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abstract

There exists a tremendous opportunity in identifying and determining the appropriate predictive and prognostic
biomarker(s) for risk stratification of patients with colorectal cancers (CRCs). Circulating tumor DNA (ctDNA) has
emerged as a promising prognostic and possibly predictive biomarker in the personalized management of
patients with CRCs. The disease is particularly suited to a liquid biopsy–based approach since there is a great
deal of shedding of circulating tumor fragments (cells, DNA, methylation markers, etc). ctDNA has been shown
to have several potential applications, including detecting minimal residual disease (MRD), monitoring for early
recurrence, molecular profiling, and therapeutic response prediction. The utility of ctDNA has broadened from
its initial use in the advanced/metastatic setting for molecular profiling and detection of acquired resistance
mechanisms, toward identifying MRD, as well as early detection. Prospective studies such as CIRCULATE,
COBRA, Dynamic II/III, and ACT3 are underway in the MRD setting to further understand how ctDNA may be
used to inform clinical decision making using both tumor-informed and tumor-agnostic platforms. These
prospective studies use ctDNA to guide management of patients with CRC and will be critical to help guide how
and where ctDNA should or should not be used in clinical decision making. It is also important to understand
that there are different types of ctDNA liquid biopsy platforms, each with advantages and disadvantages in
different clinical indications. This review provides an overview of the current and evolving use of ctDNA in CRC.
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KEY POINTS

• Circulating tumor DNA (ctDNA) has been established as a prognostic biomarker that can define the risk of
recurrence after curative-intent surgery.

• In practice, ctDNA to assess minimal residual disease status is performed 4 or more weeks after a
curative surgery and 2 or more weeks after completion of systemic therapy. For longitudinal
monitoring, ctDNA is typically assessed every 8-12 weeks.

• For patients who are ctDNA-positive and who have no evidence of disease on routine cross-sectional
imaging, a different form of imaging (magnetic resonance imaging with liver-specific gadolinium-based
contrast and/or positron emission tomography-computed tomography scan) to find the residual disease that
may be amenable to a locoregional approach can be considered to identify the presence of occult disease.

• In newly diagnosed metastatic colorectal cancer, liquid biopsy (blood-based next-generation se-
quencing) testing can provide the relevant molecular profiling (RAS/RAF/HER-status,MSI, and TMB)
at diagnosis in place of tissue-based sequencing to inform treatment decision making.

• ctDNA can capture intratumoral and temporal heterogeneity in colorectal cancer and provides a
platform to detect acquired resistance mechanisms for those exposed to targeted therapies.

• It is important to understand that there are different types of ctDNA testing platforms, each with
advantages and disadvantages that may make them better suited to certain clinical indications.
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BACKGROUND

Liquid biopsies (circulating tumor DNA [ctDNA] testing
and circulating tumor cells [CTCs]) have the ability to
revolutionize cancer care. Knowledge regarding ctDNA
and CTCs has exponentially grown in recent years, al-
though the concept of liquid biopsy is not new. CTCs
were described as early as 1869 by Ashworth,1 who then
suggested that these cells were shed from the tumor into
the bloodstream. It was a century later that cell-free DNA
(cfDNA) was discovered in patients with cancer, and it
has been an active research entity ever since. The term
liquid biopsies is a misnomer since no actual biopsy is
performed, but the term encompasses any tumor-
derived component detected in a bodily fluid. In the
clinic, most of the available platforms are ctDNA-based.
It is also important to understand that there are different
types of ctDNA liquid biopsy platforms, each with ad-
vantages and disadvantages and different clinical in-
dications. Herein, we review the current and evolving
practices of using ctDNA in patients with colorectal
cancer (CRC) and focus on important ongoing studies of
interest.

PREANALYTICAL CLINICAL VARIABLES

Before understanding the specifics of any ctDNA assay, it is
important to understand the preanalytical and clinical vari-
ables that can affect interpretation of results. The types of
tubes, reagents, and timing of collection/analysis are beyond
the scope of this article. From a clinical standpoint, ctDNA
detection can vary by stage, metastatic burden, and the site
of metastases.2-5 Kagawa et al6 observed that CRC patients
with liver metastases were associated with increased ctDNA
detection rates compared with the patients with lung and
peritoneal metastases. Across several large studies, CRC has

shown a high rate of shedding of circulating tumor fragments
(cells, DNA, and methylation markers). The disease, there-
fore, is particularly suited to a liquid biopsy-approach. Given
that the sensitivity of ctDNA detection is high, this has gar-
nered the increasing interest in ctDNA within CRC as a
biomarker for various clinical applications.

CLINICAL APPLICATIONS

Molecular Profiling

Although tissue biopsy remains the gold standard for
molecular profiling, it has inherent limitations, which in-
clude the following.

Insufficient tissue. It is underestimated how often tissue-
based next-generation sequencing (NGS) fails because of
lack of tumor tissue in the specimen. This might be due to
the sampling site and/or reflective of tumor histology, eg,
mucinous tumors. ctDNA can complement and perhaps
replace up front tissue-based genotyping in CRC for
identifying key biomarkers such as RAS/BRAF/HER2 sta-
tus, and detection of microsatellite instability (MSI; Fig 1).

Turnaround time. Liquid biopsies offer an advantage of a
rapid turnaround time (7-10 days as opposed to weeks for
tissue-based NGS assays because of inherent delays in
accessing the tumor specimen), and promises to be an
efficient tool for clinical trial matching and to propel precision
medicine.7,8 In a prospective study from Japan, significantly
shorter sample accession (median 4 v 14 days, P , .0001)
and shorter turnaround time (median 7 v 19 days, P, .0001)
resulted in a significant increase in the proportion of patients
enrolled in clinical trials (9.5 v 4.1%, P , .0001).9

Sample acquisition. Traditional tumor sampling is more
invasive than phlebotomy and sometimes not feasible

CONTEXT

Key Objective
Despite completing appropriate treatment, 15%-30% of the patients with stage II and III colorectal cancer (CRC) experience

a recurrence, whereas at least 50% are cured with surgery alone without adjuvant chemotherapy. Circulating tumor DNA
(ctDNA) has emerged not only as a prognostic biomarker in CRC but also potentially as a predictive tool to guide treatment
decisions in adjuvant and metastatic settings. We reviewed existing literature on the utility of ctDNA to monitor minimal
residual disease in resected CRC and to predict therapeutic response in metastatic CRC.

Knowledge Generated
The utility of ctDNA in CRC has broadened from its initial use in the advanced/metastatic setting for molecular profiling and

detection of acquired resistance mechanisms, toward identifying minimal residual disease and therapeutic response.
Relevance
ctDNA is arguably the most powerful prognostic biomarker in the adjuvant setting, and ctDNA may be a tool to guide

adjuvant therapy decisions. The clearance of ctDNA is also a potential biomarker that could help with early assessment of
therapeutic efficacy. ctDNA testing also generally has turnaround time that allows for clinical decision making and could
also help with early assessment of clinical efficacy of novel therapeutics. As data emerge from the many ongoing ctDNA
CRC clinical trials, we will have more robust data guiding how ctDNA can be incorporated into clinical decision making.
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(there are procedural complications in up to 20% of
cases).10 This also makes liquid biopsies more suited for
serial assessments than tissue biopsy.

Intratumoral and temporal heterogeneity. Tissue NGS test-
ing may not represent intratumoral and/or temporal het-
erogeneity.11 Tumor heterogeneity has garnered increasing
interest.12 This is particularly relevant to patients with CRC
who have been exposed to anti-epidermal growth factor
receptor (anti-EGFR) or other targeted therapies where
detection of resistance may guide future therapeutics
(Fig 1).

Monitoring of MRD

With its origins in the world of hematology, the term min-
imal, molecular, or measurable residual disease (MRD) in
the context of CRC often refers to ctDNA detectable after

curative-intent surgery. ctDNA has emerged as a powerful
biomarker predicting which patients with CRC are likely to
relapse on the basis of an occult or persistent state of
disease (Fig 2). Its short half-life, ranging from minutes to a
few hours, allows for a more accurate and real-time dy-
namic measure of disease burden.13

In numerous studies, patients who are MRD-positive (ie,
have detectable ctDNA) almost universally relapse if not
offered any therapy. It is not just a high-risk marker but an
indicator of persistent disease, with 95%-100% of patients
with persistently detectable ctDNA postsurgery developing
a recurrence, usually within 2 years of follow-up if offered
no systemic therapy.16,17,25

Current adjuvant management in resected stage II colon
cancers is based on risk stratification using clinical and
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FIG 1. Types of ctDNA platforms and their various clinical applications for patients with colorectal cancer. The utility of ctDNA has broadened from its
initial use in the advanced/metastatic setting for molecular profiling and detection of acquired resistancemechanisms, toward identifyingMRD, as well as
early detection. ctDNA, circulating tumor DNA; EGFR, epidermal growth factor receptor; MRD, minimal residual disease; MSI, microsatellite instability;
NGS, next-generation sequencing; NTRK, neurotrophic tyrosine receptor kinase; PCR, polymerase chain reaction; TMB, tumor mutational burden.
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pathologic prognostic factors. Contrastingly, adjuvant che-
motherapy is recommended for every stage III patient, as
tolerated, although nearly 50% are cured with surgery
alone.26 Furthermore, approximately 15% and 30% of stage
II and III patients experience recurrence despite completing
appropriate treatment, respectively.27,28 Early detection of
MRD could identify a cohort of patients whomay benefit from
intensification of systemic therapy. It also provides an op-
portunity to de-escalate care in low-risk patients with no
evidence of MRD who may not need toxic systemic
therapy.2,29-31 This model is currently being assessed in
multiple clinical trials using MRD as an integral biomarker in
patients with CRC.

Comparison of tumor-informed and tumor-agnostic (plasma-only)
ctDNA testing strategies. Currently, tumor-informed and tumor-
agnostic (also referred to as tumor-uninformed or plasma-only
ctDNA) testing approaches are available for MRD assessment
and monitoring in CRC (Table 1). Tumor-informed testing, as
the name suggests, requires knowledge of particular mutations
in a patient’s tumor and then designs probes on the basis of the
tissue to test the same patient’s plasma (Fig 1). Historically,
plasma-only approaches using ctDNA were considered less
sensitive. However, recent approaches in plasma-only testing
have improved sensitivity of these approaches by using addi-
tional markers such as methylation or epigenomics markers.15

Plasma-only approachesmay also improve turnaround time for
the landmark assessment of a patient’s MRD status as they do
not require tissue to be obtained, sequenced, and a custom
ctDNA panel to be created before performing an assessment of
MRD status. In the setting of adjuvant therapy, where delays in
adjuvant therapy can reduce efficacy, these differencesmay be
important for clinical decision making.32

Timing of ctDNA for MRD assessment. The timing of ctDNA
testing after resection in the curative-intent setting is car-
dinal (at least 2-4 weeks from the time of surgery). This is

due to elevated levels of circulating normal cfDNA because
of surgical procedures leading to background noise that
could effectively dilute the ctDNA and lower the sensitivity.
Repeat testing is suggested for patients with undetectable
ctDNA within the first 4 weeks of resection to avoid false
negatives.33,34

Furthermore, ctDNA levels decline very quickly on effective
systemic therapy. Ideally, MRD assessment should be
before initiation of adjuvant chemotherapy and not during
systemic therapy. In the surveillance setting, assessment of
ctDNA for MRD at least 2-4 weeks after completion of
adjuvant therapy is reasonable.

ctDNA as a predictive biomarker of response to adjuvant
therapy. Emerging data demonstrate that aside from a
prognostic marker, ctDNA may also be a predictive bio-
marker of response to adjuvant therapy. Henriksen et al35

studied postadjuvant chemotherapy ctDNA status on risk of
recurrence in 160 patients with stage III CRC where 140
patients had postoperative ctDNA available. Postoperative
ctDNA was detected in 14% (20/140) of available patients’
samples, 90% of these ctDNA-positive patients received
adjuvant chemotherapy (18/20), and 13 of them had
longitudinal samples available. Only 23% (3/13) of patients
showed permanent clearance of ctDNA with adjuvant
therapy and had no evidence of relapse at 36 months of
follow-up. By contrast, 100% (10/10) of patients who
had transient clearance or no clearance relapsed. Signif-
icantly shorter relapse-free survival (hazard ratio [HR]:
94.2, 95% CI, 15.74 to 564.30; P , .001) was demon-
strated in patients with persistent ctDNA despite adjuvant
chemotherapy. The results have been consistent across
multiple studies; approximately 25% of patients who have
detectable ctDNA postoperatively have clearance with
standard infusional fluorouracil, leucovorin, and oxaliplatin
adjuvant chemotherapy (Table 2). This high-risk groupmay
benefit from prolonged therapy (longer than the stipulated

Stage Recurrence Risk, HR (95% CI) or P

I-III
I-III

II

III
III

IV-post liver metastectomy
IV-post liver metastectomy

IV-post locoregional
IV-post locoregional
IV-post locoregional

I-IV

11.0 (5.9 to 21.0)
11.2, < .0001

18 (7.9 to 40)

3.8 (2.4 to 21.0)
7.2 (3.8 to 13.8)

3.1 (1.7 to 9.1) 
6.3 (2.6 to 15.2)
5.6 (2.3 to 13.7)
5.8 (3.5 to 9.7)
5.0 (2.7 to 9.2)

13.3 (8.0 to 22.2)

1 2 4 8 16 32 64

Kotaka et al24
Nimeiri et al23

Loupakis et al22
Chee et al21

Tie et al20
Overman et al19

Henriksen et al18
Tie et al17

Tie et al16

Parikh et al15
Henriksen et al14

HR (log2 scale; increased risk of recurrence if ctDNA+)

FIG 2. Risk of CRC recurrence in patients who have undergone curative-intent surgery and are ctDNA-positive.14-24. CRC,
colorectal cancer; ctDNA, circulating tumor DNA; HR, hazard ratio.
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3-6months), intensified therapy (ie, triplet chemotherapy with
addition of irinotecan to the infusional fluorouracil, leucovorin,
and oxaliplatin adjuvant chemotherapy: FOLFIRINOX), and/or
addition of biomarker-based therapy in those with an
actionable alteration. ctDNA analysis from the adjuvant
IDEA-France study evaluating 3 versus 6 months of che-
motherapy was supportive of intensifying therapy in stage III
CRC patients with detectable ctDNA postoperatively. A
notable improvement in the disease-free survival (DFS) of
patients who had detectable ctDNA postoperatively and
received a longer duration (6 months) of adjuvant che-
motherapy was demonstrated.36

More recently, updated analysis from an observational
GALAXY study monitoring MRD in patients with stage I-III
and oligometastatic stage IV CRC evaluating the association
on ctDNA dynamics with adjuvant chemotherapy efficacy
showed the first hints of ctDNA being a predictive bio-
marker. In this large cohort of nearly 1,000 patients with
CRC, 188 were noted to be MRD-positive, and 95 patients
received adjuvant chemotherapy. The ctDNA clearance
rate at 24 weeks was significantly higher in patients who
received adjuvant chemotherapy compared with those who
did not (68% v 7%; cumulative HR: 17.1; P , .001). This
clearance rate was three times higher than the results
obtained in other studies (Table 2). Furthermore, 6-month
DFS was also significantly higher in the former group com-
pared with the latter (84% v 34%; HR: 0.15; P , .001).24

ctDNA for early recurrence monitoring. Clinical history and
examination, carcinoembryonic antigen testing, imaging,
and colonoscopy examinations are periodically performed

over a 5-year period to detect recurrence of CRC on the
basis of the existing ASCO and National Comprehensive
Cancer Network guidelines. Despite the known fact that the
sensitivity of carcinoembryonic antigen is limited (, 70%),
it continues to be relied on as a tumor marker to predict
recurrence in clinical practice.25 Better markers with im-
proved sensitivity as well as positive and negative pre-
dictive values are necessary. ctDNA has been shown to
predict relapse in CRC with a median lead time of
8.7 months before radiographic assessment.25 Monitor-
ing for recurrence is distinct from MRD assessment at a
single time point after definitive therapy. Longitudinal

TABLE 1. Tumor-Informed and Uninformed ctDNA Approaches for MRD Assessment
Characteristic Tumor-Informed Tumor-Uninformed (tumor-agnostic or plasma-only)

Requires tumor testing Yes No

Prior knowledge of molecular alterations Necessarya Not necessary

Profiling method Genomic Genomic and epigenomic

Turnaround time: first check 4-6 weeksb 7-10 days

Second check and beyond 7-10 days 7-10 days

Postoperative timingc 2-6 weeks $ 4 weeks

Longitudinal monitoring Yes Yes

Stages of CRC studied I-IV I-IV

Stages of CRC orderable I-IV II-III

Sensitivity of longitudinal monitoring High35 High

Specificity High High

Commercially available Yes Yes

Abbreviations: CRC, colorectal cancer; ctDNA, circulating tumor DNA; MRD, minimal residual disease.
aA panel of 16 clonal mutations are selected that are patient-specific for that tumor. If at least two mutations are present, the plasma is considered

ctDNA-positive and the specificity of the assay is increased.
bPlease note that there is more published evidence on the tumor-informed assay as opposed to the recent advent of the plasma-only assay.
cCommercially available and testing for tumor-informed is allowed at least 2 weeks postoperatively; the plasma-only assay is only allowed to be ordered at

least 4 weeks out per the manufacturer currently.

TABLE 2. Ability of Adjuvant Infusional Fluorouracil, Leucovorin, and
Oxaliplatin Chemotherapy to Convert ctDNA-Positive Status to
ctDNA-Negative in the Postoperative Setting After Curative-Intent
Surgery in Patients With Curatively Resected Colorectal Cancer

Study Stage

Ability of Adjuvant Therapy to
Convert ctDNA-Positive to

ctDNA-Negative (% of ctDNA
clearance postoperatively)

Reinert et al25 I-III 3/10 (30)

Parikh et al15 I-III 1/6 (16.7)

Tie et al16 II 3/6 (50)

Tie et al17 III 5/20 (25)

Henriksen et al18 III 4/20 (20)

Tie et al20 IV 3/11 (27.3)

Kotaka et al24 I-IV 65/96 (67.7)

Abbreviation: ctDNA, circulating tumor DNA.
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ctDNA monitoring approaches with tumor-informed and
tumor-agnostic approaches to predicting recurrence
improved sensitivity to 69% and 88%, respectively
(Table 3).

Correlation between rate of ctDNA change and tumor growth
was further studied in a subset of 17 patients who relapsed
after completion of adjuvant chemotherapy. A bimodal dis-
tribution, fast or slow, of the ctDNA growth pattern was
revealed with prognostic implications for recurrence pre-
diction.35 For patients who are ctDNA-positive and have no
evidence of disease on routine cross-sectional imaging, a
different form of imaging (magnetic resonance imaging with
liver-specific gadolinium-based contrast and/or positron
emission tomography-computed tomography scan) to find
the residual disease that may be amenable to a locoregional
approach can be considered to identify the presence of
occult disease.

Ongoing ctDNA-directed studies in CRC. With increasing
availability in the clinic, prospective randomized trials are
needed to help us determine the utility of ctDNA-guided
treatment approaches for both MRD assessment and re-
currence monitoring. Majority of the ongoing studies are

conducted using the two commercial testing platforms that
are currently available.65,66

Multiple prospective, observational, and interventional
studies are ongoing to appraise the utility of ctDNA-guided
management in CRC (Table 4). In the United States, two
studies that were among the first to open and are actively
recruiting patients are the BESPOKE and COBRA studies.
BESPOKE (ClinicalTrials.gov identifier: NCT04264702) is
a prospective observational study in patients with stage
I-IV CRC who underwent curative surgery and are followed
for up to 2 years to examine the impact of tumor-informed
ctDNA testing on adjuvant treatment decisions. COBRA
(ClinicalTrials.gov identifier: NCT04068103) is a phase
II/III NRG Cooperative Group trial evaluating a plasma-
only ctDNA detection approach to select high-risk patients
to receive infusional fluorouracil, leucovorin, and oxali-
platin chemotherapy in stage-IIA colon cancer following
resection. The ongoing Australian/Canadian DYNAMIC-III
study (ACTRN1261701566325) is examining the value of
ctDNA-guided de-escalation or escalation of chemo-
therapy in stage III colon cancer. These studies may shed
light on the utility of ctDNA as a predictive biomarker
in CRC.

TABLE 3. Existing Literature on Prognostic and Predictive Potential of ctDNA Across All Stages of Patients With CRC

Author, Year
Journal/

Conference CRC Setting Patients Evidence

Reinert et al,25

2019
JAMA
Oncology

Stage I, II, III 125 Patients with longitudinal ctDNA positivity postdefinitive therapy are
at. 40 times risk of recurrence v undetectable ctDNA (HR: 43.5;
95% CI, 9.8 to 193.5; P , .001)

Single time point postoperative sensitivity 41%

Cohen et al,59 2020 ESMO GI Oligometastases 93 ctDNA detection was significantly associated with stage (P , .001);
100% detection rate in patients with active metastasis in the
presurgical setting

Kasi et al,60 2020 ASCO Stages I-1V 240 ctDNA detection associated with stage (P , .0001); percentage of
detection varied with burden of disease and with treatment effect

Tarazona et al,61

2020
ASCO Stages I, II, III 193 (125 from

Reinert et al25)
Longitudinal ctDNA assessment detected MRD with 99% specificity

and significantly associated with relapse-free survival (HR: 53;
95% CI, 19 to 149; P , .001)

Henriksen et al,14

2021
ASCO GI Stage I, II, III 265 (125 of those

from Reinert
et al25)

Positive MRD postoperatively markedly reduced relapse-free survival
(HR, 7.1; 95% CI, 3.4 to 15; P , .001) compared with tumor
marker (CEA)

Anandappa et al,62

2021
ASCO GI Stage II, III 122 ctDNA-guided MRD assessment facilitates detection of patients with

CRC at high risk of recurrence (HR: 28.8; 95% CI, 3.5 to 234.1;
P , .001)

Shirasu et al,63

2021
ESMO GI Stages I, II, III

(prospective study)
808 Positive preoperative ctDNA was associated with advanced

pathologic stage. Nodal positivity is a high postoperative predictor
for ctDNA positivity (P , .001)

Vidal et al,64 2021 AACR Locally advanced
rectal cancer

72 Presurgery ctDNA can identify patients at high risk for recurrence by
detecting minimal metastatic disease (HR, 4; P 5 .033)

Parikh et al,15 2021 CCC Stage I-IV 103 Plasma-only MRD detection approach showed favorable sensitivity
and specificity for predicting recurrence

Positive predictive value: 100%; HR: 11.28 (P , .0001)
Single time point sensitivity 55.6%

Abbreviations: CEA, carcinoembryonic antigen; CRC, colorectal cancer; ctDNA, circulating tumor DNA; HR, hazard ratio; MRD, minimal residual disease.
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TABLE 4. Ongoing Prospective Studies on ctDNA-Guided Management of CRC

Name of the Study Clinical Trial No.
Sample
Size Study Population Arms of Study Objective

CIRCULATE-IDEA
(RCT-III)

NCT05174169 1,912 Resected high-risk stage
II or low-risk stage III
colon cancer

Standard-of-care arm:
CAPOX

ctDNA-guided arm: no
adjuvant chemotherapy

To estimate 3-year DFS

COBRA
(RCT-II/III)

NCT04068103 1,408 Stage IIA colon cancer
(low risk)

Comparator arm:
surveillance

Detectable ctDNA:
chemotherapy for up to
eight cycles

Undetectable ctDNA:
surveillance

To investigate ctDNA-guided
management of stage II colon
cancer

DYNAMIC-II
(RCT)

ACTRN1261500381583 450 Stage II colon cancer Control arm: standard of
care

Experimental arm: ctDNA-
guided treatment

To investigate ctDNA-guided adjuvant
management of stage II colon
cancer

DYNAMIC-III
(RCT-II/III)

ACTRN1261701566325 1,000 Stage III colon cancer Control arm: standard of
care

Experimental arm: ctDNA-
guided treatment

To investigate ctDNA-guided adjuvant
management of stage III colon
cancer

DYNAMIC-
RECTAL (RCT)

ACTRN12617001560381 408 Locally advanced rectal
cancer

Control arm: standard of
care

Experimental arm: ctDNA-
guided treatment

To investigate ctDNA-guided adjuvant
management of rectal cancers

BESPOKE
(observational)

NCT04264702 2,000 Stage I-IV CRC To use ctDNA to guide treatment
decisions plus stratify patients with
CRC into high-risk and low-risk
groups

ACT3 Escalation
(RCT in MSS
cohort)

NCT03803553 500 Stage III CRC: test for
ctDNA 3-6 weeks
after standard
adjuvant
chemotherapy

Randomized: ctDNA-
positive MSS:

Experimental arm:
additional FOLFIRI 3 6
months

Control arm: surveillance
with ctDNA monitoring

Exploratory:
ctDNA-positive BRAF:

additional 6 months of
encorafenib plus
binimetinib plus
cetuximab

ctDNA-positive MSI:
additional 6 months of
nivolumab

To investigate ctDNA-guided
management in stage III CRC

ALTAIR (RCT -
Japan)

NCT04457297 240 Stage III CRC after
completion of 3
months of CAPOX

Experimental arm: II line
adjuvant trifluridine/
tipiracil

Control arm: surveillance

To investigate ctDNA-guided second-
line adjuvant therapy management

IMPROVE-IT2
(RCT)

NCT04084249 254 High-risk stage II and III
CRC

Experimental arm: ctDNA
testing every 4 months for
2 years. PET-CT if ctDNA
becomes positive

Control arm: surveillance

To investigate utility of ctDNA during
surveillance postoperatively. To
study the percentage of patients
who recurred who receive intended
curative or local metastasis-
directed treatment

Abbreviations: CAPOX, capecitabine and oxaliplatin; CRC, colorectal cancer; ctDNA, circulating tumor DNA; DFS, disease-free survival; FOLFIRI,
fluorouracil, leucovorin, and irinotecan; MSI, microsatellite instability; MSS, microsatellite stable; PET-CT, positron emission tomography-computed
tomography; RCT, randomized controlled trial.
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Although serial ctDNA analyses have been shown to detect
recurrence with a median lead time ranging from 8.7 to
12 months25,35 compared with imaging assessment, the
impact of initiation of therapy as soon as ctDNA is detected
on relapse-free survival (on the basis of imaging) remains
to be seen. Whether serial ctDNA trends in patients
whose treatment is modified on the basis of a change
in ctDNA (before scan confirmation of relapse) remains to
be explored and will be evaluated in the CIRCULATE studies
(CIRCULATE-US: ClinicalTrials.gov identifier: NCT05174169).
There are several ongoing prospective studies in CRC directed
toward ctDNA-guided second-line adjuvant strategies. ACT-3
(ClinicalTrials.gov identifier: NCT03803553) is a phase III
study inmicrosatellite stable (MSS) stage III CRC that randomly
assigns patients who are ctDNA-positive after completion of
3 months of adjuvant capecitabine and oxaliplatin (3-6 weeks
after adjuvant chemotherapy) to surveillance or additional
fluorouracil, leucovorin, and irinotecan treatment.

Given the unique ability of ctDNA to provide a real-time
assessment of therapeutic benefit, ctDNA clearance could
be explored as a surrogate end point in the adjuvant setting
for drug development as well. In the ACT3 study (Clin-
icalTrials.gov identifier: NCT03803553), for example, other
exploratory cohorts include patients who have MSI-high,
BRAF-V600Emutant, and HER2-amplified tumors who will
receive additional nivolumab, encorafenib, binimetinib and
cetuximab, and trastuzumab and pertuzumab, respectively.
Similarly, the ALTAIR study (ClinicalTrials.gov identifier:
NCT04457297) will evaluate the efficacy of adjuvant
trifluridine/tipiracil in patients whose ctDNA remain positive
despite 3 months of capecitabine and oxaliplatin adjuvant
therapy. Many of these studies are using ctDNA clearance as
a primary end point in MRD-positive patients after adjuvant
therapy.

ctDNA for Response Prediction in Metastatic Disease

Prognostic value of ctDNA in metastatic disease. The utility
of tumor markers as a biomarker for response prediction is
sparse because of prolonged half-life37 and limited sensi-
tivity and specificity; however, tumor markers are routinely
used. ctDNA is emerging as an adjunct tool in addition to
imaging for response prediction. ctDNA correlates with
changes in tumor burden and predicts treatment response
with some studies showing superiority over standard tumor
markers.38-40 A 4-week change in ctDNA was predictive of
clinical benefit and prognostic of outcomes with im-
provement in progression-free survival (PFS) in patients
receiving chemotherapy and/or targeted therapy who
demonstrated $ 30% decrease in ctDNA.40

Quantification of ctDNA.Mean tumor molecules (MTM) and
variant allele frequency (VAF) are metrics commonly used
to quantify tumor-specific variants in ctDNA. Themajority of
existing testing platforms use either of these approaches to
estimate quantity of ctDNA. Although VAF measures the
ratio of variant alleles to wild-type alleles, MTM accounts for

the total amount of cell-free DNA. Tin et al analyzed over
6,000 plasma samples from more than 3,000 patients to
evaluate the correlation of VAF and MTM with mean tumor
burden in various solid tumors across multiple settings. A
positive correlation between VAF andMTM (R25 0.91) was
demonstrated except when cfDNA background levels were
high ($ 50 ng/mL). VAF values plateaued asymptotically as
MTM increased, which could be a limitation of VAF in
patients with high cfDNA levels. Furthermore, the level of
MTM/ml has been shown to bemore prognostic than VAF in
patients with advanced solid tumors treated with immu-
notherapy (rise in MTM v VAF, HR: 4.08 v 2.62).41

Immunotherapy response monitoring. Akin to response
prediction for chemotherapy and/or targeted therapy, an-
other potential ctDNA-guided clinical application could be
the identification of nonresponders to immunotherapy
recognizing that the kinetics of response is likely different.
Although immunotherapy prolonged PFS in MSI-high CRC,
it is intriguing that nearly 30% of patients were refractory to
pembrolizumab in KEYNOTE-177.42 Early identification of
nonresponders using ctDNA monitoring could allow
providers the opportunity to switch to chemotherapy or
consider addition of an anticytotoxic T-cell lymphocyte-4.43

Response prediction to immunotherapy using ctDNA has
shown promise in the INSPIRE study, a prospective phase
II trial that followed 94 patients with 25 advanced solid
tumor types treated with pembrolizumab with serial ctDNA
assessments.44 ctDNA increase at 6 weeks with increasing
tumor volume was seen in 42% of the patients and pre-
dicted lack of response with 100% accuracy. ctDNA
clearance was observed in 16% of patients on immuno-
therapy, and overall survival (OS) was 100% with a median
of. 25 months of follow-up beyond first clearance. Ninety-
eight percent of the patients who had an increase in ctDNA
at the time of initiation of cycle 3 did not achieve an ob-
jective response. This would be a subset of patients for
whom ineffective treatment could conceivably be avoided.

Zhang et al45 characterized the prognostic and predictive
impact of ctDNA in patients with 16 different solid tumor types
across phase I/II trials of either durvalumab alone or in
combination with tremelimumab. Higher pretreatment VAF
was associated with poor survival but did not correlate with
objective response rates (ORRs). By contrast, on-treatment
reduction in VAF was associated with prolonged PFS, OS, and
ORR, suggestive of predictive benefit with on-treatment
ctDNA. ctDNA kinetics in terms of changes in VAF per-
centage and/or ctDNA clearance is now an integral bio-
marker for several ongoing clinical trials across tumor types
including CRC.

Acquired Resistance and Clonal Evolution

A significant challenge associated with single-lesion biopsy
is ineffectiveness in estimating underlying tumoral mo-
lecular heterogeneity. Furthermore, discerning acquired
resistance to ongoing therapy, typified by the emergence of
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resistant subclones either within the same lesion or in
various metastatic sites in an individual patient, using re-
peated tumor biopsies is difficult and impractical (Fig 1).
ctDNA has the potential to identify emerging genetic al-
terations and track the clonal evolution of tumors, which
could be drivers for resistance, in a noninvasive manner.46,47

ctDNA is cheaper, safer, andmore convenient, and provides
a more accurate picture of resistance mechanisms com-
pared with repeated tumor biopsies.48 This is particularly
relevant to patients with CRC exposed to anti-EGFR therapies
or other targets therapies (Fig 1).49

Anti-EGFR antibody rechallenge has been accomplished
using a liquid biopsy–driven approach in RAS/BRAF WT
mCRC and has led to enhanced response rates (ORR:
30%, 95% CI, 12 to 47) in the CHRONOS trial. In this trial,
patients who initially had a response to anti-EGFR therapy
were allowed a rechallenge if a ctDNA test did not reveal
mutations in the mitogen-activated protein kinase pathway
after progression on subsequent line of anti-EGFR ther-
apy.49 Similarly, the CRICKET trial51 demonstrated the
benefit from an EGFR rechallenge approach (ORR: 21%,
95% CI: 10 to 40) using liquid biopsies. ctDNA analysis
showed that the patients who had a response did not have
RAS alterations portending resistance at the time of
rechallenge. Extensive research has shown that acquired
resistant mutations developed during anti-EGFR antibody
therapy diminish with the discontinuation of targeted
therapy, a concept referred to as clonal decay.50,51 ctDNA-
guided monitoring has allowed for noninvasive molecular
selection of patients who may respond again to anti-EGFR
therapy in a subgroup of CRC.

CHALLENGES AND LIMITATIONS OF ctDNA

Despite the fact that ctDNA has increasingly become a part
of the paradigm for molecular profiling and that high
concordance is observed between baseline plasma and
tissue testing, tissue biopsy remains the gold standard in
general for solid tumors. There are advantages to a tissue-
based approach. To date, from a technical standpoint,
tissue biopsy is more sensitive in detecting fusions since
these are large gene rearrangements.7 Although ctDNA can
detect copy-number variations, the efficacy is limited to
patients with high tumor content or extreme copy-number
amplifications, whereas copy losses are very difficult to
detect in plasma. Even for coding variants, sufficient ctDNA
may not be detectable in approximately 15% of the patients
with metastatic cancers on the basis of tumor type and
burden.52

From a clinical standpoint, blood-based ctDNA testing can
also have less utility in CRC patients with peritoneal car-
cinomatosis or brain metastases because of the respective
blood-based barriers. Creative strategies to use ctDNA
detection in other body fluids (cerebrospinal fluid, ascites,
pleural effusion etc) are under investigation.53-57

Steps are needed to standardize ctDNA profiling across
platforms and to describe how ctDNA tests relate to a tissue
result, as other biomarkers such as plasma tumor muta-
tional burden are being reported. Plasma tumor mutational
burden scores trended higher compared with tissue TMB
and it is unclear how or whether these should be compared
with tissue-based results.58 It is important keep these
technical and clinical applications in mind when applying
any of the ctDNA platforms for patients with CRC.

In conclusion, ctDNA is emerging as a powerful tool for
various applications including molecular profiling, MRD
detection, early recurrence monitoring, and treatment
response prediction. ctDNA can potentially be used to
guide adjuvant therapy, and/or considering additional
imaging techniques (magnetic resonance imaging and/
or positron emission tomography-computed tomogra-
phy) to identify sites of occult metastasis potentially
amenable to a locoregional therapy approach in the
surveillance setting.

ctDNA is highly prognostic and ctDNA clearance is
emerging as a biomarker that could help with early as-
sessment of therapeutic efficacy. Whether it can be a
surrogate end point for recurrence or DFS is yet to be
determined. This approach could expedite clinical trial read
out, reduce the cost of trials, and allow us to bring advances
to the patients sooner. ctDNA will enhance recruitment to
clinical trials and increase the number of patients eligible
for a precision medicine approach. It may also allow us to
abort approved but ineffective therapies in patients who do
not respond to targeted or immunotherapies. With the
completion of ongoing clinical trials, we anticipate patients
with stage III and high-risk stage II CRC with no evidence of
MRD postoperatively can perhaps be monitored under
active surveillance without adjuvant chemotherapy and
potentially treated at the time of MRD detection.

Keeping in mind the limitations, CRC as a disease is
particularly suited to a liquid biopsy–based approach
since there is a great deal of shedding of circulating tumor
fragments (cells, DNA, methylation markers, etc). The
utility of ctDNA has broadened from its initial use in the
advanced/metastatic setting for molecular profiling and
detection of acquired resistance mechanisms, toward
identifying MRD as well as early detection. We are also
seeing hints of ctDNA being more than just a prognostic
marker in the MRD setting. It is important to reiterate that
there are different types of ctDNA liquid biopsy platforms,
each with advantages and disadvantages and different
clinical indications. Interpretation and application of
ctDNA results cannot be done in isolation, and the clinical
context needs to be kept in mind besides the assay/
technical issues. Enrollment in ongoing clinical trials
that use ctDNA as an integral biomarker and harmonizing
of reporting across platforms will be key to further advance
the field.
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