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Simple Summary

Circulating tumor DNA (ctDNA) is emerging as a promising blood-based biomarker capa-
ble of detecting minimal residual disease in patients with colorectal cancer. The presence or
absence of ctDNA following surgery or systemic therapy provides valuable information
regarding the risk of disease recurrence. In this review, we summarize the current evidence
supporting the prognostic and predictive roles of ctDNA across different stages of colorectal
cancer and evaluate key completed studies as well as ongoing randomized trials. We also
highlight current limitations and future directions for the integration of ctDNA-guided
strategies into routine clinical practice.

Abstract

Circulating tumor DNA (ctDNA) has emerged as a promising and versatile biomarker
in colorectal cancer (CRC), providing real-time insights into the tumor burden, minimal
residual disease (MRD), and treatment response across both early and metastatic stages.
In patients with resected stage II-III CRC, post-operative ctDNA positivity is a robust
predictor of recurrence and may outperform traditional clinicopathologic risk factors. It
can facilitate adjuvant therapy discussions; however, treatment escalation or de-escalation
based solely on ctDNA results is not yet supported by available interventional data. In the
metastatic setting, ctDNA-based techniques could provide non-invasive molecular profiling
and a monitoring response to systemic therapies. Peripheral blood-based techniques could
also help detect emerging resistance to systemic therapy. Emerging evidence highlights
that quantitative assessment of ctDNA dynamics, including the baseline burden and
post-treatment clearance, could further refine risk stratification and inform treatment
personalization. Collectively, ctDNA represents a promising and evolving biomarker with
well-established prognostic and emerging predictive potential and is poised to support
precision oncology across the continuum of CRC.

Cancers 2026, 18, 754

https://doi.org/10.3390/ cancers18050754


https://crossmark.crossref.org/dialog?doi=10.3390/cancers18050754&domain=pdf&date_stamp=2026-02-26
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0002-1049-330X
https://orcid.org/0009-0000-6754-940X
https://orcid.org/0000-0002-1901-5603
https://doi.org/10.3390/cancers18050754

Cancers 2026, 18, 754

2 0f 23

Keywords: colorectal cancer; circulating tumor DNA; minimal residual disease; prognostic
biomarker; predictive biomarker; precision oncology

1. Introduction

Colorectal cancer (CRC) is the third most common cancer in the United States and
the third-leading cause of cancer-related deaths in men and the fourth in women. Despite
substantial advancements in treatment options, CRC continues to rank among the leading
causes of cancer-related mortality [1]. The tumor (T), node (N), and metastasis (M) TNM
staging system remains the most significant indicator for determining the stage of the
disease and estimating the five-year survival rate. However, traditional prognostic factors
(e.g., TNM staging, lymphovascular invasion, tumor grade, and genetic mismatch repair
status) provide only indirect and incomplete information about the minimal residual
disease (MRD) and future recurrence risk. The five-year survival rate is substantially higher
in early-stage CRC than in metastatic disease (91% vs. 14%) [2]. Currently, despite adjuvant
chemotherapy, recurrence occurs in 15-30% of patients with stage III and stage II CRC [3].
In metastatic disease, chemotherapeutic and immunotherapeutic approaches based on the
tumor molecular profile are the standard treatment [4].

Circulating tumor DNA (ctDNA) represents the tumor-derived fraction of circulating
cell-free DNA (cfDNA) detected in peripheral blood and serves as a molecular surrogate
of the tumor genome by capturing tumor-specific genomic and epigenomic alterations,
including somatic point mutations, copy number alterations, DNA methylation patterns,
and structural rearrangements (Figure 1) [5,6]. ctDNA provides another approach to in-
vestigate the presence of MRD in the stage II/III CRC patient populations, which serves
to evaluate whether there is a benefit of adjuvant chemotherapy. For the assessment of
MRD, ctDNA should be evaluated at least 2-4 weeks after curative-intent surgical resection.
Long-term ctDNA surveillance is typically performed at 8-12-week intervals [3]. The pres-
ence of ctDNA following surgery (positive MRD) is associated with worse recurrence-free
survival (RFS). In contrast, the absence of ctDNA (negative MRD) is associated with a
lower risk of recurrence [7,8]. Although ctDNA has not yet been established as a routinely
validated predictive biomarker in clinical practice, it is actively being investigated for sev-
eral applications. These include MRD detection, diagnostic support, treatment monitoring,
prognostic assessment, and early identification of recurrence. It is important to distin-
guish between ctDNA’s prognostic and predictive applications. Prognostic applications are
well-established at identifying patients at higher risk of recurrence or death regardless of
treatment. Predictive applications, which identify patients who may differentially benefit
from specific therapies, remain under investigation. Currently, there are two ctDNA-based
strategies for determining MRD: tumor-informed and tumor-agnostic (plasma-only) ap-
proaches (Figure 1) [3]. The tumor-informed (TI) approach involves the identification of
somatic mutations in tumor tissue. This method allows for the detection of specific genetic
alterations that can be used as biomarkers for MRD [9]. On the other hand, the tumor-
agnostic (TA) approach relies on the detection of somatic alterations directly from cfDNA
using broad-panel sequencing without prior knowledge of tumor-specific mutations [9,10].
Both approaches have shown superior specificity and sensitivity compared with conven-
tional biomarkers such as carcinoembryonic antigen (CEA) in multiple studies [11-13]. As
a result, ctDNA-based monitoring shows significant promise for refining MRD detection,
improving recurrence risk stratification, and supporting risk-adapted adjuvant treatment
strategies. Beyond early-stage CRC, emerging evidence and ongoing clinical trials continue
to explore the role of c¢tDNA in monitoring the treatment response, detecting molecu-
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lar resistance, and guiding therapeutic decisions in metastatic CRC [10,14]. This review
summarizes current evidence for the prognostic and predictive utility of ctDNA in CRC,
emphasizing its role in adjuvant and metastatic disease in light of the current literature.
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Figure 1. Circulating tumor DNA assay and detection. Illustration created with BioRender.com.

2. Technical Approaches of ctDNA Detection: Tumor-Informed vs.
Tumor-Agnostic

Despite the superiority of ctDNA in the detection of microscopic disease when com-
pared to conventional biomarkers such as CEA, substantial differences exist between the
two primary ctDNA-monitoring approaches: tumor-informed and tumor-agnostic [15].
The tumor-informed strategy primarily utilizes whole-exome sequencing or targeted next-
generation sequencing of patient tissue to identify tumor-specific mutations, which are then
tracked in plasma samples. Comparatively, the tumor-agnostic approach uses predefined
gene panels or methylation markers to identify tumor-driven alterations in cfDNA without
prior tumor genomic characterization. These approaches differ significantly in their analyti-
cal performance, particularly in the MRD setting, where ctDNA is present at extremely low
levels. Recent bivariate meta-regression analysis of 27 studies revealed that in the landmark
setting (1 month following completion of definitive therapy), there was no statistically
significant difference in sensitivity between the two approaches (T1 vs. TA: 48% vs. 58%,
p = 0.070) [16]. Subsequently, when ctDNA was tracked serially, the tumor-informed ap-
proach demonstrated a substantially superior sensitivity compared to the tumor-agnostic
assay (TI vs. TA: 88% vs. 59%, p = 0.001). Both approaches boasted high specificity in the
landmark (TI vs. TA: 92% vs. 90%, p = 0.329) and serial settings (TI vs. TA: 91% vs. 88%,
p = 0.419) [16]. Importantly, accuracy varies substantially across commercial and academic
assays in both tumor-agnostic and tumor-informed methods of ctDNA detection. This was
evident in the bivariate analysis performed by Camblor et al., which showed high hetero-
geneity, especially pronounced in the serial setting (I? = 86.4%; p < 0.0001) compared to the
landmark setting (I = 69.0%; p < 0.0001) [16]. Comparisons between the two modalities are
summarized in Table 1 below.
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Table 1. Comparison of tumor-informed and tumor-agnostic ctDNA detection approaches for
MRD assessment.

Characteristic Tumor-Informed (Personalized) Tumor-Agnostic (Plasma-Only)
Tumor Tissue Requirement Required Not required
Turnaround Time 4-6 weeks 7-14 days
Detection Threshold (VAF) >0.01% >0.1%

Analytical Performance

Pre-operative Detection (Stages I-11I)  66% [17] 31% [17]
Sensitivity—Landmark (1-Month o o
Post-Therapy) 48% [16] 58% [16] (NS)
Sensitivity—Serial Monitoring 88% [16] 59% [16]
Specificity—Landmark 92% [16] 90% [16] (NS)
Specificity—Serial Monitoring 91% [16] 88% [16] (NS)

Clinical Considerations

Clonal Hematopoiesis Interference Lower risk of false positives Higher risk of false positives

Primary Advantages

Rapid results
Feasible when tissue
is unavailable
e  Captures tumor heterogeneity

e  Superior MRD sensitivity
Superior in serial monitoring
e  Lower false-positive rate

Primary Limitations

Requires adequate tumor tissue Reduced sensitivity at low VAF
e Longer turnaround time e Inferior detection threshold

Abbreviations: VAF, variant allele frequency; MRD, minimal residual disease; NS, not significant. Note: Per-
formance values represent estimates from meta-analysis. Performance varies between assays (heterogeneity
12 = 69-86.4%) [16].

2.1. Tumor-Agnostic Approach

The tumor-agnostic approach uses plasma-only analysis using predefined gene panels
to identify ctDNA without requiring patient-specific tissue. This methodology offers
several advantages, including a faster turnaround time, broader applicability when tissue
is unavailable or insufficient, and detection of a wider range of mutations. However,
a key limitation to this option is a higher detection threshold. This approach typically
requires variant allele frequencies (VAFs) > 0.1%, compared to >0.01% in tumor-informed
assays. Importantly, 80% of mutations detected during recurrence surveillance fall below
the 0.1% VAF detection threshold, limiting sensitivity in the MRD setting [17]. Additionally,
tumor-agnostic methods carry an increased risk of false positives from clonal hematopoiesis
mutations, as these approaches lack the ability to distinguish tumor-derived from age-
related somatic alterations. Parikh et al. analyzed ctDNA samples from 70 patients with
stage I-IV CRC using a tumor-agnostic assay, demonstrating at the landmark time point a
recurrence sensitivity of 55.6% and specificity of 100%. Incorporation of serial sampling
and surveillance sampling (within 4 months of recurrence) improved sensitivity to 69%
and 91%, respectively. Integrating genomics and epigenomic signals, including aberrant
methylation patterns, provided an average 30% increase in sensitivity compared to either
modality alone [11].

2.2. Tumor-Informed Approach

In contrast, the tumor-informed approach utilizes whole-exome sequencing or targeted
next-generation sequencing of patient tumor tissue to create personalized panels that target
patient-specific mutations for MRD detection in plasma. This system provides superior
sensitivity, with detection thresholds of >0.01% VAF [17], improving MRD detection
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beyond that of tumor-agnostic approaches. In a direct head-to-head comparison, tumor-
informed methods detected ctDNA in 66% of stage I-1II patients pre-operatively compared
to only 31% with the tumor-agnostic assay (p = 0.008). Both assays had detection rates of
100% in the stage IV population [17]. This performance gap in early-stage disease may be
explained by the tumor-informed assays’ ability to detect mutations at significantly lower
VAFs, demonstrating a median surveillance VAF of 0.028% (range 0.018-0.783%), well below
the >0.1% threshold of the tumor-agnostic assay [17]. However, these tumor-informed
approaches require adequate tumor tissue and longer turnaround times compared to a
tumor-agnostic approach, which may make this option infeasible in certain patients.

3. ctDNA as a Prognostic Biomarker in Colorectal Cancer
Minimal Residual Disease Detection

MRD refers to a microscopic tumor burden that persists 2-10 weeks after curative-
intent surgery yet remains undetectable by conventional imaging modalities. The emer-
gence of ctDNA detection techniques has led to significant advances in the detection of
MRD in CRC, providing a minimally invasive approach to capturing microscopic levels of
disease that would otherwise be undetectable during clinical and radiological assessments.
Recent studies have demonstrated the role of ctDNA in prognosticating the recurrence
risk at the individual level, identifying which patients are most likely to benefit from
post-surgical adjuvant chemotherapy, and reducing treatment-related toxicity by avoiding
overtreatment [7,12,18].

The prognostic utility of post-operative ctDNA testing as a marker indicating the
risk of recurrence or death regardless of treatment was established in 2016 through a
prospective analysis of patients with stage II colon cancer conducted by Tie et al. [19]. In
this study, post-operative ctDNA was assessed in plasma from 230 patients with resected
stage II colon cancer to identify residual disease. Patients who were MRD-positive after
surgery and did not receive adjuvant chemotherapy (ACT) exhibited a markedly increased
risk of radiologic recurrence compared with the MRD-negative patients (HR 18, 95% CI
7.9-40), with a 3-year RFS of 0%. In contrast, ctDNA-negative patients had comparatively
favorable oncologic outcomes, with a 3-year RFS of 90%, comparable to stage I CRC, which
is conventionally managed with surgery alone. In this study, following stratification of
patients into clinicopathological low-risk and high-risk groups, the post-operative ctDNA
status improved RFS risk estimates for both low-risk (HR 28, 95% CI 8.1-93) and high-risk
(HR 7.5, 95% CI 2.6-22) groups, supporting the prognostic value of ctDNA independent of
clinicopathological features.

Furthermore, in this same study, ctDNA positivity at the completion of ACT was
associated with a substantially increased risk of subsequent radiologic recurrence (HR 11,
95% CI 1.8-68), indicating a worse prognosis in patients with a ctDNA-positive status
following treatment. During the study’s surveillance period, serial ctDNA measurements
appeared more sensitive compared to carcinoembryonic antigen (CEA) measurements.
Moreover, 85% of patients who developed radiologic recurrence had detectable ctDNA
at or before the time of imaging-detected relapse, compared to 41% that demonstrated
elevated CEA levels.

This prognostic significance of post-operative ctDNA was corroborated and expanded
by the GALAXY trial (observational arm of the CIRCULATE-Japan study), which is
one of the largest prospective cohorts evaluating ctDNA-based MRD detection in CRC.
This observational-arm study analyzed the pre-surgical and post-surgical ctDNA in 2240
patients with stage II-IV colorectal cancer, with a median follow-up of 23 months [20].
The 4-week post-surgical ctDNA positivity was associated with a higher recurrence risk,
an inferior disease-free survival (DFS), and an inferior overall survival (OS). Among
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336 out of 2109 patients with ctDNA positivity in the MRD window (2-10 weeks following
surgery), 78.27% (263/336) experienced recurrence, whereas only 13.14% (223/1773) of
ctDNA-negative patients in this same timeframe experienced recurrence (HR 11.99, 95% CI
10.02-14.35, p < 0.0001). This translated to a 24-month DFS of 20.57% versus 85.10% in
ctDNA-positive and ctDNA-negative patients, respectively. An extended follow-up further
highlighted this difference in ctDNA-positive versus ctDNA-negative patients, exhibiting
a 36-month DFS of 16.7% (95% CI 12.1-21.9%) versus 83.5% (95% CI 81.2-85.6%), respec-
tively. Importantly, following multivariate analysis for DFS, post-surgical ctDNA positivity
emerged as the most significant prognostic factor for poor DFS (HR 12.08, 95% CI19.56-15.27,
p < 0.001) and OS (HR 9.87, 95% CI 5.60-17.40, p < 0.001) in patients with stage II-III CRC
in comparison with other conventional clinicopathological risk factors. An overview of
completed clinical trials assessing the prognostic and predictive utility of ctDNA-based
MRD detection in CRC is provided in Table 2.
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Table 2. Select list of completed trials for prognostic and predictive value of ctDNA.

Author, Stagin Number of ctDNA Timing of ctDNA tDNA Positivity Rate ctDNA Negativity Recurrence Rate for Recurrence Rate for
Year sing Patients Technique Assessment y Rate ctDNA-Positive ctDNA-Negative
14/178
(7.9%)
post-operative
) 14/178 164 of 178 11/14 16/164
ZTéelgt[fé] Colsssf‘iifcer 230 Safe-SeqS 4‘1gs‘gf§eks (7.9%) (92.1%) (78.6%) (9.8%)
P P (not treated) ost-0 (no chemo) (no chemo)
% P
6/52
(11%)
(with ACT)
74% o
(20/27) (Oo/fz)
Day 0 pre-op pre-op in non-relapsin,
Scholer Days 8 and 30 100% . psing o o
Stage I-IV patients post-op 100% 26.7%
etal., 2017 45 ddPCR post-op (14/14)
CRC . . . 71.4% 6/6) (4/15)
[21] Every 3 months up  in relapsing patients post-op (15/21)
to 3 years 28.6% ..
(6/21) within 3-months
within 3-months post-op post-op
108/122
fje'f:ﬁ) 84/94 7/10 10/84
10/94 (89.4%) (70%) (11.9%)
Pre-op. dav 30 (10.6%) 30 days post-op 30 days post-op 30 days post-op
Reinert . re-op, cay o7 51/58 7/7 7/51
Stage I-1II Natera Multiplex post-op, every 30 days post-op
etal., 2019 125 . (87.9%) (100%) (13.7%)
CRC PCR-based NGS  third month up to 7/58
[22] 3 vears (12.1%) post-ACT post-ACT post-ACT
Y oL ACT 60/75 14/15 2/60
g (80%) (93.3%) (3.3%)
(20%) longitudinal longitudinal longitudinal
longitudinal
60/94
At baseline (63.8%)
e{a:f Z;éllag Stage I-1II 94 Targeted NGS +  6-8 weeks post-op baseline (52/760/9) 8/14 13%
¢ colon cancer ddPCR Every 4 months 14/69 e (57.1%) ?
[23] y 6-8 weeks post-op
for up to 5 years (20.3%)

6-8 weeks post-op
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Table 2. Cont.

Author, Stagin Number of ctDNA Timing of ctDNA tDNA Positivity Rate ctDNA Negativity Recurrence Rate for Recurrence Rate for
Year ging Patients Technique Assessment y Rate ctDNA-Positive ctDNA-Negative
49/70 15/17
Parikh 2 . 4 weeks post-op 17/70 (70%) (88%), but 15/15
etal., 2021 StageRé v 84 gzzgzzlfgzzzzl 4 weeks after ACT (24%) at end of definitive (100%) (;i /540/9)
[11] completion at end of definitive therapy therapy and with >1 patients with >1 year =
year of follow-up follow-up recurred
. 45/291 246/291
Tie et al., Stage I Weeks 4 and 7 o (84.5%) 8/45 15/246
2022 [7] colon cancer 44l Safe-SeqS post-op (15.5%) in ctDNA-guided (18%) (6%)
in ctDNA-guided group
group
At diagnosis
2-8 weeks post-op 20/140 120/140 16/20 22/120
Henriksen Signatera Serially through (14%) (86%) (80%) (18%)
otal. 2022 Stage II1 168 multiplex-PCR ACT treatment post-op post-op post-op post-op
['1’%] CRC NGS Assa Post-ACT, every 10/93 83/93 9/10 8/83
- y 3-month (11%) (89%) (90%) (10%)
surveillance post-ACT post-ACT post-ACT post-ACT
period
2-10 weeks
Stage TI-TIT post-op and before 336/2109 (15.93%)
Nakamura ::golon ACT in MRD winaovs 1773/2109 (84.07%) 263/336 (78.27%) 233/1773 (13.14%)
Signatera Surveillance o in MRD window 261/310 (84.19%) 89/1481 (6.01%)
etal., 2024 cancer; 2109 310/1791 (17.3%) o . . . )
PCR-NGS assay samples at 4, 12, . L 1481/1791 (82.7%) in surveillance in surveillance
[20] Stage IV positive at any point in . . . .
24,36,48,72 and . serially negative window window
CRC . surveillance
96 weeks until
recurrence
. 45/291
Tie etal,, Stage I Weeks 4 and 7 N 246/291 8/45 o
2025 [24]  colon cancer 441 SaferSeqS Assay post-op (15.5%) (84.5%) (17.8%) 16/246 (6:5%)

in ctDNA-guided arm
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4. ctDNA as a Predictive Biomarker in Colorectal Cancer
Treatment Response Prediction

While ctDNA'’s prognostic value in identifying high-risk patients is established, its
emerging role as a predictive biomarker in identifying which patients may derive a benefit
from ACT may greatly extend the therapeutic benefits of ctDNA. Recent studies suggest
that ctDNA may be used to determine which patient populations are more likely to benefit
from chemotherapy.

The GALAXY study provided robust evidence that patients with a post-surgical
positive ctDNA status may derive a significant benefit from ACT compared to ctDNA-
negative patients. In the initial analysis from 2023, ctDNA-positive patients with stage
I or stage III CRC assessed at 4 weeks after surgery demonstrated markedly improved
DFS when treated with ACT compared with those who did not receive adjuvant therapy
(adjusted HR 6.59, 95% CI 3.53-12.3, p < 0.0001) [20]. This effect was observed across all
pathological stages when analyzed separately, with adjusted HRs of 5.84 (95% CI 1.36-25.1,
p = 0.018) for high-risk stage II disease, 7.02 (95% CI 3.46-14.2, p < 0.0001) in stage III,
and 4.0 (95% CI 1.85-8.8, p < 0.0001) in stage IV CRC. Notably, three out of four ctDNA-
positive patients with stage I or low-risk stage Il CRC who did not receive ACT experienced
recurrence, suggesting a potential benefit of therapy in lower-risk populations when MRD
is present. In contrast, among the 531 high-risk stage II or stage III patients who were
ctDNA-negative at 4 weeks after surgery, no statistically significant benefit of adjuvant
chemotherapy was observed when comparing patients who received ACT with those who
did not (adjusted HR 1.71, 95% CI 0.80-3.7; p = 0.167). This finding occurred despite 41.2%
of patients receiving treatment. At 18 months, disease-free survival rates were notably
similar between groups: 94.9% for the ACT-treated group (95% CI 91.0-97.2%) and 91.5%
for the observation groups (95% CI 87.6-94.2) [18].

The latest publication of the GALAXY study from 2024 published newer analyses
with an extended cohort size (2240 patients) and follow-up period (23 months). These
analyses confirmed a benefit from ACT treatment in ctDNA-positive patients (adjusted HR
0.23, 95% C1 0.15-0.35, p < 0.0001), while no benefit from chemotherapy was seen in the
ctDNA-negative patient population (adjusted HR 0.70, 95% CI 0.46-1.06, p = 0.091). These
updated findings reinforced those from the original 2023 publication, further indicating the
ctDNA status as a potential predictive biomarker in the treatment response within the CRC
patient population.

Complementary evidence for the utility of ctDNA regarding its predictive value for
treatment was provided by an analysis of ctDNA data from the phase III IDEA-France
trial [25], as well as providing information concerning the optimal duration of treatment.
This 2019 study analyzed ctDNA data from the larger IDEA-France trial [26], where 2010
eligible patients with stage III CRC were treated with either 3 or 6 months of chemotherapy,
with a median follow-up of 4.3 years. Of these 2010 patients, 805 had available ctDNA
samples prior to the initiation of chemotherapy and had ctDNA values during and after
treatment. This study found a superior 2-year DFS in the 6-month treatment arm com-
pared to the 3-month treatment arm for both the ctDNA-negative group (HR 0.69, 95%
CI0.52-0.93, p = 0.015) as well as the ctDNA-positive group (HR 0.50, 95% CI 0.27-0.95,
p = 0.033) [27]. In this study, the benefit seen from extended treatment appeared more
pronounced in the ctDNA-positive group in comparison to the ctDNA-negative group,
suggesting that patients with detectable residual disease may require prolonged therapy to
achieve optimal disease control.

An important study to note is the phase II/IIl COBRA study, which sought to identify
if low-risk stage II colon cancer patients with ctDNA positivity after resection would
benefit from adjuvant chemotherapy. In this trial, patients without traditional high-risk
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features were randomized post-operatively in a 1:1 fashion to two arms, with a primary
endpoint of ctDNA clearance at 6 months following surgery. In Arm A, patients were
treated with standard-of-care observation, while in Arm B, patients were managed with
ctDNA-directed therapy (6 months of adjuvant doublet chemotherapy in this study). This
randomized trial was terminated early due to a higher incidence of ctDNA clearance within
the observation arm. During the 6-month monitoring period, investigators did not observe
any improvement in ctDNA clearance using a ctDNA-directed treatment strategy in this
low-risk population, showing a 43% clearance rate in the observation arm (95% CI 10-82%)
compared to 11% (95% CI 0.3-48%) in the chemotherapy arm (p = 0.98). Therefore, the study
was stopped for futility. The findings highlight the limitations of ctDNA-guided strategies
in low-risk stage II colon cancer and underscore the need for refined risk stratification.
Specifically, better methods beyond conventional anatomic staging are needed to identify
patient subgroups that may derive a clinical benefit from ctDNA-based biomarkers [28].
Several ongoing large-scale randomized clinical trials designed to evaluate ctDNA-guided
treatment strategies are summarized in Table 3.

Table 3. Select list of ongoing trials for prognostic and predictive value of ctDNA.

Trial Name . Patient . . .
NCT Number Population N Primary Endpoints Brief Summary
CIRCULATE-US Stace III colon cancer 1912 ctDNA positive status ctDNA-guided adjuvant
NCT05174169 & 5-year DFS therapy selection
BESPOKE CRC Impact of ctDNA on
NCT04264702 Stage 1V CRC 1788 2-year recurrence rate adjuvant treatment decisions
Stage III colon or rectal . .
ALTAIR phase III cancer w/post-operative 240 3-year DFS Preemptw? t herapy m
NCT04457297 N ctDNA-positive patients
ctDNA positivity
ERASE-CRC Stage III and high-risk 477 ctDNA clearance Escalation strategies to
NCT05062889 stage I CRC post-ACT increase ctDNA clearance
TRACC Serial ctDNA monitoring
NCT04050345 Stage I-IIT CRC 1000 3-year DFS and ACT de-escalation
SU2C ACT3 clinical trial Stage TI-IV colon cancer 400 Clei-l?;‘;a;eliellz’cscs of Additional therapy in
NCT03803553 & ctDNA-positive mCRC
ctDNA
ctDNA methylation-guided
N C,Crrgg)fgg . Stage 1l CRC 990 3-year RFS ACT

escalation/de-escalation

AGITG Dynamic-IIT
ACTRN12617001566325

Post-resection Stage III

ctDNA-guided ACT

961 2- and 3-year RFS escalation/de-escalation

colon cancer

Abbreviations: ACT, adjuvant chemotherapy; DFS, disease-free survival; RFS, recurrence-free survival;
mCRC, metastatic colorectal cancer.

5. ctDNA-Guided Adjuvant Treatment Management

Considering accumulating evidence and ongoing studies, ctDNA-guided treatment
approaches support the role of ctDNA in adjuvant treatment management by enabling the
detection of MRD and facilitating risk-adapted, individualized treatment decision-making
following curative-intent surgery [12,18].

In 2022, Tie et al. expanded upon the use of ctDNA in the DYNAMIC trial, which
evaluated ctDNA-guided decision-making regarding adjuvant chemotherapy in patients
with stage II CRC (Table 2) [8]. In this randomized trial, 455 patients were assigned in a
2:1 ratio to have treatment decisions guided by ctDNA results or conventional clinicopatho-
logical features. In the ctDNA-guided arm, post-operative ctDNA-positive patients (tested
at weeks 4 and 7) received ACT, while ctDNA-negative patients were observed. In the
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standard management arm, decisions regarding ACT use were guided by conventional
clinicopathological criteria. When evaluating the primary endpoint of 2-year RFS, this
study observed that ACT use was significantly reduced by the ctDNA-guided approach
(15% ctDNA-guided vs. 27.9% standard, RR 1.82, 95% CI 1.25 to 2.65). The reduction in
chemotherapy utilization did not compromise the 2-year RFS between the ctDNA-guided
arm and the standard arm (93.5% vs. 92.4%, respectively, absolute difference 1.1%, 95% CI
—4.1 to 6.2). Similarly, 3-year RFS was comparable (91.7% and 92.4%, respectively; HR 0.96,
95% CI 0.51 to 1.82), supporting the non-inferiority of the ctDNA-guided approach while
limiting ACT use.

Updated outcomes of this study were published in 2025, with confirmation of the
reduction in ACT use seen in the ctDNA-guided approach without compromising long-
term outcomes [24]. Upon re-assessment at an extended follow-up, the 5-year RFS remained
virtually identical between treatment arms: 88.3% with ctDNA-guided therapy compared
to 87.2% for standard care (HR 0.96, 95% CI 0.61 to 1.53, p = 0.858). Overall survival at this
extended follow-up was similarly non-inferior between the treatment arms, with 5-year
OS rates of 93.8% for the ctDNA-guided arm and 93.3% for the standard arm (HR 1.05,
95% CI 0.47 to 2.37, p = 0.887). Disease-specific survival was 97.9% in the ctDNA-guided
arm versus 97.2% in the standard arm (HR 1.19, 95% CI 0.35 to 4.09, p = 0.79). This further
illustrates that MRD-directed treatment decisions based on ctDNA do not adversely affect
long-term cancer-specific outcomes in stage II CRC.

Beyond a binary application to ctDNA-guided treatment approaches, recent evidence
has provided insights into the potential significance of an approach to therapy guidance
using the quantitative ctDNA burden, defined as the number of tumor-derived mutations
per milliliter of plasma. A 2020 pooled analysis of three separate cohort studies by Tie
et al. elucidated an increased recurrence risk with an increasing ctDNA mutant allele
frequency (MAF), with hazard ratios of 1.2, 2.5 and 5.8 for MAFs of 0.1%, 0.5% and 1%,
respectively [29]. Within this patient population, the 3-year RFS was markedly worse in
patients with ctDNA above the median MAF of 0.046% (9% without ACT, 25% with ACT),
compared to patients below the median MAF (33% without ACT, 70% with ACT). This
highlights the potential of ctDNA quantification for prognosticating long-term outcomes.

Within the DYNAMIC trial, stratification of the post-operative ctDNA burden demon-
strated significant prognostic value with treatment guidance. In patients treated with ACT
following curative-intent surgery, those with a higher-than-median post-operative ctDNA
burden had inferior ctDNA clearance rates (75%) following ACT treatment compared to
those with a lower-than-median post-operative ctDNA burden (100%) (p = 0.047) [30].
Along with this, high-ctDNA-burden patients had worse 5-year RFS subsequently in com-
parison to low-burden patients (58.9% high burden versus 95.2% low burden, HR 10.62,
p =0.005). Collectively, these findings demonstrate that increasing ctDNA assessment
extends beyond a binary MRD classification. The quantitative ctDNA burden provides
clinically meaningful prognostic information that may further refine risk stratification and
inform future treatment personalization strategies in stage II CRC.

Standard practice for the treatment of stage III CRC consists of curative-intent surgical
resection followed by ACT. However, despite the routine use of ACT, data indicate that more
than 50% of patients with stage III disease are effectively cured by surgery alone, raising
concerns regarding potential overtreatment in this population [31]. The BESPOKE study,
a multi-center, prospective observational study, sought to investigate the utility of using
ctDNA for guidance of ACT treatment decisions in stage II and stage III CRC patients [32].
Out of 1792 patients initially enrolled in this cohort, outcomes for 1001 patients with stage
II/III CRC were analyzed. Longitudinal ctDNA testing was prospectively performed,
collected during the MRD window (2-12 weeks post-operatively) and surveillance window
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(post-ACT or 12 weeks post-operative for observed patients). Following curative resection,
62.4% (625/1001) of patients received ACT: 25.9% of stage 1I patients and 91.3% of stage
III patients. In the stage III patient population with available ctDNA results during the
MRD window, ctDNA positivity was observed in 24.9% of patients (126/505). A positive
ctDNA status during the MRD window in stage III disease was associated with inferior
DFS (HR 10.1, p < 0.0001). In this study, 33.3% of stage III patients in the observation cohort
tested ctDNA-positive during the surveillance window and were associated with inferior
DFS (HR 34.1, p = 0.0008) compared to those testing ctDNA-negative. In the ACT cohort,
21.1% of stage IlI patients tested ctDNA-positive, also presenting with a poor DFS (HR
54.6, p = 0.0001) compared to the corresponding ctDNA-negative population. In MRD-
negative patients with stage II-1III disease, the 18/24-month DFS rates were 93.0% and
91.7%, respectively, whereas in the MRD-positive group, these rates were 44.4% and 41.4%.

To further investigate the use of ctDNA-guided therapy in stage III colon cancer
patients, analysis from the DYNAMIC-III trial has recently been published, investigating
ctDNA-informed management versus standard care with regard to escalation and de-
escalation of care [24].

In the DYNAMIC-III trial, 1002 eligible patients with stage III resected colon cancer
underwent 1:1 randomization to either ctDNA-informed or standard-of-care management.
ctDNA testing was performed 5-6 weeks after surgery. Within the ctDNA-informed co-
hort, ACT was escalated to FOLFOXIRI (for 3 months, extended to 6 months in patients
who tolerated treatment) following a positive ctDNA result and de-escalated following
a negative ctDNA result. De-escalation options included a shortened chemotherapy du-
ration, reduced regimen intensity (most commonly oxaliplatin-based doublet regimen to
single-agent fluoropyrimidine), or observation. Of the 968 evaluable patients, 482 were
randomized to the ctDNA-informed arm (353 ctDNA-negative, 129 ctDNA-positive) and
479 patients to the standard management arm (349 ctDNA-negative, 130 ctDNA-positive).

In the ctDNA-negative cohort, the ctDNA-guided treatment de-escalation strategy
did not meet the prespecified non-inferiority margin for DFS compared to the standard
management arm (85.3% versus 88.1%, respectively). Therefore, non-inferiority, defined as
maintaining recurrence-free survival within a prespecified acceptable margin compared
with standard therapy, was not formally demonstrated for ctDNA-guided treatment de-
escalation in the ctDNA-negative population. Nevertheless, this finding indicates that
chemotherapy de-escalation can reduce toxicity and treatment exposure. However, a
small potential reduction in efficacy cannot be excluded, highlighting the importance of
individualized risk-benefit discussions. Among ctDNA-negative patients with clinically
low-risk disease (T1-3N1), the point estimate was consistent with the pre-set noninferiority
margin (3-year RFS 91.0% ctDNA-guided vs. 93.2% standard arm); however, this subgroup
finding was not statistically significant. Interestingly, ctDNA-guided management did
markedly reduce the rates of treatment-related hospitalizations (8.5% ctDNA-guided vs.
13.2% standard arm, relative risk (RR) = 0.64, 95% CI 0.42-1.00, p = 0.047). It also reduced
rates of high-grade acute adverse events of special interest (6.2% vs. 10.6%, RR = 0.59,
95% CI 0.35-0.98, p = 0.037) when compared to standard care.

Within the ctDNA-positive patient cohort, ACT escalation did not demonstrate an
improvement in survival based on the ctDNA-guided approach compared to the standard
management approach (2-year RFS 51% vs. 61%, respectively; HR 1.16, 95% CI 0.87-1.53).
Therefore, while the DYNAMIC-III trial reinforced the prognostic significance of post-
operative ctDNA detection, ctDNA-guided treatment escalation or de-escalation in stage II1
colon cancer did not result in outcomes comparable to those achieved with standard adju-
vant chemotherapy. This highlights the necessity for further studies exploring how ctDNA
can be effectively integrated with therapeutic strategies to improve patient outcomes.
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5.1. ctDNA Clearance as Indicator of Treatment Response

Beyond the baseline ctDNA status, ctDNA clearance following treatment and ctDNA
dynamics during treatment have emerged as a prospective intermediate endpoint that
may serve as an early indicator of treatment response, with the potential to guide adaptive
treatment strategies.

The GALAXY study demonstrated that at 24 weeks post-surgery, 68.48% (63/92) of
patients receiving ACT achieved ctDNA clearance, compared to just 12.2% (11/90) of the
observation arm (adjusted HR 8.50, 95% CI 4.2-17.3, p < 0.0001) [20]. Among patients with
ctDNA positivity who received ACT, markedly inferior DFS was demonstrated in patients
who did not achieve ctDNA clearance (adjusted HR 11, 95% CI 5.2-23.0, p < 0.0001). This
finding suggests that ctDNA clearance may help identify a subset of patients who remain
resistant to standard ACT.

The updated 2024 GALAXY analysis refined this assessment by distinguishing be-
tween sustained clearance, transient clearance, and no clearance of ctDNA in a cohort of
181 ctDNA-positive patients [20]. Patients achieving sustained clearance (37.56%) demon-
strated dramatically better outcomes, with a DFS of 89.0% and OS of 100% at 24 months,
and with an event rate (defined as rate of disease recurrence or death) of 10.29%. In contrast,
those with transient clearance (32.04%) experienced markedly worse outcomes, with an
event rate of 86.21% (DFS HR 19.72, p < 0.0001; OS HR 25.51, p = 0.0007), while those
who never achieved clearance (30.39%) fared the worst, with an event rate of 100% (DFS
HR 124.76, p < 0.0001; OS HR 75.62, p < 0.0001). The stark differences in outcomes between
these clearance patterns underscore the value that continued MRD clearance can provide
in terms of disease-free survival.

Findings from the randomized DYNAMIC trial in stage II colon demonstrated that
a ctDNA-guided adjuvant treatment strategy reduced chemotherapy use without com-
promising long-term recurrence-free or overall survival, while also highlighting the prog-
nostic relevance of the post-operative ctDNA burden and ctDNA clearance following
treatment [30].

In 2022, Henriksen and colleagues reported results from a prospective observational
study of 168 patients with stage III CRC who were treated with curative-intent surgery
followed by serial ctDNA monitoring, seeking to explore the potential benefit of serial
analysis of ctDNA in this patient population [13]. The researchers qualified patients re-
ceived standard ACT following surgery per physician discretion. Patients were followed
by serial ctDNA monitoring at multiple time points: post-operatively, during ACT, after
ACT (within 3 months of therapy completion), and throughout routine follow-up (every
3 months). The primary endpoint was set as recurrence-free survival. The status of post-
operative ctDNA positivity was noted to be a strong predictor of recurrence (HR 7.0, 95% CI
3.7-13.5, p < 0.001). Notably, a positive ctDNA result directly following ACT treatment was
an even stronger predictor of recurrence (HR 50.76, 95% CI 15.4-167, p < 0.001). This pro-
nounced hazard ratio for post-treatment ctDNA positivity further highlights the evidence
that persistent residual disease despite standard ACT can identify a patient population at a
high risk of recurrence.

5.2. ctDNA During Surveillance of Colorectal Cancers

Furthermore, Henriksen et al. interestingly found that serial 3-month ctDNA analysis
provided a median 9.8-month lead time for detecting recurrence compared to standard com-
puted tomography imaging [13]. Corroborating this is the 2021 prospective, observational
study by Chen and colleagues, in which 240 patients with stage II/III CRC underwent
curative-intent surgery followed by serial ctDNA monitoring [33]. In this study, follow-
ing surgery, ACT was administered at the physician’s discretion per the standard of care.
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Patients underwent monitoring of ctDNA at multiple time points: pre-operatively, post-
operatively (day 3-7), at 6 months after surgery, and serially every 3 months until month
24. The primary outcome was recurrence-free survival. This study demonstrated that
post-operative ctDNA-positivity (8.3% of patients) was strongly associated with the re-
currence risk (HR 10.98, 95% CI 5.31-22.72, p < 0.001), with a recurrence rate of 60% in
ctDNA-positive patients, compared to 11% in ctDNA-negative patients. Among patients
included in surveillance, ctDNA positivity was associated with a high recurrence risk
(HR 32.02, 95% CI 10.79-95.08, p < 0.001). Importantly, among the 23 patients who ex-
perienced recurrence following surgery, 19 patients (82.6%) had serial ctDNA positivity.
This serial monitoring provided a mean lead time of 5.01 months (p = 0.002) in identifying
recurrence of disease over computed tomography, with an overall accuracy of 92.0%. These
increased lead times provide a rationale for ctDNA monitoring following curative-intent
treatment to allow for potentially earlier therapeutic intervention. However, whether this
earlier molecular detection can markedly improve outcomes remains unproven. Further
investigational studies are warranted to determine whether the advanced lead time over
radiologic recurrence translates to improved patient outcomes.

5.3. ctDNA in Metastatic Colorectal Cancer

ctDNA analysis can provide a non-invasive method for identifying molecular alter-
ations that predict a response or resistance to targeted therapy in metastatic colorectal
cancer (mCRC) [34].

In the phase III PARADIGM trial, baseline ctDNA analysis was used to explore the
presence of resistance-associated genomic alterations, including mutations in KRAS, NRAS,
PTEN, and the EGFR extracellular domain, as well as HER2 and MET amplifications and
ALK, RET, and NTRK1 fusions, prior to the initiation of first-line therapy. Patients with
detectable alterations were classified as ctDNA-positive. A “hyperselected” subgroup was
subsequently defined as patients with RAS wild-type, left-sided tumors in whom none
of these resistance-associated alterations were detected. In this subgroup, treatment with
panitumumab plus mFOLFOX6 was associated with numerically longer overall survival
compared with bevacizumab plus mFOLFOX6 (median OS: 40.7 vs. 34.4 months; HR, 0.76).
In contrast, the presence of ctDNA-detected alterations appeared to attenuate the potential
benefit of anti-EGFR-based therapy. Broadly comparable survival outcomes were observed
between treatment groups, irrespective of primary tumor sidedness. Collectively, these
observations suggest that ctDNA-based molecular profiling may represent a promising
approach to refining patient selection for anti-EGFR therapies in mCRC [35].

Urbini et al. investigated whether ctDNA in liquid biopsy could reliably detect drug-
gable gene mutations compared with tumor tissue analysis and assess its potential to predict
the prognosis and monitor patients with mCRC receiving first-line bevacizumab-based
chemotherapy. Using a Next-Generation Sequencing (NGS) panel, they identified a strong
concordance between ctDNA liquid biopsy and tumor tissue. More specifically, out of 48
patients with KRAS, NRAS, and BRAF mutations, the concordance levels were significant at
100% (48 of 48), 97.9% (47 of 48), and 97.9% (47 of 48), respectively. In this study, low levels
of ctDNA in the serum had longer progression-free survival (PFS; 15.9 vs. 12.2 months,
p = 0.02). Moreover, patients who had a substantial drop in initial ctDNA levels showed
improved PFS (12.3 vs. 8.2 months, p = 0.04) and OS rates (34.1 vs. 11.1 months, p = 0.03)
compared to those who did not experience this decline. They also compared ctDNA lev-
els with the tumor size, measured by contrast-enhanced computed tomography (CECT),
at different time points to evaluate whether a correlation existed between the two. The
results demonstrated that decreases in ctDNA levels were accompanied by reductions
in tumor size, while increases in ctDNA levels were associated with tumor growth. No-
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tably, increases in ctDNA levels were observed before the radiological onset of disease
progression. These results highlight ctDNA’s potential as a minimally invasive biomarker
in detecting the tumor burden, monitoring the response to therapy, and predicting pro-
gression earlier compared to standard imaging techniques. However, ctDNA levels may
be unreliable in patients with isolated peritoneal metastases who have a low tumor cell
burden, reducing the sensitivity of this biomarker [36]. In patients with CRC, plasma
cfDNA levels are substantially higher in patients with liver metastases than in patients
with peritoneal metastases, highlighting site-specific differences in ctDNA shedding. In
one study, plasma cfDNA was detectable in only 20% of patients with CRC peritoneal
metastases compared with 93% of patients with liver metastases (p < 0.0001) [36]. Notably,
the same study reported that tumor-derived cfDNA is enriched within the peritoneal
compartment. The mutant allele fraction in peritoneal fluid was markedly higher than in
plasma (median 16.4% vs. 0.28%, p = 0.0019), supporting a compartmentalization model
where peritoneal implants shed cfDNA locally instead of into systemic circulation [36]. In
a large Danish cohort of 851 stage II-III CRC patients, post-operative ctDNA detection
among patients who eventually recurred was particularly poor for those who developed
peritoneal metastases. Only 2 out of 10 (20%) of these peritoneal metastases were detectable
via ctDNA, representing a significantly elevated false-negative rate. Van’t Erve et al. pro-
posed that low levels of cfDNA with peritoneal metastases may be caused by intrinsic
differences in the dissemination pathway of peritoneal metastases, namely that tumor
DNA may remained compartmentalized within the peritoneal cavity [36]. This, along with
the presence of a “peritoneum—plasma barrier” and the relatively poor vascularization
typical of peritoneal implants, may lead to restriction of cfDNA from entering the sys-
temic circulation. These site-specific biological limitations translate to high false-negative
rates, which may pose significant clinical challenges, as ctDNA-negative results cannot
reliably exclude peritoneal or lung disease. To address this limitation in clinical practice
and ongoing studies, plasma ctDNA is interpreted alongside cross-sectional imaging and
compartment-directed sampling (ascites or peritoneal lavage) when there is suspected or
known peritoneal disease (Figure 2). Peritoneal fluid cfDNA and ctDNA analyses can be
used to improve molecular detection and profiling. Van't Erve et al. reported a cfDNA
sensitivity of 100% in peritoneal fluid, and a prospective study by Yuan et al. reported a
similarly high diagnostic performance for peritoneal cfDNA, with sensitivity 100% and
specificity 77.3% in the training cohort, and sensitivity 83.3% and specificity 100% in a small
validation cohort [36,37]. Similarly, lung metastases were detected at a comparably low rate
of 19% (4/21 detected) [38]. This low ctDNA detection rate is consistent with observations
suggesting that smaller lung lesions may shed insufficient amounts of tumor DNA to reach
assay detection thresholds [39]. In contrast, the relatively higher detection rate of ctDNA in
liver metastases may reflect a greater metastatic tumor burden and increased proliferative
activity, leading to enhanced cellular turnover and augmented release of tumor DNA into
the circulation [40]. Additional studies with larger sample sizes must be conducted to
achieve higher concordance between ctDNA levels and the tumor tissue mutation status,
to be applied in clinical practice [34].

Recent evidence suggests that early changes in ctDNA can serve as a valuable
biomarker for predicting treatment efficacy in mCRC. Grancher et al. analyzed 152 first-
line mCRC patients from two prospective cohorts, stratifying them by treatment intensity
(£2 drugs vs. >3 drugs) and assessing ctDNA at baseline and at the third or fourth
chemotherapy cycle. Pretreatment ctDNA was detectable in 84.9% of patients. A substan-
tial decrease in ctDNA levels (ActDNA > 80% and undetectable) was more frequently
observed in patients receiving more intensive regimens (51.5% vs. 32.7%, p = 0.015). This
early ctDNA clearance was associated with an improved treatment response and signif-
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icantly longer PFS and OS, with the median OS reaching 30.2 months in the intensive
treatment group compared with 16.4 months in patients with minimal ctDNA reduction.
Importantly, a >80% reduction in ctDNA from baseline accompanied by complete ctDNA
clearance at cycle 3—4 (ActDNA > 80%_undetectable) remained an independent predictor
of OS after multivariate analysis. These findings indicate that early ctDNA clearance reflects
the treatment intensity and serves as a strong prognostic biomarker in first-line mCRC,
supporting its potential role in guiding therapy [41].
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Figure 2. Proposed contributors to low plasma ctDNA shedding by metastatic site in colorectal cancer.
Mlustration created with BioRender.com.

5.4. ctDNA as a Biomarker in Colorectal Cancer with Resectable Liver Metastases

Liver metastasis represents one of the most common metastatic patterns in CRC, with
approximately 25-30% of patients developing hepatic metastases during the course of
their disease [42]. The presence of liver metastases has a profound impact on disease
staging, therapeutic decision-making, and long-term survival outcomes. In recent years,
growing interest in non-invasive biomarkers capable of reflecting the tumor burden and
real-time disease dynamics has led to increasing focus on circulating tumor-derived DNA-
based approaches. These approaches have emerged as a promising tool for monitoring the
treatment response, detecting minimal residual disease, and stratifying the recurrence risk,
particularly in patients with colorectal cancer liver metastases [43].

Liu et al. investigated ctDNA’s predictive value for the tumor response and risk of
recurrence after liver resection for colorectal liver metastasis (CRLM). They tracked ctDNA
levels before and after pre-operative chemotherapy in patients with colorectal liver metas-
tasis undergoing liver resection. Their results ultimately showed that patients who had
detectable ctDNA before chemotherapy but became undetectable afterward experienced
substantially longer recurrence-free survival (median: 17 months vs. 7 months) and hep-
atic recurrence-free survival (unreached vs. 8 months) compared to those whose ctDNA
remained detectable. Moreover, ctDNA clearance after chemotherapy was significantly as-
sociated with a major pathologic response in the resected liver metastases (53.4% vs. 32.1%).
In addition to ctDNA levels, the association between the tumor regression grade and radi-
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ological response to pre-operative chemotherapy was evaluated; however, no significant
correlation was observed, suggesting that ctDNA may represent a more reliable biomarker
for predicting the tumor response. These findings suggest that ctDNA positivity after
chemotherapy can support the predictive value and risk of recurrence in patients with
CRC undergoing curative-intent resection for liver metastases. However, a negative ctDNA
result, even with a favorable tumor regression grade, does not guarantee freedom from
recurrence. When ctDNA results were combined with the pathological tumor regres-
sion grade, patients who remained ctDNA-positive after chemotherapy and had a minor
pathological response had an 89.5% likelihood of recurrence. In contrast, those who were
ctDNA-negative with a major pathological response had a substantially lower recurrence
rate of 51.5% [44].

Another distinguishing study by Liu et al. used NGS to compare the CRLM-specific
J25 panel (a panel with fewer genes and greater sequencing depth) with a broader 624-gene
panel (a panel with a greater number of genes but smaller sequencing depth). It was
found that the ]25 panel was more accurate and sensitive for predicting recurrence. In
this prospective cohort of patients with CRLM after hepatectomy, ctDNA positivity at
post-operative day 6 emerged as a significant predictor of DFS. It is also important to note
that several factors may play a role in shaping the DFS rate. These multivariable factors
include the ctDNA status, post-operative CA19-9 value, bilobar or unilobar localization,
metastasis lesion number, pre-operative chemotherapy, pre-operative CA19-9 value, and
KRAS mutation. The independent factors that are correlated with the prognosis are ctDNA
positivity and no pre-operative chemotherapy. Another important limitation is that ctDNA
was assessed at a single post-operative time point rather than through serial measurements
across multiple post-operative time points. Additionally, the 624-gene panel was only
paired with 25 genes, thereby calling into question the generalizability of the results.
However, the results of DFS and predictive sensitivity of the recurrence rate in the J25 panel
bring hope to future studies, which may further provide an opportunity to establish ctDNA
as a primary biomarker to predict recurrence in patients with CRLM [45].

5.5. Clinical Utility of ctDNA in dAMMR/MSI-H Metastatic Colorectal Cancer

The use of immune checkpoint inhibitors (ICIs) has significantly improved treat-
ment outcomes in patients with mismatch repair-deficient/microsatellite instability-high
(dAMMR/MSI-H) mCRC. Despite these advances, primary resistance and disease progres-
sion during ICI therapy remain clinically relevant issues [46]. Furthermore, there is ongoing
uncertainty regarding the optimal duration of immunotherapy and the timing of treatment
discontinuation in patients who achieve a complete response. ctDNA may represent a
potentially useful tool for monitoring the treatment response and for early detection of
treatment resistance in this patient population [47].

In the SAMCO-PRODIGE 54 trial, 132 patients with dMMR /MSI-H metastatic colorec-
tal cancer were randomized to receive either avelumab or standard chemotherapy with or
without targeted therapy. This prespecified secondary analysis evaluated ctDNA dynamics
as a potential biomarker, with progression-free survival (PFS) as the primary endpoint.
ctDNA was detectable in 83.8% of baseline plasma samples. Baseline ctDNA positivity
showed limited prognostic value for the median PFS (4.5 vs. 8.2 months; HR 1.32) and OS
(20.0 months vs. not reached; HR 1.79). In contrast, early reduction in ctDNA at one month
(median cutoff —86%) was strongly predictive: favorable ctDNA responders had a median
PFS of 12.0 months versus 2.4 months for poor responders (HR 2.98; p < 0.001) and OS not
reached versus 14.0 months (HR 3.61; p < 0.001). The predictive value was particularly
pronounced in the avelumab arm (PFS HR 4.22; OS HR 17.40). Combining ctDNA dynam-
ics with radiological assessment further improved long-term survival prediction. These
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results indicate that early ctDNA changes may serve as a robust non-invasive biomarker to
monitor ICI efficacy and guide treatment decisions in dMMR /MSI-H mCRC [48].

Recent evidence suggests that analysis of ctDNA, particularly the assessment of
microsatellite instability in plasma (ctDNA-MSI), may represent a promising biomarker
in patients with dMMR/MSI-H mCRC treated with ICIs. In this prospective, single-
center study, 54 patients, most of whom had metastatic disease (78%), were longitudinally
monitored before and during therapy using droplet digital PCR to measure ctDNA-MSI and
cfDNA. The study demonstrated that higher baseline ctDNA-MSI levels were associated
with poorer PFS and OS. On-treatment ctDNA-MSI kinetics strongly predicted the response
to ICI therapy and outperformed cfDNA kinetics. Patients with decreasing or undetectable
ctDNA-MSI exhibited a 24-month PFS rate of 77%, whereas those with increasing ctDNA-
MSI had a 24-month PFS rate of 0% (HR 7.93; 95% CI, 2.23-28.21; p = 0.005). Moreover, OS
was 11.3 months in patients with rising ctDNA-MSI, while the median OS was not reached
in patients with decreasing or negative ctDNA-MSI (p < 0.0001), indicating substantially
improved outcomes in these groups. Collectively, these findings support ctDNA-MSI as
a feasible and clinically relevant biomarker that reflects tumor dynamics. Its use may
help guide treatment decisions in AMMR /MSI colorectal cancer, enabling a more sensitive
and timely evaluation of the therapeutic response compared with conventional cfDNA
measurements [49].

5.6. Limitations of ctDNA-Based Assessment of MRD in Colorectal Cancer

Although ctDNA shows a strong prognostic performance across several CRC studies,
there are several important limitations that may affect interpretations and clinical general-
izability within the current body of literature. First, tDNA may not be reliably shed into
plasma across all disease patterns. Post-operative plasma ctDNA sensitivity is notably poor
for peritoneal or lung metastases, which may produce clinically significant false-negative
results [36-38]. Mechanistically, compartmentalization and reduced vascularity in the
peritoneal cavity appear to contribute to this limitation, as patients with isolated colorectal
peritoneal metastases have markedly higher cfDNA levels in peritoneal fluid compared
with plasma [36]. Therefore, a negative plasma ctDNA result should be interpreted with
caution in clinical contexts where low plasma ctDNA shedding occurs. This limitation
remains a key barrier to the use of plasma ctDNA as a standalone surveillance strategy.

Second, there is substantial heterogeneity in assay design and analytical performance,
which may explain differing results across study settings. For example, tumor-informed
(personalized) assays typically prioritize MRD sensitivity but face the limitations of requir-
ing tumor tissue and longer turnaround times. In contrast, tumor-agnostic approaches may
offer wider clinical feasibility without the need for matched tumor tissue, supporting use in
tissue-limited settings, allowing more rapid assay deployment, and accommodating hetero-
geneous or evolving tumor clones. However, this approach could be limited by sensitivity
at very low tumor fractions and faces confounding effects from clonal hematopoiesis [3,5,6].
In addition to assay design, pre-analytic variables (sample handling, cfDNA yield, timing
of post-operative draws) and interpretive thresholds (clearance metrics) further contribute
to variability, and they can affect the sensitivity and specificity of ctDNA-based assays [3].

Third, while substantial evidence points to the prognostic value of ctDNA, its predic-
tive value for adjuvant chemotherapy is unresolved and requires further evidence. In an
interventional study conducted by Tie et al., ctDNA-guided management reduced adjuvant
chemotherapy use without a significant difference in recurrence-free survival in stage II
colon cancer patients. In comparison, the COBRA clinical trial was halted after a prespec-
ified analysis found no improvement in ctDNA clearance with adjuvant chemotherapy
compared with observation among ctDNA-positive, low-risk stage II patients [28]. As such,
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although ctDNA positivity identifies patients at high risk of recurrence, existing interven-
tional data do not consistently demonstrate that ctDNA-positive disease is preferentially
responsive to standard chemotherapy.

Additionally, defining clinical utility endpoints remains challenging. Earlier molecular
detection of recurrence may introduce lead-time bias. This is particularly relevant if earlier
treatment does not result in significant improvements in disease-free survival, overall
survival, or patient-centered outcomes (e.g., reduced treatment-related toxicity burden,
improved quality of life). In addition, costs, access, variability in reimbursement, and
logistical constraints (for example, the need for tumor tissue in tumor-informed approaches)
provide further operational barriers to the implementation of ctDNA-based assays as a
clinically relevant diagnostic tool [3].

Lastly, economic and logistical considerations present potential barriers to widespread
adoption, though investigations into these barriers remain limited. Preliminary cost-
effectiveness analysis utilizing data from major ctDNA trials suggested cost savings with
the addition of MRD detection by ctDNA. This analysis found that the implementation
of ctDNA led to an average cost saving of $9771 and would likely be cost effective in the
US healthcare system [50]. A separate budget impact analysis based on ctDNA-guided
treatment reduction rates from the DYNAMIC trial indicated cost reduction for both
commercial insurance and Medicare Advantage payers [51]. However, these findings are
limited by their modeling-based approaches, and by variability in reimbursement.

6. Conclusions and Future Directions

In early-stage CRC, the identification of patients who derive a true benefit from
ACT continues to rely largely on conventional clinicopathological criteria, despite their
limited ability to accurately stratify the recurrence risk and predict the treatment benefit.
Accumulating evidence consistently supports the prognostic value of ctDNA in CRC and
demonstrates an emerging predictive potential for guiding adjuvant treatment decisions.
The randomized DYNAMIC trial demonstrated that ctDNA-guided management in stage
IT colon cancer safely reduces ACT utilization without compromising disease-free survival.
However, outcomes in high-risk (T4) tumors suggested that a single post-operative ctDNA
assessment may be insufficient for definitive risk stratification [8]. More recent findings
from the DYNAMIC-III trial further confirmed the prognostic value of post-operative
ctDNA in stage III disease and showed that ctDNA-guided escalation and de-escalation
strategies reduced chemotherapy exposure particularly among clinically low-risk patients
without clear evidence of compromised survival. However, formal non-inferiority was not
established [24].

Observational studies consistently report a greater benefit from ACT among ctDNA-
positive patients, whereas ctDNA-negative patients appear to derive limited benefit. Nev-
ertheless, these findings warrant cautious interpretation due to the predominantly non-
interventional design of these studies and the inclusion of heterogeneous stage II-III popu-
lations [18,52]. Exploratory analyses from randomized trials, including CALGB/SWOG
80702, further suggest that the ctDNA status may identify subgroups with differential ben-
efits from adjunctive therapies, supporting its potential predictive relevance [53]. Ongoing
large-scale randomized trials (Table 3) are expected to provide more definitive evidence
regarding the role of ctDNA in guiding treatment escalation or de-escalation strategies in
CRC [54].

In mCRC, longitudinal ctDNA dynamics have been associated with the treatment
response, progression-free survival, overall survival, and the emergence of resistance
mechanisms, as supported by meta-analyses and longitudinal monitoring studies [38,55].
However, important limitations remain, including reduced sensitivity in settings such as
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isolated peritoneal metastases and a low tumor burden, assay heterogeneity, and lack of
prospective interventional validation. These limitations underscore the need for standard-
ized methodologies and further clinical trials before routine implementation [10,38,56,57].

Moving into the future, several key priorities could help advance ctDNA's clinical
integration in CRC diagnostics and management. Completion of ongoing randomized
controlled trials (CIRCULATE-Japan, CIRCULATE-North America) will more definitively
establish whether ctDNA-guided treatment strategies improve patient outcomes and which
clinical decision points are most likely to bring a benefit. Addressing technical limitations—
particularly the low sensitivity in peritoneal and lung metastases—through compartment-
specific sampling and multimodal biomarker approaches may improve detection accuracy
in low-shedding disease. Furthermore, optimizing tumor-agnostic approaches will improve
sensitivity in patient populations where tumor-informed assays are suboptimal options.
Combining ctDNA with orthogonal biomarkers and imaging may further mitigate false
negatives and refine risk stratification. Critically, investigating whether early interven-
tion based on MRD detection improves outcomes compared to radiologic surveillance
will address lead-time bias concerns and establish clinical endpoints of ctDNA utilization.
Finally, though investigations of the cost-effectiveness of these assays are emerging, re-
search is still quite limited. Therefore, cost-effective analyses and implementation studies
are critically needed to support reimbursement decisions and equitable access in these
patient populations.

In summary, ctDNA represents a highly promising, non-invasive biomarker in CRC
that provides real-time insights into the tumor burden, treatment response, and emerging
resistance mechanisms. While its prognostic value is well-established, the predictive role of
ctDNA in guiding treatment personalization continues to evolve. With ongoing prospective
validation and methodological standardization, ctDNA is poised to become an integral
component of precision oncology by meaningfully improving individualized therapeutic
decision-making processes across the CRC disease continuum.

Author Contributions: Conceptualization, M.A. and A.A.O.; methodology, M.A., A.A.O.,, W.C. and
Z.B.A.; software, A.A.O. and A.S; validation, M.A., M.M. and O.K,; formal analysis, A.A.O., A.S. and
W.C,; investigation, W.C., A.S., Z.B.A. and A.A.O; data curation, W.C., A.S. and A.A.O.; writing—
original draft preparation, A.A.O., W.C. and Z.B.A.; writing—review and editing, M.M., M.A,, O.K.,
AS., W.C. and A.A.O,; visualization, A.A.O., W.C. and A.S.; supervision, M.A. and M.M.; project
administration, M. A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data underlying this study are extracted from publicly available
studies.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Siegel, R.L,; Kratzer, T.B.; Giaquinto, A.N.; Sung, H.; Jemal, A. Cancer statistics, 2025. CA Cancer | Clin. 2025, 75, 10-45. [CrossRef]

[PubMed]

2. Siegel, R.L.; Wagle, N.S.; Cercek, A.; Smith, R.A.; Jemal, A. Colorectal cancer statistics, 2023. CA Cancer | Clin. 2023, 73, 233-254.

[CrossRef] [PubMed]

3. Malla, M.; Loree, ].M.; Kasi, PM.; Parikh, A.R. Using Circulating Tumor DNA in Colorectal Cancer: Current and Evolving
Practices. . Clin. Oncol. 2022, 40, 2846-2857. [CrossRef] [PubMed]

4. Andre, T.; Boni, C.; Navarro, M.; Tabernero, J.; Hickish, T.; Topham, C.; Bonetti, A.; Clingan, P.; Bridgewater, J.; Rivera, F; et al.
Improved overall survival with oxaliplatin, fluorouracil, and leucovorin as adjuvant treatment in stage II or III colon cancer in the
MOSAIC trial. J. Clin. Oncol. 2009, 27, 3109-3116. [CrossRef]

5. Diaz, L.A,, Jr; Bardelli, A. Liquid biopsies: Genotyping circulating tumor DNA. J. Clin. Oncol. 2014, 32, 579-586. [CrossRef]

https://doi.org/10.3390/ cancers18050754


https://doi.org/10.3322/caac.21871
https://www.ncbi.nlm.nih.gov/pubmed/39817679
https://doi.org/10.3322/caac.21772
https://www.ncbi.nlm.nih.gov/pubmed/36856579
https://doi.org/10.1200/JCO.21.02615
https://www.ncbi.nlm.nih.gov/pubmed/35839443
https://doi.org/10.1200/JCO.2008.20.6771
https://doi.org/10.1200/JCO.2012.45.2011
https://doi.org/10.3390/cancers18050754

Cancers 2026, 18, 754 21 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Dasari, A.; Grothey, A.; Kopetz, S. Circulating Tumor DNA-Defined Minimal Residual Disease in Solid Tumors: Opportunities to
Accelerate the Development of Adjuvant Therapies. J. Clin. Oncol. 2018, 36, JCO2018789032. [CrossRef]

Tie, J.; Lo, S.N.; Gibbs, P. Circulating Tumor DNA Guiding Adjuvant Therapy in Colon Cancer. Reply. N. Engl. |. Med. 2022,
387, 760.

Tie, J.; Cohen, ].D.; Lahouel, K,; Lo, S.N.; Wang, Y.; Kosmider, S.; Wong, R.; Shapiro, J.; Lee, M.; Harris, S.; et al. Circulating Tumor
DNA Analysis Guiding Adjuvant Therapy in Stage II Colon Cancer. N. Engl. J. Med. 2022, 386, 2261-2272. [CrossRef]

Puccini, A.; Martelli, V.; Pastorino, A.; Sciallero, S.; Sobrero, A. ctDNA to Guide Treatment of Colorectal Cancer: Ready for
Standard of Care? Curr. Treat. Options Oncol. 2023, 24, 76-92. [CrossRef]

Yanes, R.; Saridogan, T.; Gorantla, V.; Overacre, A.; Hsieh, R W.; Celebrezze, J.; Magge, T.; Singhi, M.; Saeed, A.; Zureikat, A.H.;
et al. Shedding Light on the Prognostic and Predictive Value of Circulating Tumor DNA for Management of Patients with
Early-Stage Colon Cancer. Technol Cancer Res Treat. 2025, 24, 15330338251317094. [CrossRef]

Parikh, A.R; Van Seventer, E.E.; Siravegna, G.; Hartwig, A.V,; Jaimovich, A.; He, Y.; Kanter, K.; Fish, M.G.; Fosbenner, K.D.; Miao,
B.; et al. Minimal Residual Disease Detection using a Plasma-only Circulating Tumor DNA Assay in Patients with Colorectal
Cancer. Clin. Cancer Res. 2021, 27, 5586-5594. [CrossRef] [PubMed]

Tie, J.; Cohen, ].D.; Wang, Y.; Christie, M.; Simons, K.; Lee, M.; Wong, R.; Kosmider, S.; Ananda, S.; McKendrick, J.; et al.
Circulating Tumor DNA Analyses as Markers of Recurrence Risk and Benefit of Adjuvant Therapy for Stage III Colon Cancer.
JAMA Oncol. 2019, 5, 1710-1717. [CrossRef] [PubMed]

Henriksen, T.V.; Tarazona, N.; Frydendahl, A.; Reinert, T.; Gimeno-Valiente, F.; Carbonell-Asins, ]J.A.; Sharma, S.; Renner, D.;
Hafez, D.; Roda, D.; et al. Circulating Tumor DNA in Stage III Colorectal Cancer, beyond Minimal Residual Disease Detection,
toward Assessment of Adjuvant Therapy Efficacy and Clinical Behavior of Recurrences. Clin. Cancer Res. 2022, 28, 507-517.
[CrossRef] [PubMed]

Unseld, M.; Kuhberger, S.; Graf, R.; Beichler, C.; Braun, M.; Dandachi, N.; Heitzer, E.; Prager, G.W. Circulating tumor DNA
(ctDNA) trajectories predict survival in trifluridine/tipiracil-treated metastatic colorectal cancer patients. Mol Oncol. 2025, 19,
2120-2132.

Martinez-Castedo, B.; Camblor, D.G.; Martin-Arana, J.; Carbonell-Asins, J.A.; Garcia-Mic6, B.; Gambardella, V.; Huerta, M.;
Roselld, S.; Roda, D.; Gimeno-Valiente, F.; et al. Minimal residual disease in colorectal cancer. Tumor-informed versus tumor-
agnostic approaches: Unraveling the optimal strategy. Ann. Oncol. 2025, 36, 263-276. [CrossRef]

Camblor, D.G.; Martinez-Castedo, B.; Martin-Arana, J.; Gimeno-Valiente, F.; Garcia-Mic6, B.; Martinez-Pic6, F; Segui, V.; Garcia-
Bartolomé, M.; Gonzélez, D.; Guimera, A.; et al. Clinical performance of tumor-informed versus tumor-agnostic ctDNA assays
for colorectal cancer recurrence: A systematic review and diagnostic accuracy meta-analysis. Cancer Treat. Rev. 2026, 142, 103066.
[CrossRef]

Chan, H.T.; Nagayama, S.; Otaki, M.; Chin, Y.M.; Fukunaga, Y.; Ueno, M.; Nakamura, Y.; Low, S.-K. Tumor-informed or tumor-
agnostic circulating tumor DNA as a biomarker for risk of recurrence in resected colorectal cancer patients. Front. Oncol. 2023,
12,1055968. [CrossRef]

Kotani, D.; Oki, E.; Nakamura, Y.; Yukami, H.; Mishima, S.; Bando, H.; Shirasu, H.; Yamazaki, K.; Watanabe, ]J.; Kotaka, M.; et al.
Molecular residual disease and efficacy of adjuvant chemotherapy in patients with colorectal cancer. Nat. Med. 2023, 29, 127-134.
[CrossRef]

Tie, ].; Wang, Y.; Tomasetti, C.; Li, L.; Springer, S.; Kinde, I; Silliman, N.; Tacey, M.; Wong, H.L.; Christie, M.; et al. Circulating
tumor DNA analysis detects minimal residual disease and predicts recurrence in patients with stage II colon cancer. Sci. Transl.
Med. 2016, 8, 346ra92. [CrossRef]

Nakamura, Y.; Watanabe, J.; Akazawa, N.; Hirata, K.; Kataoka, K.; Yokota, M.; Kato, K.; Kotaka, M.; Kagawa, Y.; Yeh, K.H.; et al.
ctDNA-based molecular residual disease and survival in resectable colorectal cancer. Nat. Med. 2024, 30, 3272-3283.

Scheler, L.V.; Reinert, T.; Orntoft, W.M.; Kassentoft, G.C.; Arnadéttir, S.S.; Vang, S.; Nordentoft, I.; Knudsen, M.; Lamy, P.;
Andreasen, D.; et al. Clinical Implications of Monitoring Circulating Tumor DNA in Patients with Colorectal Cancer. Clin. Cancer
Res. 2017, 23, 5437-5445. [CrossRef] [PubMed]

Reinert, T.; Henriksen, T.V.; Christensen, E.; Sharma, S.; Salari, R.; Sethi, H.; Knudsen, M.; Nordentoft, I.; Wu, H.S,; Tin, A.S.; et al.
Analysis of Plasma Cell-Free DNA by Ultradeep Sequencing in Patients With Stages I to III Colorectal Cancer. Jama Oncol. 2019, 5,
1124-1131. [CrossRef] [PubMed]

Tarazona, N.; Valiente, EG.; Gambardella, V.; Zuiiiga, S.; Rentero-Garrido, P.; Huerta, M.; Rosell§, S.; Martinez-Ciarpaglini, C.;
Carbonell-Asins, J.A.; Carrasco, F.; et al. Targeted next-generation sequencing of circulating-tumor DNA for tracking minimal
residual disease in localized colon cancer. Ann. Oncol. 2019, 30, 1804-1812. [CrossRef] [PubMed]

Tie, J.; Wang, Y.; Loree, ]. M.; Cohen, ].D.; Wong, R.; Price, T.; Tebbutt, N.C.; Gebski, V.; Espinoza, D.; Burge, M.; et al. Circulating
tumor DNA-guided adjuvant therapy in locally advanced colon cancer: The randomized phase 2/3 DYNAMIC-III trial. Nat Med.
2025, 31, 4291-4300. [CrossRef]

https://doi.org/10.3390/ cancers18050754


https://doi.org/10.1200/JCO.2018.78.9032
https://doi.org/10.1056/NEJMoa2200075
https://doi.org/10.1007/s11864-022-01048-x
https://doi.org/10.1177/15330338251317094
https://doi.org/10.1158/1078-0432.ccr-21-0410
https://www.ncbi.nlm.nih.gov/pubmed/33926918
https://doi.org/10.1001/jamaoncol.2019.3616
https://www.ncbi.nlm.nih.gov/pubmed/31621801
https://doi.org/10.1158/1078-0432.CCR-21-2404
https://www.ncbi.nlm.nih.gov/pubmed/34625408
https://doi.org/10.1016/j.annonc.2024.12.006
https://doi.org/10.1016/j.ctrv.2025.103066
https://doi.org/10.3389/fonc.2022.1055968
https://doi.org/10.1038/s41591-022-02115-4
https://doi.org/10.1126/scitranslmed.aaf6219
https://doi.org/10.1158/1078-0432.CCR-17-0510
https://www.ncbi.nlm.nih.gov/pubmed/28600478
https://doi.org/10.1001/jamaoncol.2019.0528
https://www.ncbi.nlm.nih.gov/pubmed/31070691
https://doi.org/10.1093/annonc/mdz390
https://www.ncbi.nlm.nih.gov/pubmed/31562764
https://doi.org/10.1038/s41591-025-04030-w
https://doi.org/10.3390/cancers18050754

Cancers 2026, 18, 754 22 of 23

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Andre, T.; Vernerey, D.; Mineur, L.; Bennouna, J.; Desrame, J.; Faroux, R.; Fratte, S.; Hug de Larauze, M.; Paget-Bailly, S.;
Chibaudel, B.; et al. Three Versus 6 Months of Oxaliplatin-Based Adjuvant Chemotherapy for Patients With Stage III Colon
Cancer: Disease-Free Survival Results From a Randomized, Open-Label, International Duration Evaluation of Adjuvant (IDEA)
France, Phase III Trial. J. Clin. Oncol. 2018, 36, 1469-1477. [CrossRef]

Andre, T.; Meyerhardyt, J.; Iveson, T.; Sobrero, A.; Yoshino, T.; Souglakos, L.; Grothey, A.; Niedzwiecki, D.; Saunders, M.; Labianca,
R.; et al. Effect of duration of adjuvant chemotherapy for patients with stage III colon cancer (IDEA collaboration): Final results
from a prospective, pooled analysis of six randomised, phase 3 trials. Lancet Oncol. 2020, 21, 1620-1629. [CrossRef]

Taly, V.; Vernerey, D.; Bourreau, C.; Bennouna, J.; Faroux, R.; Desrame, J.; Bouche, O.; Borg, C.; Egreteau, J.; Mineur, L.; et al.
Analysis of circulating tumour DNA (ctDNA) from patients enrolled in the IDEA-FRANCE phase III trial: Prognostic and
predictive value for adjuvant treatment duration. Ann. Oncol. 2019, 30, v867. [CrossRef]

Morris, V.K,; Yothers, G.; Kopetz, S.; Puhalla, S.L.; Lucas, P.C.; Igbal, A.; Boland, PM.; Deming, D.A.; Scott, A.J.; Lim, H.J.; et al.
Phase II results of circulating tumor DNA as a predictive biomarker in adjuvant chemotherapy in patients with stage II colon
cancer: NRG-GI005 (COBRA) phase II/III study. J. Clin. Oncol. 2024, 42. [CrossRef]

Tie, J.; Cohen, ].D; Lo, S.N.; Wang, Y; Li, L.; Christie, M.; Lee, M.; Wong, R.; Kosmider, S.; Skinner, I; et al. Prognostic significance
of postsurgery circulating tumor DNA in nonmetastatic colorectal cancer: Individual patient pooled analysis of three cohort
studies. Int. ]. Cancer. 2021, 148, 1014-1026. [CrossRef]

Tie, J.; Wang, Y.; Lo, S.N.; Lahouel, K.; Cohen, ].D.; Wong, R.; Shapiro, ].D.; Harris, S.J.; Khattak, A.; Burge, M.E.; et al. Circulating
tumor DNA analysis guiding adjuvant therapy in stage II colon cancer: 5-year outcomes of the randomized DYNAMIC trial. Nat.
Med. 2025, 31, 1509-1518. [CrossRef]

Pathak, P.S.; Chan, G.; Deming, D.A.; Chee, C.E. State-of-the-Art Management of Colorectal Cancer: Treatment Advances and
Innovation. Am. Soc. Clin. Oncol. Educ. Book 2024, 44, e438466. [CrossRef]

Shah, PK.; Aushev, V.N,; Ensor, J.; Sanchez, S.A.; Wang, C.G.; Cannon, T.L.; Berim, L.D.; Feinstein, T.; Grothey, A.; McCollom,
J.W.,; et al. Circulating tumor DNA for detection of molecular residual disease (MRD) in patients (pts) with stage II/III colorectal
cancer (CRC): Final analysis of the BESPOKE CRC sub-cohort. J. Clin. Oncol. 2025, 43, 15. [CrossRef]

Chen, G.; Peng, J.; Xiao, Q.; Wu, H.X.; Wu, X,; Wang, E; Li, L.; Ding, P.; Zhao, Q.; Li, Y.; et al. Postoperative circulating tumor
DNA as markers of recurrence risk in stages II to III colorectal cancer. ]. Hematol. Oncol. 2021, 14, 80. [CrossRef] [PubMed]
Urbini, M.; Marisi, G.; Azzali, I.; Bartolini, G.; Chiadini, E.; Capelli, L.; Tedaldi, G.; Angeli, D.; Canale, M.; Molinari, C.;
et al. Dynamic Monitoring of Circulating Tumor DNA in Patients With Metastatic Colorectal Cancer. JCO Precis. Oncol. 2023,
7,€2200694. [CrossRef] [PubMed]

Shitara, K.; Muro, K.; Watanabe, J.; Yamazaki, K.; Ohori, H.; Shiozawa, M.; Takashima, A.; Yokota, M.; Makiyama, A.; Akazawa,
N.; et al. Baseline ctDNA gene alterations as a biomarker of survival after panitumumab and chemotherapy in metastatic
colorectal cancer. Nat. Med. 2024, 30, 730-739. [CrossRef]

Van't Erve, I.; Rovers, K.P.; Constantinides, A.; Bolhuis, K.; Wassenaar, E.C.; Lurvink, R.J.; Huysentruyt, C.J.; Snaebjornsson, P.;
Boerma, D.; van den Broek, D.; et al. Detection of tumor-derived cell-free DNA from colorectal cancer peritoneal metastases in
plasma and peritoneal fluid. J. Pathol. Clin. Res. 2021, 7, 203—-208. [CrossRef]

Yuan, Z.; Chen, W,; Liu, D.; Qin, Q.; Grady, WM.,; Fichera, A.; Wang, H.; Hou, T,; Lv, X,; Li, C.; et al. Peritoneal cell-free DNA as a
sensitive biomarker for detection of peritoneal metastasis in colorectal cancer: A prospective diagnostic study. Clin. Epigenetics
2023, 15, 65. [CrossRef]

Henriksen, T.V.; Demuth, C.; Frydendahl, A.; Nors, J.; Nesic, M.; Rasmussen, M.H.; Reinert, T.; Larsen, O.H.; Jaensch, C.; Love,
U.S.; et al. Unraveling the potential clinical utility of circulating tumor DNA detection in colorectal cancer-evaluation in a
nationwide Danish cohort. Ann. Oncol. 2024, 35, 229-239. [CrossRef]

Reinert, T.; Petersen, L.M.S.; Henriksen, T.V.; Larsen, M.O.; Rasmussen, M.H.; Johansen, A.E.B.; Ogaard, N.; Knudsen, M.;
Nordentoft, I.; Vang, S.; et al. Circulating tumor DNA for prognosis assessment and postoperative management after curative-
intent resection of colorectal liver metastases. Int. J. Cancer. 2022, 150, 1537-1548. [CrossRef]

Strijker, M.; Soer, E.C.; de Pastena, M.; Creemers, A.; Balduzzi, A.; Beagan, ].J.; Busch, O.R.; van Delden, O.M.; Halfwerk, H.; van
Hooft, ].E.; et al. Circulating tumor DNA quantity is related to tumor volume and both predict survival in metastatic pancreatic
ductal adenocarcinoma. Int. J. Cancer. 2020, 146, 1445-1456. [CrossRef]

Grancher, A.; Beaussire-Trouvay, L.; Vernon, V.; Dutherage, M.; Blondin, V.; Elie, C.; Bouhier-Leporrier, K.; Galais, M.P.; Clabaut,
T.; Bignon, A.L.; et al. ctDNA variations according to treatment intensity in first-line metastatic colorectal cancer. Br. J. Cancer.
2025, 132, 814-821. [CrossRef] [PubMed]

Engstrand, J.; Nilsson, H.; Stromberg, C.; Jonas, E.; Freedman, J. Colorectal cancer liver metastases—A population-based study on
incidence, management and survival. BMC Cancer 2018, 18, 78. [CrossRef] [PubMed]

Waullaert, L.; van Rees, ] M.; Martens, ] WM.; Verheul, HM.W.; Grunhagen, D.J.; Wilting, S.M.; Verhoef, C. Circulating Tumour
DNA as Biomarker for Colorectal Liver Metastases: A Systematic Review and Meta-Analysis. Cells 2023, 12, 2520. [CrossRef]
[PubMed]

https://doi.org/10.3390/ cancers18050754


https://doi.org/10.1200/JCO.2017.76.0355
https://doi.org/10.1016/s1470-2045(20)30527-1
https://doi.org/10.1093/annonc/mdz394.019
https://doi.org/10.1200/JCO.2024.42.3_suppl.5
https://doi.org/10.1002/ijc.33312
https://doi.org/10.1038/s41591-025-03579-w
https://doi.org/10.1200/EDBK_438466
https://doi.org/10.1200/JCO.2025.43.4_suppl.15
https://doi.org/10.1186/s13045-021-01089-z
https://www.ncbi.nlm.nih.gov/pubmed/34001194
https://doi.org/10.1200/PO.22.00694
https://www.ncbi.nlm.nih.gov/pubmed/37656949
https://doi.org/10.1038/s41591-023-02791-w
https://doi.org/10.1002/cjp2.207
https://doi.org/10.1186/s13148-023-01479-9
https://doi.org/10.1016/j.annonc.2023.11.009
https://doi.org/10.1002/ijc.33924
https://doi.org/10.1002/ijc.32586
https://doi.org/10.1038/s41416-025-02971-0
https://www.ncbi.nlm.nih.gov/pubmed/40089635
https://doi.org/10.1186/s12885-017-3925-x
https://www.ncbi.nlm.nih.gov/pubmed/29334918
https://doi.org/10.3390/cells12212520
https://www.ncbi.nlm.nih.gov/pubmed/37947598
https://doi.org/10.3390/cancers18050754

Cancers 2026, 18, 754 23 of 23

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Liu, M.; Bao, Q.; Zhao, T.; Huang, L.; Zhang, D.; Wang, Y.; Yan, X.; Wang, H.; Jin, K; Liu, W.; et al. Pre-hepatectomy dynamic
circulating tumor DNA to predict pathologic response to preoperative chemotherapy and post-hepatectomy recurrence in patients
with colorectal liver metastases. Hepatol. Int. 2024, 18, 1029-1039. [CrossRef]

Liu, W,; Jin, KM.; Zhang, M.H.; Bao, Q.; Liu, M.; Xu, D.; Wang, K; Xing, B.C. Recurrence Prediction by Circulating Tumor DNA
in the Patient with Colorectal Liver Metastases After Hepatectomy: A Prospective Biomarker Study. Ann. Surg. Oncol. 2023, 30,
4916-4926. [CrossRef]

Andre, T.; Shiu, KK.; Kim, TW.; Jensen, B.V.; Jensen, L.H.; Punt, C.; Smith, D.; Garcia-Carbonero, R.; Benavides, M.; Gibbs, P, et al.
Pembrolizumab in Microsatellite-Instability-High Advanced Colorectal Cancer. N. Engl. J. Med. 2020, 383, 2207-2218. [CrossRef]
Wen, X.; Pu, H,; Liu, Q.; Guo, Z.; Luo, D. Circulating Tumor DNA-A Novel Biomarker of Tumor Progression and Its Favorable
Detection Techniques. Cancers 2022, 14, 6025. [CrossRef]

Taieb, J.; Sullo, FEG.; Lecanu, A.; Bourreau, C.; Barbier, E.; Gandini, A.; Bez, J.; Mulot, C.; Di Fiore, F; Elhajbi, F; et al. Early
ctDNA and Survival in Metastatic Colorectal Cancer Treated With Immune Checkpoint Inhibitors: A Secondary Analysis of the
SAMCO-PRODIGE 54 Randomized Clinical Trial. JAMA Oncol. 2025, 11, 874-882. [CrossRef]

Evrard, C.; Rochelle, T.; Martel, M.; Al Achkar, A.; Ferru, A.; Randrian, V.; Karayan-Tapon, L.; Tougeron, D. Prognostic and
Predictive Value of Microsatellite Instability Analysis in Circulating Tumor DNA Using Digital Droplet PCR for Patients With
Microsatellite Instability Colorectal Cancers. Lab. Investig. 2025, 105, 104176. [CrossRef]

Schneider, J.; Bresnahan, R.; Chami, N.; Brackstone, M.; Hannouf, M.B. Cost-effectiveness analysis of a circulating tumor
DNA-based molecular residual disease assay to guide adjuvant chemotherapy decisions in patients with resectable early stage
colorectal cancer. J. Clin. Oncol. 2023, 41, €18929. [CrossRef]

Li, Y;; Heer, AK;; Sloane, H.S.; Edelstein, D.L.; Tie, J.; Gibbs, P.; Barzi, A. Budget Impact Analysis of Circulating Tumor DNA
Testing for Colon Cancer in Commercial Health and Medicare Advantage Plans. JAMA Health Forum 2024, 5, e241270. [CrossRef]
[PubMed]

Kasi, PM.M.; Aushev, VN.N.; Ensor, J.; Langer, N.; Wang, C.G.G.; Cannon, T.L.L.; Berim, L.D.B.; Feinstein, T.; Grothey, A.;
McCollom, .W.W.; et al. Circulating tumor DNA (ctDNA) for informing adjuvant chemotherapy (ACT) in stage II/III colorectal
cancer (CRC): Interim analysis of BESPOKE CRC study. J. Clin. Oncol. 2024, 42, 9. [CrossRef]

Nowak, J.A.; Shi, Q.; Twombly, T.; Pederson, L.D.; Ma, C.; Vdyrynen, ].P.; Zhao, M.M.; Takashima, Y.; Shergill, A.; Kumar, P; et al.
Prognostic and predictive role of circulating tumor DNA (ctDNA) in stage III colon cancer treated with celecoxib: Findings from
CALGB (Alliance)/SWOG 80702. J. Clin. Oncol. 2025, 43, LBA14. [CrossRef]

Lieu, C.H,; Yu, G.; Kopetz, S.; Puhalla, S.L.; Lucas, P.C.; Sahin, I.H.; Deming, D.A.; Philip, P.A.; Hong, T.S.; Rojas-Khalil, Y.; et al.
NRG-GI008: Colon adjuvant chemotherapy based on evaluation of residual disease (CIRCULATE-North America). J. Clin. Oncol.
2025, 43, TPS310. [CrossRef]

Holz, A.; Paul, B.; Zapf, A.; Pantel, K.; Joosse, S.A. Circulating tumor DNA as prognostic marker in patients with metastatic
colorectal cancer undergoing systemic therapy: A systematic review and meta-analysis. Cancer Treat. Rev. 2025, 139, 102999.
[CrossRef]

Bartolomucci, A.; Nobrega, M.; Ferrier, T.; Dickinson, K.; Kaorey, N.; Nadeau, A.; Castillo, A.; Burnier, J.V. Circulating tumor
DNA to monitor treatment response in solid tumors and advance precision oncology. npj Precis. Oncol. 2025, 9, 84. [CrossRef]
Callesen, L.B.; Hansen, T.F.; Andersen, R.E; Pallisgaard, N.; Kramer, S.; Schlander, S.; Rafaelsen, S.R.; Boysen, A.K.; Jensen,
L.H.; Jakobsen, A.; et al. ctDNA-guided adjuvant treatment after radical-intent treatment of metastatic spread from colorectal
cancer-the first interim results from the OPTIMISE study. Acta Oncol. 2023, 62, 1742-1748. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ cancers18050754


https://doi.org/10.1007/s12072-023-10628-4
https://doi.org/10.1245/s10434-023-13362-1
https://doi.org/10.1056/NEJMoa2017699
https://doi.org/10.3390/cancers14246025
https://doi.org/10.1001/jamaoncol.2025.1646
https://doi.org/10.1016/j.labinv.2025.104176
https://doi.org/10.1200/JCO.2023.41.16_suppl.e18929
https://doi.org/10.1001/jamahealthforum.2024.1270
https://www.ncbi.nlm.nih.gov/pubmed/38819797
https://doi.org/10.1200/JCO.2024.42.3_suppl.9
https://doi.org/10.1200/JCO.2025.43.4_suppl.LBA14
https://doi.org/10.1200/JCO.2025.43.4_suppl.TPS310
https://doi.org/10.1016/j.ctrv.2025.102999
https://doi.org/10.1038/s41698-025-00876-y
https://doi.org/10.1080/0284186X.2023.2259083
https://doi.org/10.3390/cancers18050754

	Introduction 
	Technical Approaches of ctDNA Detection: Tumor-Informed vs. Tumor-Agnostic 
	Tumor-Agnostic Approach 
	Tumor-Informed Approach 

	ctDNA as a Prognostic Biomarker in Colorectal Cancer 
	ctDNA as a Predictive Biomarker in Colorectal Cancer 
	ctDNA-Guided Adjuvant Treatment Management 
	ctDNA Clearance as Indicator of Treatment Response 
	ctDNA During Surveillance of Colorectal Cancers 
	ctDNA in Metastatic Colorectal Cancer 
	ctDNA as a Biomarker in Colorectal Cancer with Resectable Liver Metastases 
	Clinical Utility of ctDNA in dMMR/MSI-H Metastatic Colorectal Cancer 
	Limitations of ctDNA-Based Assessment of MRD in Colorectal Cancer 

	Conclusions and Future Directions 
	References

