancements in
tumor diagnosis, treatment monitoring, and prognosis
assessment. Further technological advancements and
research will deepen our understanding in the future.

Tumor-informed and tumor-naive sequencing assays for
ctDNA MRD detection

Current sequencing assays for ctDNA detection include
tumor-informed and tumor-agnostic assays [30]. The tumor-
informed assay is tailored based on individual tumor tissue
characteristics, while the tumor-agnostic approach uses
preset genetic panels to identify specific tumor genes in
blood [31]. At ASCO 2021, Japanese researchers used a
personalized panel of over 4,000 genes on 400+ patients.
Only 17 % of two patients had the same gene, and less than
5% among three or more patients, highlighting significant
tumor heterogeneity [32]. Therefore, tumor-informed assays
cater to this heterogeneity, offering a precise method for
MRD detection. In a trial comparing these assays in colo-
rectal cancer patients, of the 5,835 variants detected, only 344
(6 %) were identified by the fixed panel [33]. Furthermore,
when various assays were evaluated on breast cancer
plasma samples, tumor-informed tests demonstrated supe-
rior sensitivity in detecting low-concentration ctDNA [34].
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Landmark vs. surveillance ctDNA MRD analysis

Wu’s team studied MRD dynamics post-surgery, categorizing
monitoring into two periods: landmark (1-3 months post-
surgery) and longitudinal (every 3-6 months thereafter) [35].
The research emphasized continuous monitoring over a
single time point. Even with negative MRD at the landmark,
some patients still faced recurrence. However, consistent
negativity during longitudinal monitoring showed a mini-
mal risk of recurrence. The study recommends continuous
monitoring every 3—6 months after the landmark for at least
18 months. For MRD-positive patients, postoperative adju-
vant therapy improves survival. For MRD-negative patients,
the benefit of this therapy is inconclusive, with no significant
survival difference noted in this small-scale study. Beyond
assessing tumor progression, longitudinal ctDNA profiling
through NGS offers insights into prognostic monitoring and
tumor-related genome changes [36]. In essence, post-surgical
MRD monitoring should be continuous. Regular monitoring
accurately assesses recurrence risk, and while adjuvant
therapy is advised for MRD-positive patients, its necessity for
MRD-negative patients remains uncertain.

Advanced cancer treatment strategies based on MRD -
drug holidays

Tumor evolution theory suggests that antitumor therapy
creates selection pressure, causing sensitive tumor cells to
reach evolutionary dead ends, while a few drug-resistant
clones lead to progression [37]. The drug holiday model
limits this pressure, preserving sensitive clones and inhib-
iting the growth of drug-resistant clones. Consequently,
when tumors recur, retreatment remains effective [38].
Thus, patients may not need the maximum drug dose or
lengthiest treatment, with minimal necessary treatment
being optimal [39]. Wu’s team introduced a new approach —
drug holidays based on MRD detection — using MRD and CEA
as indicators for subsequent interventions [40]. Their
research shows that adjusting drug treatment based on MRD
levels can notably extend PFS, encouraging further explo-
ration of drug holiday strategies.

Challenges and prospects related to MRD

There remain challenges for MRD assessment’s broader
clinical adoption. A meta-analysis revealed ctDNA’s low
specificity but high sensitivity in lung cancer prognosis,
largely attributed to its low detection rate [41]. This is
because tumors, at the MRD detection stage, generally have
a lower load and some don’t readily release ctDNA into
the blood. Despite its prognostic significance, ctDNA’s low
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detection rate makes it insufficient for sole use in prognosis
models. It’s often paired with other biochemical markers,
like CMS or white blood cells, though a standardized
approach is lacking [42, 43]. Anders K. M. Jakobsen et al.
[44] introduced “ctDNA-RECIST” criteria, awaiting further
validation. Plasma MRD monitoring for brain metastases is
restricted due to the blood-brain and blood-cerebrospinal
fluid barriers, making plasma unreflective of intracranial
conditions. Meichen Li’s study [45] indicated that CSF ctDNA
fluctuations better predict intracranial tumor responses in
NSCLC patients with brain metastases. The technology and
prognostic value of cerebrospinal fluid ctDNA in such cases
warrant deeper investigation.

CtDNA and targeted therapy

With advancing detection technology, the monitoring
and analysis of plasma ctDNA are increasingly utilized in
personalized treatment for various types of cancer, including
non-small cell lung cancer, breast cancer, and pancreatic
cancer. After the initiation of targeted therapy for advanced
solid tumors, quantitative and dynamic analysis of ctDNA
levels based on NGS detection is expected to emerge as a
promising approach for evaluating treatment efficacy. Upon
conducting a comprehensive analysis of clinical trials related
to ctDNA and targeted therapies, we have observed that
clinical trials related to targeted therapy rank second, just
behind immunotherapy [19] (Figure 4B). Currently, 4 trials
have completed recruitment, while 13 trials are actively
recruiting patients, with most being in Phase II (Figure 5A).
Lung cancer trials have the highest representation (27 %),
followed by breast carcinoma and colorectal carcinoma (21 %
each) (Supplementary Figure 1A). These trials aim to provide
more precise and individualized treatment options for ctDNA
positive patients. Targeted therapies, focusing on specific
oncogenic molecules or signaling pathways, strive to enhance
treatment effectiveness and extend patient survival. This
personalized treatment approach brings new hope and
overcomes limitations of traditional therapies in cancer
treatment.

CtDNA in the prediction of therapeutic efficacy

The FLAURA study analyzed ctDNA at disease progression in
two arms (osimertinib vs. gefitinib/erlotinib). Results indi-
cated osimertinib led to better overall survival (OS) than
EGFR-TKIs. Patients with undetectable EGFR mutations in
ctDNA at baseline showed longer progression-free survival
(PFS) than those with detectable baseline mutations,
suggesting osimertinib’s efficacy in first-line treatment of

Hu et al.: Clinical relevance and future directions of ctDNA =— 2103

EGFR-mutated NSCLC. It implies superior overall survival
and tolerability of osimertinib in such cases [46]. While ALK
fusion detection via liquid biopsy is not as sensitive as for
EGFR, its noninvasive nature permits frequent blood tests.
ALKrearrangements, mainly in adenocarcinomas, appear in
3-5% of NSCLC patients [47]. Two studies have shown that
the Guardant360 assay reliably identifies ALK fusions in
NSCLC patients with TKI-resistant ALK disease [48, 49]. ROS1
rearrangements are commonly detected by FISH or NGS.
DNA-based NGS is more prone to false negatives than
RNA-based ones. Few explored plasma genotyping for
ROS1-positive NSCLC [50]. A study using Guardant360 NGS
for ROS1-positive NSCLC highlighted its potential in spotting
mutations causing resistance to ROS1 therapies [51]. BRAF
mutations are prevalent in cancers like melanoma and
colorectal cancer. A study on plasma ctDNA analysis for
BRAF mutation revealed BRAF/MEK inhibitor treatment
based on liquid biopsy results significantly boosted survival
in patients with BRAF V600E-positive mCRC, but was less
effective in other cancers. It offers new treatment alterna-
tives and affirms the clinical utility of BRAF testing in liquid
biopsies [52]. Similar to BRAF, KRAS and NRAS mutations are
widespread in cancers. A study by Pinheiro and Peixoto et al.
assessed KRAS and NRASgene mutation analysis of ctDNA in
the plasma of patients with mCRC. It emphasized their sig-
nificance in prognosis and treatment response, and pre-
sented a noninvasive method for detection, providing new
ideas for personalized mCRC treatments [53].

We reviewed prior studies to grasp trends in ctDNA and
targeted therapy research. Five chief tumor mutation targets
in ctDNA emerged: EGFR, KRAS, BRAF, MET, and Her2, with
applications spanning clinical practice [54, 55]. EGFR and
ctDNA research began earliest, peaking in 2019, while Her2
and ctDNA studies have risen consistently, signaling its ris-
ing prominence (Supplementary Figure 1B).

CtDNA and drug resistance

Drug resistance is a significant clinical challenge. Liquid
biopsy advancements allow real-time tumor drug resistance
tracking. CtDNA testing, a rapidly evolving liquid biopsy
technology, discerns tumor progression and drug resistance
through blood-based tumor biomarkers.

Although targeted therapy focuses on molecular targets
within tumor cells, resistance frequently emerges, impeding
the effectiveness of the treatment. Hence, early resistance
detection via ctDNA can aid in adjusting the therapeutic
strategy for better outcomes. Firstly, the T790M mutation is a
well-established resistance mutation observed in response to
both first and second-generation TKIs [55]. Osimertinib has
emerged as a prominent therapeutic option for advanced lung
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cancer patients harboring the EGFR T790M mutation, as
demonstrated by recent pivotal studies consistently high-
lighting its effectiveness as a first-line treatment [56-62]. In
clinical practice, when utilizing ctDNA genetic testing for
NSCLC patients undergoing first-line osimertinib treatment,
the primary objective is now on identifying potential co-
mutations in EGFR-positive NSCLC, as certain co-mutations
may be closely linked to resistance against EGFR-TKIs. Eval-
uating the status of these co-mutations becomes crucial for
guiding treatment decisions, necessitating a personalized
approach to combination therapy [63, 64]. Secondly, BRAF
V600E, linked to BRAF inhibitor resistance in melanoma, was
first detected in colon cancer via ctDNA in 2010 [65]. Other
significant mutations include PIK3CA H1047R in breast can-
cer, KRAS G12C in lung cancer, and ALK F1174L and MET
Y1230C both associated with their respective inhibitor re-
sistances [66—69]. Some mutation targets remain underex-
plored, potentially due to their rarity. Overall, ctDNA offers
early tumor resistance detection, informs clinical decisions,
and underpins personalized treatment. Research volume on
ctDNA and targeted therapy resistance mutations is shown in
Supplementary Figure 1C (Supplementary Table 11).
Although osimertinib is currently considered the stan-
dard first-line treatment for patients with EGFR-mutated
NSCLC, many still opt for first- or second-generation EGFR
TKIs. EGFR T790M mutations during progression are one of
the common mechanisms of resistance in EGFR-TKI therapy.
] Remon et al’s study, which combined ctDNA assay tech-
nology to explore the relationship between T790M mutations
and response to osimertinib treatment, indicated better
outcomes for T790M-positive patients and treatment-related
ctDNA decreases with extended patient progression-free
survival [70]. In another study, the researchers’ analysis of
ctDNA in the blood of lung cancer patients at different times
identified BRAF mutations and resistance mechanisms post-
BRAF therapy through ctDNA [71] In HER2-positive breast
cancer, drug resistance is common. In a particular study,
plasma ctDNA was quantified through the prospective
collection of plasma samples from patients with HER2-
positive metastatic breast cancer and were being treated
with oral anti-HER? tyrosine kinase inhibitors. The findings
suggested that longitudinal gene panel ctDNA sequencing
can be used to determine drug resistance and guide the
precise use of anti-HER2-targeted therapy in the setting of
metastasis [72]. An important study published in Lancet
Oncology was the first to establish that adjusting endocrine
treatments based on ctDNA findings leads to an improve-
ment in progression-free survival among breast cancer pa-
tients [73]. Through experiments on lung cancer cell lines
and mouse models, the KRAS G12C mutation was found to
enhance EGFR inhibitor resistance, promote tumor cell
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growth and survival and activate ERK and AKT pathways in
lung cancer. This suggests that real-time ctDNA analysis
could potentially optimize treatment by timely adjustments
[74].

In summary, ctDNA analysis serves as a potent tool for
evaluating targeted therapy outcomes across various can-
cers. It adeptly monitors prognosis and personalizes treat-
ments but is unable to detect the emergence of previously
unidentified mutations. This limitation affects ctDNA’s effi-
cacy prediction in targeted therapies, necessitating deeper
research into drug resistance mechanisms in forthcoming
years.

CtDNA and immunotherapy

Immunotherapy (ICI), an emerging area of oncology treat-
ment, has been shown to improve survival in a wide range of
solid tumors and is increasingly becoming a routine treat-
ment option for many tumors. An important advantage of
immunotherapy is that it activates the body’s immune cells
and enhances the body’s antitumor immune response,
thereby causing the death of tumor cells and releasing ctDNA
fragments. These ctDNA fragments reflect the effectiveness
of treatment and the variability of tumor cells, so the use of
ctDNA testing and analysis can help in establishing better
individualized treatment regimens and more accurately
assessing the effectiveness of immunotherapy and patient
disease progression [75]. Numerous ctDNA-based immuno-
therapy clinical trials, primarily focused on cancer, have
been conducted. Three trials have completed recruitment,
while 14 trials are actively recruiting patients (Figure 4A).
Over the past three years, 12 clinical trials specifically
targeting cancer immunotherapy have been conducted
(Figure 4B). Most trials are in Phase II, followed by Phase I.
Additionally, one Phase IV trial focusing on lung cancer is
ongoing (Figure 5A). These trials aim to evaluate the poten-
tial of ctDNA as a prognostic indicator for immunotherapy
response and identify eligible patients based on ctDNA mu-
tation burden. Ongoing trials will shed further light on the
role and potential benefits of immunotherapy in ctDNA-
related cancers, enhancing guidance and evidence for future
clinical applications. The studies aim to evaluate long-term
effectiveness, safety, and real-world outcomes of immuno-
therapy in a larger patient population, refining treatment
strategies and identifying patient subgroups who may derive
maximum benefit from this approach.

A total of 472 immunotherapy-related articles were
found from 2013 to 2022, demonstrating an increasing trend,
reaching its peak between 2019 and 2022 (Figure 6A). In
terms of publications, the United States took the lead,
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followed by China (Figure 6B). Stanford University holds a
prominent position, and the majority of the top ten authors
are from China (Figure 6C and D). The top ten journals with
the highest Source Local Impact are provided in Supple-
mentary Table 12, with Clinical Cancer Research being an
influential and renowned journal in the field. Co-occurrence
analysis of keywords reveals a close connection between
ctDNA and open label and multicenter clinical trials in
clinical applications, while immunotherapy is closely asso-
ciated with acquired resistance and mutations (Figure 6E).
Supplementary Table 13 presents the top ten most cited
documents on ctDNA and immunotherapy research.
Research themes evolution (Figure 6F) demonstrates that
from 2014 to 2018, there was a rise in exploring the rela-
tionship between ctDNA and immunotherapy, specifically
focusing on the biomarker value of ctDNA and its application
in melanoma and breast cancer immunotherapy. From 2019
to 2022, the research shifted toward the combined use of
ctDNA and immunotherapy, with a particular emphasis on
monitoring ctDNA during immunotherapy, investigating its
role in tumor immunotherapy resistance mechanisms, and
exploring current hotspots and trends in lung cancer
research (Figure 6G). In conclusion, there are currently
limited biomarkers available for effectively predicting the
efficacy of immune checkpoint inhibitors. CtDNA, as a non-
invasive detection method, can effectively identify benefi-
ciaries across different types of cancer treated with ICIs,
demonstrating significant potential for future applications.

CtDNA and clinical outcome prediction

Immunotherapy enhances survival in oncology patients, yet
only a portion benefit long-term. This emphasizes the need
for biomarkers to identify potential responders. While
approved biomarkers include PD-L1 high expression, MSI-H,
and TMB-H, they don’t allow dynamic evaluations of
immunotherapy efficacy, urging the discovery of new hio-
markers. CtDNA testing, being noninvasive and repeatable,
potentially fulfills the need for real-time monitoring of pa-
tient response and tumor burden. Trevor J. Pugh and Lillian
L. Siu’s team established a link between ctDNA levels and
patient response to immunotherapy. Their study of 106
patients revealed that those with lower baseline ctDNA
exhibited better overall survival (OS) and progression-free
survival (PFS). Additionally, a more favorable clinical benefit
rate (CBR) and objective remission rate (ORR) were observed
in patients with low baseline ctDNA levels [76]. Retrospective
analyses highlighted that changes in variant allele fre-
quencies (VAF) identified by ctDNA testing can predict dur-
valumab’s clinical benefit in lung and bladder cancer
patients. In this study, 96 % patients showed somatic
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mutations by ctDNA testing and the testing results showed
that early VAF changes preceded imaging [77, 78]. Further-
more, ctDNA molecular responses serve as early efficacy
indicators for immunotherapy [79, 80]. Early ctDNA reduc-
tion (as soon as 4 weeks into treatment) indicated longer
survival benefits, with a median OS 29.21 vs. 9.4 months in
the ctDNA decrease and ctDNA increase groups, respectively
This suggests that dynamic testing of ctDNA, with real-time
monitoring of efficacy, provides important information for
timely adjustment of treatment strategies for patients.
CtDNA dynamic assessment can be a powerful complement
toimaging assessment of efficacy while providing a time lead
when using ctDNA for assessment [81].

Although imaging remains pivotal for treatment de-
cisions, it can’t always detect pseudoprogression - a
misleading sign of transient tumor growth during immu-
notherapy. This maybe wrongly interpreted as treatment
failure but stems from immune cells targeting tumor cells,
causing a heightened tumor inflammatory response,
resulting in an increase in the volume and metabolic activity
of the tumor foci [82]. Although the incidence of pseudo-
progression is low, it is a major challenge for immuno-
therapy, and if it occurs and is then misdiagnosed, it may
misguide treatment decisions. One study confirmed that
ctDNA profiling in metastatic melanoma patients treated
with PD-1 antibodies could discern between pseudoprog-
ression and true progression [83]. Consequently, RECIST
assessments alone are not fully reliable for predicting out-
comes with ICI [84], urging a combined approach of ctDNA
and imaging for a comprehensive patient outcome
evaluation.

Genetic determinants of immunotherapy

Research indicates that the tumor mutational load (TMB)
holds promise as a predictive biomarker for the immuno-
therapy of various solid tumors, though its predictive utility
in clinical practice requires more prospective evaluations
[85]. The prevalent method of measuring TMB is via tumor
tissue TMB (tTMB), but this method is not only constrained
by material availability but also the results can be affected
by intratumor heterogeneity and might evolve with treat-
ment [86]. An alternative, the blood-based TMB (bTMB)
assay, overcomes these challenges the problem of difficult
sampling and by enabling dynamic detection to addressing
the challenge of tumor heterogeneity [87, 88]. The inaugural
validation of bTMB confirmed its efficacy in predicting
immunotherapeutic outcomes. Two studies, POPLAR and
OAK, analyzed over 1000 blood samples from NSCLC pa-
tients. As with tTMB, there is an association between high
bTMB scores and identifying associations between high
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bTMB scores and better ORR and improved PFS and OS in
patients with NSCLC [89, 90]. Another key efficacy predictor
for solid tumor immunotherapy is MSI status. Notably, pa-
tients with AMMR/MSI-H statuses can benefit from immune
checkpoint inhibitors irrespective of the cancer type. A sig-
nificant cohort study (n=1145) revealed a 98.4 % consistency
between plasma cell-free DNA (cfDNA)-based MSI detection
and its tissue-based counterpart, emphasizing the feasibility
of blood-sample MSI detection for dependable tumor diag-
nosis and treatment [91].

Continued exploration of ctDNA underscores its value
as a tumor immunotherapy biomarker, given its quick,
non-invasive obtainability and capacity to reflect intricate
tumor heterogeneity with high specificity. CtDNA aids
in predicting patient responses to immunotherapy and
distinguishing between responders and non-responders,
guiding clinical therapy selection. CtDNA’s potential shines
in disease monitoring, indicating when regimen adjust-
ments are warranted, and is particularly beneficial in
tracking areas challenging for conventional imaging, like
brain and bone metastases. Summarily, the integration of
ctDNA into tumor immunotherapy is undeniable, with its
biomarker role set to expand, anticipating more applica-
tions and research breakthroughs ahead.

Conclusions

In summary, ctDNA holds significant promise for revolu-
tionizing cancer clinical practice, particularly in the
context of solid tumor therapy. However, its full potential is
hampered by several technical challenges, including its low
concentration and dispersion relative to other DNA mole-
cules in the body. These challenges underscore the need for
improved technical sensitivity, specificity, as well as sam-
ple collection and preprocessing methods. Looking ahead,
future research efforts should focus on advancing ctDNA
technologies and methodologies, establishing robust stan-
dards for testing and analysis, and validating its practical
application on a larger clinical trial. This is especially
pertinent in areas like MRD testing and immunotherapy
research, where the potential value of ctDNA warrants
comprehensive exploration. Ultimately, overcoming these
challenges and harnessing the potential of ctDNA will be
pivotal in enhancing cancer diagnosis and treatment.
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