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Circulating tumour DNA in predicting and monitoring survival
of patients with locally advanced rectal cancer undergoing
multimodal treatment: long-term results from a prospective
multicenter study
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Summary

Background Neoadjuvant chemoradiotherapy (nCRT) is the standard for locally advanced rectal cancer (LARC). How-
ever, distant metastasis remains the primary cause of treatment failure. Early identification of high-risk individuals for
personalized treatment may offer a solution. Circulating tumour DNA (ctDNA) could assist in this process.

Methods From September 2017 to June 2019, the study prospectively recruited 113 patients with LARC (cT3-4NOMO
or cTanyN + M0) who underwent nCRT followed by radical surgery across 8 tertiary centers. ctDNA was analysed
using large-panel targeted sequencing at baseline, during nCRT, pre-surgery, post-surgery, post-adjuvant
chemotherapy (ACT), and during annual follow-ups for 3 years.

Findings We analysed 103 tissue and 669 plasma samples from 103 patients. With a median 53-month follow-up,
significantly worse progression-free survival (PFS) and overall survival (OS) were observed if median variant allele
frequency (mVAF) of baseline ctDNA per patient was >0.5% (PFS, HR 4.39, p < 0.001; OS, HR 5.61, p = 0.004)
or ctDNA was still detectable two weeks into nCRT (PFS, HR 7.63, p < 0.001; OS, HR 5.08, p < 0.001).
Furthermore, when compared to the low-risk (C1) group (characterized by “ctDNA undetected during nCRT with
baseline mVAF <0.5%” or “ctDNA undetected during nCRT with TMB (tumour mutational burden) >20/Mb”),
the high-risk (C2) group (characterized by “ctDNA detected during nCRT” or “baseline mVAF >0.5% with TMB
<20/Mb”) showed significantly worse long-term outcomes (3 y-PFS, 55.9% vs. 94.2%; 3 y-OS, 79.4% vs. 100%).
The ctDNA clearance during nCRT, baseline mVAF, and TMB may be effective prognostic indicators.
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Interpretation Our findings reaffirm the clinical monitoring value of ctDNA and demonstrate the strong prognostic
value of baseline ctDNA and its early clearance status in patients with LARC undergoing nCRT. This highlights the
potential of dynamic ctDNA monitoring as actionable stratified indicators to guide personalized neoadjuvant treat-

ment strategies.

Funding This work was supported by the Major Grants Program of Beijing Science and Technology Commission (No.
D171100002617003) and the National High Level Hospital Clinical Research Funding (2022-PUMCH-C-005).
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(http://creativecommons.org/licenses/by-nc/4.0/).
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Research in context

Evidence before this study

ctDNA serves as a dynamic biomarker for real-time tumour
burden and is widely applied in postoperative monitoring of
solid tumours. The DYNAMIC study highlights its utility in risk
stratification for stage Il colorectal cancer, enabling
personalized guidance for adjuvant chemotherapy. However,
in locally advanced rectal cancer (LARC), research on ctDNA
dynamics at baseline and during neoadjuvant
chemoradiotherapy (nCRT) and its clinical value in predicting
long-term outcomes remains limited.

Added value of this study
This study provides long-term data from a prospective cohort
of patients with LARC undergoing nCRT with dynamic ctDNA

Introduction

Colorectal cancer (CRC) currently is the second leading
cause of cancer death worldwide.' For locally advanced
rectal cancer (LARC),” preoperative chemoradiotherapy
followed by surgery is the standard treatment to reduce
local recurrence but with limited benefits for systemic
disease control.’> Recently, total neoadjuvant therapy
(TNT) has been recommended as the preferred treat-
ment for LARC, which involves administering addi-
tional chemotherapy during the preoperative
chemoradiotherapy phase and has shown potential for
improving long-term survival.“® However, not all pa-
tients can benefit from TNT, especially considering its
disadvantages such as increased toxicity and economic
burden. Therefore, selecting suitable patients for TNT
through risk stratification has become an important
topic.

Circulating tumour DNA (ctDNA), which harbours
tumour-specific mutations, is detectable within the cell-
free DNA (cfDNA) fraction of peripheral blood in pa-
tients with solid tumours.”® Its presence in plasma
provides a real-time and dynamic indicator of tumour
burden, often indicating tumour progression earlier
than radiological imaging.”"* Molecular residual disease
(MRD), typically refers to the detection of ctDNA

monitoring, contributing valuable evidence to the field.
Specifically, our findings demonstrate that early molecular
indicators, including baseline ctDNA abundance, early ctDNA
clearance, and tumour mutational burden (TMB), are
significantly associated with long-term prognosis.

Implications of all the available evidence

These findings suggest that a risk stratification method based
on early ctDNA status may guide personalized neoadjuvant

treatment strategies for LARC, optimizing therapy intensity,
duration, and sequencing to improve therapeutic outcomes

and minimize unnecessary interventions.

following definitive treatments like surgery, has proven
to be a robust predictor of tumour recurrence. Addi-
tionally, ctDNA offers a non-invasive approach to over-
come intratumoural heterogeneity by capturing a broad
range of cancer genome alterations and tracking clonal
evolution, though it faces challenges, such as false
negatives in tumours with limited ctDNA release. Cur-
rent evidence underscores the broad utility of ctDNA as
a biomarker for diagnosis, prognosis, and postoperative
treatment guidance in CRC."*"* However, for LARC, the
unique context of nCRT calls for further investigation to
determine whether early ctDNA status and genetic fea-
tures can predict treatment response and prognosis,
thereby guiding neoadjuvant strategies. Research in this
area remains limited.

We conducted a prospective, multicentre, observa-
tional study to investigate the value of ctDNA in pre-
dicting treatment response and prognosis, as well as in
monitoring long-term outcomes in patients with LARC
undergoing multimodal treatment. In addition to the
four ctDNA monitoring timepoints included in our
previous mid-term results report,'* this study incorpo-
rated four additional follow-up timepoints and analysed
long-term survival outcomes. We focused on baseline
ctDNA concentration and its early changes during
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neoadjuvant chemoradiation in predicting metastasis
and long-term survival. Furthermore, our findings sug-
gest distinct molecular characteristics between liver and
lung metastases.

Methods

Study design and patient characteristics

This prospective observational study (Study D) is one of
the four sub-studies (Study A to D) of the large-scale
prospective multicentre clinical trial, the MONT-R
study, which recruited patients with LARC treated with
multimodality therapy at 8 Chinese tertiary referral hos-
pitals. Key eligibility criteria included: patients aged
18-75 years with pathologically confirmed rectal adeno-
carcinoma; tumour located within 12 cm above anal
verge, with clinical staging of cT3-4NO or cTanyN1-2;
baseline chest/abdominal /pelvic enhanced CT confirmed
the absence of distant metastasis; and American Society
of Anesthesiologists (ASA) scores of I to III. This study
did not restrict participant enrolment based on sex, which
was self-reported by the participants.

The multimodality treatment involves long-term
radiotherapy (50Gy/25 fractions) combined with three
cycles of concurrent single-agent capecitabine/XELOX
chemotherapy, followed by radical surgeries 8-10 weeks
after the completion of radiotherapy, and then adjuvant
chemotherapy (ACT). Pathology examination of surgical
specimens were performed to assess the histological
type and grade of the tumour, pathologic Tumour-Node-
Metastasis (TNM) staging, and the pathologic tumour
regression grade (pTRG) (following the College of
American Pathologists (CAP) grading system).”” Thera-
peutic regimens for routine ACT and second-line
treatment for metastatic disease were determined at
the physicians’ discretion. The primary end point is
progression-free survival (PFS), defined as the time
from the start of therapy to the earliest occurrence of any
of the following events: identification of distant metas-
tasis or progression to unresectable disease before sur-
gery, non-radical resection of the primary tumour, local
recurrence or distant metastasis after radical surgery.
Incidence of second non-colorectal malignancies was
not included in the PFS analysis. The secondary end
point is overall survival (OS), defined as the time from
the start of therapy to death from any cause. Patients
without an end point (progression or death events) were
censored at the date of the last follow-up.

Sample collection

Peripheral blood samples were collected from all par-
ticipants at different time points: prior to chemo-
radiotherapy (baseline), two weeks after the initiation of
nCRT (in process nCRT), within 7 days before surgery
(pre-op), within 7-14 days after surgery (post-op), and
annually for three years post-surgery. Tissue samples
were obtained through endoscopic biopsy before
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treatment. Patients with paired baseline tissue and
plasma samples were included in this study.

Targeted capture sequencing and genomic data
analysis

Blood samples collected in EDTA Vacutainer Tubes (BD
Diagnostics) were subjected to laboratory process within
3 h. Peripheral blood lymphocytes (PBLs) and plasma
were separated with sequential centrifugation (2500 g,
10 min and 16,000 g, 10 min). Genomic DNA from
tissues and cfDNA from plasma was extracted using
DNeasy Blood & Tissue Kit (Qiagen) and QIAamp
Circulating Nucleic Acid Kit (Qiagen), respectively.
Sequencing libraries were constructed using the KAPA
DNA Library Preparation Kit (Kapa Biosystems) as per
the manufacturer’s instruction. Barcoded libraries were
hybridized to a customized panel of 1021 genes for both
gDNA and ctDNA samples. Paired-end sequencing was
performed using NBSEQ-T7RS sequencing platform
(BGI, Shenzhen, China).

Targeted capture sequencing yielded a median depth
of 742 x in gDNA and 1713 x in cfDNA. Single-
nucleotide variants and small insertions and deletions
were called by MuTect (ref.'’; version 1.1.4). For quality
control, somatic mutations in tissue samples were
identified only when (i) present in <1% of the popula-
tion in the 1000 Genomes Project (https://www.
internationalgenome.org/), the Exome Aggregation
Consortium, and the Genome Aggregation Database
(https://gnomad.broadinstitute.org), (i) not present in
paired germline DNA from PBLs, and (iii) detected in at
least five high quality reads containing the particular
base, where high-quality reads were defined with Phred
score >30, mapping quality >30, and without paired-
end reads bias. Baseline ctDNA positivity was defined
as when at least one mutation in a tissue sample had
also been detected in the matched ctDNA. In particular,
high frequency mutations in ctDNA which were
persistently detected across time points were utilized to
additionally retrieve several somatic mutations with
relatively low detected frequencies. We re-defined the
median VAF by calculating the median value of VAF for
each patient, rather than ranking all patient VAFs and
taking the median.

NGS assay panel design

We performed comprehensive reviews of the literature
and genetic database, including COSMIC (https://doi.
0rg/10.1093 /nar/gkul075) and My Cancer Genome
(https://doi.org/10.1016/j.jmoldx.2015.05.002)  (http://
www.mycancergenome.org, last accessed January 20,
2017), to identify genes biologically and clinically rele-
vant to breast cancer, including the following: i) genes
that harbour mutations and are currently clinically
actionable, by providing information about sensitivity or
resistance to specific targeted therapies or prognostic
information related to patient outcomes; ii) genes
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expected to be actionable in the near future using tar-
geted therapies currently under active development in
clinical trials; and iii) genes known to be recurrently
mutated in cancer, but currently lacking robust prog-
nostic information or targeted therapies.

LOD analysis

To assess analytical sensitivity and define limit of
detection (LOD), a series of dilutions containing artifi-
cial mutation fragments spiked into a normal genomic
DNA sample (NA12878 cells) were generated. PCR
primers for each artificial mutation sequence used in
our study were designed and synthesized. Overlap-
extension PCR for site-directed mutagenesis was per-
formed using genomic DNA as the template to obtain
six mutation sequences that are approximately 2 Kb in
length. Briefly, genomic DNA was extracted from the
lymphoblastoid NA12878 cells from the International
HapMap Project, which were purchased from Coriell
Cell Repositories (Camden, NJ). For SNVs with an
average coverage of targeted positions of 1774.58X +
408.2X, we found the VAFs 0.1%, 0.3%, 0.5%, and 1%
have a sensitivity of detection of 75.93% (95% CI,
71.56%-79.83%), 92.01% (95% CI, 88.10%-94.76%),
96.30% (95% CI, 92.57%-98.27%), and 98.61% (95%
CI, 94.56%-99.76%), respectively.

Tumour mutation burden

For the calculation of the TMB, we applied three criteria
for competent mutations: (1) somatic but not germline
mutation; (2) located in coding region, nonsynonymous
SNVs/Indels, including +2 splice; and (3) a mutation
allele frequency >1%. The TMB was calculated as the
number of competent mutations divided by the length
of the panel-covered genomic region (1.09 Mb).

Statistics

Spearman correlation test was performed to deter-
mine the association of mutational spectrum between
plasma and tissue. Fisher’s exact test or the y° test was
employed to compare differences in categorical clin-
icopathologic parameters, such as Metastasis/Non-
metastasis, between the ctDNA detectable vs. ctDNA
undetectable group across time. Wilcoxon Mann—
Whitney test was used for comparing continuous
clinicopathologic parameters. The association be-
tween variables and PFS were calculated using the
Kaplan—-Meier method and compared using the log-
rank test. A univariate/multivariate Cox proportional
hazards regression was used to estimate hazard ratios
and 95% confidence intervals (Cls) to identify prog-
nostic factors based on variables with p values under
0.05. Time to progression was calculated from the
date of nCRT initiation until disease progression. All
data analyses were performed using R software
(version 4.1.2). Statistical significance was defined as
p < 0.05.

Ethics statement

The study was designed and conducted in accordance
with the Declaration of Helsinki and approved by the
Institutional Review Board (IRB) of Peking Union
Medical College Hospital (PUMCH) (approval
number:JS-1296) (NCT03042000). All patients provided
written informed consent prior to their participation.
During the courses of multimodality treatment, all the
clinicians were blinded to the ctDNA analysis results.

Role of funders

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of this report.

Results

Patient clinicopathological characteristics, genomic
and ctDNA features at baseline

The study was designed to explore the potential of
ctDNA in predicting and monitoring long-term survival
in patients with LARC undergoing nCRT. The flowchart
and sampling time point information of the study are
presented in Figs. 1 and 2a. In short, we enrolled 113
patients with LARC from September 2017 to June 2019.
10 patients were excluded due to non-collection of
plasma samples after baseline or withdrawal of
informed consent. The median age of the 103 patients
was 59 years old (range 26-75), with a higher proportion
of males (n, 67, 65.0%). The baseline clinical tumour-
node-metastasis (TNM) stage of patients was classified
into 98 patients (95.1%) with stage cIII and 5 patients
(4.9%) with stage cII. Patients were randomly assigned
to receive chemotherapy of single-agent capecitabine (n,
47, 45.6%) or the XELOX regimen (n, 56, 54.4%) during
nCRT (Table 1). The median follow-up was 53 months
(range, 5-64), disease progression of metastasis
occurred in 20 patients (19.4%). The 3-year PFS (3 y-
PFS) and 3-year OS (3 y-OS) was 81.6% and 93.2%,
respectively. Baseline CA19-9 value, post-surgery pTRG
score, and pCR status were significantly associated with
eventual tumour metastasis (Figs. 2b and 3a). We ob-
tained 1085 and 491 somatic variants (nonsynonymous
single-nucleotide variants and indels) in baseline tissue
and plasma samples, respectively. The median TMB was
7 per Mb (mean, 10.5 per Mb) and median blood TMB
(bTMB) was 3 per Mb (mean, 4.8 per Mb). Patients
without distant metastasis had higher TMB values than
those with metastasis (Fig. 2b). The most recurrent
mutant genes in tissue included TP53 (79.6%), APC
(76.7%), KRAS (37.9%), FBXW7 (19.4%), PIK3CA
(18.4%) and SMAD4 (17.5%). High-frequency muta-
tions (frequency more than 5% in tissue) in baseline
tissue and plasma were shown in Fig. 2b. We found that
higher SMAD4 and TCF7L2 frequency in tissue and
plasma, respectively, were significantly associated with
eventual tumour metastasis. SMAD4 and TCF7L2 gene
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able metastasis (n = 103)

2. ctDNA mutational landscape of
liver vs. lung metastasis (n=20)
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s (n=103)

er vs. lung metastasis (n=20)

Fig. 1: Flow diagram of patient inclusion in subanalyses with clinical questions answered by each analysis denoted. nCRT, Neoadjuvant che-

moradiotherapy; RT, radiotherapy; chemo, chemotherapy.

variations were also independent prognostic factors for
PFS. In contrast, mutations in FBXW7, LRP1B, and
FAT2 were exclusively detected in tissue samples from
patients without metastasis (Fig. 2b and Supplementary
Fig. S1a and b). These results suggest that patients with
different gene variants may respond differently to
standard treatment. We also compared the consistency
of somatic variants between ctDNA samples and corre-
sponding tissue samples and found ctDNA was
positively correlated with that observed in tumour tis-
sues (R"2 = 0.96; Spearman’s rank correlation p < 0.001;
Fig. 2c).

Long-term prognostic value of baseline
clinicopathological and ctDNA features
To further identify risk factors affecting the long-term
prognosis of LARC, we preformed univariate Cox

www.thelancet.com Vol 112 February, 2025

regression analysis. We found that an increase in
baseline CA19-9 level (HR = 4.10, 95% CI: 1.49-11.31,
uni-cox p = 0.006) and high median variant allele fre-
quency (mVAF) of baseline ctDNA (HR = 1.16, 95% CI:
1.06-1.26, uni-cox p < 0.001) were significant risk fac-
tors for PFS. However, in multivariate Cox regression,
only the mVAF of baseline ctDNA (HR = 1.17, 95% CI:
1.042-1.31, multi-cox p = 0.0078) showed significant
prognostic value (Fig. 3a). In addition, the predictive
performance AUC (area under the curve) for the base-
line mVAF at 1, 2 and 3 years is 86%, 76%, and 73%,
respectively (Fig. 3b). This implies the superiority of
baseline mVAF in terms of metastasis/non-metastasis
discrimination.

To optimize the clinical utility of mVAF, we utilized
the Youden index to determine the optimal threshold on
the ROC curve, which was set at 0.5% (Fig. 3c). Among
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Fig. 2: Study schematic and baseline characteristics. (a) Study flowchart. Patients with locally advanced rectal cancer receive multidisciplinary
treatment. Peripheral blood samples were collected before, during, and after multi-modality treatment with neoadjuvant chemoradiation,
radical surgery, and adjuvant chemotherapy. (b) Genomic profiling of high-frequency mutations between baseline tissue and plasma samples
(nonsynonymous single-nucleotide variants and indels). The top bar represents the group label for patients with metastasis and patients
without metastasis; The left heatmap represents the frequency of patients with a certain mutation in each group and in the entire cohort;
Fisher's exact test was used to compare gene detection in the metastasis and non-metastasis groups. Significant genes are marked with a red
asterisk; The right-hand bar represents the ratio between the metastatic and non-metastatic groups. (c) Correlation analysis between mutation
frequencies of 1021 genes from the NGS panel in 103 ctDNA samples vs. tissue samples (Spearman’s rank correlation). The dot indicates the
gene, the y-axis indicates the VAF of the gene in the tissue and the x-axis indicates the VAF of the gene in plasma. ACT, Adjuvant
chemotherapy.
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Age (years)
Median 59 60 55 61 58.5 63 59 62 59 62 59
Range 26-75 26-75 42-73 30-75  26-73 30-74 26-75 45-75 26-74 45-73 26-75

Sex, n (%)
Male 67 56 11 0.1335 26 41 0.1936 12 55 0.7822 9 58 0.5343 9 53 0.5299
Female 36 34 2 9 27 5 31 3 33 3 31

CEA, n (%)
Positive 32 29 3 0.7815 17 15 0.0126 10 22 0.0152 4 28 1.0000 7 22 0.0737
Negative 70 60 10 18 52 7 63 8 62 5 61
Unknown 1 1 0 0 1 0 1 0 1 0 1

CA19-9, n(%)
Positive 10 8 2 0.6610 6 4 0.1119 2 8 0.7256 3 7 0.1990 2 5 0.3126
Negative 92 81 11 29 63 15 77 9 83 10 78
Unknown 1 1 0 0 1 0 1 0 1 0 1

T stage, n (%)
cT2 2 2 0 0.6241 0 2 0.6122 0 2 1.0000 0 2 0.6120 0 2 1.0000
cT3 73 62 11 24 49 12 61 10 63 9 60
T4 28 26 2 11 17 5 23 2 26 3 22

cN stage, n (%)
cNO 6 4 2 0.2817 0 6 0.2476 1 5 0.5404 0 6 0.8831 1 5 0.6764
cN1 30 27 3 11 19 3 27 3 27 4 24
cN2 67 59 8 24 43 13 54 9 58 7 55

cTNM stage, n (%)
I 5 3 2 0.1185 0 5 0.1635 1 4 1.0000 0 5 1.0000 1 4 0.4949
1] 98 87 11 35 63 16 82 12 86 11 80

Distance from anal verge (cm), n (%)
0-5 40 34 6 0.5598 10 30 0.1408 6 34 0.7927 2 38 0.1213 4 34 0.7584
>5 63 56 7 25 38 11 52 10 53 8 50

Tumour vertical diameter(cm), n (%)
0-5 78 68 10 1.0000 20 58 0.0030 8 70 0.0050 9 69 1.0000 9 66 0.7213
>5 25 22 3 15 10 9 16 3 22 3 18

mrPCl, n(%)
<50 7 5 2 0.2144 1 6 0.4179 0 7 0.5966 0 7 1.0000 1 6 1.0000
50-100 96 85 11 34 62 17 79 12 84 11 78

mrMRF, n(%)
Yes 52 43 9 0.2350 20 32 0.4067 8 44 0.7961 6 46 1.0000 3 44 0.1213
No 51 47 4 15 36 9 42 6 45 9 40

mrEMVI, n(%)
Yes 52 48 4 0.1491 23 29 0.0372 11 41 0.2888 8 44 0.3579 5 41 0.7617
No 51 42 9 12 39 6 45 4 47 7 43

(Table 1 continues on next page)
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Characteristics  All patients Baseline ctDNA p Fisher’s  Baseline VAF p Fisher’s In-process nCRT ctDNA p Fisher’s Pre-operative ctDNA  p Fisher’s  Post-operative ctDNA  p Fisher’s
(n = 103, (n = 103) exact/y2 (n = 103) exact/y2 (n = 103) exact/y2 (n = 103) exact[y2 (n = 96) exact/y2
Asian, Chinese) test test test test test
Detected  Undetacted >05%  <0.5% Detected ~ Undetacted Detected ~ Undetacted Detected  Undetacted
(n=90) (n=13) (n=35) (n=068) (n=17) (n=286) (n=12) (n=091) (n=12) (n=284)

(Continued from previous page)

mrLAl, n(%)

Yes 15 13 2 1.0000 3 12 0.4271 2 13 1.0000 0 15 0.2980 1 13 0.7264
No 87 76 11 32 55 15 72 12 75 11 70
Unknown 1 1 0 0 1 0 1 0 1 0 1

MSI, n(%)
MSI-H 7 7 0 0.5915 3 4 0.6870 1 6 1.0000 0 7 1.0000 1 6 1.0000
MSS 96 83 13 32 64 16 80 12 84 11 78

Differentiation, n (%)
Well/ 77 67 10 0.5908 24 53 0.4873 15 62 0.3810 9 68 0.3443 11 61 0.4459
Moderate
Poor 8 8 (0] 4 4 1 7 2 6 0 6
Others 18 15 3 7 11 1 17 1 17 1 17

ypT stage, n (%)
ypT0-2 60 51 9 0.8800 14 46 0.0175 4 56 0.0039 4 56 0.1233 6 52 0.5325
ypT3-4 38 34 4 18 20 11 27 7 31 6 28
Unknown 5 5 0 3 2 2 3 1 4 0 4

ypN stage, n (%)
ypNO 84 75 9 0.3340 27 57 0.3136 13 71 0.2265 8 76 0.0528 10 70 1.0000
ypN1-2 18 14 4 7 11 3 15 3 15 2 14
Unknown 1 1 0 1 0 1 0 1 0 0 0

ypTNM stage, n (%)
ypTNM 0-2 81 72 9 0.5287 25 56 0.1880 10 71 0.0207 7 74 0.0406 10 70 1.0000
ypTNM 34 21 17 4 9 12 6 15 4 17 2 14
Unknown 1 1 0 1 0 1 0 1 0 0 0

YPCR, 1 (%)
Yes 30 28 2 0.4194 9 21 0.4466 3 27 0.0948 2 28 0.0916 1 29 0.0965
No 72 61 11 25 47 13 59 9 63 11 55
Unknown 1 1 0 1 0 1 0 1 0 0 0

YPTRG score, n (%)
0-1 57 50 7 1.0000 17 40 03134 7 50 0.0930 3 54 0.0108 4 52 0.1145
2-3 45 39 6 17 48 9 36 8 37 8 32
Unknown 1 1 0 1 0 1 0 1 0 0 0

ymrTRG score, n(%)
0-1 51 45 6 0.8276 16 35 0.8316 8 43 1.0000 6 45 1.0000 8 41 0.2031
2-3 41 36 5 15 26 7 34 5 36 4 33
Unknown 11 9 2 4 7 2 9 1 10 0 10

nCT regimen, n (%)
Capecitabine 47 41 6 1.0000 14 33 0.5314 8 39 1.0000 8 39 0.1362 4 39 0.5384
XELOX 56 49 7 21 35 9 47 4 52 8 45

p-values less than 0.05 are highlighted in bold.

SaPIUY I

Table 1: Clinical characteristics of the 103 enrolled patients.
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Fig. 3: Baseline clinical characteristics and ctDNA stratification efficacy. (a) Univariate and multivariate logistic regression models for baseline
clinical indicators and ctDNA VAF. (b) Baseline median VAF timeROC performance analysis. (c) Stratified baseline median VAF based on the ROC
curve Yoden index threshold. (d) Metastasis rates of patients stratified by baseline median VAF. Kaplan-Meier analysis of PFS (e) and OS

(f) stratified by baseline median VAF. VAF, Variant Allele Frequency.

the patients, 35 (34.0%) had baseline mVAF >0.5%, of
which 13 (37.1%) experienced tumour metastasis. In
contrast, among the 68 patients (66.0%) with baseline
mVAF <0.5%, only 7 (10.3%) eventually developed
metastasis (Fisher’s exact test p = 0.0029; Fig. 3d). A
baseline mVAF of >0.5% is a significant predictor of
poor prognosis in both PFS and OS (PFS, HR = 4.39,
95% CI: 1.68-11.46, Log-rank p < 0.001; OS, HR = 5.61,
95% CI: 1.58-19.85, Log-rank p = 0.004) (Fig. 3e and f).
For patients with the baseline mVAF >0.5%, a larger
tumour vertical diameter (y” test p = 0.003), a higher rate
of abnormal baseline CEA (x* test p = 0.0126), and a
higher incidence of positive extramural vascular inva-
sion in magnetic resonance imaging (mrEMVI) (x” test
p = 0.0372) were observed. Additionally, a significant
higher pT stage (x* test p = 0.0175) was observed after
radical surgery compared to patients with baseline
mVAF >0.5% (Table 1).

CtDNA features and dynamic changes in response
to nCRT

After establishing the long-term prognostic value of
baseline mVAF, we further explored the dynamic
changes of ctDNA in response to nCRT. We found that
ctDNA mVAF fluctuated considerably after only 2 weeks
of neoadjuvant chemoradiation (Fig. 4a). In patients
with metastasis, both in process and preoperative mVAF

www.thelancet.com Vol 112 February, 2025

showed no significant change compared to baseline
mVAF. In contrast, in patients without metastasis, both
in process and preoperative mVAF were significantly
lower than baseline mVAF (Fig. 4b). This suggests that
early ctDNA changes may be effective indicators of
nCRT treatment efficacy.

Prognostically, we observed that at the in process
nCRT time point, patients with persistent ctDNA
detection showed significantly shorter PFS and OS
compared to the clearance individuals (PFS, HR = 7.81,
95% CI: 2.05-29.82, p < 0.001; OS, HR = 6.22, 95% CI:
1.08-35.8, Log-rank p = 0.002; Fig. 4c). This trend was
also evident at the preoperative time point (PFS,
HR =8.68, 95% CI: 1.05-45.78, Log-rank p < 0.001; OS,
HR = 15.65, 95% CI: 1.99-122.96, p < 0.001; Fig. 4d).
We compared the C-index values of mVAF at the two
time points to evaluate their prognostic performance
and found that the in process nCRT mVAF was slightly
better, but the difference was not significant (Fig. 4e).
This suggests that early changes in ctDNA during nCRT
may be a key factor in predicting long-term prognosis.

Regarding genetic features, we investigated the cor-
relation between gene variations and the ctDNA clear-
ance status at both the in process nCRT and pre-
operative time points, respectively. At the in-process
nCRT time point, we found no significant correlation
between genetic mutations and the ctDNA clearance
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Fig. 4: Evaluation of the efficacy of ctDNA status prediction for long-term outcomes. (a) ctDNA median VAF dynamics change at baseline, in
process nCRT, pre-operative, post-operative, post-ACT, 1-3 year monitoring time points. (b) Statistical analysis of the change in median VAF
dynamics between baseline, in process nCRT and pre-operative, paired Wilcox test, Bonferroni correction. (c) Kaplan-Meier analysis of the PFS
and OS stratified by ctDNA detectable status at in process nCRT time point. (d) Kaplan-Meier analysis of the PFS and OS stratified by ctDNA
detectable status at pre-operative time point. (e) Depiction of C-index estimates over time according to ctDNA detectable status of in process
nCRT and pre-operative time points. Significance was calculated using R packages pec: cindex and compareC. (f) The heatmap shows the mean
VAF values of the high-frequency genes in each group, stratified by in process nCRT ctDNA detectable status, pre-operative ctDNA detectable
status and pCR status. The statistical tests were performed by calculating VAF values of each sample between the groups by the Wilcox test.
*, p < 0.05; **, p < 0.01; fisher exact test. (g) Patients profiling of the binary stratification feasible combination. ***, p < 0.001; fisher exact test.
(h) Metastasis and pCR rates of patients stratified by binary stratification feasible combination. Kaplan-Meier analysis of PFS (i) and OS
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status. However, at the pre-operative time point, the
TCF7L2 mutation was significantly more frequently
observed in the ctDNA persistence group. Additionally,
the POLD1, FANCM, LRPI1B, FAT2, and ZFHX3 mu-
tations were significantly more common in patients
achieving pCR postoperatively compared to those in the
non-pCR individuals (Fig. 4f).

Given the significant prognostic prediction role of
early changes in ctDNA, clear stratification criteria can
help identify patients with a high risk of metastasis at
the very early stages of routine nCRT, guiding them to a
timely transition to more effective therapies. Therefore,
we constructed a binary stratification feasible combina-
tion, classifying 69 patients (67.0%) into the low-risk
(C1) group (characterized by “ctDNA undetected dur-
ing nCRT with baseline mVAF <0.5%” or “ctDNA un-
detected during nCRT with TMB >20/Mb”). The
remaining 34 patients (33%) were categorized into the
high-risk (C2) group (characterized by “ctDNA detected
during nCRT” or “baseline mVAF >0.5% with TMB
<20/Mb”) (Fig. 4g). With a median follow-up of 53
months, only 5 patients (7.2%) in Group C1 eventually
developed distant metastases, while 15 patients (44.1%)
in Group C2 did (fisher exact test p < 0.001). In addition,
we observed that 34.8% of patients in Group C1 ach-
ieved pCR, while the pCR rate in Group C2 was only
17.6% (Fisher’s exact test p = 0.1057, Fig. 4h). Further-
more, the long-term prognosis was significantly worse
in Group C2 (PFS, HR = 8.03, 95% CI: 3-21.5, Log-rank
p < 0.001; OS, HR = 6.31, 95% CI: 1.73-23, Log-rank
p = 0.002) and the 3 y-PFS and 3 y-OS rates in Group
C2 were significantly lower than those in Group C1 (3 y-
PFS, 55.9% vs. 94.29%; 3 y-OS, 79.4% vs. 100%, Fig. 4i
and j). This suggests that a combination of the three
clinical indicators may be able to timely identify patients
with high-risk in the very early stages of nCRT.

Postoperative ctDNA and longitudinal ctDNA
monitoring

We further explored the monitoring value of ctDNA
after surgery. To validate that postoperative ctDNA
monitoring serves as a clear subclinical indicator for
tumour metastasis, we defined postoperative longitudi-
nal monitoring positivity as the detection of ctDNA at
least once during postoperative (PFS: HR = 33.67, Log-
rank p < 0.001, 95% CI: 0.28-4068.09; OS:
HR = 19.09, Log-rank p < 0.001, 95% CI: 0.12-3050.06;
Fig. 5a), post-ACT (PFS: HR =19.15, Log-rank p < 0.001,
95% CI: 1.31-280.58; OS: HR = 18.55, Log-rank
p < 0.001, 95% CI: 0.49-701.39; Figs. 5a), and 1-3
years of follow-up timepoints (PFS: HR = 69.89, Log-
rank p < 0.001, 95% CI: 8.64-565.24; OS: HR = 36.88,
Log-rank p < 0.001, 95% CI: 3.13-434.96; Fig. 5a). The
results indicate that ctDNA detection during post-
operative longitudinal monitoring may associated with
shorter PFS and OS. Furthermore, in the longitudinal
ctDNA monitoring of the 20 patients with metastasis,
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ctDNA was detectable at least once in all cases (Fig. 5b).
The median time to first detectable ctDNA after treat-
ment was 3.8 months, compared to 11.0 months for
positive CT findings (Fig. 5¢), with a median lead time of
2.5 months (Paired-Samples T test p = 0.0302; Fig. 5d).
These findings suggest that in monitoring disease pro-
gression, ctDNA outperforms routine clinical methods.

Molecular and clinical signatures of liver and lung
metastasis

The metastatic sites of this cohort with LARC included
the liver, lung, peritoneum, bone, brain, adrenal gland,
and kidney. Among these, 11 patients had the liver as
the initial site of metastasis, while 9 patients had lung
metastasis first (Fig. 6a). In comparison to lung metas-
tasis, patients with liver metastasis demonstrated a
significantly higher mVAF of baseline ctDNA (Mann—
Whitney U test p = 0.0049; Fig. 6b). Interestingly, we
observed a higher detectable rate of ctDNA APC and
TP53 mutations in liver metastatic cases, and a higher
detectable rate of genomic DNA (gDNA) SMAD4 and
NF1 mutations in lung metastatic cases (Fig. 6¢). In
addition, patients with lung metastasis exhibited a
significantly longer PFS compared to those with liver
metastasis (HR = 0.27, Log-rank p < 0.001) (Fig. 6d).
Although there was no significant difference in OS be-
tween patients with liver and lung metastasis, we
observed that the median OS of lung metastasis was
longer than that of liver metastasis (62 months in lung
metastasis vs. 24 months in liver metastasis). These
results showed that patients with liver or lung metasta-
ses exhibit distinct clinical and molecular characteris-
tics, suggesting a potential need for different clinical
management strategies.

Discussion

Neoadjuvant therapy for LARC has evolved over the
years, yet there remains a pressing need to establish
more personalized treatment strategies. ctDNA, a robust
biomarker that quantitatively reflects tumour burden
and captures tumour-specific molecular features, holds
significant promise in guiding risk stratification and
informing neoadjuvant treatment decisions.

In line with previous literature,””' this study con-
firms that ctDNA is a significant biomarker that can
dynamically reflect tumour burden and predict treat-
ment responses and oncological outcomes in patients
with LARC.

Our findings revealed a significant association be-
tween baseline ctDNA abundance and tumour size,
vascular invasion, as well as the ypT stage after surgery.
This suggests that baseline ctDNA can reflect both
tumour size and the extent of its invasion into sur-
rounding vasculature. In a study of metastatic colorectal
cancer (mCRC), Bando et al. also proposed that tumour
size is the most important factor for ctDNA shedding.”
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Fig. 5: Postoperative ctDNA monitoring. (a) Kaplan-Meier analysis of PFS and OS stratified by post-operative, post-ACT and combined post-operative
ctDNA detectable status at 5 time points, respectively. An overview of ctDNA dynamic monitoring in patients undergoing multi-modality treatment.
(b) The Swimmer plot depicts the length of follow-up and clinical events in patients with metastasis. (c) Density distribution of metastasis time of
ctDNA positive and computed tomography (CT) positive in patients. (d) Comparison of ctDNA and standard-of-care CT for time to metastasis.

Moreover, our results showed a significant association
between preoperative ctDNA status and pathological
outcomes, including ypINM staging and pathological
TRG. This reaffirms the ability of ctDNA to precisely

portray the r

eal-time tumour burden.

In continuation of our previously reported mid-term
results,* the current data further confirm a significant
correlation between baseline ctDNA abundance and
long-term prognosis. In the mid-term follow-up study,
we defined mVAF by ranking all patients” VAFs and
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Fig. 6: Molecular and clinical prognostic features of liver and lung metastasis. (a) The grid fillings show patient-specific metastases, and the
numbers represent the sequence of metastases. (b) Comparison of baseline median VAF between liver metastasis and lung metastasis, Mann-
Whitney U test. (c) Molecular profiles of liver and lung metastasis. Kaplan-Meier analysis of PFS (d) and OS (e) stratified by liver metastasis and

lung metastasis.
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taking the median, finding that patients with a baseline
VAF greater than 1.0% had significantly worse out-
comes. Considering that the 1.0% threshold may vary
across study cohorts, we calculated the baseline ctDNA
mVAF for each patient in this study. The results showed
that patients with an mVAF greater than 0.5% had
poorer prognoses. Multivariate Cox analysis demon-
strated that, after adjusting for conventional prognostic
factors such as CEA, CA19-9, tumour grade, lymph
node metastasis, and neurovascular invasion, the base-
line ctDNA mVAF remained the sole independent pre-
dictor of PFS and OS.

Apart from baseline ctDNA, our study also demon-
strated that patients who achieved ctDNA clearance
during or after nCRT had significantly longer PFS and
OS compared to those without ctDNA clearance. Their
survival outcomes resembled those of patients with
persistently undetectable ctDNA. Interestingly, we
found that rapid ctDNA clearance as early as two weeks
into treatment was already indicative of a significantly
improved long-term survival. Previous studies in mCRC
have revealed that early changes in ctDNA levels, even
prior to the second cycle of chemotherapy, exhibit a
significant correlation with prognostic outcomes.”*
This study demonstrate that early ctDNA clearance
during nCRT in LARC is valuable for evaluating treat-
ment efficacy and predicting prognosis, a feature
distinctly different from traditional biomarkers such as
CEA and CA19-9.#%

Recent studies have highlighted the potential of
ctDNA in risk stratification for various cancer types,
identifying patients who are most likely to benefit from
adjuvant therapy or safely avoid unnecessary
treatment.”*”* In guiding the neoadjuvant treatment
strategy for LARC, our study demonstrates that baseline
ctDNA and early ctDNA clearance status, combined
with TMB, can effectively reflect tumour burden and
oncological biology, and are significantly associated with
treatment response and survival outcomes. A compre-
hensive analysis of these three indicators revealed that
approximately two-thirds of patients were at low risk for
recurrence and metastasis, achieving significantly
favourable long-term outcomes through conventional
nCRT. The remaining one-third of patients were at high
risk, with nearly half experiencing disease progression.
These three molecular indicators can be obtained at the
early stage of neoadjuvant treatment, providing the
feasibility of timely adjustments to treatment plans, and
may assist in optimizing the implementation of the TNT
strategy.

It is important to note that certain types of tumours
exhibit lower ctDNA detectable rates, posing challenges
for the ctDNA-based strategy. Previous studies have
indicated that ctDNA is less detectable in patients with
lung-only or peritoneum-only mCRC than in those with
liver metastases,” and our study yielded similar results.

Genomic features significantly impact tumour
biology. In this study, somatic variations in TCF7L2 and
SMAD4 were significantly correlated with tumour
metastasis, consistent with previous reports.’®*' Inter-
estingly, TCF7L2 mutations appeared more prevalent in
patients with liver metastases, while SMAD4 variations
were more frequent in lung metastatic cases. In
contrast, mutations in FBXW?7, LRP1B, or FAT2 were
associated with notably favourable prognoses. Literature
suggests that these three genes are linked to higher
TMB and Dbetter prognosis in gastrointestinal
cancers.”** Therefore, clinical risk stratification for
LARC may also incorporate genomic factors to enhance
its predictive efficacy.

Before surgery, accurate determination of tumour
residuals is critical for treatment planning. Although we
have observed a significant correlation between preop-
erative ctDNA detection and pathological TNM staging
as well as pathological tumour response, it remains
insufficient to precisely determine whether a complete
tumour response (CR) has been achieved. Therefore,
relying solely on ctDNA analysis to confidently imple-
ment a watch-and-wait (W&W) strategy is impractical at
this stage. In the future, the development of higher-
sensitivity ctDNA detection technologies, such as
incorporating genetic/epigenetic features and tracking
tumour clone evolution, along with the integration of
tumour microenvironment, transcriptomics, and radio-
mics approaches, is expected to improve the accuracy of
CR assessment and facilitate the safe implementation of
organ-preservation strategies. Meanwhile, preoperative
detection of ctDNA and high-risk gene mutations can
help effectively identify patients unsuitable for W&W
strategies, aligning with current literature consensus.”

Consistent with previous literature,”?' our results
indicated that ctDNA positivity at all postoperative time
points was associated with poor long-term prognosis.
Postoperative ctDNA detection demonstrated notable
predictive ability, and the longitudinal ctDNA status
added additional predictive value, highlighting the
importance of multi-time point monitoring. In this
study, the median 2.5-month lead time for ctDNA
detection prior to radiological recurrence is comparable
to the 1.7-11.5 months reported in the literature,*
further supporting the superiority of ctDNA over con-
ventional clinical methods for monitoring disease pro-
gression. The clinical significance of this early warning,
such as the rationale for early therapeutic intervention,
warrants further investigation.

We must acknowledge certain limitations of this
study. The sample size is relatively small, but the
research was meticulously conducted per protocol, with
close patient monitoring and comprehensive data
collection, which partially compensates for this limita-
tion. The uniform treatment approach required by the
study design restricted our ability to explore different
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therapeutic regimens for patients with varying ctDNA
statuses.

In summary, our study highlights the predictive and
monitoring value of ctDNA in patients with LARC un-
dergoing nCRT. Early indicators demonstrate signifi-
cant prognostic value, positioning ctDNA as a promising
tool for guiding personalized neoadjuvant treatment
strategies. To validate these findings, we are conducting
a multicentre randomized trial (NCT05601505). This
trial employs risk stratification based on ctDNA clear-
ance during nCRT, baseline mVAF, and TMB to guide
decisions between standard and escalated neoadjuvant
treatment strategies, ultimately aiming to optimize
LARC management.
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