
Frontiers in Oncology | www.frontiersin.org

Edited by:
Reza Safaralizadeh,

University of Tabriz, Iran

Reviewed by:
Narges Dastmalchi,

University of Tabriz, Iran
Kezhong Chen,

Peking University People’s Hospital,
China

Satoshi Nagayama,
Uji Tokushukai Medical Center, Japan

*Correspondence:
Changchun Zeng

zengchch@glmc.edu.cn

Specialty section:
This article was submitted to

Cancer Genetics,
a section of the journal
Frontiers in Oncology

Received: 24 August 2021
Accepted: 03 November 2021
Published: 18 November 2021

Citation:
Peng Y, Mei W, Ma K and Zeng C
(2021) Circulating Tumor DNA and

Minimal Residual Disease (MRD)
in Solid Tumors: Current Horizons

and Future Perspectives.
Front. Oncol. 11:763790.

doi: 10.3389/fonc.2021.763790

REVIEW
published: 18 November 2021

doi: 10.3389/fonc.2021.763790
Circulating Tumor DNA and
Minimal Residual Disease (MRD)
in Solid Tumors: Current Horizons
and Future Perspectives
Yan Peng1, Wuxuan Mei2, Kaidong Ma1 and Changchun Zeng3*

1 Department of Obstetrics, Longhua District Central Hospital, Shenzhen, China, 2 Clinical Medical College, Hubei University
of Science and Technology, Xianning, China, 3 Department of Medical Laboratory, Shenzhen Longhua District Central
Hospital, Guangdong Medical University, Shenzhen, China

Circulating tumor DNA (ctDNA) is cell-free DNA (cfDNA) fragment in the bloodstream that
originates from malignant tumors or circulating tumor cells. Recently, ctDNA has emerged
as a promising non-invasive biomarker in clinical oncology. Analysis of ctDNA opens up
new avenues for individualized cancer diagnosis and therapy in various types of tumors.
Evidence suggests that minimum residual disease (MRD) is closely associated with
disease recurrence, thus identifying specific genetic and molecular alterations as novel
MRD detection targets using ctDNA has been a research focus. MRD is considered a
promising prognostic marker to identify individuals at increased risk of recurrence and
who may benefit from treatment. This review summarizes the current knowledge of ctDNA
and MRD in solid tumors, focusing on the potential clinical applications and challenges.
We describe the current state of ctDNA detection methods and the milestones of ctDNA
development and discuss how ctDNA analysis may be an alternative for tissue biopsy.
Additionally, we evaluate the clinical utility of ctDNA analysis in solid tumors, such as
recurrence risk assessment, monitoring response, and resistance mechanism analysis.
MRD detection aids in assessing treatment response, patient prognosis, and risk of
recurrence. Moreover, this review highlights current advancements in utilizing ctDNA to
monitor the MRD of solid tumors such as lung cancer, breast cancer, and colon cancer.
Overall, the clinical application of ctDNA-based MRD detection can assist clinical decision-
making and improve patient outcomes in malignant tumors.
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INTRODUCTION

Liquid biopsy, defined as the analysis of cancer biomarkers in tumor-derived material extracted
from cancer patients’ bloodstream, urine, pleural effusion, cerebrospinal fluid, saliva, or bile, has
recently gained growing attention in cancer diagnosis and treatment owing to its many benefits and
application potential. Unlike traditional tissue biopsy, liquid biopsies are non-invasive, easily
repeatable, and may offer a handy insight into tumor burden and treatment response.
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Furthermore, the liquid biopsy may give a molecular snapshot of
the primary tumor, minimizing bias in biopsy findings caused by
sampling bias and intratumor heterogeneity. Nucleic acids,
proteins, extracellular vesicles, and other biological
components secreted into bodily fluids by cancer cells are
among the analytes of liquid biopsies. Circulating tumor DNA
(ctDNA), circulating tumor cells (CTCs), circulating tumor RNA
(ctRNA), exosomes, proteins, and metabolites as the analytes of
liquid biopsies can be identified using biomarkers such as
somatic point mutations, deletions, amplifications, gene
fusions, DNA methylation markers, miRNAs, proteins, or
metabolites. ctDNA is a potential biomarker since it contains
tumor-specific genetic and epigenetic abnormalities and may be
utilized in cancer diagnosis and prognosis prediction. The fact
that symptoms of many cancer types are frequently absent at an
early stage has resulted in extensive research efforts to create
non-invasive, reliable, and cost-effective early detection
techniques for these diseases. The bulk of the presently known
research on the utilization of ctDNA is concerned with mutation
detection. The study of ctDNA is addressed in the context of
noninvasively detecting mutations that result in resistance
mechanisms and monitoring treatment and disease response in
cancer patients. Because the ctDNA percentages in total cell-free
DNA (cfDNA) biofluid samples are extremely low, and their
levels vary depending on the type and stage of cancer, highly
sensitive assays are required to identify these tiny ctDNA
fractions. Over the last several years, significant progress has
been made in the development of ctDNA detection methods.
PCR-based sequencing, which includes real-time quantitative
PCR (qPCR), and digital PCR (dPCR) methods, is an alternative
method for single-locus/multiplexed tests and targeted panels,
while Next Generation Sequencing (NGS)-based sequencing,
which includes Tagged-Amplicon deep sequencing (TAM-Seq),
CAncer Personalized Profiling by deep sequencing (CAPP-Seq),
and Duplex sequencing can be applied to panels of any size (1, 2).
Notably, the revolution in ctDNA-based liquid biopsies has
opened up new opportunities for cancer diagnosis, prognosis,
monitoring, and treatment guidance (3).

Recent improvements in sequencing technology and ctDNA
analysis have enabled non-invasive monitoring of the patient
disease burden and assessment of molecular targets. In many
tumor types, such as lung cancer, breast cancer, colon cancer,
pancreatic cancer, and bladder cancer, ctDNA has been proven
to be effective in detecting MRD (4). Patients with cancer may
benefit from ctDNA testing to ascertain the presence of MRD
and to forecast recurrence in the postoperative setting. For
individuals undergoing adjuvant chemotherapy, the non-
invasive and dynamic nature of the biomarker may potentially
serve as a real-time indicator of adjuvant chemotherapy
effectiveness. MRD tests may be utilized not only for early
relapse detection and adjuvant therapy but also for initiating
and monitoring systemic treatment, as well as drug resistance
genotyping (5). Overall, MRD aids in the management of cancer
at all stages, including screening, guiding adjuvant treatment,
predicting relapse early, initiating systemic treatment and
monitoring response, and genotyping resistance.
Frontiers in Oncology | www.frontiersin.org 2
CLINICAL UTILITY OF CIRCULATING
TUMOR DNA (ctDNA)

ctDNA Detection Methods
The amount of detectable ctDNA is determined by the tumor type,
tumor load, and other biological processes such as plasma nuclease
activity. cfDNA is fragmented DNA, with the overall quantity of
ctDNA making up as low as 0.01% of the entire cfDNA. ctDNA-
basedNGS technology can identify not only somatic mutations but
also copy number variation (CNVs) and structural rearrangement
(6). Understanding the development of ctDNA detection
technology is crucial to evaluating the clinical significance of
ctDNA. When it comes to sensitivity and expense, there is always
a compromise. Several techniques have been suggested to decrease
the cost, errors, and background noise. Droplet digital polymerase
chain reaction (ddPCR), beads, emulsion, amplification and
magnetics (BEAMing), tagged-amplicon deep sequencing (TAm-
Seq), cancer personalized profiling by deep sequencing (CAPP-
Seq), whole-genome sequencing (WGS), and whole-exome
sequencing (WES) are some of the most used ctDNA detection
techniques (Table 1) (22, 23).

The ddPCR method distributes DNA samples into hundreds
to millions of water-oil emulsion droplets. The advantages of
ddPCR include its excellent sensitivity for identifying mutations
and its low cost for absolute quantification. In comparison to
NGS-based techniques, PCR-based methods have a much
shorter turnaround time, with the majority of data being
returned within 72 hours, as opposed to 1 to 2 weeks for
massively parallel sequencing. The ddPCR method has the
disadvantage of detecting only known variants and analyzing
only a limited number of variants. ddPCR offers higher
sensitivity than conventional quantitative PCR or NGS and a
more straightforward workflow than alternative digital PCR
methods like BEAMing. According to a meta-analysis, ddPCR
has a high specificity (72.1%) and acceptable sensitivity (95.6%)
for detecting EGFRmutations in cfDNA, which justifies its use in
clinical practice as a supplement or conditional substitute for
tissue biopsy for genotyping. It also appears to have a higher
sensitivity than ARMS-PCR, especially in the early stages of lung
cancer (24). Furthermore, KRAS G12/G13 mutations may be
detected in a tiny quantity of unamplified cfDNA utilizing a
droplet digital PCR multiplex technique, which has excellent
agreement with conventional mutation testing for archival tumor
tissue (25). Although ARMS, ddPCR, and BEAMing have
excellent sensitivity and detection capabilities for various stages
of cancer, their clinical applicability is restricted since these
methods can only identify known mutations (23, 26, 27).

NGS is a high-throughput technique that can search for
previously unidentified variations. As more therapeutically
relevant molecular targets become available, NGS becomes
more important in cancer. Although whole exome or whole
genome sequencing may provide more detailed genomic
information, ctDNA NGS techniques in clinical usage utilize
hybrid capture panels or amplicon-based NGS to provide
clinically relevant information with lower cost and higher
sequencing depth. In the last decade, NGS has established itself
November 2021 | Volume 11 | Article 763790
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as a reliable method for sequencing DNA and collecting genetic
data. NGS works by analyzing millions of short DNA sequences
in parallel, then aligning them to a reference genome or
assembling them from a de novo sequence. Tagged-Amplicon
deep sequencing (TAm-seq) and CAncer Personalized Profiling
by deep sequencing (CAPP-Seq) are some of the techniques that
are used to apply NGS to a target panel (23, 27). The enhanced
TAm-Seq technique identified mutant alleles down to 0.02%
allele fraction with 99.9997% per-base specificity. Samples with
the optimum quantity of DNA had 94% mutations at 0.25%
-0.33% allele fraction, compared to 90% mutations in samples
with lower levels of input DNA (12). The integrated digital error
suppression (iDES)-enhanced CAPP-Seq technique allowed
biopsy-free profiling of EGFR kinase domain mutations with a
sensitivity of 92% and a specificity of 96% (28). Overall,
analytical sensitivity is limited by low levels of cfDNA in the
blood and sequencing artifacts. More clinical investigation of
novel approaches is required to overcome these constraints.
Additionally, plasma cell-free DNA methylomes could allow
for non-invasive, highly sensitive, low-cost, and accurate early
tumor detection and classification. cfMeDIP-seq (cell-free DNA
immunoprecipitation and high-throughput sequencing) for
genome-wide bisulfite free plasma DNA methylation analysis is
cost-effective based on its ability to enrich CPG-rich fragments
that may provide additional information (29).

Timeline of ctDNA Development
In 1948, cfDNA was identified in human blood plasma (Figure 1)
(30).Leonet al. observedhigher cfDNAlevels in the serumofcancer
Frontiers in Oncology | www.frontiersin.org 3
patients in 1977 (31). Subsequent research revealed specific KRAS
mutations in plasma DNA from pancreatic cancer patients in 1994
(32). Besides, circulating mutant DNA was utilized to monitor
tumor dynamics in cancer patients undergoing surgery or
chemotherapy in 2008 (33). A direct comparison of circulating
tumor DNA with other circulating biomarkers (CA 15-3 and
circulating tumor cells) and medical imaging revealed that
ctDNA is an informative, specific, and highly sensitive metastatic
breast cancer biomarker in 2013 (34). In 2015, detecting mutations
in ctDNA was used to monitor MRD and predict the likelihood of
early breast cancer recurrence, and customize adjuvant treatment
strategies (35). In 2016, the United States Food and Drug
Administration (FDA) approved the first “liquid biopsy test”
(Cobas EGFR mutation Test V2) for patients with non-small cell
lung cancer (NSCLC). In 2008, the FDA approved the first
comprehensive liquid biopsy (Guardant 360 Assay) as an
expedited access pathway device and the Cancer SEEK assay for
cancer screening at an earlier stage as a breakthrough device. In
2019, FDA granted breakthrough device designation to Grail’s
multi-cancer blood test for the early detection of multiple cancer
types. In 2020, FDA approved first liquid biopsy next-generation
sequencing (NGS) companion diagnostic test (Guardant 360 CDx
Assay) to detect specific types of the epidermal growth factor
receptor (EGFR) gene mutations in patients with NSCLC. In
2021, FDA granted two breakthrough device designations to the
Signatera test formolecular residual disease (MRD) assessment and
recurrence monitoring. Additionally, accumulating evidence
demonstrates the usefulness of ctDNA in cancer diagnosis,
prognosis, disease progression, and treatment response (36–38).
TABLE 1 | Circulating tumor DNA (ctDNA) detection methods.

Technique Method Advantages Limitations Reference

Allele-specific PCR ARMS Easy to set-up; Lowest cost Low sensitivity; Detect specific
genomic locations

(7)

Digital PCR ddPCR High sensitivity; Absolute quantification Detect specific genomic locations;
Limited in multiplexing

(8, 9)

BEAMing High sensitivity; Relatively inexpensive Detect only known mutations (10, 11)
Multiplex PCR-
based NGS

TAm-
Seq

High sensitivity; Lower cost than other NGS methods Detect only known mutations; Less
comprehensive than other NGS
method

(12, 13)

Safe-
SeqS

High sensitivity; Lower cost than other NGS methods Less comprehensive than other
NGS method

(14, 15)

Hybrid capture-
based NGS

CAPP-
Seq

High sensitivity; Detects multiple mutation types; Broadly applicable without
personalization; Lower cost than WGS/WES; Higher sequencing depth than WGS/
WES

High cfDNA input; Detect only
known mutations; Less
comprehensive than WGS/WES

(16, 17)

TEC-Seq High sensitivity; Detects multiple mutation types; Broadly applicable without
personalization; Lower cost than WGS/WES; Higher sequencing depth than WGS/
WES

Less comprehensive than WGS/
WES

(18)

Retrotransposon-
based amplicon
NGS

FAST-
SeqS

Rapid aneuploidy assessment with lower cost than WGS/WES Low sensitivity and specificity;
Limited to aneuploidy detection

(19, 20)

Whole-genome
sequencing (WGS)

WGS The entire genome is interrogated; Broadly applicable without personalization Limited sequencing depth; Low
sensitivity; Expensive; Limited to
SCNA

(21)

Whole-exome
sequencing (WES)

WES The entire exome is interrogated; Broadly applicable without personalization Limited sequencing depth; Low
sensitivity; Expensive

(21)
November 2021 | Volume 11 | Art
PCR, polymerase chain reaction; ddPCR, droplet digital polymerase chain reaction; BEAMing, bead, emulsion, amplification, and magnetics; TAm-Seq, tagged−amplicon deep
sequencing; Safe-SeqS, safe-sequencing system; CAPP-Seq, cancer personalized profiling by deep sequencing; TEC-Seq, targeted error correction sequencing; FAST-SeqS, fast
aneuploidy screening test-sequencing system; WGS, whole-genome sequencing; WES, whole-exome sequencing; SCNA, somatic copy number alteration; NGS, next-
generation sequencing.
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ctDNA Analysis May Be an Alternative
for Tissue Biopsy
Diagnostic tools for monitoring the molecular evolution through
noninvasive techniques such as liquid biopsy are becoming
accessible and will be a valuable tool for further improving
personalized treatment in cancer. Especially, detection of
molecular alterations utilizing ctDNA may be a viable
approach for patients who do not have access to a tissue
specimen or a high-quality biopsy (39). In a single-center
analysis of 323 non–small cell lung cancer patients, 229 had
concurrent plasma and tissue NGS or were unable to complete
tissue testing. Tissue sequencing identified targetable mutations
in 47 individuals (20.5%), whereas plasma sequencing identified
82 (35.8%). Moreover, 85.7% of patients treated with plasma
next-generation sequencing–indicated treatment obtained a
complete or partial response or stable disease (40). In patients
with advanced non-small-cell lung cancer, analysis of ctDNA in
blood samples may be used as a surrogate form of tumor biopsy
for detecting EGFR and KRAS mutation status (41).

The ctDNA test is adequate to detect all driver DNA changes
present in matched metastatic tissue in metastatic castration-
resistant prostate cancer (mCRPC) patients, indicating that DNA
biomarkers to guide mCRPC patient treatment based on ctDNA
alone are feasible. Significant actionable alterations such as
PTEN or BRCA2 loss are found in matched metastatic CRPC
tissue samples, will not be missed by a well-designed ctDNA test.
The excellent agreement between ctDNA and metastatic tissue
biopsies in mCRPC indicates that ctDNA tests may be utilized to
prognostically and predictively stratify patients (42). DNA
damage repair (DDR) gene alterations identified in prostate
cancer metastatic tissue or ctDNA were concordant with
primary prostate cancer when clonal hematopoiesis was ruled
out in genetic association analysis. Concordance in DDR gene
alterations across prostate cancer samples was up to 84% (43).

The plasmaMATCH trial exhibited a significant degree of
concordance across ctDNA assays and high sensitivity for
mutations detected in tissue sequencing, particularly in
contemporaneous advanced breast cancer samples. Advanced
Frontiers in Oncology | www.frontiersin.org 4
breast cancer patients with uncommon, potentially targetable
HER2 and AKT1 mutations in ctDNA showed clinically
significant responses to the HER2 inhibitor neratinib and the
AKT inhibitor capivasertib, respectively, consistent with prior
tissue sequencing-directed studies. These results validate the use
of ctDNA testing to screen advanced breast cancer patients for
rare mutations and show its clinical value (44). In a recent
prospective investigation of metastatic triple-negative breast
cancer, blood was shown to be a quicker and less invasive
approach for molecular evaluation than tissue (45). In
metastatic triple-negative breast cancer (TNBC), ctDNA was
used to characterize somatic copy number alterations (SCNAs).
SCNA identification is an attractive alternative to somatic
mutation targeting since most tumors have SCNAs that may
be easily detected using low-coverage WGS (46, 47). By
comparing the SCRUM-Japan GI-SCREEN and GOZILA trials,
ctDNA genotyping reduced screening time (11 vs. 33 days, P <
0.0001) and increased trial enrollment rate (9.5 vs. 4.1%, P <
0.0001) without compromising trial outcomes compared to
tissue genotyping in advanced gastrointestinal cancer (48).
Overall, ctDNA analysis is gaining popularity as a novel
method of tumor genotyping.

Recurrence Risk Assessment
Using ctDNA
Increasing evidence suggests that ctDNA may be used as a
predictor of relapse risk (Figure 2). The presence of ctDNA in
follow-up samples was linked to future recurrence in all major
breast cancer subtypes, with ctDNA identified before relapse in
22 of 23 patients (95.7%) with extracranial distant metastatic
relapse. TNBCs had the highest ctDNA levels upon diagnosis,
suggesting rapid cell growth and turnover. Early identification of
ctDNA before treatment raised the likelihood of recurrence in
early-stage breast cancer (49). The phylogenetic ctDNA profiling
is used for ctDNA-driven treatment research that monitors the
subclonal nature of early-stage lung cancer recurrence and
metastasis (50). Another study showed that nonmetastatic
colorectal cancer patients with positive ctDNA had a
FIGURE 1 | Timeline of the landmark in ctDNA analysis. The figure exhibits a timeline of selected significant milestones in ctDNA as applied to solid tumors. FDA,
The United States Food and Drug Administration; MRD, minimal residual disease; ctDNA, circulating tumor DNA.
November 2021 | Volume 11 | Article 763790

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Peng et al. MRD Detection Using ctDNA
recurrence incidence of 77%. Moreover, ctDNA positive patients
had recurrence 3 months before radiologic or clinical evidence.
With a median follow-up of 49 months, none of the 45 patients
with negative ctDNA had a recurrence (51). The presence of
ctDNA following cystectomy indicates the presence of residual
cancer cells. After cystectomy, ctDNA was found in 17
individuals, 13 of whom had a recurrence. ctDNA-based
recurrence detection outpaced radiographic imaging by up to a
median of 96 days. Moreover, the dynamics of ctDNA
throughout chemotherapy were related to disease recurrence
(P =0.023) but not pathologic downstaging in ctDNA positive
patients before or during therapy. The findings support that the
feasibility of using ctDNA analysis for bladder cancer risk
stratification, treatment monitoring, and early recurrence
detection is feasible, and it offers a foundation for clinical trials
evaluating early therapeutic approaches (52). Therefore, ctDNA
may be utilized to identify early-stage cancer and predict
recurrence in individuals with early-stage cancer.

Monitoring Response Using ctDNA
There is mounting evidence that ctDNA analysis may be used to
monitor the response to treatment intervention. After
neoadjuvant chemotherapy, the presence of ctDNA was
associated with a lower distant disease-free survival, disease-
free survival, and overall survival in individuals with early-stage
TNBC. Distant disease-free survival probability for ctDNA-
positive individuals was 56% at 24 months, compared to 81%
for ctDNA-negative patients (53). NCC-GP150 blood tumor
mutational burden (bTMB) correlated well with WES matched
tissue TMB (tTMB) (Spearman correlation = 0.62). A bTMB of 6
or higher was associated with improved progression-free survival
and objective response rates in the anti-PD-1 and anti-PD-L1
therapy group, indicating that established NCC-GP150 with an
optimized gene panel size and methodology was viable for bTMB
estimation (54). Blood-based tumor mutational burden (bTMB)
Frontiers in Oncology | www.frontiersin.org 5
reliably identifies individuals who benefit from atezolizumab in
second-line and higher NSCLC (55). 94% of patients with
limited-stage (LS)-small-cell lung cancer (SCLC) and 100% of
patients with extensive-stage (ES)-SCLC exhibited tumor-related
alterations in their samples, including copy number alterations
(CNAs) and somatic mutations. Targeted cfDNA sequencing
reveals possible therapeutic targets in over 50% of SCLC patients
using a simple cfDNA genomewide copy number method (56).

In advanced refractory CRC, patients with a plasma tumor
mutation burden of 28 or more variations per megabase
exhibited improved overall survival. Moreover, tumor mutation
burden may be used to predict individuals with advanced
refractory CRC who may benefit from durvalumab and
tremelimumab (57). In the VIKTORY umbrella trail, ctDNA
analysis revealed a strong link between high MET copy number
and savolitinib response in patients with metastatic gastric
cancer (58). At six weeks after immunotherapy, alterations in
ctDNA levels suggested immunotherapeutic response and
progression-free survival, and lower ctDNA levels were linked
to better results. The results provide clues to the molecular
characteristics associated with response to pembrolizumab in
patients with metastatic gastric cancer (59). BRAF V600-mutant
ctDNA identified in pre-treatment and on-treatment melanoma
samples may be utilized as an independent indicator of clinical
outcome in patients receiving dabrafenib or trametinib in
combination with dabrafenib. In the COMbi-B cohort, the
threshold of ctDNA was 64 copies per mL as a high or low
risk of survival outcome, which was verified in the combi-B
cohort. In the COMBI-d cohort, undetectable ctDNA at week
four was associated with a prolonged progression-free and
overall survival (60). Comprehensive ctDNA analysis reveals
genetic variants that are clinically actionable in metastatic
castration-resistant prostate cancer. Metastatic castration-
resistant prostate cancer with TP53, BRCA2, or ATM
mutations identified in plasma had substantially poorer
FIGURE 2 | Potential clinical applications of ctDNA analysis. MRD, minimal residual disease; ctDNA, circulating tumor DNA.
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outcomes (61). The analysis of ctDNA from patients with
carcinoma of unknown primary (CUP) demonstrates the
potential of the ctDNA method to provide tailored treatments
to CUP patients (62).

ctDNA analysis can identify residual proliferating disease in
adjuvant settings and estimate tumor burden in metastatic
settings and is a stratification indicator for immune-checkpoint
inhibition. Moreover, ctDNA testing for immunotherapy
predictors such as mutations, tumor mutational burden, and
microsatellite instability provides a noninvasive alternative to
tumor biopsy sampling. Quantitative changes in ctDNA levels
early in the disease course have also been shown to be a valuable
technique for assessing immune-checkpoint inhibition response
that may supplement conventional imaging approaches (63). In
an analysis of immune checkpoint inhibition across a broad
range of cancer types, elevated pretreatment variant allele
frequencies (VAF) were linked to worse overall survival,
implying that VAF plays a prognostic role in patient outcomes.
On-treatment VAF decreases and decreased on-treatment VAF
were related to prolonged progression-free survival and overall
survival, indicating that on-treatment ctDNA dynamics are
predictive of immune checkpoint blockade benefit. Moreover,
the combination of pretreatment and on-treatment VAF using
ctDNA can identify long-term responders and adjudicated
benefit among individuals with initial radiologically stable
disease in advanced cancers (64).

Taken together, ctDNA may aid in the precise treatment of
cancer and may help monitor patients’ responses to treatment
both during and after treatment.

Resistance Mechanism Analysis
Using ctDNA
ctDNA analysis can deepen the understanding of the
mechanisms of drug resistance and provide more opportunities
for precision medication for patients. The BENEFIT trial
revealed that detecting EGFR mutations in ctDNA was an
excellent method for identifying individuals who might benefit
from gefitinib, and investigations of dynamic EGFR mutations
and associated gene aberrances could help predict gefitinib
resistance (65). BRCA reversion mutations are identified in
13% of platinum-resistant and 18% of platinum-refractory
high-grade ovarian carcinoma pretreatment cfDNA and are
associated with reduced therapeutic efficacy of rucaparib
therapy. Besides, ctDNA analysis may identify several BRCA
reversion mutations, indicating multiclonal heterogeneity in
high-grade ovarian carcinoma (66). In almost all patients with
mCRPC, clinically relevant genomic profiling of cfDNA was
available, and it may offer significant insights on enzalutamide
response and resistance (67). RAS and BRAF wild-type
metastatic colorectal cancer patients responded to rechallenge
with cetuximab and irinotecan in this phase 2 single-arm study.
Only patients with RAS and BRAF wild-type ctDNA might
benefit from the rechallenge, according to preplanned ctDNA
profiling (68). CAPP-Seq analysis of ctDNA revealed that EGFR
T790M mutation, MET amplification and ERBB2 amplification
may lead to resistance to first- or second-generation EGFR-TKIs
Frontiers in Oncology | www.frontiersin.org 6
in NSCLC patients (69). Additional uses of ctDNA testing are
being explored, including early identification of immunotherapy
resistance and analysis of resistance pathways (63). In general,
ctDNA provides a view into emerging mechanisms of resistance
to targeted therapy or immunotherapy.
UTILIZATION OF ctDNA FOR MINIMAL
RESIDUAL DISEASE (MRD) DETECTION

MRD refers to residual tumor cells or biomarkers in the body
after local or systemic cancer treatment, and its activation
promotes tumor metastasis and recurrence, which is described
as minimal residual disease, measurable residual disease, and
molecular residual disease. Because the number of remaining
cancer cells is likely to be so tiny that they may not cause any
signs or symptoms, and they may even be undetectable by
conventional techniques. The commonly used MRD detection
techniques include qPCR (quantitative PCR), ddPCR (digital
PCR), NGS (next-generation sequencing). Among them, NGS, as
an emerging MRD detection technique, is gaining increasing
attention and clinical application. Early detection of tumor
metastasis and recurrence is critical for extending survival
because smaller tumors have a better prognosis. MRD is a
significant prognostic indicator that may help predict
recurrence. Recently, the use of ctDNA analysis to identify
MRD in solid tumors after curative-intent therapy and before
clinical or radiographic disease recurrence has demonstrated
significant therapeutic promise (Figure 3). Besides, MRD
identification by ctDNA analysis was associated with a poor
prognosis in patients with a malignant tumor. In this study, we
describe the significance of ctDNA analysis for guiding adjuvant
therapy in lung, breast, and colon cancers.

Lung Cancer
The TRACERx study showed that over 99% of MRD-negative
patients did not relapse and that MRD predicted relapse before
conventional imaging. The time gap between the rise in ctDNA
levels after surgery and the clinical diagnosis of cancer recurrence
offers an opportunity for clinical intervention (50). The
DYNAMIC study is the first prospective research on exploring
ctDNA dynamic alterations in primary lung cancer patients after
surgery. After tumor excision, ctDNA decays quickly in
individuals with surgical lung cancer. Three days following
surgery may be used as a baseline for lung cancer
postoperative monitoring and may help guide clinical decisions
(70). Moreover, the DYNAMIC study discovered that the half-
life of ctDNA in individuals with radical resected lung cancer was
only 35 minutes and that detecting MRD on the third day
following R0 resection may be utilized as a baseline for
postoperative lung cancer monitoring (70, 71).

A retrospective study demonstrates that ctDNA analysis can
reliably detect posttreatment MRD in patients with stage I-III
lung cancer, detecting residual or recurrent disease earlier than
standard radiologic imaging, and making tailored adjuvant
therapy more accessible to patients at an early stage with the
November 2021 | Volume 11 | Article 763790
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lowest disease burden. Freedom from progression (FFP) at 36
months after the MRD landmark was 0% in localized lung cancer
patients with detectable ctDNA MRD and 93% in those with
undetectable ctDNA MRD. The rate of MRD identification with
single-mutation monitoring was 58%, considerably lower than
the rate of 94% when all known variants were analyzed using
cancer personalized profiling by deep sequencing (CAPP-seq),
implying that monitoring multiple variants may improve MRD
detection sensitivity in lung cancer (72). The assessment of MRD
by ctDNA analysis predicts recurrence in early-stage lung cancer
with excellent accuracy following therapy (72, 73). In another
study that assessed the MRD in lung cancer patients using
circulating single-molecule amplification and resequencing
technology (cSMART), ctDNA status before surgery was a
significant clinicopathological predictor for RFS and OS.
ctDNA positive before surgery was associated with a 3.4- or
4.0-fold increased risk of recurrence or mortality, respectively.
After surgery, the recurrence rate of ctDNA-positive patients was
63.3% (19/30). 89.5% of these patients who relapsed had
detectable ctDNA within two weeks after surgery and were
identified before imaging findings, with a median of 12.6
months (74).

In metastatic EGFR-mutant lung tumors, persistent EGFR-
mutant ctDNA after six weeks of therapy was linked to early
progression on osimertinib with bevacizumab and lower overall
survival. In addition, persistently positive ctDNA may
distinguish patients at risk for early progression of EGFR-TKIs
and those who will benefit most from intensification therapy
(75). In individuals who have had long-term responses to
immune checkpoint inhibitors, ctDNA analysis can detect
minimal residual disease and forecast the likelihood of disease
progression. After a median of 26.7 months of immune
checkpoint inhibitor therapy, ctDNA was tracked in 31 non–
small cell lung cancer patients. 27 patients had undetectable
ctDNA at the surveillance timepoint, and 93% (25/27) of them
had not progressed. Besides, all four individuals with detectable
ctDNA experienced disease progression. ctDNAmonitoring may
help to advance precision immunotherapy and provide more
Frontiers in Oncology | www.frontiersin.org 7
opportunities for early intervention in patients at high risk of
disease progression (76).

Pre-treatment ctDNA and peripheral CD8 T levels are
associated with durable clinical benefits from immune
checkpoint inhibitors. ctDNA dynamics after a single infusion
may help identify individuals who will obtain clinical benefits.
Combining ctDNA with circulating immune cell profiling may
determine patients who will benefit from treatment, and offer
accurate, noninvasive, and early prediction of outcomes for
NSCLC patients receiving immune checkpoint inhibitors (77).
In the prospective INSPIRE study, all 12 patients whose ctDNA
was cleared during pembrolizumab treatment had favorable
clinical outcomes. With a median follow-up of 25.4 months
after initial clearance, these 12 patients had sustained objective
responses and 100% overall survival with a median of 25 months
follow-up. For most patients with more than two ctDNA
detections during ctDNA monitoring, increases in above-
baseline ctDNA levels were linked to disease progression and
poorer survival, with a median overall survival of 13.7 months.
Besides, below-baseline ctDNA levels were associated with
extended survival, with a median overall survival of 23.8
months. These findings indicated the therapeutic use of
ctDNA-based monitoring in patients treated with immune
checkpoint inhibitors (78).

Breast Cancer
In a cohort of 55 early breast cancer patients undergoing
neoadjuvant chemotherapy, identification of ctDNA following
completing curative therapy accurately predicted metastatic
recurrence. Mutation monitoring in serial samples increased
sensitivity for recurrence prediction, with a median lead time
of 7.9 months over clinical recurrence. Additionally, targeted
capture sequencing of ctDNA could detect MRD-associated
genetic events, and MRD detection more accurately predicted
the genetic events associated with subsequent metastatic
recurrence than primary cancer sequencing. Thus, mutation
monitoring may be used to identify individuals with early-
stage breast cancer who have an increased risk of recurrence.
FIGURE 3 | Potential clinical applications of ctDNA-based detection for minimal residual disease (MRD). ctDNA, circulating tumor DNA.
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Subsequent adjuvant therapy may target genetic events identified
in the MRD, partially overcoming the barrier posed by
intratumor genetic heterogeneity (35).

Another clinical study revealed that identifying ctDNA at
diagnosis, prior treatment in early-stage breast cancer was linked
to relapse-free survival. When compared to clinical recurrence,
ctDNA detection had a median lead time of 10.7 months and was
associated with recurrence in all breast cancer subtypes,
suggesting that molecular relapse detection may be used to
guide adjuvant treatment (79). A recent study demonstrated
that personalized ctDNA analysis utilizing targeted digital
sequencing (TARDIS) could identify residual disease in stage I-
III breast cancer patients with excellent accuracy after
neoadjuvant treatment. TARDIS identified ctDNA in all
patients with 0.11% median variant allele frequency (VAF)
before therapy. Following neoadjuvant treatment, ctDNA levels
were significantly lower in patients who achieved pathological
complete response (pathCR) than in patients with residual
disease. Additionally, individuals with pathCR had a
substantial decrease in ctDNA levels after neoadjuvant
treatment. These results indicate that it is possible to accurately
evaluate the molecular response and residual disease utilizing
ctDNA analysis during neoadjuvant treatment (80). In addition,
a novel, ultrasensitive assay was established to monitor numbers
of specific tumor mutations to identify MRD following therapy.
Whole-exome sequencing was performed to identify mutations
in tumor tissue. Subsequently, an individualized MRD assay was
used to detect mutations in the cfDNA. This approach allows the
accurate detection of MRD at tumor fractions up to 100-fold
lower than the genomic equivalent (GE) limit. The presence of
MRD at one year was significantly associated with distant
recurrence. The median lead time between the initial positive
sample and recurrence was 18.9 months (81).

Pretreatment biopsies were sequenced to evaluate the role of
MRD in neoadjuvant therapy for breast cancer using a massive
parallel sequencing (MPS) panel, which enabled the detection of
mutations and their investigation in plasma using droplet digital
PCR (ddPCR) and tagged targeted deep sequencing (tTDS) as
complementary approaches. Over one deleterious mutation was
identified using tTDS in all four relapsed patients, with an
average lead time of six months before clinical recurrence.
However, just one relapsed patient could be detected using
ddPCR. The results indicated that tTDS is a non-invasive tool
for MRD detection in breast cancer patients (82).

In the neoadjuvant I-SPY study, serial ctDNA analysis can be
utilized to determine pathologic complete response and
metastatic recurrence risk in neoadjuvant-treated breast cancer.
Patients who sustained ctDNA positivity at three weeks after
initiation of paclitaxel had a substantially greater likelihood of
developing residual disease after neoadjuvant chemotherapy
(83% non-pathologic complete response) than those who
cleared ctDNA (52% non-pathologic complete response).
Following neoadjuvant chemotherapy, 100% of patients
(N=17) who achieved pathologic complete response were
ctDNA negative. For those who failed to achieve pathologic
complete response (N=43), 14% of patients with ctDNA
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positivity exhibited a substantially higher risk of metastatic
recurrence. 86% of patients failed to achieve pathologic
complete response and tested negative for ctDNA had a
favorable prognosis. Insufficient ctDNA clearance was a strong
predictor of worse response and metastatic recurrence. ctDNA
clearance was linked to better survival even in individuals who
failed to achieve pathologic complete response. Personalized
ctDNA monitoring during high-risk early breast cancer
neoadjuvant chemotherapy may help assess therapy response
and survival (83).

Early ctDNA dynamics revealed a strong relationship
between on-treatment ctDNA and shorter progression-free
survival in PIK3CA mutant breast cancer treated with
palbociclib, taselisib, and fulvestrant. During triplet therapy,
sequencing of longitudinal plasma ctDNA revealed evidence of
genetic evolution (84). The PALOMA-3 trial showed that the
change in PIK3CA ctDNA levels after 15 days of palbociclib and
fulvestrant therapy significantly predict progression-free
survival. These findings indicated that early ctDNA dynamics
might serve as a reliable biomarker for CDK4/6 inhibitors, with
early ctDNA dynamics showing diverse responses to treatment
of tumor subclones (85).

Colorectal Cancer
In a prospective study, ctDNA-positive stage I to III CRC
patients exhibited a seven-fold increased risk of recurrence at
postoperative day thirty. Relapse was seventeen times more
probable in ctDNA-positive individuals following adjuvant
chemotherapy. After adjuvant chemotherapy, all seven ctDNA
positive patients relapsed. According to post-treatment
monitoring, adjuvant chemotherapy eliminated 30% of
ctDNA-positive patients. ctDNA-positive patients had 40 times
the risk of disease recurrence than ctDNA-negative individuals
during monitoring following definitive treatment. Serial ctDNA
analysis showed disease recurrence 16.5 months before
conventional radiologic imaging. Overall, ctDNA analysis may
improve postoperative CRC treatment by risk assessment,
adjuvant chemotherapy monitoring, and early recurrence
identification (86). Positive postoperative ctDNA results had
poor outcomes despite adjuvant treatment, with a three-year
recurrence-free interval of 47% vs. 76% in patients with negative
postoperative ctDNA, indicating that ctDNA analysis might
serve as a prognostic biomarker for recurrence risk and
adjuvant therapy benefit in stage III colon cancer (87).

Customized next-generation sequencing (NGS) panels were
used to detect mutations in localized colon cancer tissues. In
addition, ddPCR was used to monitor a series of plasma samples
for known and high-frequency ctDNA mutations. Identifying
ctDNA in serial plasma samples was linked to worse disease-free
survival (DFS). The capacity to detect MRD improved to 87.5%
by monitoring more than two variants in plasma. The presence
of ctDNA following treatment was linked to early recurrence in
individuals who received adjuvant chemotherapy. ctDNA could
be detected at follow-up before radiological relapse, with a
median lead time of 11.5 months, indicating that tracking
ctDNA mutations may aid in identifying recurrence and that
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identifying mutations in ctDNA occurring during or following
adjuvant chemotherapy may aid in the detection of treatment
resistance (88). ctDNA analysis after stage II colon cancer
resection may demonstrate the presence of MRD, identify
individuals at high risk of recurrence, and guide adjuvant
treatment decisions. In a prospective cohort of 230 individuals
with stage II colon cancer, parallel sequencing was performed to
assess the capacity of ctDNA to identify MRD in 1046 plasma
samples. Postoperative ctDNA was identified in 7.9% (14/178) of
patients not treated with adjuvant chemotherapy. 78.6% (11/14) of
these patients had radiologic recurrence at amedian follow-upof 27
months.Only9.8%(16/164)of the individualswithnegativectDNA
had disease recurrence. The presence of ctDNA after completion of
chemotherapy was linked to an inferior worse recurrence-free
survival in those who underwent chemotherapy (89).

Recently, a plasma-only ctDNA assay that integrates genomic
and epigenomic cancer signatures has been developed for tumor-
uninformed MRD detection in postoperative colorectal cancer
patients. Following completion of definitive treatment, 24% (17/
70) of patients retained detectable ctDNA, and 88% (15/17) of
these patients recurred. 24% (12/49) of the patients lacking
detectable landmark ctDNA recurred. Sensitivity and specificity
for landmark recurrence were 55.6% and 100%, respectively. The
integration of longitudinal and surveillance analyses improved
sensitivity to 69% and 91%, respectively. In comparison to
genomic alterations alone, the integration of epigenomic
signatures improved sensitivity by 25%–36%. The combination
of epigenomic and genomic analyses improved sensitivity,
indicating that plasma-only ctDNA MRD detection may be
promising in clinical settings (90).

271 serial plasma samples were dynamically monitored with
ctDNA during colorectal cancer patients with liver metastasis
(CRLM) treatment to assess the impact of ctDNA on the
prediction of adjuvant chemotherapy. Patients with a higher
VAF level at their baseline ctDNA had a higher tumor burden,
and reduced ctDNA levels during preoperative chemotherapy
were associated with improved tumor response. The presence of
ctDNA in patients after surgery and adjuvant chemotherapy was
linked to a decreased recurrence-free survival (RFS). Patients
with detectable ctDNA recurred after CRLM resection at a higher
rate (79.4% vs. 41.7%) than those with undetectable ctDNA.
Besides, recurrence rates were 77.3% for patients with detectable
ctDNA following adjuvant chemotherapy and 40.7% for those
with undetectable ctDNA. Patients with reduced ctDNA VAF
had a 63.6% recurrence rate during adjuvant chemotherapy,
compared to 92.3% for patients with elevated ctDNA VAF,
indicating that dynamic ctDNA analysis in a post-adjuvant
chemotherapy setting might be utilized to identify not only
MRD but also to select the most appropriate individualized
adjuvant treatment after CRLM resection (91).
OTHER TUMORS

Monitoring the copy number status of HER2 in ctDNA is
beneficial for the therapeutic effect of patients with HER2-
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positive gastric cancer and identifying treatment options for
patients whose HER2 status changes to positive following
recurrence. Plasma samples collected during postoperative
follow-up periods indicated that high plasma HER2 ratios were
observed at recurrence in seven of the thirteen patients who were
diagnosed as HER2-negative (92). MRD identified by ctDNA
distinguished stage I-III gastric cancer individuals at high risk of
postoperative relapse and enabled new adjuvant therapy studies
to prolong survival in adjuvant treatment settings. In a
prospective cohort study, all patients who had ctDNA detected
immediately after surgery eventually experienced a relapse.
Positive ctDNA at any timepoint during longitudinal
postoperative follow-up was associated with worse disease-free
survival and overall survival, with a median time of 6 months
before radiographic recurrence (93).

After applying the white blood cells-filtering approach, the
presence of ctDNA in the CRITICS trial predicts recurrence
when assessed within nine weeks following preoperative therapy
and following surgery in individuals suitable for multimodal
therapy. After a median follow-up of 42 months, all 11 resectable
gastric cancer patients with no identifiable tumor-specific
alterations at the postoperative timepoint were alive and
recurrence-free. Of the nine patients who had detectable
tumor-specific alterations at the postoperative period, six
patients experienced disease recurrence and died of metastatic
disease. In addition, patients with identifiable tumor-specific
alterations had a substantially lower median event-free survival
(18.7 months vs. not reached) and a 21.8-fold higher risk of
recurrence as well as a considerably shorter median overall
survival (28.7 months vs. not reached) after surgery. Moreover,
the time to recurrence was determined by ctDNA analysis at 1.4
months, 8.9 months earlier than clinical detection (94).

The prognostic and predictive value of ctDNA was
investigated using ultra-deep sequencing in patients with
locally advanced bladder cancer before and after cystectomy, as
well as during chemotherapy. Pre-chemotherapy ctDNA
presence was strongly prognostic at diagnosis. For surveillance
after cystectomy, ctDNA positivity accurately predicted all
patients with metastatic recurrence with 100% sensitivity and
98% specificity. The dynamics of ctDNA throughout
chemotherapy were associated with recurrence in individuals
with ctDNA positivity before or during chemotherapy (52). In
urothelial carcinoma patients who are positive for ctDNA and
are at a high risk of recurrence, adjuvant atezolizumab may be
associated with better outcomes than observation. At the
initiation of treatment, ctDNA assay revealed 37% of patients
were positive for ctDNA and had a dismal prognosis. The
atezolizumab arm outperformed the observation arm in terms
of disease-free survival and overall survival. At week 6, the
atezolizumab arm (18%) had a greater rate of ctDNA clearance
than the observation arm (4%) (95).

Comprehensive ctDNA alteration profiles offer a reliable
strategy for evaluating tumor burden, with high consistency
with imaging findings. It was able to detect the presence of
tumors before imaging for an average of 4.6 months, and it is
superior to serum biomarkers, such as alpha-fetoprotein, alpha-
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fetoprotein-L3, and des-gamma-carboxy prothrombin.
Moreover, it has the potential to accurately identify MRD in
advance and forecast prognostic outcomes for relapse-free
survival and overall survival. Comprehensive ctDNA alteration
profiles may be used to evaluate prognostic risk and predict
hepatocellular carcinoma occurrence (96).
CHALLENGES AND FUTURE DIRECTIONS

An accurate understanding of the limitations of assay can
effectively avoid making harmful decisions. Despite promising
preliminary results, many obstacles exist to the widespread
clinical application of ctDNA-based assay for treatment
decision-making and tumor monitoring. In plasma, ctDNA
levels tend to be variable and low, resulting in a variable
detection threshold. In addition, negative ctDNA may be due
to low copy number detection rather than the absence of ctDNA.
The limited sensitivity of the ctDNA analysis is a critical
challenge, particularly in patients with resected early-stage
cancer, when plasma ctDNA levels are low. False negatives are
inevitable due to the influence of biological variables such as
mucinous histology, low DNA-shedding tumor, and hidden
micrometastasis. NGS panels with a wide range of genomic or/
and epigenetic alterations, larger sample volume, monitoring
numerous mutations, serial testing, and fragment size analysis
might enhance assay sensitivity. Besides, DNA fragments from
the clonal hematopoiesis of indeterminate potential (CHIP) or
non-neoplastic hematopoietic stem cells can cause false-positive
ctDNA results, which can be reduced by utilizing advanced
bioinformatics analysis or by comparing ctDNA sequencing
with that of leukocytes and/or matched tumor tissues, but the
optimal strategy is yet undetermined. A high-intensity cfDNA
sequencing analysis method based on the combined analysis of
cfDNA and white-blood-cell (WBC) gDNA enables de novo
identification of tumor-derived alterations as well as
interpretation of microsatellite instability, tumor mutational
burden, mutational profiles, and the origins of somatic
mutations found in cfDNA (97).

Integrating mutational information from peripheral blood
cells (PBCs) is critical in liquid biopsy analysis to distinguish
tumor-derived from clonal hematopoiesis (CH)-related
mutations. Standard practice for NGS genomic analysis of
cfDNA should include paired plasma-peripheral blood cell
(PBC) sequencing to prevent findings from being
misinterpreted (98). Another hurdle to overcome is the lack of
uniformity among various ctDNA assays, which restricts the
interpretation of presented results. The lack of standardization
across ctDNA assays is another obstacle, which limits the
understanding of available results. Discordance ctDNA
findings are likely the consequence of several variables,
including the time points of sample collection, sample
collection process, storage procedure, library preparation
process, unique molecular identifiers, variant calling, and
targeted error correction. Normative methods for ctDNA
collection, storage, and analysis are essential in ensuring the
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widespread utilization of ctDNA technology in regular clinical
practice. Even though studies have provided convincing evidence
supporting the role of ctDNA in the management of patients
with resected early-stage cancer, these studies only included a
small proportion of participants and lacked validation cohorts.
Given the limited samples and observational findings, further
large-scale randomized, controlled trials are required to verify
and clarify the clinical usefulness of ctDNA in cancer.

The primary application of ctDNA assay in early-stage cancer
treatment is its ability to identify MRD after primary tumor
resection, thus enabling accurate risk assessment and adjuvant
therapy. Adjuvant treatment may be avoided in the future for a
significant proportion of ctDNA-negative individuals who are
deemed high-risk. Moreover, ctDNA clearance may serve as an
endpoint in adjuvant trials to assess the effectiveness of
treatment, allowing for shorter follow-up times and smaller
sample sizes. Besides, confirming adjuvant treatment duration
based on ctDNA clearance will aid in reducing excessive toxicity.
As a result, the ctDNA assay has enormous promise for speeding
up the development of adjuvant therapies. Additional
prospective studies will be conducted to evaluate the
performance of the MRD assay. ctDNA surveillance during
adjuvant therapy may aid in understanding the mechanisms of
drug response and resistance, providing an opportunity for
genome-based therapy before rapid disease progression.
Neoadjuvant therapy is a rapidly developing approach for
treating patients with early-stage cancer, and ctDNA may be
an invaluable tool for monitoring tumor response in the
neoadjuvant setting. It should be emphasized that excluding
adjuvant treatment based on negative ctDNA assay is not
appropriate, owing to the low degree of standardization of
ctDNA testing procedures and the limitations of ctDNA
testing technology.

Tumor-specific DNA methylation in plasma may be
promising in cancer diagnosis, prognosis, and monitoring.
With advances in molecular biology, detection technology,
statistics, and machine learning, ctDNA methylation detection
will make significant progress. Integrating DNA methylation
analysis with genomic mutation detection may increase the
sensitivity of detection. Incorporating various factors such as
protein biomarkers, mutation-based, and epigenetic will get an
accurate result. Genome-wide cell-free DNA fragmentation
varies between cancer patients and healthy people.
Fragmentation profiles of cfDNA in cancer patients seem to be
caused by nucleosomal DNA mixes from both cancer cells and
blood. DNA evaluation of fragments for early interception
(DELFI) is a novel method that can identify a significant
number of abnormalities in cfDNA via genome-wide
evaluation of fragmentation patterns. By integrating DELFI
with the detection of cfDNA sequence alterations, the
sensitivity of detection was significantly improved. Since the
fragmentation patterns appear to correlate with nucleosomal
patterns, DELFI may help identify the tumor-derived ctDNA,
which can be enhanced further utilizing clinical features,
methylation alterations, and other diagnostic methods.
Additionally, DELFI needs just a small amount of genome
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sequencing, implying that it has the potential to be widely
applied to cancer screening and management (99).

A single-tube methylation-specific quantitative PCR method
(mqMSP), using ten different methylation markers, was able to
quantitatively assess plasma samples as low as 0.05% of tumor
DNA. The mqMSP assay is a cost-efficient and easy-to-implement
clinical monitoringmethod for colorectal cancer recurrence, which
aids in patient management after surgery. 55% (N=20) of
recurrence colon cancer had mqMSP positivity in the
postoperative plasma samples, which was associated with worse
recurrence-free survival. Among the 20 recurrence patients, 70%
exhibited detectable ctDNAprior to recurrence, with amedian lead
time of 8.0 months earlier than radiologic imaging (100). The
plasma cell-free DNAmethylomes are a sensitive method to detect
ctDNA in low-level input DNA. In a large number of plasma
samples from a variety of tumor types, this method has shown its
effectiveness in detecting and classifying using plasma cell-free
DNA methylomes (29). Moreover, plasma cfDNA methylomes
exhibit specific characteristics in detecting and discriminating
common primary intracranial tumors, which share cell-of-origin
lineages and are difficult to differentiate with standard-of-care
imaging (101). Cell-free methylated DNA immunoprecipitation
and high-throughput sequencing (cfMeDIP–seq) is a sensitive
detection method that may identify cancers in the early stages. It
can be used to accurately classify patients at all stages of renal cell
carcinoma in plasma (the area under the receiver operating
characteristic curve is 0.99), as wells as to identify renal cell
carcinoma patients with urine cell-free DNA (the area under the
receiver operating characteristic curve is 0.86), indicating that the
utilization of plasma and urine cell-free DNA methylomes for the
detection of renal cell carcinoma has the potential to revolutionize
clinical practice (102).

Integrating methylated DNA immunoprecipitation with next-
generation sequencing (MeDIP-seq) yields high-quality
methylomes with typical resolutions of 100 to 300 bp at costs
similar to those of capture-based methods. Moreover, the whole
process, from DNA extraction to production of the MeDIP-seq
library, may take around 3-5 days (103). Combining genetic and
epigenetic characteristics of cfDNA can be used to distinguish
between lung cancer and benign lung injury (BLN) plasma,
indicating the potential of the multi-omics blood-based assay for
non-invasive lung cancer management (104). Besides, ctDNA
assays may have the potential to offer critical information on
genomic heterogeneity. Adjuvant therapy may be guided by
actionable mutations in clones that may vary from the primary
tumor owing to clonal evolution or/and tumor heterogeneity.
Surprisingly, there is evidence to substantiate the utility of ctDNA
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analysis in cancers of unknown origin (CUP) patients. Currently,
the most data for ctDNA analysis mainly come from lung cancer,
breast cancer, and colorectal cancer studies. The use of ctDNAwill
expand to a variety of tumor types, such as prostate cancer, and
bladder cancer. It is anticipated that ctDNA will become
increasingly extensively utilized and develop into a powerful tool
for cancer diagnosis and treatment.
CONCLUSION

Asmore evidence accumulates, it is becoming clear that ctDNAcan
be used as a biomarker for MRD detection and that it has the
potential to aid in treatment decision-making. The advancement of
ultra-sensitive ctDNA tests has the potential to improve cancer
therapy. Moreover, ctDNA-based MRD detection may become an
indispensable part of diagnosis and treatment. Using ctDNA
detection techniques to evaluate MRD after therapeutic surgery
may radically alter the course of adjuvant therapy for non-
metastatic cancer. Serial postoperative ctDNA analysis may
provide more accurate risk stratification for recurrence in
addition to pathological staging. Moreover, postoperative ctDNA
analysismaybeused toadjust the intensity anddurationofadjuvant
treatment depending on the ctDNA findings. ctDNA monitoring
can predict the effectiveness of adjuvant treatment and enhance the
efficiency of adjuvant therapy trials. More studies are required to
validate the clinical effectiveness of ctDNA and further enhance the
sensitivity of ctDNA analysis. ctDNA assay standards should be
established to ensure the repeatability of the results. Overall, the
application of ctDNA-based MRD analysis is of great benefit in
providing clinical decision support and enhancing patient survival
outcomes in the era of precision medicine.
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