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Abstract: Emerging data have suggested that circulating tumor DNA (ctDNA) can be a reliable
biomarker for minimal residual disease (MRD) in CRC patients. Recent studies have shown that the
ability to detect MRD using ctDNA assay after curative-intent surgery will change how to assess
the recurrence risk and patient selection for adjuvant chemotherapy. We performed a meta-analysis
of post-operative ctDNA in stage I-IV (oligometastatic) CRC patients after curative-intent resec-
tion. We included 23 studies representing 3568 patients with evaluable ctDNA in CRC patient
post-curative-intent surgery. Data were extracted from each study to perform a meta-analysis us-
ing RevMan 5.4. software. Subsequent subgroup analysis was performed for stages I-III and
oligometastatic stage IV CRC patients. Results showed that the pooled hazard ratio (HR) for
recurrence-free survival (RFS) in post-surgical ctDNA-positive versus -negative patients in all
stages was 7.27 (95% CI 5.49-9.62), p < 0.00001. Subgroup analysis revealed pooled HRs of 8.14
(95% CI5.60-11.82) and 4.83 (95% CI 3.64-6.39) for stages I-IIl and IV CRC, respectively. The pooled
HR for RFS in post-adjuvant chemotherapy ctDNA-positive versus -negative patients in all stages was
10.59 (95% CI 5.59-20.06), p < 0.00001. Circulating tumor DNA (ctDNA) analysis has revolutionized
non-invasive cancer diagnostics and monitoring, with two primary forms of analysis emerging:
tumor-informed techniques and tumor-agnostic or tumor-naive techniques. Tumor-informed meth-
ods involve the initial identification of somatic mutations in tumor tissue, followed by the targeted
sequencing of plasma DNA using a personalized assay. In contrast, the tumor-agnostic approach
performs ctDNA analysis without prior knowledge of the patient’s tumor tissue molecular profile.
This review highlights the distinctive features and implications of each approach. Tumor-informed
techniques enable the precise monitoring of known tumor-specific mutations, leveraging the sen-
sitivity and specificity of ctDNA detection. Conversely, the tumor-agnostic approach allows for a
broader genetic and epigenetic analysis, potentially revealing novel alterations and enhancing our
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understanding of tumor heterogeneity. Both approaches have significant implications for personal-
ized medicine and improved patient outcomes in the field of oncology. The subgroup analysis based
on the ctDNA method showed pooled HRs of 8.66 (95% CI 6.38-11.75) and 3.76 (95% CI 2.58-5.48)
for tumor-informed and tumor-agnostic, respectively. Our analysis emphasizes that post-operative
ctDNA is a strong prognostic marker of RFS. Based on our results, ctDNA can be a significant and
independent predictor of RFS. This real-time assessment of treatment benefits using ctDNA can be
used as a surrogate endpoint for the development of novel drugs in the adjuvant setting.

Keywords: circulating tumor DNA; minimal residual disease; curative-intent surgery; adjuvant
chemotherapy; colorectal cancer; recurrence-free survival

1. Introduction

Cell-free DNA (cfDNA) are small DNA fragments (160-200 bp) released into the blood-
stream during cell death. In healthy adults, cfDNA is primarily released by hematopoietic
cells; however, in the setting of cancer, many tumors also release DNA fragments, referred
to as circulating tumor DNA (ctDNA), into the systemic circulation [1-3]. CtDNA has a
short half-life of approximately 2 h. This property allows it to be used as a dynamic marker
for tracking the presence of the tumor [4,5]. Although somewhat limited by the delayed
turnaround time and cost, there is significant interest in ctDNA. It is a minimally invasive
test, which, given its dynamic nature, has high sensitivity and specificity [1,6,7].

Two forms of ctDNA analysis have been developed: tumor-informed techniques and
tumor-agnostic or tumor-naive techniques. In tumor-informed methods (e.g., Signatera
and Safe-SeqS), somatic mutations are first identified in tumor tissue, followed by the
targeted sequencing of plasma DNA using a personalized assay. In the tumor-agnostic
approach, ctDNA analysis is performed without the knowledge of the patient’s tumor
tissue molecular profile (e.g., Guardant Reveal assay) [3,8,9]. A significant drawback is the
prolonged turnaround time required for personalization. Nevertheless, both methods are
currently being evaluated despite cost concerns, hematopoiesis-associated false positives,
and reproducibility.

The utility of ctDNA is being explored in numerous contexts, with evidence sup-
porting its role in early cancer detection, monitoring treatment response, and evaluating
recurrence and efficacy for multiple forms of cancer. Minimal residual disease (MRD) is
defined as micro-metastases that are still present after definitive treatment, such as surgery
or post-adjuvant systemic therapy. The prognostic role of ctDNA-based MRD detection is
established in various hematologic malignancies and incorporated into standard manage-
ment guidelines [10,11]. One specific area of interest is its role in assessing MRD and the
possibility of its use to guide therapeutic decisions. One hope is that it will be able to guide
treatment in the controversial setting of adjuvant chemotherapy (ACT) in stage II and other
non- or oligometastatic colorectal cancers (CRCs). The role of ACT in this setting is poorly
defined because of the heterogeneity within disease stages [12].

Colorectal cancer (CRC) is the third most common cancer in the United States, affecting
both males and females. CRC is the second leading cause of cancer-related deaths in the
U.S. and worldwide. The lifetime risk of developing colorectal cancer is around 1 in 25
(4.0%) for females and 1 in 23 (4.3%) for males. One challenge with the treatment of colon
cancer is its high recurrence rate. The risk of recurrence remains high at 20-30% in localized
and locally advanced cancers. Because of this, better tools are needed for the early detection
of recurrence and presence of disease.

The benefit of adjuvant 5-FU-based chemotherapy in locally advanced colon cancer
has been recognized since the late 1980s. A meta-analysis published by Buyse et al. in
1988 comparing adjuvant 5-FU with surgery alone favored adjuvant chemotherapy, with a
mortality odds ratio of 0.83 (95% CI 0.70-0.98) [13]. This was established by North Central
Cancer Therapy Group (NCCTG)2 and Intergroup (INT)-00353 trials, which formed the
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basis for current guideline recommendations to include 5-FU-based adjuvant chemotherapy
in stage II/1III colon cancer patients. While the guidelines for adjuvant chemotherapy in
stage III colon cancer are unambiguous, its use in stage II disease is debatable—especially
considering the toxicity associated with chemotherapy regimens with unclear benefits
[13,14]. Current guidelines recommend 3-6 months of adjuvant chemotherapy after surgery
for nonmetastatic colon cancer [15]. The role of adjuvant chemotherapy (ACT) in stage
II colon cancer is controversial given the heterogeneity within disease stages—not all
stage II colon cancer patients need adjuvant chemotherapy. In patients deemed to have
high-risk stage II CRC, surgery is followed by adjuvant chemotherapy. This decision is
made based on tumor size as well as the pathological and clinical features of the disease,
which are relatively poor predictors [15]. Not all patients require ACT, and it has been
challenging to determine what subset does [12,13,16,17]. Henceforth, there is a need
for predictive and prognostic biomarkers for the follow-up detection of early recurrence,
thereby enabling appropriate follow-up and therapeutic strategies for early recurrence
detection and curative treatment.

Recent advances in technology in ctDNA assay can detect minimal residual disease
(MRD) after curative-intent surgery [18,19]. Using ctDNA to guide the treatment can help
avoid the toxic effects of chemotherapy after surgery, especially in patients with a low risk
of recurrence. ctDNA has been shown to have a prognostic value and is a good predictor
of cancer recurrence in many recent studies [20]. Emerging data have suggested that
circulating tumor DNA (ctDNA) can be a reliable biomarker for MRD. This may change
how to assess the recurrence risk and patient selection for adjuvant chemotherapy [21].
Therefore, we conducted a systematic review and meta-analysis of studies evaluating the
value of ctDNA in the post-surgical and post-adjuvant chemotherapy periods to predict
prognosis and recurrence.

2. Methods

This systematic review and meta-analysis was exempt from institutional review
board approval based on Kansas University Medical Center criteria. The study was
conducted in accordance with the Preferred Reporting Items for Systematic Reviews
and Meta-analyses (PRISMA, PRISMA_2020_checklist.pdf (prisma-statement.org) https:
/ /www.equator-network.org/reporting-guidelines/prisma/) (accessed on 2 April 2023)
recommendations.

A professional librarian searched PubMed/Medline, EMBASE, Web of Science,
Cochrane Library, and Google from the database inception through to 8 June 2022, using
Keywords, Medical Subject Heading (MeSH), and EMTREE subject headings to search for
the concepts of colon cancer, ctDNA, survival, and types of studies. The search included
full-text articles and conference presentations. The search terms colon cancer, rectal cancer,
ctDNA, colorectal cancer, circulating tumor DNA, recurrence-free survival, post-surgery,
and post-adjuvant chemotherapy were expanded and used with appropriate MeSH terms.
The results were refined according to the study type and outcomes.

2.1. Study Eligibility

Studies were evaluated by at least two independent reviewers (AC, ER, KA), with
a third confirming the final inclusion and resolving disagreements (AK). Studies were
chosen on the basis of the following criteria: (1) randomized clinical trials or prospec-
tive/retrospective cohort studies; (2) patients with stage I-III or oligometastatic stage IV
colorectal cancer; (3) studies examining post-operative ctDNA status or post-adjuvant
ctDNA status; (4) ctDNA data were derived from a panel of mutations rather than single
mutations; (5) data were available on patient outcomes, including disease-free survival,
recurrence-free survival, or overall survival; (6) data were not better represented in another
entry; (7) both full published manuscripts and conference abstracts were included. Studies
beyond the inclusion criteria or those originally published in a language other than English
were excluded.
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2.2. Data Extraction

Extraction was performed by at least two reviewers (AC, ER, KA), with disputes
resolved by discussion with the third. Data were recorded regarding study characteristics,
patient demographics, stages studied, ctDNA collection method, the timing of ctDNA col-
lection, and reported recurrence-free survival (RFS)/recurrence-free interval (RFI) in both
post-surgical and post-adjuvant chemotherapy periods. In addition, data were recorded for
individual subgroups, such as stages, and the study at large when available.

2.3. Statistical Analysis

Data analysis was performed using Review Manager V.5.3 (The Nordic Cochrane
Center, Cochrane Collaboration, Copenhagen, Denmark). If the study had more than one
outcome, then the precision was compared to give a more conservative estimate of the
HRs and 95% CI. The I? statistic was used to assess the statistical heterogeneity. An 12
statistic of >50% was considered significant heterogeneity. Statistical significance was set
at p-value < 0.05. Publication bias was assessed visually using funnel plots. All studies
were assessed to be of moderate quality. The pooled HR and 95% CI are represented in
forest plots. Each square on the chart area represents an individual study, and the area
of each square is equivalent to the weight of the study, which is the inverse of the study
variance. The diamond represents summary measures, and the width corresponds to the
95% CI. A random-effects model with inverse variance (DerSimonian and Laird method)
was applied [22]. Heterogeneity was estimated using the inconsistency index and x? test.

3. Results

Our search yielded a total of 668 articles. After screening and final selection, 23 unique
studies provided quantitative data on RFS based on the post-operative and post-adjuvant
ctDNA status as shown in PRISMA diagram in Figure 1. The characteristics of these studies
are summarized in Table 1. Henricksen et al., 2021, and Henricksen et al., 2022, were
duplicates but were used for different analyses [20,21]. Of these studies, seven provided
data on the prognostic value of post-adjuvant ctDNA. The studies primarily focused on
locally invasive or otherwise nonmetastatic cancers, although eight studied ctDNA in
oligometastatic stage IV rectal cancer amenable to curative-intent resection. Most studies
(17/23) utilized a tumor-informed ctDNA analysis method.

The data comprised 3568 patients. Of this population, 13.4% (477) were positive for
ctDNA post-operatively. Likewise, 1007 patients were assessed in the post-adjuvant setting.

Utilizing a random-effects model, analysis of our primary outcome, and post-surgical
ctDNA status showed a statistically significant prognostic effect (pooled HR =7.27 (95%
CI 5.49-9.62, p < 0.0001)). This indicates that the presence of positive ctDNA results after
surgery yields a poor prognosis. A forest plot of these data is shown in Figure 2. These
data had moderate heterogeneity (I?> = 55%). Subgroup analyses were performed on these
data, as shown in Table 2. There have been insufficient studies to stratify post-adjuvant
ctDNA results for oligometastatic stage IV disease and tumor-agnostic methodologies.
Among these analyses, all the pooled hazard ratios reached significance. Heterogeneity was
improved when stratifying by the tumor-informed versus tumor-agnostic ctDNA collection
method, especially in the tumor-informed group. Similarly, heterogeneity improved when
only oligometastatic stage IV was analyzed. Forest plots of tumor-agnostic and tumor-
informed ctDNA statuses are shown in Figure 3.
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Figure 1. PRISMA flow diagram.
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Table 1. Characteristics of the studies included in this meta-analysis.

Tumor- Timing of Number of
Colon vs. Type of Informed vs. Number of ctDNA-
Study Stage of CRC Rectal Cancer ctDNA Assay Tumor- C(C)tlll)elc\iﬁ)n Patients Positive
Agnostic/Naive Patients
Anandappa 0
etal., 2021 [23] 11111 CRC mPCR Informed NA 107 14 (13%)
Benhaim et al., . . .
2021 [24] II-111 CRC QiAamp Naive 5 days 187 18 (9%)
Bolhuis et al., . o
2021 [25] Stage IV OM Colon dd-PCR Naive ~38 days 6 (26%)
Chen et al,, Geneseeq o
2021 [26] II-11I1 CRC Prime Informed 3-7 days 240 20 (8%)
Diehn et al., o
2017 [27] II-11T CRC AVENIO Informed 10 days 145 12 (8%)
Guetal., o
2021 [28] I-11T CRC Super-Seq Informed 7-10 days 25 4 (16%)
Henriksen Signatera,
etal., 2021 [20] -1 CRC bespoke mPCR Informed 2-4 weeks 218 20 (9%)
(stages I-III) NGS assay
Signatera NA (numbers
Henriksen I CRC bespoke mPCR Informed 2-4 weeks . already NA
etal., 2022 [21] NGS included in the
assay above study)
Khakoo et al., o
2020 [29] -1 Rectal dd-PCR Informed 4-12 weeks 47 3 (6%)
Kotaka et al., Signatera, .
2022 [30] [-Stage IV OM CRC bespoke Informed 4 weeks 1365 115 (8%)
Lietal, o,
2022 [31] i Colon AVENIO Informed 24 weeks 151 24 (15%)
Lo‘éggll‘l[sgg Al Siage IVOM CRC BespokemPCR ~ Informed 8-99 days 112 61 (54%)
McDuff et al., o
2021 [33] II-111 CRC dd-PCR Informed 1-5 months 19 4 (21%)
ngg;rzd[i]al" Stage IV OM CRC TriMeth Naive 0.9-1.7 months 9% 39 (40%)
Overman et al., Guardant . Immediately o
2017 [35] Stage IV OM CRC Reveal Naive post-op 54 24 (44%)
Parikh et al., Guardant . o
2021 [9] I-Stage IV OM CRC Reveal NGS Naive 4 weeks 84 17 (20%)
Reinert et al., o
2022 [36] Stage IV OM CRC dd-PCR Informed 30 days 40 13 (32%)
Tie et al., 0, 8,30 days, o
2017 [37] I-Stage IV OM CRC dd-PCR Informed 3 monthe 27 6 (22%)
Tie et al., 2016 o,
(stage II) [18] I Colon Safe-SeqS Informed 4-10 weeks 230 20 (8%)
Tie et al., 2019 o,
(colon) [38] I Colon Safe-SeqS Informed 4-10 weeks 96 20 (20%)
Tie et al., 2019 o
(rectum) [39] 1111 Rectal Safe-SeqS Informed 4-10 weeks 159 19 (11%)
Tie et al., o
2021 [40] Stage IV OM CRC Safe-SeqS Informed 4-10 weeks 54 12 (22%)
Zhou et al., . o
2022 [41] II-1I1 Rectal QiAMP Informed <1 month 89 6 (6%)

CRC: colorectal cancer; OM: oligometastatic; NA: not available; mPCR: multiplex PCR; dd-PCR: droplet digital

PCR; RCT: randomized control trial.
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Study or Subgroup

log[Hazard Ratio]

Hazard Ratio
SE Weight IV, Random, 95% Cl

Hazard Ratio
IV, Random, 95% CI

Anandappa et al, 2021
Benhaim et al, 2021
Bolhuis et al, 2021
Chen etal, 2021
Ciehn etal, 2017
Guetal 2021
Henriksen et al, 2021
khakoo et al, 2020
kotaka etal, 2022
Lietal 2022
Loupakis et al, 2021
weDuff et al, 2021
Cwerman etal, 2017
Parikh et al, 2021
Reinert et al, 2022
Scholeretal, 2017
Tie etal, 2016

Tie etal, 2019 {calon)
Tie etal, 2019 {rectumnm)
Tie etal, 2021
Fhouetal, 2022
@gaard et al, 2022

Total (95% CI)

Heterogeneity: Tau®= 0.21; Chi*= 4652, df= 21 (P=0.001); F=55% I
Testfor overall effect: £=13.88 (P = 0.00001)

23026 05657 3.8% 10.00[3.30,30.31]
11694 0455  449% 3.22[1.32, 7.86]
11939 05502 40% 3300112, 9.70
23961 03707 98%  10.98[5.31, 22.71]
23321 07649 26%  10.30[2.30, 46.12)
21041 07737 25% 8.20[1.80, 37.36]
23979 03354 63%  11.00[5.70, 21.23]

36864 11735 1.3% 30.90[4.00, 397.59) -_—
27279 02939 68% 15.30[8.60,27.22) -
12768 03409 62% 3.591[1.84, 6.99] —
17578 025877 T7.3% 5.80[3.50, 9.61] I
24476 09076  2.0%  11.96[1.95, 63.47)
11314 03065 67% 2310[1.70, 5.69] -

2423 06228 34%  11.28[3.33,38.23] e
20281 04743 A7% 7.B0[3.00,19.24] .
G286 11192 1.4% 3766 [4.20, 337.71] -_—

25649 03459 62%

1.335 02345 T77%
25648 04389  40% 13.00[5.50,30.73]
1.8342 0.4522 49% £.26[2.58,15.19]
32308 1.44801 0.9% 2530([1.47 433.56]
145041 0.3889 56% 450 [2.10, 9.64]

13.00[6.60, 25.61]
3.80[2.40, 6.02] -

-

R —

100.0% 7.27 [5.49, 9.62] &

0.01 0.1 10 100
Favours [ctDMA (-)] Favours [ctDMNA (+)]

Figure 2. Forest plot showing the pooled hazard ratio based on post-surgical ctDNA-positive versus
ctDNA-negative status. The hazard ratio for each adverse event is represented by a square, and the
horizontal lines crossing the squares represent the 95% confidence interval (CI) [9,18,20,21,23-41].

Table 2. Pooled hazard ratio for subgroup analyses based on stage of CRC and method of
ctDNA analysis.

Subgroup Pooled HR (CI) Number of Studies
Post-surgical 7.27 (95% CI 5.49-9.62) 22
Stage

I-111 8.14 (95% CI 5.60-11.82) 14

IV oligometastatic 4.83 (95% CI 3.64-6.39) 8
ctDNA Method

Tumor-Informed 8.66 (95% CI 6.38-11.75) 17

Tumor-Agnostic 3.76 (95% CI 2.58-5.48) 5
Post-Adjuvant 10.59 (95% CI 5.59-20.06) 7
Stage

I-11 10.60 (95% CI 4.21-26.69) 5

IV oligometastatic NA 2
ctDNA Method

Tumor-Informed 11.16 (95% CI 5.19-23.98) 6

Tumor-Agnostic NA 1

Similarly, a random-effects model was used to calculate the pooled HR for the ctDNA

status in the post-adjuvant chemotherapy setting, which also yielded a statistically signif-
icant result, that positive ctDNA implies a higher risk of recurrence (pooled HR = 10.59
(95% CI 5.59-20.06)). The pooled hazard ratio based on the ctDNA method based on
post-adjuvant ctDNA-positive versus ctDNA-negative status is shown in Figure 4. Unfortu-
nately, a meta-analysis could only be performed on stages I-1Il and with the tumor-informed
methodology in the post-adjuvant setting owing to the smaller number of studies.
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A Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio] SE Weight IV, Random, 95% CI IV, Random, 95% CI
Anandappa et al, 2021 23026 05657 49% 10.00(3.30,30.31)
Chen et al, 2021 23961 03707 78% 1098(5.31,22.71) S——
Diehn etal, 2017 23321 0.7649 32% 10.30[2.30,46.12)
Guetal, 2021 21041 07737 31%  8.20(1.80,37.36) ——
Henriksen et al, 2021 23979 03354 85% 11.00(5.70,21.23) —
Khakoo et al, 2020 36864 11735 16% 39.90(4.00,397.99) ——
Kotaka et al, 2022 27279 02939 93% 1530(8.60,27.22) S
Lietal 2022 1.2768 03409 84% 359(1.84,6.99 I
Loupakis et al, 2021 1.7579 02577 101% 5.80(3.50,961) —
McDuff et al, 2021 24476 09076 24% 11.56(1.95,6847)
Reinert et al, 2022 20281 04743 61%  7.60(3.00,19.25) S —
Scholeretal, 2017 36286 11192 1.7% 37.66(4.20,337.71) ——
Tie etal, 2016 25649 03459 83% 13.00(6.60,2561] ——
Tie et al, 2019 (colon) 1.335 0.2345 106% 3.80(2.40,6.02) —
Tie et al, 2019 (rectum) 25649 04389 66% 13.00(5.50,30.73] ——
Tie etal, 2021 18342 04522 64% 6.26(258,15.19) ———
Zhou et al, 2022 3.2308 1.4501 1.1% 25.30(1.47,433.96) >
Total (95% CI) 100.0%  8.66 [6.38, 11.75] ©
Heterogeneity: Tau*= 0.17; Ch*= 31.94, df= 16 (P = 0.01); F= 50% 0 o1 0?1 130 100‘
Test for overall effect Z= 13.87 (P < 0.00001) ’ Favours [DNA ()] Favours [ctDNA (+))
B
Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio) SE Weight IV, Random, 95% CI IV, Random, 95% CI
Benhaim et al, 2021 11694 0455 178% 3.22(1.32,7.86) e —
Bolhuis et al, 2021 1.1939 05605 11.7% 3.30(1.10,9.90]
Overman et al, 2017 1.1314 03065 39.3% 3.10(1.70, 5.65) ——
Parikh et al, 2021 2423 07364 68% 11.28(266,47.77) e —
@gaard etal, 2022 15041 03889 24.4% 450(2.10,9.64) -_—
Total (95% CI) 100.0%  3.76 [2.58, 5.48] >
Heterogeneity. Tau®= 0.00; Chi*= 3.01, df = 4 (P = 0.56); "= 0% =0 o1 051 140 r 004
Test for overall effect Z= 6.90 (P < 0.00001) ’ Favours [tONA ()] Favours [ctDNA (+))
Figure 3. Forest plots showing the pooled hazard ratio based on ctDNA method: (A) post-surgical
ctDNA positive versus ctDNA negative status via tumor-informed method; (B) post-surgical ctDNA
positive versus ctDNA negative status via tumor-agnostic method. The hazard ratio for each adverse
event is represented by a square, and the horizontal lines crossing the squares represent the 95%
confidence interval (CI) [9,18,20,21,23-41].
Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio] SE Weight IV, Random, 95% CI IV, Random, 95% CI
Chen etal, 2021 25463 04397 17.3% 12.76[5.39, 30.21) —
Henriksen et al, 2022 3.9271 06085 13.4% 50.76 [15.40,167.29) —_—
Lietal 2022 1.2051 0.4508 17.0% 3.34[1.38,8.09] ——-—
Tie etal, 2016 23979 09235 83% 11.00 [1.80, 67.22) —_——
Tie etal, 2019 (colon) 1.9169 05826 14.0% 6.80[2.17,21.30] —_——
Tie etal, 2021 27014 05633 14.4% 14.90 [4.94, 44.95] ——
@gaard et al, 2022 21282 05086 156% 8.40[3.10, 22.76) =
Total (95% CI) 100.0%  10.59 [5.59, 20.06] -
Heterogeneity: Tau®*= 0.42; Chi*=14.43, df=6 (P=0.03); F=58% .01 01 10 100

Test for overall effect: Z= 7.25 (P < 0.00001)

Favours [ctDNA (-)] Favours [ctDNA (+)]

Figure 4. Forest plot showing the pooled hazard ratio based on the ctDNA method based on post-

adjuvant ctDNA positive versus ctDNA-negative status. The hazard ratio for each adverse event is

represented by a square, and the horizontal lines crossing the squares represent the 95% confidence
interval (CI) [18,21,26,31,34,39,40].
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4. Discussion

Our study demonstrated that patients with ctDNA-positive status after curative-intent
surgery were significantly associated with low RFS (pooled HR =7.27 (95% CI 5.49-9.62,
p < 0.0001)). This indicates that patients with positive ctDNA following curative-intent
surgery have a poorer prognosis than ctDNA-negative patients. Based on these results,
ctDNA analysis can reliably identify patients at a higher risk of recurrence and those who
can benefit from adjuvant systemic treatments. This could spare patients from unnecessary
or inappropriate toxic treatments. Therefore, ctDNA analysis could also be used as a
predictive marker. A phase II/1II study, NRG-GI005 (COBRA), is currently testing whether
ctDNA can be a predictive biomarker for adjuvant chemotherapy benefit in patients with
resected stage II colon cancer [42].

After practicing for decades with no reliable minimally invasive marker, the practice
is changing to now include post-operative ctDNA analysis to help guide our decisions
regarding adjuvant therapy. Our study is the largest meta-analysis to explore the role of
ctDNA assay. A smaller meta-analysis of seven studies with data prior to 2019 included
424 patients and showed a statistically significant association between post-surgical ctDNA
and RFS [43]. The current prospective studies with ctDNA have a small number of patients
and do not reflect the true value of ctDNA in MRD monitoring [40]. Our meta-analyses
included 23 studies with 3568 patients [9,18,20,21,23-41,44,45]. This speaks to the rapidly
expanding number of studies on the topic. Synthesizing an emerging abundance of robust
data is essential.

We performed subgroup analyses of patients based on the colorectal cancer stage.
Patients with stage I-III CRC are eight times more likely to recur with positive ctDNA
results than ctDNA-negative patients. This provides an indicator for patients who may
benefit from further adjuvant treatment to prevent recurrence. Further studies on this
topic are ongoing. CIRCULATE-Japan, which encompasses three clinical trials, is currently
examining the clinical benefits of ctDNA analysis and adjuvant treatment in patients with
resectable colorectal cancer [30,46].

Our analysis also showed that patients who had positive ctDNA after receiving
adjuvant chemotherapy had a poorer prognosis with lower RFS than ctDNA-negative
comparators (HR 10.59, 95% CI 5.59-20.06). Post-adjuvant ctDNA levels could be used
to determine the risk of recurrence and the need for further close surveillance [47,48].
For example, nearly half of the patients with stage IV CRC with liver oligometastases
recur after curative-intent surgery. Reinert and colleagues studied these patients with
serial ctDNA studies in addition to routine surveillance imaging [36]. The study showed
that ctDNA detected recurrence with a median time of 2.5 months (p < 0.0001) prior to
routine surveillance imaging, especially in those with indeterminate CT findings. This
indicates that ctDNA can be used as a surveillance tool to assess recurrence. In a study
of 138 patients with metastatic gastrointestinal cancer, Parikh et al. found that serial
ctDNA monitoring could predict the response to systemic treatment [49,50]. Currently, the
NRG-GI008 trial is recruiting patients with stage III and high-risk stage II colon cancer to
determine which patients benefit from adjuvant chemotherapy based on the circulating
tumor DNA results [51].

We also explored the role of different ctDNA analysis methods on prognostications,
as previous studies have shown that tumor-informed methods are more sensitive and
specific compared to tumor-agnostic methods. We performed a subgroup analysis of
ctDNA analysis methods in the post-surgical setting. This demonstrated that ctDNA posi-
tivity using tumor-informed and tumor-agnostic methods was associated with low RFS,
with pooled hazard ratios of 8.66 (95% CI 6.38-11.75) and HR = 3.76 (95% CI 2.58-5.48),
respectively. While these data indicate better prognostication for tumor-informed method-
ologies in line with previously published information, the studies included did not include
head-to-head analysis, and so conclusive arguments are difficult to make from these data.
However, this is consistent with previously published results, which showed that studies
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that used tumor-informed assays showed higher rates of recurrences than those that used
tumor-agnostic assays.

Monitoring ctDNA levels in the blood has been shown to accurately detect MRD
and aid in measuring the therapeutic effects after curative treatment. While ctDNA is
not yet the standard of care in clinical practice for CRC patients, studies are ongoing to
define the appropriate way to use it as a tool in the clinic [19,52,53]. In 2022, a phase two
randomized trial, Circulating Tumor DNA Analysis Informing Adjuvant Chemotherapy
(DYNAMIC), showed non-inferiority in the 2-year recurrence-free survival between the
standard management group and ctDNA-guided management in stage II CRC patients
after curative-intent surgery (93.5% vs. 92.4%, 95% CI [—4.1 to 6.2], non-inferiority margin,
—8.5 percentage points) [48]. Building upon the findings of this study, which suggested
the sparing of adjuvant therapy in post-surgery ctDNA-negative stage Il colon cancer
patients, our study further supports the notion that tumor-informed ctDNA analysis may
offer enhanced reliability compared to the tumor-agnostic approach. To the best of our
knowledge, this is the largest meta-analysis to confirm the prognostic and predictive power
of ctDNA levels in the post-operative and post-adjuvant chemotherapy settings.

ctDNA studies on surgically treated colorectal carcinomas have consistently demon-
strated excellent reproducibility, underscoring the reliability and robustness of this ap-
proach. Numerous studies have provided compelling evidence of the reproducibility of
ctDNA analysis in detecting minimal residual disease and monitoring disease recurrence.
These findings highlight the potential of ctDNA as a valuable tool for post-operative
surveillance in colorectal cancer patients. Furthermore, it is noteworthy that the prognostic
significance of ctDNA studies has been consistently reported across various investigations,
further reinforcing its clinical relevance. The high reproducibility and prognostic value
of ctDNA analysis in surgically treated colorectal carcinomas support its potential as a
non-invasive, reliable biomarker for post-operative monitoring and risk stratification.

Patients with peritoneal carcinomatosis or brain metastases, for instance, pose diffi-
culties due to the plasma—peritoneal and blood-brain barriers impending accurate ctDNA
detection. These limitations necessitate careful consideration when applying liquid biopsy
techniques in such contexts. Additionally, to overcome the challenges associated with
ctDNA analysis and maximize its clinical utility, it is imperative to establish standardized
measures for ctDNA profiling across different platforms. The lack of uniformity in the
current methodologies and technologies necessitates a concerted effort to achieve consis-
tency and comparability in ctDNA assessment. By implementing robust protocols and
harmonizing analytical approaches, the reliability and accuracy of ctDNA profiling can be
significantly improved, facilitating its integration into routine clinical practice.

Limitations

Abstracts with insufficient or imprecise data were excluded. Studies that included
stage 0 CRC were omitted if they lacked subgroup analysis excluding this population. The
sensitivity and specificity of the ctDNA methods are different. We attempted to overcome
this by performing subgroup analyses of tumor-naive vs. tumor-informed techniques.
Multiple abstracts were published on the same population at different time points during
follow-up, so we eliminated the duplicates by reviewing all abstracts and manuscripts in
detail and included only the most recent abstracts or manuscripts with the greatest patient
populations. The numbers of mutational gene panels tested were different with different
methods, and so the mean depth of the sequencing yield is different as well. Because
this is a new technique, the follow-up was not very long for some studies. There are also
limited studies for certain populations that prevent meta-analyses from being performed.
Additionally, oligometastatic colorectal cancer patients were found to have a lower hazard
ratio than earlier-stage cancers, which could be secondary to the limited number of studies
in this setting.
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5. Conclusions

Our study is the largest and most up-to-date meta-analysis of studying the effect
of ctDNA status in both post-curative-intent surgery and post-adjuvant chemotherapy
in CRC. Our study validated the role of ctDNA analysis in stage I-oligometastatic stage
IV colorectal cancer patients. Our analysis emphasizes that post-operative ctDNA is a
strong prognostic marker of RFS. Based on our results, ctDNA can be a significant and
independent predictor of RFS. This real-time assessment of treatment benefits can be used
as a surrogate endpoint for the development of novel drugs. Few ctDNA-based clinical
trials are ongoing internationally to confirm the clinical utility of ctDNA in colorectal cancer.
Further randomized clinical trials, in which ctDNA results are used to inform patient
management, are required to assess the clinical utility of ctDNA-guided approaches for
colorectal cancer management and surveillance.

Future Directions

The potential of ctDNA analysis to guide treatment decisions in cancer patients, par-
ticularly in the context of adjuvant therapy, holds great promise. Looking ahead, it is
essential that future prospective clinical trials on colorectal cancer and other gastrointesti-
nal malignancies incorporate baseline ctDNA collection to gain a better understanding
of the tumor shed rate, tumor fraction, MRD, and molecular heterogeneity. We propose
that future clinical studies should prioritize the following criteria when considering the
omission of adjuvant therapy: (1) a comprehensive evaluation of the ctDNA status using
tumor-informed methods; (2) rigorous stratification of patients based on their disease stage;
and (3) meticulous assessment of the prognostic reliability of post-surgical ctDNA analysis
in patients of different stages. By adhering to these criteria, future studies can contribute to
the establishment of evidence-based guidelines for treatment decision making, facilitating
personalized approaches and potentially sparing patients unnecessary adjuvant therapy
while maintaining optimal outcomes. Longitudinal testing is crucial for monitoring recur-
rence, assessing the treatment response, and detecting resistance alterations, which can
increase the sensitivity of ctDNA testing. However, the timing of MRD testing should be
considered, and it is recommended to perform testing four weeks post-operatively to avoid
interference from cell-free DNA. In addition, there is a need to establish consensus mini-
mum standards for ctDNA specimen collection and processing in clinical trial protocols to
achieve harmonization across studies and facilitate cross-study analyses. By implementing
these standards, the reliability and reproducibility of ctDNA-based clinical trials can be im-
proved, and the development of personalized cancer therapies can be accelerated. Practical
considerations for ctDNA collection and processing must be a priority for future studies in
colorectal cancer.

Author Contributions: Conceptualization, A.C. and A.K.; validation, A.C. and A K,; investigation,
A.C,ER, KA, B.L.and A K,; writing—original draft preparation A.C. and E.R.; writing—review
and editing, A.C., ER,, K.A., 5.M. and A K; supervision, A K.; project administration, W.S., 5.C. and
A K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: No IRB approval was required for this study.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have NO affiliations with or involvement in any
organizations or entities with any financial interest in the subject matter or materials discussed in this
manuscript, except for Dr. Sakti Chakrabarti, who has a COI for Natera.



Int. . Mol. Sci. 2023, 24, 10230 12 of 14

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.; Alani, R.M.; et al.
Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci. Transl. Med. 2014, 6, 224ra24. [CrossRef]
[PubMed]

Cristiano, S.; Leal, A.; Phallen, J.; Fiksel, J.; Adleff, V.; Bruhm, D.C.; Jensen, S5.0.; Medina, J.E.; Hruban, C.; White, J.R.; et al.
Genome-wide cell-free DNA fragmentation in patients with cancer. Nature 2019, 570, 385-389. [CrossRef] [PubMed]

Corcoran, R.B.; Chabner, B.A. Application of Cell-free DNA Analysis to Cancer Treatment. N. Engl. |. Med. 2018, 379, 1754-1765.
[CrossRef]

Llavero, N.T.; Gimeno-Valiente, F.,; Gambardella, V.; Huerta, M.; Keranen, S.R.; Bruixola, G.; Fontana, E.; Ciarpaglini, C.M.;
Zuiiga, S.; Rentero, P; et al. Mutation tracking in circulating tumour DNA (ctDNA) detects minimal residual disease (MRD) in
patients with localized colorectal cancer (CRC) and identifies those at high risk of recurrence regardless of stage, lack of CDX2
expression and CMS subtype. Ann. Oncol. 2019, 30, v198. [CrossRef]

Merker, J.D.; Oxnard, G.R.; Compton, C.; Diehn, M.; Hurley, P.; Lazar, A.J.; Lindeman, N.; Lockwood, C.M.; Rai, A.J.; Schilsky,
R.L,; et al. Circulating Tumor DNA Analysis in Patients With Cancer: American Society of Clinical Oncology and College of
American Pathologists Joint Review. Arch. Pathol. Lab. Med. 2018, 142, 1242-1253. [CrossRef] [PubMed]

Gorgannezhad, L.; Umer, M.; Islam, M.N.; Nguyen, N.-T.; Shiddiky, M.J.A. Circulating tumor DNA and liquid biopsy: Opportu-
nities, challenges, and recent advances in detection technologies. Lab Chip 2018, 18, 1174-1196. [CrossRef]

Liquid Biopsies Come of Age: Towards Implementation of Circulating Tumour DNA | Nature Reviews Cancer. Available online:
https:/ /www.nature.com/articles /nrc.2017.7 (accessed on 30 October 2022).

Peng, Y.; Mei, W.; Ma, K.; Zeng, C. Circulating Tumor DNA and Minimal Residual Disease (MRD) in Solid Tumors: Current
Horizons and Future Perspectives. Front. Oncol. 2021, 11, 763790. [CrossRef]

Parikh, A.R.; Corcoran, R.B. Plasma-only ctDNA-Guided MRD Detection in Patients with CRC—Response. Clin. Cancer Res. 2021,
27,6614-6615. [CrossRef]

Heuser, M.; Freeman, S.D.; Ossenkoppele, G.J.; Buccisano, F.; Hourigan, C.S.; Ngai, L.L.; Tettero, ].M.; Bachas, C.; Baer, C.; Béné,
M.-C,; et al. 2021 Update on MRD in acute myeloid leukemia: A consensus document from the European LeukemiaNet MRD
Working Party. Blood 2021, 138, 2753-2767. [CrossRef]

Briiggemann, M.; Kotrova, M. Minimal residual disease in adult ALL: Technical aspects and implications for correct clinical
interpretation. Blood Adv. 2017, 1, 2456-2466. [CrossRef]

Wolpin, B.M.; Meyerhardt, J.A.; Mamon, H.J.; Mayer, R.J. Adjuvant treatment of colorectal cancer. CA Cancer |. Clin. 2007,
57,168-185. [CrossRef] [PubMed]

Buyse, M.; Zeleniuch-Jacquotte, A.; Chalmers, T.C. Adjuvant therapy of colorectal cancer: Why we still don’t know. JAMA 1988,
259, 3571-3578. [CrossRef] [PubMed]

Argilés, G.; Tabernero, J.; Labianca, R.; Hochhauser, D.; Salazar, R.; Iveson, T.; Laurent-Puig, P.; Quirke, P.; Yoshino, T.; Taieb, J.;
et al. Localised colon cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2020,
31, 1291-1305. [CrossRef]

Morris, E.J.A.; Maughan, N.J.; Forman, D.; Quirke, P. Who to treat with adjuvant therapy in Dukes B/stage II colorectal cancer?
The need for high quality pathology. Gut 2007, 56, 1419-1425. [CrossRef]

Kannarkatt, J.; Joseph, J.; Kurniali, P.C.; Al-Janadi, A.; Hrinczenko, B. Adjuvant Chemotherapy for Stage II Colon Cancer: A
Clinical Dilemma. J. Oncol. Pract. 2017, 13, 233-241. [CrossRef] [PubMed]

Chakrabarti, S.; Peterson, C.Y.; Sriram, D.; Mahipal, A. Early stage colon cancer: Current treatment standards, evolving paradigms,
and future directions. World |. Gastrointest. Oncol. 2020, 12, 808-832. [CrossRef] [PubMed]

Tie, ].; Wang, Y.; Springer, S.; Kinde, I.; Wong, H.-L.; Kosmider, S.; Tran, B.; Christie, M.; Thomson, B.N.; Wong, R.; et al. Serial
circulating tumor DNA (ctDNA) and recurrence risk in patients (pts) with resectable colorectal liver metastasis (CLM). J. Clin.
Oncol. 2016, 34, €e15131. [CrossRef]

Using Circulating Tumor DNA in Colorectal Cancer: Current and Evolving Practices—PMC. Available online: https://www.ncbi.
nlm.nih.gov/pmc/articles/PMC9390824/ (accessed on 30 October 2022).

Henriksen, T.V.V.; Tarazona, N.; Frydendahl, A.; Reinert, T.; Carbonell-Asins, J.A.; Sharma, S.; Renner, D.; Roda, D.; Huerta, M.;
Rosello, S.; et al. Serial circulating tumor DNA analysis to assess recurrence risk, benefit of adjuvant therapy, growth rate and
early relapse detection in stage III colorectal cancer patients. J. Clin. Oncol. 2021, 39, 3540. [CrossRef]

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]

Jackson, D.; White, LR.; Thompson, S.G. Extending DerSimonian and Laird’s methodology to perform multivariate random
effects meta-analyses. Stat. Med. 2010, 29, 1282-1297. [CrossRef]

Anandappa, G.; Starling, N.; Begum, R.; Bryant, A.; Sharma, S.; Renner, D.; Aresu, M.; Peckitt, C.; Sethi, H.; Feber, A_; et al.
Minimal residual disease (MRD) detection with circulating tumor DNA (ctDNA) from personalized assays in stage II-III colorectal
cancer patients in a U.K. multicenter prospective study (TRACC). J. Clin. Oncol. 2021, 39, 102. [CrossRef]


https://doi.org/10.1126/scitranslmed.3007094
https://www.ncbi.nlm.nih.gov/pubmed/24553385
https://doi.org/10.1038/s41586-019-1272-6
https://www.ncbi.nlm.nih.gov/pubmed/31142840
https://doi.org/10.1056/NEJMra1706174
https://doi.org/10.1093/annonc/mdz246
https://doi.org/10.5858/arpa.2018-0901-SA
https://www.ncbi.nlm.nih.gov/pubmed/29504834
https://doi.org/10.1039/C8LC00100F
https://www.nature.com/articles/nrc.2017.7
https://doi.org/10.3389/fonc.2021.763790
https://doi.org/10.1158/1078-0432.CCR-21-3306
https://doi.org/10.1182/blood.2021013626
https://doi.org/10.1182/bloodadvances.2017009845
https://doi.org/10.3322/canjclin.57.3.168
https://www.ncbi.nlm.nih.gov/pubmed/17507442
https://doi.org/10.1001/jama.1988.03720240033031
https://www.ncbi.nlm.nih.gov/pubmed/3286920
https://doi.org/10.1016/j.annonc.2020.06.022
https://doi.org/10.1136/gut.2006.116830
https://doi.org/10.1200/JOP.2016.017210
https://www.ncbi.nlm.nih.gov/pubmed/28399381
https://doi.org/10.4251/wjgo.v12.i8.808
https://www.ncbi.nlm.nih.gov/pubmed/32879661
https://doi.org/10.1200/JCO.2016.34.15_suppl.e15131
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9390824/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9390824/
https://doi.org/10.1200/JCO.2021.39.15_suppl.3540
https://doi.org/10.1158/1078-0432.CCR-21-2404
https://doi.org/10.1002/sim.3602
https://doi.org/10.1200/JCO.2021.39.3_suppl.102

Int. . Mol. Sci. 2023, 24, 10230 13 of 14

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Benhaim, L.; Bouché, O.; Normand, C.; Didelot, A.; Mulot, C.; Le Corre, D.; Garrigou, S.; Djadi-Prat, J.; Wang-Renault, S.-F;
Perez-Toralla, K.; et al. Circulating tumor DNA is a prognostic marker of tumor recurrence in stage II and III colorectal cancer:
Multicentric, prospective cohort study (ALGECOLS). Eur. J. Cancer 2021, 159, 24-33. [CrossRef] [PubMed]

Bolhuis, K.; van’t Erve, I.; Mijnals, C.; Delis—Van Diemen, P.M.; Huiskens, J.; Komurcu, A.; Lopez-Yurda, M.; van den Broek,
D.; Swijnenburg, R.-J.; Meijer, G.A.; et al. Postoperative circulating tumour DNA is associated with pathologic response and
recurrence-free survival after resection of colorectal cancer liver metastases. eBioMedicine 2021, 70, 103498. [CrossRef]

Chen, G,; Peng, J.; Xiao, Q.; Wu, H.X,; Wu, X.; Wang, F; 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. J. Hematol. Oncol. 2021, 14, 80. [CrossRef] [PubMed]
Diehn, M.; Alizadeh, A.A.; Adams, H.P; Lee, ].].; Klassen, S.; Palma, J.F.; Hinzman, B.; Lovejoy, A.F.; Newman, A.M.; Yao, L.; et al.
Early prediction of clinical outcomes in resected stage II and III colorectal cancer (CRC) through deep sequencing of circulating
tumor DNA (ctDNA). J. Clin. Oncol. 2017, 35, 3591. [CrossRef]

Gu, J; Lei, F; Wang, X.; Huang, W.; He, X,; Hong, Y.; Zeng, Q.; Wang, Y.; Gao, Q.; Niu, P; et al. 458P Circulating tumor DNA
analysis predicting recurrence risk in patients with stage I-III colorectal cancer. Ann. Oncol. 2021, 32, S561. [CrossRef]

Khakoo, S.; Carter, P.D.; Brown, G.; Valeri, N.; Picchia, S.; Bali, M.A.; Shaikh, R.; Jones, T.; Begum, R.; Rana, I.; et al. MRI Tumor
Regression Grade and Circulating Tumor DNA as Complementary Tools to Assess Response and Guide Therapy Adaptation in
Rectal Cancer. Clin. Cancer Res. 2020, 26, 183-192. [CrossRef]

Kotaka, M.; Shirasu, H.; Watanabe, ]J.; Yamazaki, K.; Hirata, K.; Akazawa, N.; Matsuhashi, N.; Yokota, M.; Ikeda, M.; Kato, K;
et al. Association of circulating tumor DNA dynamics with clinical outcomes in the adjuvant setting for patients with colorectal
cancer from an observational GALAXY study in CIRCULATE-Japan. J. Clin. Oncol. 2022, 40, 9. [CrossRef]

Li, Y.; Mo, S.; Zhang, L.; Ma, X.; Hu, X.; Huang, D.; Lu, B.; Luo, C.; Peng, H.; Cai, S.; et al. Postoperative circulating tumor DNA
combined with consensus molecular subtypes can better predict outcomes in stage III colon cancers: A prospective cohort study.
Eur. J. Cancer 2022, 169, 198-209. [CrossRef]

Loupakis, F.; Sharma, S.; Derouazi, M.; Murgioni, S.; Biason, P; Rizzato, M.D.; Rasola, C.; Renner, D.; Shchegrova, S.; Malashevich,
A K. etal. Detection of Molecular Residual Disease Using Personalized Circulating Tumor DNA Assay in Patients With Colorectal
Cancer Undergoing Resection of Metastases. JCO Precis. Oncol. 2021, 5, 1166-1177. [CrossRef]

McDuff, S.G.R.; Hardiman, K.M.; Ulintz, PJ.; Parikh, A.R.; Zheng, H.; Kim, D.W.; Lennerz, ] K.; Hazar-Rethinam, M.; Van Seventer,
E.E,; Fetter, L]; et al. Circulating Tumor DNA Predicts Pathologic and Clinical Outcomes Following Neoadjuvant Chemoradiation
and Surgery for Patients With Locally Advanced Rectal Cancer. JCO Precis. Oncol. 2021, 5, 123-132. [CrossRef] [PubMed]
Ogaard, N.; Reinert, T.; Henriksen, T.V.; Frydendahl, A.; Aagaard, E.; Orntoft, M.-B.W.; Larsen, M.; Knudsen, A.R.; Mortensen,
F.V,; Andersen, C.L. Tumour-agnostic circulating tumour DNA analysis for improved recurrence surveillance after resection of
colorectal liver metastases: A prospective cohort study. Eur. J. Cancer 2022, 163, 163-176. [CrossRef] [PubMed]

Overman, M.].; Vauthey, J.-N.; Aloia, T.A.; Conrad, C.; Chun, Y.S,; Pereira, A.A.L,; Jiang, Z.; Crosby, S.; Wei, S.; Raghav, K.P.S; et al.
Circulating tumor DNA (ctDNA) utilizing a high-sensitivity panel to detect minimal residual disease post liver hepatectomy and
predict disease recurrence. J. Clin. Oncol. 2017, 35, 3522. [CrossRef]

Reinert, T.; Petersen, L.M.S.; Henriksen, T.V.; Larsen, M.; Rasmussen, M.H.; Johansen, A .EB.; @gaard, 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. |. Cancer 2022, 150, 1537-1548. [CrossRef] [PubMed]

Scheler, L.; Reinert, T.; @rntoft, M.-B.; Kassentoft, C.; Arnadéttir, 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]

Tie, J.; Cohen, J.; 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]

Tie, J.; Cohen, J.; Wang, Y.; Li, L.; Christie, M.; Simons, K.; Elsaleh, H.; Kosmider, S.; Wong, R.; Yip, D.; et al. Serial circulating
tumour DNA analysis during multimodality treatment of locally advanced rectal cancer: A prospective biomarker study. Gut
2019, 68, 663-671. [CrossRef] [PubMed]

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]

Zhou, J.; Wang, C.; Lin, G.; Xiao, Y.; Jia, W.; Xiao, G.; Liu, Q.; Wu, B.; Wu, A.; Qiu, H,; et al. Serial Circulating Tumor DNA
in Predicting and Monitoring the Effect of Neoadjuvant Chemoradiotherapy in Patients with Rectal Cancer: A Prospective
Multicenter Study. Clin. Cancer Res. 2021, 27, 301-310. [CrossRef]

Morris, V.K.; Yothers, G.; Kopetz, S.; Jacobs, S.A.; Lucas, P.C.; Igbal, A.; Boland, PM.; Deming, D.A.; Scott, A.J.; Lim, H.J.; et al.
NRG-GI005 (COBRA): Phase II/III study of circulating tumor DNA as a predictive biomarker in adjuvant chemotherapy in
patients with stage II colon cancer. J. Clin. Oncol. 2020, 38, TPS261. [CrossRef]

Wang, R.; Zhao, A.; Cao, N.; Li, Z.; Zhang, G.; Liu, F. The value of circulation tumor DNA in predicting postoperative recurrence
of colorectal cancer: A meta-analysis. Int. J. Color. Dis. 2020, 35, 1463-1475. [CrossRef] [PubMed]


https://doi.org/10.1016/j.ejca.2021.09.004
https://www.ncbi.nlm.nih.gov/pubmed/34731746
https://doi.org/10.1016/j.ebiom.2021.103498
https://doi.org/10.1186/s13045-021-01089-z
https://www.ncbi.nlm.nih.gov/pubmed/34001194
https://doi.org/10.1200/JCO.2017.35.15_suppl.3591
https://doi.org/10.1016/j.annonc.2021.08.979
https://doi.org/10.1158/1078-0432.CCR-19-1996
https://doi.org/10.1200/JCO.2022.40.4_suppl.009
https://doi.org/10.1016/j.ejca.2022.04.010
https://doi.org/10.1200/PO.21.00101
https://doi.org/10.1200/PO.20.00220
https://www.ncbi.nlm.nih.gov/pubmed/34250394
https://doi.org/10.1016/j.ejca.2021.12.026
https://www.ncbi.nlm.nih.gov/pubmed/35074652
https://doi.org/10.1200/JCO.2017.35.15_suppl.3522
https://doi.org/10.1002/ijc.33924
https://www.ncbi.nlm.nih.gov/pubmed/34994972
https://doi.org/10.1158/1078-0432.CCR-17-0510
https://www.ncbi.nlm.nih.gov/pubmed/28600478
https://doi.org/10.1001/jamaoncol.2019.3616
https://www.ncbi.nlm.nih.gov/pubmed/31621801
https://doi.org/10.1136/gutjnl-2017-315852
https://www.ncbi.nlm.nih.gov/pubmed/29420226
https://doi.org/10.1002/ijc.33312
https://doi.org/10.1158/1078-0432.CCR-20-2299
https://doi.org/10.1200/JCO.2020.38.4_suppl.TPS261
https://doi.org/10.1007/s00384-020-03667-y
https://www.ncbi.nlm.nih.gov/pubmed/32572601

Int. . Mol. Sci. 2023, 24, 10230 14 of 14

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Tarazona, N.; Gimeno-Valiente, F.; Gambardella, V.; Zuniga, S.; Rentero-Garrido, P; Huerta, M.; Rosello, 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]

Liu, W;; Li, Y;; Tang, Y.; Song, Q.; Wang, J.; Li, N.; Chen, S.; Shi, J.; Wang, S.; Li, Y.; et al. Response prediction and risk stratification
of patients with rectal cancer after neoadjuvant therapy through an analysis of circulating tumour DNA. Ebiomedicine 2022,
78,103945. [CrossRef] [PubMed]

Taniguchi, H.; Nakamura, Y.; Kotani, D.; Yukami, H.; Mishima, S.; Sawada, K.; Shirasu, H.; Ebi, H.; Yamanaka, T.; Aleshin, A.;
et al. CIRCULATE-Japan: Circulating tumor DNA-guided adaptive platform trials to refine adjuvant therapy for colorectal
cancer. Cancer Sci. 2021, 112, 2915-2920. [CrossRef] [PubMed]

Koulouris, A.; Tsagkaris, C.; Messaritakis, I.; Gouvas, N.; Sfakianaki, M.; Trypaki, M.; Spyrou, V.; Christodoulakis, M.; Athanasakis,
E.; Xynos, E.; et al. Resectable Colorectal Cancer: Current Perceptions on the Correlation of Recurrence Risk, Microbiota and
Detection of Genetic Mutations in Liquid Biopsies. Cancers 2021, 13, 3522. [CrossRef]

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. |. Med. 2022, 386, 2261-2272. [CrossRef] [PubMed]
Parikh, A.R.; Mojtahed, A.; Schneider, J.L.; Kanter, K.; Van Seventer, E.E.; Fetter, 1.].; Thabet, A.; Fish, M.G.; Teshome, B.;
Fosbenner, K.; et al. Serial ctDNA Monitoring to Predict Response to Systemic Therapy in Metastatic Gastrointestinal Cancers.
Clin. Cancer Res. 2020, 26, 1877-1885. [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]

NRG-GI008: CIRCULATE-US Colon Adjuvant Chemotherapy Based on Evaluation of Residual Disease. Available online:
https:/ /www.nrgoncology.org/CIRCULATE-US (accessed on 4 November 2022).

Masfarré, L.; Vidal, J.; Fernandez-Rodriguez, C.; Montagut, C. ctDNA to Guide Adjuvant Therapy in Localized Colorectal Cancer
(CRQ). Cancers 2021, 13, 2869. [CrossRef]

Dasari, A.; Morris, VK.; Allegra, C.J.; Atreya, C.; Benson, A.B., 3rd; Boland, P; Chung, K.; Copur, M.S.; Corcoran, R.B,;
Deming, D.A.; et al. ctDNA applications and integration in colorectal cancer: An NCI Colon and Rectal-Anal Task Forces
whitepaper. Nat. Rev. Clin. Oncol. 2020, 17, 757-770. [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/10.1093/annonc/mdz390
https://www.ncbi.nlm.nih.gov/pubmed/31562764
https://doi.org/10.1016/j.ebiom.2022.103945
https://www.ncbi.nlm.nih.gov/pubmed/35306340
https://doi.org/10.1111/cas.14926
https://www.ncbi.nlm.nih.gov/pubmed/33931919
https://doi.org/10.3390/cancers13143522
https://doi.org/10.1056/NEJMoa2200075
https://www.ncbi.nlm.nih.gov/pubmed/35657320
https://doi.org/10.1158/1078-0432.CCR-19-3467
https://doi.org/10.1158/1078-0432.CCR-21-0410
https://www.nrgoncology.org/CIRCULATE-US
https://doi.org/10.3390/cancers13122869
https://doi.org/10.1038/s41571-020-0392-0

	Introduction 
	Methods 
	Study Eligibility 
	Data Extraction 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

