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Abstract

Background: Circulating tumor DNA (ctDNA) positivity has been shown to suggest the presence of minimally residual t®
cells in numerous investigations. We aimed to assess the prognostic value of ctDNA positivity for recurrence-free survival in
patients with early-stage colorectal cancer after radical surgery and following adjuvant chemotherapy.

Methods: We systematically reviewed studies published in English until August 15, 2022, concerning ctDNA and tumor-node-
metastasis | to Ill colorectal cancer after surgery, and quantified the correlation between ctDNA positivity and early-stage (tumor-
node-metastasis stage |-lll) colorectal cancer using meta-analysis methods.

Results: In total, the meta-analysis comprised 1713 patients from 6 studies. Patients with ctDNA-positive colorectal cancer
after surgery had a significantly higher risk of recurrence than patients with ctDNA-negative colorectal cancer (hazard ratio 4.64,
95% confidence interval 2.17-9.92, z = 3.96; P < .001). After adjuvant chemotherapy, patients who were ctDNA-positive had
a significantly higher risk of recurrence than those who were ctDNA-negative (hazard ratio 7.27, 95% confidence interval 4.50-
11.75,z=8.1; P < .001).

Conclusions: CtDNA positivity may potentially be a predictor for early-stage colorectal tumor recurrence following surgery and
adjuvant chemotherapy.

Abbreviations: C| = confidence interval, CT = computed tomography, ctDNA = circulating tumor DNA, HR = hazard ratio,
MSI = microsatellite instability, NOS = Newcastle-Ottawa Quality Assessment Scale, PCR = polymerase chain reaction, RFS =

recurrence-free survival, TNM = tumor-node-metastasis.
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1. Introduction

The incidence of colorectal cancer is increasing annually
worldwide, and the mortality rate is among the highest of
all cancers. Most early-stage (tumor-node-metastasis [TNM]
stage I-III) colorectal cancers are curable with surgery; how-
ever, approximately 20% of patients with colorectal can-
cer experience recurrence in the postoperative period.!'=
Currently, assessments of microsatellite instability (MSI) sta-
tus; TNM stage; BRAF, KRAS, and NRAS mutation status;
lymphatic vascular infiltration; tumor budding; and tumor
differentiation are used to predict the risk of tumor recur-
rence.”! Adjuvant chemotherapy, initiated to reduce the risk
of recurrence, is mainly based on postoperative clinicopathol-
ogy and a patient’s physical tolerance.>! Regular postopera-
tive clinical follow-up involves monitoring of tumor markers
such as MSI, carcinoembryonic antigen, and CA19-9, with
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chest computed tomography (CT), abdominal enhanced CT,
and colonoscopy used for detection of tumor recurrence.!!
Biomarkers such as MSI are only effective in a small percent-
age of patients with colon cancer and high MSI (MSI-H).["! In
addition, overuse of chemotherapy leads to unacceptable drug
toxicity, and insufficient chemotherapy leads to recurrence.**!
These are practical challenges, and finding more accurate
biomarkers for monitoring and early detection of recurrence
would be helpful.

Circulating tumor DNA (ctNDA) is released from tumor
cells and can be detected in body fluids through various
technologies. CtDNA strands contain tumor-specific alter-
ations in tumor suppressor genes or oncogenes, along with
MSI and DNA hypermethylation.”!°l An increasing number
of studies have shown that patients who are ctDNA-posi-
tive postoperatively have up to 80% higher risk of recur-
rence and lower rates of disease-free survival.''"131 CtDNA
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testing is considered noninvasive and ctDNA is a promis-
ing biomarker.'"Y Moreover, the recurrence rate in patients
with negative ctDNA after the first surgery is approximately
20%, although ¢tDNA may become positive in subsequent
long-term monitoring.') However, it remains controversial
whether ctDNA can be used in scheduled clinical monitoring
and in guiding clinical treatment.

In this meta-analysis, we included recent studies on ctDNA
and early-stage colorectal cancer to evaluate the correlation
between ctDNA and recurrence-free survival (RFS) in patients
who had undergone surgery for colorectal cancer.

2. Methods

The Preferred Reporting Items for Systematic Reviews and
Meta-Analysis Protocols declaration has been followed. The
International Prospective Register of Systematic Reviews regis-
tration number for this study is CRD42023389305.

2.1. Search strategy

We searched a range of computerized databases, including
Medline and Cochrane Central, for articles published in English
up to August 15, 2022. We used a subject and text word strat-
egy, using (colorectal OR colon OR colonic) AND (cancer OR
neoplasms) AND (circulating tumor DNA OR ctDNA) as the
primary search terms. The search strategy was tailored to each
database to ensure a comprehensive search.

2.2. Selection of studies and data extraction

The inclusion criteria were as follows: patients aged >18 years
diagnosed with nonmetastatic and operable early-stage colorec-
tal cancer, who were involved in studies where ctDNA muta-
tion was assessed using plasma or serum; endpoints included
RFS according to ctDNA results after surgery; and sufficient
data were presented for determining or calculating the hazard
ratio (HR) and 95% confidence interval (CI). Only randomized
controlled trials, prospective cohort studies, and retrospective
studies were included. We excluded duplicated articles, animal
experiments, case reports, review articles or meta-analyses, arti-
cles only concerning rectal cancer, and studies with insufficient
data.

Two independent reviewers (Fan and Zhang) screened the
titles and abstracts identified using an electronic search to iden-
tify relevant studies. Relevant studies were further examined to
determine whether they met the inclusion criteria. Potentially
relevant studies were obtained, and the full-text articles were
screened for inclusion by 2 independent reviewers (Fan and
Zhang). We resolved disagreements through discussion. The
included studies were summarized in data extraction forms, and
the authors were contacted when relevant data were missing.

The name of the first author, year of publication, type of
study, number of patients, median age, sex, tumor stage, sample
origin, status of ctDNA, postoperative ctDNA measuring time,
detection of genes, follow-up duration, HR, and 95% CI for
REFS according to ctDNA status after surgery and after adjuvant
chemotherapy were extracted.

2.3. Quality assessment and data analysis

The quality of all included studies was evaluated using the
Newcastle-Ottawa Quality Assessment Scale (NOS).I') The
NOS contains 8 items categorized into 3 dimensions, including
selection, comparability, and study type-outcome (cohort stud-
ies) or exposure (case-control studies). A star system is used for
a semiquantitative assessment of study quality. The NOS score
ranges from O to 9 stars.
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Data were analyzed using Review Manager software, version
5.3 (The Nordic Cochrane Center, Copenhagen, Denmark). We
performed the meta-analysis using the genetic inverse-variance
method. When heterogeneity between the studies was not sig-
nificant, we calculated the combined HR using a fixed-effect
model; otherwise, a random-effect model was chosen. P > .1 and
I? test < 50% indicated the absence of heterogeneity between
studies. An HR value of >1.0 would mean ctDNA positivity was
a survival disadvantage in the postoperative arm.

3. Results

3.1. Study characteristics and quality

The search strategy identified 1150 potentially relevant articles,
and 1068 articles were excluded according to their titles and
abstracts. A total of 82 full-text articles were retrieved, of which
76 were excluded. The remaining 6 studies met the inclusion
criteria, and a diagram of the search results is shown in Figure 1.
The main characteristics of each study are shown in Table 1.
The 6 studies!'>!%17-2 were published between 2016 and 2022.
Of these, 2 were from Australia,!'>*! and 1 study each was
from Spain,"! Denmark,*?! France,!"®! and China.!'”’ Among the
6 retrieved studies, 5!'>!317:19:201 were prospective cohort stud-
ies, and 1"81 was a randomized controlled trial from France.
A total of 1713 patients were included in this meta-analysis.
In all 6 studies, researchers analyzed ctDNA in patients’ blood
samples after surgery and after adjuvant chemotherapy. All the
included studies reported the HRs for the correlation between
RFS and positive ctDNA. The quality of the included studies
was assessed using the NOS. The NOS assessment results are
shown in Table 2. All the studies received at least 7 stars, which

we regarded as indicative of high quality.

3.2. RFS analysis according to ctDNA status

The pooled univariate HR for RFS in patients with postoper-
ative ctDNA-positive colorectal cancer compared with ctD-
NA-negative patients was 4.64 (95% CI 2.17-9.92, z = 3.96,
P < .001) (Fig. 2), indicating an increased risk of recurrence in
ctDNA-positive patients. Heterogeneity existed in all studies (I
=89%, P <.001) (Fig. 2). We, therefore, performed further anal-
yses using a random-effect model. Similarly, the pooled multivar-
iate HR for RFS in patients with postoperative ctDNA-positive
colorectal cancer compared with ctDNA-negative patients was
5.90 (95% CI 2.03-17.19, z = 3.25, P < .001) (Fig. 3), indicat-
ing an increased risk of recurrence in ctDNA-positive patients.
There was significant heterogeneity in all studies. After adju-
vant chemotherapy, the pooled HR for RFS in ctDNA-positive
patients compared with ctDNA-negative patients was 7.27
(95% CI4.50-11.75, z = 8.10, P < .001) (Fig. 4), indicating an
increased risk of recurrence in ctDNA-positive patients, with no
significant heterogeneity.

4. Discussion

Currently, TNM stage, microsatellite status, tumor grade, and
lymphovascular infiltration, are mainly used to assess the extent
and prognosis of colorectal cancers.*! Nevertheless, despite
advancements in the treatment of colorectal cancers, survival
rates remain highly variable for different patients, even within
the same TNM stage.*! Tumor heterogeneity may be a crucial
factor, which has been investigated on different levels including
genomics, transcriptomics, histopathologic features, and char-
acterization of the inflammatory infiltrate.*?!! Therefore, there
is a need to improve the capability of identifying people at high
risk of relapse. In recent years, studies have been conducted
involving ctDNA to detect minimum residual disease, and some
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Figure 1. PRISMA flow diagram for study selection. PRISMA = Preferred Reporting Items for Systematic Reviews and Meta-Analyses.

researchers consider that this approach offers a potential alter-
native to treatment strategies based on postoperative patholog-
ical typing.!'31%20.2 However, some researchers consider that
ctDNA test results are affected by the specimen, test genes, and
testing platforms, with false positives and false negatives hav-
ing been reported.!'>?3 Therefore, it is controversial to conclude
that patients with positive ctDNA are at high risk of recurrence.
Based on this situation, we aimed to determine the relationship
between ctDNA and nonmetastatic operable colorectal cancer
in this study, and the results suggest that patients with positive
ctDNA after surgery have significantly lower RFS rates. To our
knowledge, this meta-analysis provides updated evidence on
ctDNA testing for the prognosis of early-stage colorectal cancer
after surgery.

Early-stage colorectal cancer has a higher survival rate, and
surgery can cure most patients. However, some patients remain
at risk of recurrence. Postoperative adjuvant chemotherapy
is currently recommended for high-risk patients with stage II
and III tumors to reduce the risk of recurrence.l*?* For such
patients, the main goal is to find a better biomarker for detect-
ing recurrence earlier to improve disease-free survival. This
biomarker would be important if it could avoid or reduce the
incidence of underutilization or overutilization of chemother-
apy and the side effects of chemotherapy. CtDNA is noninvasive
and can detect residual tumors earlier than CT scans and car-
cinoembryonic antigens.["¥] Although the sensitivity and cost of

testing for ctDNA need to be improved, this approach remains
promising.??!

In this meta-analysis, the results of univariate and multivar-
iate analyses were consistent. Patients with detectable ctDNA
after colorectal cancer surgery had significantly lower RFS rates
than patients with undetectable ctDNA (HR 4.64, 95% CI
2.17-9.92, z = 3.96, P < .001). This result was slightly lower
than that reported in Emre Yekeduz’s study,* in which no
large samples from randomized controlled trials were included.
In pooled multivariate analyses, significant heterogeneity was
found, which may be primarily related to Taieb et al’s study./®!
The I? value would decrease from 91% to 16% if Taieb et al’s
findings were excluded. The reason for this heterogeneity may be
that, when compared with the other studies, Taieb et al’s study
involved the largest number of patients and was a randomized
controlled trial. Furthermore, the c¢tDNA detection method in
that trial adopted multiplex droplet-based digital polymerase
chain reaction (PCR) to test WIF1 and NPY only. Moreover,
the blood samples were not originally intended for ctDNA test-
ing, which may have led to a slightly lower detection rate. In
their study,!'! ctDNA was detected in 95 patients by next-gen-
eration sequencing, which was not significantly different from
droplet-based digital PCR. Once their results were eliminated,
the pooled HR was 9.03 (95% CI 5.59-14.58, z = 9.00, P <
.00001), indicating that the statistical results were stable and
continued to show statistical significance.
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The main characteristics of studies.

Median
Median ctDNA (+) CctDNA (-) ctDNA follow Numbers
age,yr  Sex male/ Tumor Sample ctDNA ctDNA recurrence recurrence measuring Gene mutation time  Author, Type of Detction of
(range) female stage origin (+) (=) number number time detected (mo) yr study  platform patients
65 (23-87) 131/99 II Plasma 20 210 14 20 4-10wk  SMAD4, TP53, 27  Tie, 2016 Prospective SafeSeg-S 230
AKT1, APC, cohort
BRAF, CTN-
NB1, ERBB3,
FBXW7, HRAS,
KRAS, NRAS,
PIK3CA,
PPP2R1A,
RNF43, POLE
71(48-93) 61/33 I 1l Plasma 14 55 8 10 6-8wk  ACVR2A,AKT1,  24.7 Tarazona, Prospective QIA-Seq 94
AMER1, APC, 2019 cohort
ARID1A, RAF,
CTNNBT,
EGFR, ERBB3
(HER3), ERBB4
(HER4), FAT4,
FLNA, FBXW?7,
HRAS, KMT2C,
KRAS, MEKT,
NRAS, PIK3CA,
POLE, PP2R1A,
PTEN, RNF43,
SMAD2, AD4,
SOX9, TCF7L2,
TGFBR2, and
TP53
64 (26-82) 49/47 Il Plasma 20 76 11 13 42d  APC,KRAS,TP53, 28.9 Tie, 2019 Prospective SafeSeq-S 96
SMAD4, RNF, cohort
BRAF, PIK3CA
69 (43-91) 73/52 LIl Plasma 10 84 7 10 30d  TP53,APC,KRAS, 12,5  Reinert, Multicenter, Hi-Seq 125
BRAF, PIK3CA, 2019 pro-
FBXW7, spective
SMAD4, cohort
TCF7L2,
SDK1, HMCNT,
RNF43, DMD,
ARID1A, FAT2,
ABCA12,
ANK2, SO X9,
YH11, BMPR2,
ATM, SPAG17,
TPTE, NTNAP2,
RNF17, WB-
SCR17, ITPR2,
WDFY3
64 (54-70) 576/441 Il Plasma 140 877 44 151 35-50d WIF1 and NPY 79 Taieb, Multicenter, Methylation 1017
2021 ran- ddPCR
domized  and NGS
controlled
trial
6 1(25-86) 90/61 Il Plasma 24 127 13 26 30d 197 cancer-relat-  33.5  Li, 2022 Prospective, Targeted se- 151
ed genes obser-  quencing
vational panel
cohort
study

ctDNA = circulating tumor DNA, ddPCR = droplet-based digital polymerase chain reaction.

This meta-analysis showed that ctDNA is also a good pre-
dictor of recurrence after postoperative adjuvant chemotherapy.
Patients with positive ctDNA after chemotherapy had a 7-fold
higher risk of recurrence than patients with negative ctDNA.

Monitoring ctDNA changes after adjuvant chemotherapy can
help predict disease recurrence and aid in evaluating the effect
of chemotherapy.!'%?52¢ There was no heterogeneity among the
included articles. Taieb et al'® compared differences between
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Results of the Newcastle-Ottawa Scale (NOS) quality assessment.

Authors Yr Selection Comparability Outcome Total
Tie 2016 . _ . .
Tarazona 2019 sk _ - N
Tie 2019 *
Reinert 2019 . _ N
Taieb 2021 o
L 2022 _
Hazard Ratio Hazard Ratio
r I log[Hazard Rati E Weight IV, Random, 95% CI IV, Random. 95% CI
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Reinert 2019 1.9741 0.5004 14.7% 7.20[2.70, 19.20] -

Taieb 2021 0.3784 0.1548 19.0% 1.46 [1.08, 1.98] -

Tarazona 2019 1.9402 05083 14.6% 6.96 [2.57, 18.85] I

Tie 2016 2.5649 0.3459 16.9% 13.00 [6.60, 25.61] "

Tie 2019 1.335 0.2789 17.8% 3.80 [2.20, 6.56] —

Total (95% Cl) 100.0%  4.64[2.17,9.92] -

e Tay? = . Chiz = - |2 = g0, F t t {
Heterogeneity: Tau? = 0.77; Chi® = 45.88, df = 5 (P < 0.00001); I* = 89% 0.01 01 1 10 100

Test for overall effect: Z = 3.96 (P < 0.0001)

Favours [ctDNA positive] Favours [ctDNA negative]

Figure 2. Forest plots for univariate RFS in patients with early-stage colorectal cancer after surgery. RFS = recurrence-free survival.

Hazard Ratio

Hazard Ratio

_Study or Subgroup _log[Hazard Ratio] SE_Weight IV, Random, 95% CI IV, R % Cl
Reinert 2019 1.5041 0.5276 18.7%  4.50 [1.60, 12.66] —_—
Taieb 2021 04383 01612 22.3% 1.55 [1.13, 2.13] -
Tarazona 2019 2.4544 05889 18.0%  11.64[3.67, 36.92] B —
Tie 2016 26391 0.3684 20.6%  14.00[6.80, 28.82] —
Tie 2019 20149 03889 204%  7.50[3.50, 16.07] —
Total (95% CI) 100.0%  5.90 [2.03, 17.19] —i——
Heterogeneity: Tau? = 1.31; Chi? = 45.59, df = 4 (P < 0.00001); I = 91% o p : A 10

Test for overall effect: Z = 3.25 (P = 0.001)
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Figure 3. Forest plots for multivariate RFS in patients with early-stage colorectal cancer after surgery. RFS = recurrence-free survival.

Hazard Ratio

Hazard Ratio

_ Study or Subgroup _log[Hazard Ratio]  SE_Weight IV, Fixed, 95% Cl IV, Fixed, 95% Cl
Li 2022 12051 0.4509 29.5%  3.34[1.38, 8.08] —
Reinert 2019 2.8622 05999 16.7% 17.50 [5.40, 56.71] B S
Tarazona 2019 23046 0.5223 22.0% 10.02 [3.60, 27.89)] —
Tie 2016 2.3979 0.9235 7.0% 11.00 [1.80, 67.22]
Tie 2019 19169 04925 247% 6.80 [2.59, 17.85] —
Total (95% CI) 100.0% 7.27 [4.50, 11.75] S
Heterogeneity: Chi® = 5.72, df = 4 (P = 0.22); I = 30% -‘0_0 ] 0? p ] 1’0 ] 00:

Test for overall effect: Z =8.10 (P < 0.00001)
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Figure 4. Forest plots for RFS in patients with early-stage colorectal cancer after adjuvant chemotherapy. RFS = recurrence-free survival.

different chemotherapy cycles (3 months vs 6 months), so it was
not included in the post-chemotherapy subgroup analysis. In their
study,!"®! ctDNA was found to be a prognostic factor for DFS in
patients treated for 3 months but not for 6 months. It would be
interesting to know whether the change from ctDNA positivity
to negativity could mean that chemotherapy might be stopped.
Further studies with large samples are needed in this regard.

The main pathways involved in colorectal cancer develop-
ment are the adenoma-carcinoma pathway and the serrated
pathway, which involve multiple genetic mutations, such as
those in MMR genes, APC, and KRAS."?”! Colorectal cancer is
heterogeneous, and even patients at the same stage may have

a very different prognosis due to different genetic mutations
involved.*?! While it may appear challenging to identify all
cancerous genes, the presence of small residual tumors can
be detected by examining the ctDNA of these mutated genes.
Although the ctDNA mutation genes detected in the included
studies differed, which may affect the positive rate of detection,
we consider that the significance of c¢tDNA positivity in the
prognosis of colorectal cancer cannot be denied.

CtDNA detection methods include refining conventional
PCR techniques to target specific mutated genes and next-gen-
eration gene sequencing that can target hundreds of can-
cer-related genes.?8! Targeting specific mutated genes has low
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sensitivity, is not costly, and involves a short detection time,
whereas next-generation gene sequencing has high sensitivity, is
expensive, and involves a long detection time. Both have their
advantages and disadvantages and need to be improved. Jin et
al?¢! developed a simple methylation-specific quantitative PCR
assay for ctDNA analysis, and 14 patients (70%) had detect-
able ctDNA before recurrence, with a median lead time of 8.0
months earlier than seen with radiologic imaging.”?®! However,
because that study included patients with stage IV colorectal
cancer, it was not included in this meta-analysis. Further studies
need to be conducted to reduce the false-positive rate, which
would be beneficial for improving the positive ctDNA detection
rate and reducing the difficulty of detection.

This study had some limitations. First, only 6 eligible studies
were identified, with only 1 high-quality randomized controlled
trial included. Our findings need to be verified with more large-sam-
ple studies. Second, in the included studies, different gene ctDNA
mutations were detected, which may have introduced bias. Finally,
heterogeneity may also result from different detection platforms.

5. Conclusions

In patients with early-stage colorectal cancer after surgery,
ctDNA is a promising biomarker for predicting recurrence and
evaluating the effect of chemotherapy. However, more random-
ized controlled trials are needed to verify whether ctDNA can be
used as an independent factor in determining whether to initiate
postoperative chemotherapy.
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