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BackgroundMultiple approaches based on cell-free DNA (cfDNA) have been applied to detect minimal residual dis-
ease (MRD) and to predict prognosis or recurrence. However, a comparison of the approaches used in different
cohorts and studies is difficult. We aimed to compare multiple approaches for MRD analysis after neoadjuvant ther-
apy (NAT) in patients with locally advanced rectal cancer (LARC).

Methods Sixty patients with LARC from a multicentre, phase II/III randomized trial were included, with tissue and
blood samples collected. For each cfDNA sample, we profiled MRD using 3 approaches: personalized assay targeting
tumour-informed mutations, universal panel of genes frequently mutated in colorectal cancer (CRC), and low depth
sequencing for copy number alterations (CNAs).

Findings Positive MRD based on post-NAT personalized assay was significantly associated with an increased risk of recur-
rence (HR = 27.38; log-rank P< 0.0001). MRD analysis based on universal panel (HR = 5.18; log-rank P = 0.00086) and
CNAs analysis (HR = 9.24; log-rank P = 0.00017) showed a compromised performance in predicting recurrence. Both the
personalized assay and universal panel showed complementary pattern to CNAs analysis in detecting cases with recur-
rence and the combination of the two types of biomarkers may lead to better performance.

Interpretation The combination of mutation profiling and CNA profiling can improve the detection of MRD, which
may help optimize the treatment strategies for patients with LARC.
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Research in context

Evidence before this study

Despite two large randomized trials (RAPIDO and PRO-
DIGE 23) demonstrated that intensified neoadjuvant
chemotherapy before surgery improved both disease-
free survival (DFS) and pathological complete response
(pCR), the impact is limited and overall survival (OS)
benefit is lack. More efficient predictive tool with high
accuracy of patient selection for risk-adapted therapy
before surgery may optimize the therapeutic decision
making. However, a limited number of studies on colo-
rectal cancer are based on preoperative ctDNA to pre-
dict the risk of recurrence and pCR.

Added value of this study

In this study, we report the minimal residual disease sur-
veillance based on ctDNA mutation profiling, including
a tumour-informed personalized assay and a universal
panel. We also profile CNAs in the same samples. This
study provides a head-to-head comparison among dif-
ferent approaches for MRD detection in the same sam-
ples and may help to determine the best solution for
the precise management of patients with LARC.

Implications of all the available evidence

This study explores three approaches for post-NAT MRD
detection in predicting disease recurrence for patients
receiving two neoadjuvant modalities. Post-NAT pro-
vides an opportunity to predict prognosis before sur-
gery and thus neoadjuvant chemotherapy may be
selectively applied to those at high risk of recurrence in
a timely manner. When combined with a personalized
assay, CNA profiling may improve the sensitivity of MRD
detection and the recurrence prediction. Furthermore,
the combination of a universal panel and CNA profiling
provides the possibility of a fully tumour-naive and non-
invasive solution for MRD detection.
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Introduction
Colorectal cancer is the third most frequently diagnosed
cancer globally and has the fourth highest mortality
rate1; rectal cancer accounts for approximately 28% of
these cases.2 Neoadjuvant chemoradiotherapy followed
by total mesorectal excision (TME) is one of the stan-
dard treatments for patients with locally advanced (cT3-
T4 and/or cN+, AJCC Cancer Staging 7th edition) rectal
cancer (LARC).3,4

However, two main clinical dilemmas remain. The
first problem is the high metastasis rate of 25�40%,
which is the main cause of treatment failure in patients
with LARC. The second is the low complete response
(CR) rates of 10-30%.3 Therefore, an ongoing paradigm
shift in the approach to the administration of chemora-
diation has been noted based on the results of several
recent pivotal trials.5 Total neoadjuvant therapy (TNT), a
strategy of intensified induction chemotherapy com-
bined with neoadjuvant chemoradiotherapy or short-
course radiotherapy, appears to improve compliance,
increase disease-free survival (DFS), and facilitate a bet-
ter short-term response.6,7 Meanwhile, overall survival
benefit was not observed and DFS was improved less
than 10%. Nevertheless, the potential to increase the
response rate and reduce the incidence rate of metastasis
still exist with the discovery of other effective biomarkers
in addition to standard clinical features that are consid-
ered during the exploration of treatment strategies.

Circulating tumour DNA (ctDNA) has become a
promising noninvasive biomarker for the dynamic mon-
itoring of the tumour burden, with proven utility in pre-
dicting the prognosis8�11 and monitoring the treatment
response of patients with multiple tumour types. Multi-
ple types of cfDNA-based biomarkers and multiple strat-
egies have been studied in the field.12�14 Due to the
limited yield of cfDNA from one blood draw, a single
approach was used to profile a single type of biomarker
in most previous studies, and the performance of differ-
ent biomarkers or strategies was difficult to
compare.15�17 Researchers have not determined
whether different cfDNA-based biomarkers can be com-
bined to obtain a better detection of MRD, either.

In this study, we applied a technology supporting
multiple tests of one cfDNA sample with different
approaches, and we profiled multiple sets of biomarkers
to obtain a head-to-head comparison of the performance
of MRD detection and prognostic prediction.
Methods

Ethics
This multicentre, open-label, prospective phase II/III
randomized trial was approved by the Ethics Committee
of National Cancer Center, Cancer Hospital, Chinese
Academy of Medical Sciences and Peking Union Medi-
cal College (Approval Number: 16-020/1099) and was
conducted in the tertiary medical centres according to
the Declaration of Helsinki. Written informed consent
was obtained from all participants.
Patient enrolment and sample collection
This study was registered and the inclusion criteria for
patients were presented on ClinicalTrials.gov with the
number NCT02533271, STELLAR. The primary end-
point was 3-year relapse-free survival, defined as the
time from the date of randomization to the first occur-
rence of local-regional failure or distant metastasis. The
secondary objectives were 3-year local relapse-free sur-
vival, distant metastasis-free survival, and overall sur-
vival.

The tumour tissues were collected at the diagnostic
stage by biopsy sampling, and peripheral blood was
www.thelancet.com Vol 78 Month April, 2022
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collected in EDTA Vacutainer tubes (BD Diagnostics;
Franklin Lakes, NJ, USA) and centrifuged within 2 h of
collection at 4000 £ g for 10 min to separate plasma
and blood cells. Plasma was centrifuged a second time
at 12,000 £ g for 10 min at 4°C to remove any remain-
ing cellular debris and stored at -80°C.
Neoadjuvant therapy
Patients enrolled were randomly assigned in a 1:1 ratio
to short-course preoperative radiotherapy (SCPRT, 5 Gy
x 5 alone) with neoadjuvant chemotherapy (NCT) (4
cycles of capecitabine plus oxaliplatin regimen) and pre-
operative long-course chemoradiotherapy (2 Gy x 25
with capecitabine). The treatment strategies in these
two groups were described in detail in STELLAR regis-
tration file. Clinical serum levels of the biomarkers car-
cinoembryonic antigen (CEA) and carbohydrate antigen
19-9 (CA 19-9) were monitored at baseline, before sur-
gery and after surgery. CEA and CA19-9 levels were
measured with immunoelectrochemiluminescence,
with CEA concentrations of < 5.0 ng/mL and CA19-9
concentrations of < 27.0 U/mL considered within the
reference range. Chest/abdominal/pelvic CT scans were
performed every 3 months during the first two years
and then every 6 months for a total of 5 years. Clinicians
were blinded to the ctDNA results during the courses of
neoadjuvant therapy.
DNA extraction and library preparation
Genomic DNA (gDNA) was extracted from fresh frozen
tumour biopsies and WBCs with the QIAamp DNA Mini
Kit (Qiagen; Germantown, MD, USA), and cfDNA was
extracted from 1.5-4.5 mL of plasma with the Apostle Mini-
Max cfDNA isolation kit (C40605, Apostle; San Jose, CA,
USA). Targeted sequencing of a panel of 509 genes or
exomes was performed using genomic DNA obtained
from tumour tissue andWBCs as previously described.18
Identification of somatic mutations
Briefly, the raw data (FASTQ file) were aligned to the
UCSC human reference genome hg19 using Bur-
rows�Wheeler aligner software (BWA, v0.7.15). Basic
processing, marking duplicates, local realignments and
score recalibration were performed using The Genome
Analysis Toolkit (GATK, v3.6), Picard (v2.7.1) and Sam-
tools (v1.3.1). Candidate somatic mutations were
detected by comparing sequencing data from tumour
tissue samples with MuTect1 and Strelka. All selected
mutations were further validated by performing a man-
ual inspection using Integrated Genome Viewer (IGV).
Personalized assay to profile multiple mutations
For each patient, we selected up to 22 somatic muta-
tions from the tumour tissue. We designed customized
www.thelancet.com Vol 78 Month April, 2022
primers targeting the mutations and used the primers
to profile the matched cfDNA with Mutation Capsule
technology as previously described.18 Briefly, the cfDNA
was ligated to a customized adaptor and amplified to
produce a whole genome library that was subsequently
used as a template and amplified with customized pri-
mers. Multiplex PCR primer pairs for the two rounds of
nested amplification were designed using Oligo soft-
ware (v7.53) and their uniqueness were verified in the
human genome (http://genome.ucsc.edu/) to ensure
amplification efficiency. In the first round of amplifica-
tion, the whole genome library was amplified in 9 cycles
of PCR using a target-specific primer and a primer
matching the adapter sequence. A second round of 14
cycles of amplification was performed with one pair of
nested primers matching the adapter and the target
region to further enrich the target region and add the
Illumina adapter sequences to the construct. The final
libraries were sequenced using the Illumina NovaSeq
6000 platform at a median depth of 6835£ after remov-
ing duplicate molecules. The median on-target ratio of
reads mapped to the target region was 80%.

The clean reads were mapped to the human refer-
ence hg19 genome using 'BWA (v0.7.15) mem'19 with
the default parameters. Samtools mpileup20 was used
to identify somatic mutations, including SNVs and
INDELs, across the targeted regions of interest. Each
uniquely labelled template was amplified, resulting in a
certain number of daughter molecules with the same
sequence (defined as a UID family). If a mutation is
pre-existing in the template molecule (original cfDNA)
used for amplification, the mutation should be present
in each daughter molecule containing the UID (barring
any subsequent replication or sequencing errors). A
UID family in which at least 80% of the family mem-
bers have the same mutation is called the EUID family,
indicating that it harbours a mutation that should be
true instead of a false-positive mutation due to amplifi-
cation or sequencing error.21 The mutant allelic fraction
was calculated by dividing the number of alternative
EUID families by the sum of alternative and reference
families. Tissue-specific mutations with at least one dis-
tinct paired duplex EUID family or four distinct EUID
families were subsequently manually checked in IGV
and verified using a cross-validation method. The candi-
date mutations were annotated with Ensemble Variant
Effect Predictor (VEP).20
Development and validation of the ctDNA/cfDNA ratio
model
The ctDNA/cfDNA ratio model was developed to esti-
mate the ctDNA fraction based on allelic fraction and
sequencing depth of somatic mutations in tumour tis-
sue and matched plasma cfDNA. For each traced
somatic mutation, we determined the mutant allelic
fraction in the plasma and compared it with the
3
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frequency in the primary tumour. The sample-level esti-
mated ctDNA fraction was determined with maximum
likelihood estimation.22
CNAs analysis
The raw sequencing data were treated as described
above, and the next segmentation analysis was per-
formed using QDNASeq (v1.14.0). The resulting output
files were summarized using R software (v4.0.3). Over-
lap analysis was performed using bedtools (v2.17.0) and
plotted with UpSetR (v1.4.0) within the R package
(v4.0.3). Chromosome arm-level alterations show can-
cer-specific patterns. For example, a hierarchical cluster-
ing analysis of mean arm-level calls performed across
3,000 TCGA samples revealed that gastrointestinal
tumours clustered with gains of chromosomes 8q, 13q,
and 20.23 Some of these CNAs, including gains of chro-
mosomes 1q, 8q, 7,12q, 13q, and 20q and loss of chro-
mosomes 1p, 20p, and 22q,24�26 were also recurrently
identified in our cohort as hot CNAs (34 baseline
plasma samples from patients with LARC compared
with 70 plasma samples from healthy controls). There-
fore, we defined the CNA number as the sum of hot
chromosome arms altered (|Z| > 2) to represent the
level of copy number variation.23,27
Statistics
In this clinical cohort-based investigative study, the pri-
mary aim was to test the hypothesis that changes in the
ctDNA fraction during treatment dynamically reflect
minimal residual disease. Correlation analysis between
input and estimated ctDNA in ctDNA fraction model
and analysis of variance for the assessment of longitudi-
nal plasma samples were the exploratory studies.
Method for hypothesis testing and survival analysis was
commonly used by previous researchers. Specifically,
correlation analysis used Spearman’s correlation analy-
sis. For continuous variables, differences in ctDNA frac-
tions between recurrence and non-recurrence groups
were assessed with Mann�Whitney (rank sum) test,
ctDNA fractions across treatment courses of NAT were
assessed by Kruskal-Wallis test and post hoc using
Dunn's multiple comparisons test, and the ctDNA frac-
tion was assessed for patients with paired baseline and
post-NAT data using Wilcoxon matched-pairs signed
rank test. Differences in clinical characteristics between
patients with positive and negative ctDNA fractions
were evaluated with Fisher’s exact test for categorical
variables. These statistical analyses were performed
with Prism 8 software (v8.4.3). Relapse-free survival
(RFS) was measured from the date of randomization to
the first occurrence of local-regional failure or distant
metastasis. The univariate analysis was conducted using
the Kaplan�Meier method with the log-rank test. HR
values were calculated using univariate Cox
proportional hazard models. The multivariate analysis
was based on the Cox proportional hazard model in
which the common important factors, such as age, sex,
and clinical risk (according to the ESMO guidelines)
were included. The survival model was evaluated with
the C-index. The Kaplan�Meier curves were verified by
performing a time-dependent receiver operating charac-
teristic (ROC) curve analysis, and the area under the
curve (AUC) was calculated to evaluate the prognostic
performance. These analyses were performed using R
software (v4.0.3). P values < 0.05 from a 2-sided test
were considered statistically significant in all analyses.
A sample of fifty patients was needed to achieve the
power of 0.8 in this study as previously described.28
Role of the funding source
The sponsors did not have any role in the study design,
data collection, data analyses, interpretation, or writing
of the manuscript.
Results

Patient characteristics and tissue mutation
identification
Patients with locally advanced rectal cancer (n = 82; cT3-
4N0 or cTanyN1-2) were enrolled in the trial from
December 30, 2016, to October 8, 2018. Twenty-two
patients were excluded due to the lack of plasma sam-
ples obtained after NAT (Figure 1a). Thirty-one patients
were treated with long-course neoadjuvant chemoradio-
therapy (LCRT), and 29 patients were treated with
short-course neoadjuvant radiotherapy (SCPRT) with
neoadjuvant chemotherapy (Table 1). The median fol-
low-up period was 33.25 months (range, 9.63�42.43
months). Seventeen (28.33%) patients were diagnosed
with local relapse or metastasis during follow-up,
including 5/17 (29.41%) with local relapse, 6/17
(35.29%) with liver metastasis and 6/17 (35.29%) with
lung metastasis (Table S1).

One hundred ninety-six blood samples were avail-
able during the treatment process, including baseline
(collected before NAT, n = 42), in-process (collected dur-
ing NAT, n = 35), post-NAT (collected 2 weeks after
SCPRT or LCRT, n = 60) and pre-TME (collected before
surgery, n = 59) samples (Figure 1a). We performed tar-
geted sequencing with a panel of 509 genes or exome
sequencing on the genomic DNA isolated from the
tumour tissue and matched WBCs, and then identified
a median of 51 (range, 3-177) somatic mutations in each
tumour (Table S2). The mutational landscape of the top
15 most significantly mutated genes in the cohort was
shown in Figure 1b. Customized primers were designed
to profile up to 22 somatic mutations in the matched
cfDNA with Mutation Capsule technology (Table S3) as
previously described.18
www.thelancet.com Vol 78 Month April, 2022



Figure 1. Schematic of the sample collection procedure and mutation landscape. (a) Patient enrolment, sample collections, experi-
mental design and analysis of clinical endpoints. (b) Mutation landscape of tumour tissues and clinical characteristics of the 60
patients with LARC in our cohort. LARC, locally advanced rectal cancer; WBC, white blood cell; NAT, neoadjuvant therapy; SCPRT,
short-course preoperative radiotherapy; LCRT, long-course neoadjuvant chemoradiotherapy; TME, total mesorectal excision; CRC,
colorectal cancer; CNAs, copy number alterations; CEA, carcinoembryonic antigen; CA19-9, carbohydrate antigen 19-9; MRF, meso-
rectal fascia; EMVI, extramural venous invasion; RFS, relapse-free survival.
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Characteristics Baseline ctDNA

fraction (n=42)

In-process ctDNA

fraction (n=35)

Post-NAT ctDNA

fraction (n=60)

Positive

(n=35)

Negative

(n=7)

P Positive

(n=17)

Negative

(n=18)

P Positive

(n=14)

Negative

(n=46)

P

Age, years

Mean 53 54 55 56 52 53

Range 29-68 36-64 36-68 31-67 38-66 29-68

Sex, n (%)

Male 21 6 0.3898 13 12 0.7112 10 32 >0.9999

Female 14 1 4 6 4 14

Clinical T stage, n (%)

cT1-2 0 0 >0.9999 0 1 >0.9999 0 1 >0.9999

cT3-4 35 7 17 17 14 45

Clinical N stage, n (%)

cN0 4 2 0.2574 1 4 0.3377 0 6 0.3201

cN1-3 31 5 16 14 14 40

Neoadjuvant treatment, n (%)

SCPRT 18 2 0.4143 8 3 0.0750 8 21 0.5474

LCRT 17 5 9 15 6 25

Pathological T stage, n (%)

ypT0-2 14 2 0.6562 5 7 0.4495 5 6 0.0359(*)

ypT3-4 13 4 9 6 5 32

Unknown 8 1 3 5 4 8

Pathological N stage, n (%)

ypN0 21 4 0.6162 11 3 0.0070(**) 6 30 0.2412

ypN1-2 6 2 3 10 4 8

Unknown 8 1 3 5 4 8

Pathological complete response, n (%)

Yes 3 0 >0.9999 2 2 >0.9999 1 4 >0.9999

No 24 6 12 11 9 34

Unknown 8 1 3 5 4 8

Adjuvant chemotherapy, n (%)

Yes 19 1 0.0961 9 6 0.3145 5 24 0.3652

No 16 6 8 12 9 22

Pre-op CEA, n (%)

Positive 5 1 >0.9999 2 3 >0.9999 3 6 0.4194

Negative 26 6 15 14 10 37

Unknown 4 0 0 1 1 3

Pre-op CA19-9, n (%)

Positive 3 0 >0.9999 1 1 >0.9999 2 2 0.1865

Negative 27 6 14 16 9 40

Unknown 5 1 2 1 3 4

RFS events, n (%)

Yes 8 1 >0.9999 6 2 0.1212 13 4 <0.0001(****)

No 27 6 11 16 1 42

OS events, n (%)

Yes 3 0 >0.9999 3 0 0.1039 4 1 0.0088(**)

No 32 7 14 18 10 45

Abbreviation SCPRT, short-course preoperative radiotherapy; LCRT, long-course chemoradiotherapy; CEA, carcinoembryonic

antigen; CA19-9, carbohydrate antigen 19-9; RFS, relapse-free survival; OS, overall survival.

Table 1: Clinicopathological characteristics and clinical endpoint, according to ctDNA fraction status (P-value determined by Fisher's
Exact Test).

Articles

6

Construction of the plasma ctDNA fraction model
Due to the low fraction of residual ctDNA in plasma, the
number of cfDNA molecules from one blood draw pro-
filed for a particular mutation site (distinct coverage)
might be insufficient to detect the mutation, and the
detected allelic fraction of one mutation might not
accurately represent the ctDNA fraction. Here, we estab-
lished a model to estimate the ctDNA fraction based on
allelic fraction and sequencing depth of somatic muta-
tions in tumour tissues and paired plasma samples
(Figure 2a). For each traced somatic mutation, we deter-
mined the mutant allelic fraction in plasma and
www.thelancet.com Vol 78 Month April, 2022



Figure 2. ctDNA/cfDNA ratio model based on personalized assay. (a) Design principle of ctDNA/cfDNA ratio model. A model to esti-
mate the ctDNA fraction based on allelic fraction and sequencing depth of somatic mutations in tumour tissue and paired plasma
samples. (b) Biological noise of the 60 plasma samples from patients. The background ctDNA fraction for each sample was calcu-
lated based on nontumour-specific mutations. (c) ctDNA fractions are shown as mean § SD values in patients with recurrence
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compared it with the fraction in the primary tumour.
The sample-level estimated ctDNA/cfDNA ratio (ctDNA
fraction) was determined with maximum likelihood
estimation.

We determined the fraction of mutations that were
not detected in the matched tumour sample to evaluate
the biological noise of random mutations in the cfDNA
from the patients in this cohort. We calculated a set of
ctDNA fractions based on these non-tumour-specific
mutations in the 60 LARC samples and found the back-
ground fractions to be lower than 0.05% (Figure 2b,
mean = 0.0021%, maximum = 0.032%). The ctDNA
fractions of these samples based on tumour-specific
mutations were distinct from background fractions
(mean = 0.45%, maximum = 12.74%). We classified the
ctDNA fraction as positive or negative with a cut-off of
0.05% in further analyses to avoid false-positive MRD
detection from background noise mutations (Figure 2b).
The association between the post-NAT ctDNA fraction
and survival
For the 60 patients with LARC, a median of 17 somatic
mutations (1-22 mutations per person, total = 824) were
tracked for each patient in ctDNA. At the post-NAT
assessment, 24.64% (203/824) of the tracked muta-
tions were detected with an average allelic fraction of
1.36%, and the ctDNA fraction ranged from 0 to
12.74%. Among the 17 patients with recurrence,
76.47% (13/17) carried a positive (� 0.05%) ctDNA frac-
tion in the post-NAT blood sample, while only one
(2.33%) of the 43 patients without recurrence exhibited
a positive ctDNA fraction (Figure 2c, d), achieving
76.47% sensitivity and 97.67% specificity in recurrence
prediction (Table S4). The differences in the ctDNA
fraction between the recurrence group (n = 17) and the
nonrecurrence group (n = 43) were significant (Man-
n�Whitney test, P < 0.0001) (Figure 2c). Patients with
a positive ctDNA fraction (MRD-positive) in post-NAT
samples showed a significantly higher risk of recurrence
than MRD-negative patients (HR = 27.38; 95% CI, 8.61-
87.06; log-rank P < 0.0001) (Figure 3a). During the 3-
year follow-up, five patients died from metastatic dis-
ease, and four of them were MRD-positive. The
Kaplan�Meier analysis revealed shorter overall survival
(OS) in patients with a positive ctDNA fraction
(HR = 17.78; 95% CI, 1.94-162.60; log-rank
P = 0.00054) (Figure 3b). The post-NAT ctDNA fraction
showed a considerable risk classification capability for
(n = 17) and nonrecurrence (n = 43) (Mann�Whitney test, ****, P <

fractions for all patients (n=60). The left panel shows the mutations
plasma samples (top bar in each patient) from 60 patients. Colour gra
plasma MAF. The right panel shows the post-NAT ctDNA fractions for e
culating tumour DNA; cfDNA, cell-free DNA; MAF: mutant allelic fracti
plasma sample; Di : sequencing depth in the plasma sample; Ai : muta
mutations in the plasma sample; and R: overall ctDNA concentration; SD
distant metastasis-free survival (HR = 17.37; 95% CI,
4.62-65.28; log-rank P < 0.0001) (Figure S1a) and local
relapse-free survival (HR = 20.59; 95% CI, 2.26-187.40;
log-rank P = 0.00016) (Figure S1b). The post-NAT
ctDNA fraction status remained a strong predictor of
RFS in both the LCRT group (HR = 31.62, 95% CI:
8.40-118.90, log-rank P < 0.0001) and the SCPRT
group (HR = 23.61, 95% CI: 6.68-83.44, log-rank P <

0.0001).
We further compared the predictive value of the per-

sonalized assay (ctDNA fraction) with known risk fac-
tors of disease recurrence, including pathological
diagnosis and protein biomarkers. The clinical risk was
classified as high (ypT3-4 or ypN+) or low (ypT0-2 and
ypN0) based on the European Society for Medical
Oncology (ESMO) guidelines. The RFS outcomes of
risk assessments based on the clinical risk were
HR = 2.55; 95% CI, 0.70-9.28; log-rank P = 0.14
(Figure 3c). The post-NAT ctDNA fraction remained a
strong predictor of recurrence among patients with
pathological high risk (HR = 21.27; 95% CI, 5.15-87.92;
log-rank P < 0.0001) or low risk (HR = 16.39; 95% CI,
1.46-184.30; log-rank P = 0.0023) (Figure 3d, e). In addi-
tion, post-NAT CEA and CA19-9 concentrations were
available for 56 and 53 patients, respectively, with CEA
positivity detected in 9 patients and CA 19-9 positivity
detected in 4 patients. Among patients with available
protein biomarkers, the RFS prediction based on CEA
levels was HR = 1.21; 95% CI, 0.34-4.25; log-rank
P = 0.77 and that for CA 19-9 levels was HR = 1.06;
95% CI, 0.14-8.11; log-rank P = 0.96 (Figure S1c, d).
Both protein markers exhibited high specificity
(85.00% and 92.31%, CEA and CA 19-9, respectively)
but low sensitivity (18.75% and 7.14%, CEA and CA 19-
9, respectively). On the other hand, the clinical risk
showed a high sensitivity (76.92%) but low specificity
(48.57%) (Table S4). In the receiver operating character-
istic curve analysis of the ctDNA fraction and clinical
risk, the ctDNA status had a higher AUC than any tradi-
tional risk factor (Personalized assay, AUC = 0.87; CEA
level, AUC = 0.52; CA19�9 level, AUC = 0.49; clinical
risk, AUC = 0.63) (Figure S2). The combination with
the clinical risk did not increase the accuracy of RFS
estimation obtained with the ctDNA fraction (Table
S1). In the multivariate analysis based on the Cox
proportional hazard model of the ctDNA fraction,
age, sex, and clinical risk, the post-NAT ctDNA frac-
tion by personalized assay was still the strongest
independent risk factor for predicting recurrence
0.0001). (d) Summary of somatic mutations and post-NAT ctDNA
in tumour (bottom bar in each patient) and matched post-NAT
dations represent the ratio of the MAF to the maximum tissue or
ach patient. Patients with recurrence are shown in red. ctDNA, cir-
on; Pti : MAF in solid tumour tissue; Pci : MAF in the corresponding
tion read number in the plasma sample; Xi : observed reads with
, standard deviation; NAT, neoadjuvant therapy.
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Figure 3. Kaplan�Meier estimates of RFS and OS according to ctDNA fraction. (a) Kaplan�Meier survival analysis showing the prob-
ability of RFS as determined by the ctDNA fraction detected in post-NAT plasma samples (n = 60). The patient was classified as posi-
tive if the post-NAT ctDNA fraction was � 0.05%. (b) Kaplan�Meier estimates of OS based on the post-NAT ctDNA fraction (n = 60).
(c) RFS stratified by clinical risk (n = 48): high clinical risk (ypT3-4 or ypN+) and low clinical risk (ypT0-2 and ypN0). (d and e) RFS strat-
ified by post-NAT ctDNA fraction in patients at (d) high clinical risk (n = 28) and (e) low clinical risk (n = 20). (f) Multivariate Cox pro-
portional hazard analysis including traditional predictors and post-NAT ctDNA fraction (n = 48). RFS, relapse-free survival; OS, overall
survival; ctDNA, circulating tumour DNA; NAT, neoadjuvant therapy; neg, negative; pos, positive; AIC, akaike information criterion.
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Figure 4. Dynamics of ctDNA fraction during treatment. (a) Longitudinal changes in the ctDNA fraction status, treatment strategies
and disease outcomes. (b) ctDNA fractions are shown as median § IQR values in different courses of NAT (Dunn's multiple compar-
isons test, ns., P > 0.05; *, P = 0.015; ***, P = 0.0009; ****, P < 0.0001). (c) Dynamics of ctDNA fraction in 42 patients with both base-
line and post-NAT samples; the dark dotted line indicates the cut-off of 0.05%. (d) Relationships between the RFS time and ctDNA
fraction intensity, and RFS time is shown as mean § SD values. (e) Detailed description of changes in the cfDNA fractions over time
for patients FL126 and FL199. ctDNA, circulating tumour DNA; IQR, interquartile range; NAT, neoadjuvant therapy; RFS, relapse-free
survival; SD, standard deviation; pCR, pathological complete response; cCR, clinical complete response; PD, progressive disease.

Articles

10 www.thelancet.com Vol 78 Month April, 2022



Articles
(HR = 17.96; 95% CI, 5.29�60.93; log-rank P <

0.001) (Figure 3f).
Longitudinal status and intensity of ctDNA fraction
during neoadjuvant therapy
We next checked longitudinal status of the ctDNA frac-
tion and its possible association with the disease course,
therapeutic effect and survival status of all 60 patients
(Figure 4a). Compared with baseline and in-process
samples, a clear trend of a reduced post-NAT ctDNA
fraction was observed in both the recurrence and nonre-
currence groups (Figure 4b), which highlighted the sig-
nificant therapeutic effect of NAT. We noticed a more
substantial reduction in the ctDNA fraction during base-
line, in-process and post-NAT stages within the nonre-
currence group (Dunn’s multiple comparison test,
baseline vs. in-process: P = 0.0130; baseline vs. post-
NAT: P < 0.0001; in-process vs. post-NAT:
P = 0.0009) compared to the recurrence group (Dunn’s
multiple comparison test, baseline vs. in-process: P >

0.9999; baseline vs. post-NAT: P = 0.1819; in-process
vs. post-NAT: P = 0.4114) (Kruskal�Wallis test, nonre-
currence group, P < 0.0001; recurrence group,
P = 0.113) (Figure 4b). Moreover, the post-NAT ctDNA
fraction status exhibited the strongest association with
RFS, followed by the status at the in-process (HR = 3.61;
95% CI, 0.73-17.91; log-rank P = 0.093) and baseline
stages (HR = 1.58; 95% CI, 0.20-12.67; log-rank
P = 0.66). For the 17 patients experiencing recurrence,
the median lead time between the detection of positive
post-NAT ctDNA fraction and finding of radiological
recurrence was 10.2 months (range, 0.1-33.2 months)
(Wilcoxon matched-pairs signed rank test, P = 0.0001)
(Figure S3a). We explored whether ctDNA fraction
dynamics were linked to RFS by specifically focusing on
the 42 patients with both baseline and post-NAT sam-
ples and observed a decreased ctDNA fraction in most
patients (85.71%, 36/42). For the 9 patients experiencing
recurrence, the ctDNA fraction after NAT increased in 4
(44.44%) patients and decreased but was still positive in 4
(44.44%) patients. In the nonrecurrence group (n = 33),
the ctDNA fraction decreased to undetectable levels in 30
patients (90.90%) (Figure 4c). These data showed better
predictive value of the post-NAT ctDNA fraction status
than the ctDNA fraction dynamics (HR = 7.40; 95% CI:
1.97-27.82; log-rank P = 0.00053; sensitivity of 44.44%
and specificity of 93.94%) for RFS estimation.

The ctDNA fraction (post-NAT) in MRD-positive sam-
ples varied significantly from 0.05% to 12.74%.We divided
the post-NAT samples into two groups to test if the ctDNA
fraction values were correlated with the recurrence status:
highly positive ctDNA fraction (� 1%) andmoderately posi-
tive ctDNA fraction (0.05%-1%). The RFS of the 3 patients
with highly positive post-NAT ctDNA fractions was shorter
(< 200 days) than that of the moderately positive group
(Figure 4d). In patient FL126 with two post-NAT plasma
www.thelancet.com Vol 78 Month April, 2022
samples, the ctDNA fraction in plasma was moderately
positive (0.16%) at 20 days after NAT and highly positive
(3.50%) at 141 days, and lung metastases appeared in this
patient only 43 days after the second time point
(Figure 4e). In patient FL199 with a moderately positive
ctDNA fraction (0.23%), local relapse occurred 306 days
later (Figure 4e). The dynamic ctDNA fraction in the
remaining samples was shown in Figure S4.
Clearance of the ctDNA fraction and response to
neoadjuvant therapy
Thirty-five patients with a positive ctDNA fraction at
baseline were analysed (35/42 patients) to explore the
performance of the ctDNA fraction in monitoring the
NAT response. With ctDNA clearance defined as ratio
of post-NAT ctDNA fraction to baseline ctDNA fraction
below 2% (median value of the ratio), 19 (54.29%)
patients showed no clearance at the post-NAT time
point relative to baseline ctDNA fraction values (Fig-
ures 5, S3b). For patients with or without ctDNA clear-
ance, there were 9/16 (56.25%) and 18/19 (94.74%)
exhibited nonpCR/cCR (clinical complete response),
respectively. The association between ctDNA fraction
clearance and response to neoadjuvant therapy was sig-
nificant (Fisher's exact test, P = 0.013).
MRD detection with a universal panel of CRC driver
genes
We profiled the tumour and cfDNA samples with a
panel of 15 genes frequently mutated in colorectal can-
cer16 to investigate whether a universal panel might
achieve similar results for the RFS estimate (Table S5).
Among the 57 patients (57/60, 95%) whose tumour tis-
sue harboured somatic mutations in the universal
panel, 18 were positive in post-NAT plasma samples,
where universal panel positivity was defined as at least
one somatic mutation detected in plasma cfDNA. Posi-
tive results of the post-NAT universal panel predicted
recurrence with 66.67% sensitivity and 78.38% specific-
ity (HR = 5.18; 95% CI, 1.76-15.20; log-rank
P = 0.00086) (Table S4 and Figure 6a). The post-NAT
universal panel performed well in predicting relapse
among patients with a high clinical risk (HR = 7.01;
95% CI, 1.73-28.47; log-rank P = 0.0017) (Figure 6b)
but not in patients with a low clinical risk (HR = 4.43;
95% CI, 0.40�49.18 log-rank P = 0.18) (Figure 6c). In
the multivariate analysis based on the Cox proportional
hazard model, the post-NAT universal panel
(HR = 6.01; 95% CI, 1.68-21.50; log-rank P = 0.006)
was still the strongest independent risk factor predicting
recurrence (Figure 6d). Three patients (3/60, 5%) were
unable to be analysed using this approach, as no muta-
tions in the genes in the universal panel were identified
in the tumour sample. Compared with the personalized
assay, a small and universal panel would provide more
11



Figure 5. Association of ctDNA fraction clearance with the response to NAT. The Sankey plot shows the association of ctDNA frac-
tion clearance with the treatment response (pCR/cCR, or nonpCR/cCR) in 35 patients with positive ctDNA fraction at baseline. NAT,
neoadjuvant therapy; ctDNA, circulating tumour DNA; pCR, pathological complete response; cCR, clinical complete response.

Articles

12
convenience and availability in clinical application for
95% of patients with LARC, but the performance might
be compromised.
MRD detection with plasma CNAs
In addition to a mutation profiling, disease progression
might also be monitored by profiling copy number alter-
ations (CNAs) with low depth whole genome sequenc-
ing of cfDNA.13 Among the 34 patients with both
baseline and post-NAT CNA results, 22 patients with a
baseline CNA number � 1 were included in subsequent
analyses (Figure S5a). In these samples, we defined
baseline-specific CNAs positivity as at least one base-
line-specific hot CNA that was identified in post-NAT
plasma samples and baseline-specific CNAs negativity
as no detection of the baseline-specific hot CNAs in
post-NAT plasma samples. Baseline-specific CNAs
positivity could predict recurrence with the sensitivity of
66.67% and specificity of 100% (HR = 9.24; 95% CI,
2.28-37.40; log-rank P = 0.00017) (Figure 7a). The com-
bination of personalized assay and baseline-specific
CNA strategies exhibited the better prediction of RFS
(HR = 35.89; 95% CI, 9.93-129.80; log-rank P <

0.0001) (sensitivity = 82.35%, specificity = 97.67%).
The addition of baseline-specific CNAs also improved
the performance of the universal panel in predicting
RFS (HR = 6.58; 95% CI, 2.09-20.74; log-rank
P = 0.00022) (sensitivity = 73.33%, specificity = 78.38%).

In addition, when we used the post-NAT CNA num-
ber as an independent biomarker to predict recurrence
among all the cases (positive: hot CNA number � 2,
negative: hot CNA number < 2) without considering
the CNA status in baseline samples, the sensitivity and
specificity of the CNA biomarker were reduced to
50.00% and 94.87%, respectively (HR = 7.32; 95% CI,
www.thelancet.com Vol 78 Month April, 2022



Figure 6. Kaplan�Meier estimates of RFS according to a universal panel. (a) Kaplan�Meier survival analysis showing the probability
of RFS as determined by detecting a universal panel in post-NAT plasma samples (n = 52). (b-c) RFS determined by detecting a uni-
versal panel in patients at (b) high clinical risk (n = 24) and (c) low clinical risk (n = 17). (d) Multivariate Cox proportional hazard anal-
ysis including traditional predictors and a post-NAT universal panel in 41 patients. RFS, relapse-free survival; NAT, neoadjuvant
therapy; neg, negative; pos, positive; AIC, akaike information criterion.
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2.70-19.85; log-rank P < 0.0001) (Figure 7b) (Table S4).
The patients with positive post-NAT CNAs were more
likely to experience shorter RFS in high clinical risk
cases (HR = 5.53; 95% CI, 1.46-20.98; log-rank
P = 0.0049) (Figure 7c). It showed trend in low clinical
risk cases but the sample size was small (Figure 7d).
The post-NAT CNAs remained an independent predic-
tor of recurrence when incorporated into a model
including traditional predictors (HR = 9.52; 95% CI,
2.14-42.26; log-rank P = 0.003) (Figure 7e). The combi-
nation of personalized assay and post-NAT CNAs
showed 88.24% sensitivity and 93.02% specificity
(HR = 38.88; 95% CI, 8.51-177.60; log-rank P <

0.0001). The combination of the universal panel and
post-NAT CNAs showed 81.25% sensitivity and 73.68%
specificity (HR = 8.05; 95% CI, 2.28-28.42; log-rank
www.thelancet.com Vol 78 Month April, 2022
P = 0.00012). The summary of mutation profiling
results (personalized assay and universal panel), CNA
profiling and the RFS status were shown in Figure 7e.
Discussion
Neoadjuvant chemoradiotherapy is the standard therapy
for patients with locally advanced rectal cancer, but
treatment strategies to control distant metastases are
constantly being updated. The lack of dynamic circulat-
ing biomarkers during treatment and short-course sub-
stitution of clinical endpoints limits the timely
evaluation of curative effects and therefore may be
responsible for insufficient treatment or overtreatment.

Several studies show that the presence of ctDNA
after surgery is associated with a high risk of recurrence
13



Figure 7. Kaplan�Meier estimates of RFS according to CNA profiling. (a and b) Kaplan�Meier survival analysis showing the proba-
bility of RFS as determined by (a) baseline-specific CNAs (n = 22) and (b) post-NAT CNAs (n = 55). (c and d) RFS determined by post-
NAT CNAs detected in patients at (c) high clinical risk (n = 24) and (d) low clinical risk (n = 19). (e) Multivariate Cox proportional haz-
ard analysis including traditional predictors and post-NAT CNAs in 45 patients. (f) Summary of mutation profiling results (a personal-
ized assay and a universal panel), CNA profiling results and the RFS status. CNAs, copy number alterations; NAT, neoadjuvant
therapy; RFS, relapse-free survival; CRC, colorectal cancer; neg, negative; pos, positive; AIC, akaike information criterion.
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in patients with colorectal cancer, where the sensitivity
could be 40�50% in predicting relapse.15�17 In other
studies, different types of cfDNA-based biomarkers and
different strategies have been applied to detect MRD
and to predict the prognosis of patients with
CRC.29�31 Due to the limited yield of cfDNA from
one blood draw, only one approach was tested in the
cohort of one study, and the performance of the
markers and strategies have rarely been compared
head-to-head in the same cohort.

In the present study, we applied a technology, Muta-
tion Capsule, to profile different sets of biomarkers in
the same cfDNA sample. In this case, we can compare
the MRD based on different strategies, including
tumour-informed personalized assay, universal panel of
key driver genes, as well as tumour-naive CNA profiling.
Although the tumour-informed personalized assay
shows the highest accuracy in the detection of MRD,
this solution requires a series of processes, including
profiling tumour tissue, designing personalized assays,
and profiling cfDNA with the assay. The complicated
process takes a longer time and requires more labour.
The universal panel avoids the long turnaround time by
profiling the tumour and matched cfDNA with the
same panel at the same time. However, the perfor-
mance was compromised and some cases were not
www.thelancet.com Vol 78 Month April, 2022
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available by this solution. The tumour-naive CNA solu-
tion has further waived the requirement for tumour tis-
sue, making it suitable for the scenario where tumour
tissues are not available or an additional biopsy must be
performed to obtain tissue.12,32 In addition, mutation
profiling and CNAs exhibited a complementary pattern
in the detection of recurrence cases, and the combina-
tion of these two types of biomarkers enhanced the pre-
diction of RFS. A larger cohort and more patients are
needed to further validate the predictive value of this
complicated combination of biomarkers.

Our results revealed potential applications of a
post-NAT ctDNA analysis in predicting recurrence
before surgery. Previous studies have shown the
value of a postoperative ctDNA analysis in patients
with colorectal cancer.15,16,33 However, 4�10 weeks
may be needed to collect postoperative blood samples
and at least 3 weeks for the analysis of cfDNA. A
greater than 6-week delay in the administration of
adjuvant chemotherapy has been reported to reduce
survival.34 Recently, total neoadjuvant therapy with
intensified chemotherapy improved DFS by decreas-
ing metastasis in two randomized trials.6,7 The post-
NAT analysis provides an opportunity to predict the
prognosis before surgery, and thus adjuvant chemo-
therapy, even ideally intensified neoadjuvant chemo-
therapy, may be precisely administered to those at
high risk of recurrence in a timely manner.

This study had several limitations. First, the sample
size was modest, and a limited number of patients were
included in each subgroup, such as longitudinal plasma
samples or patients who accepted LCRT/SCPRT. Sec-
ond, intervention studies are required to explore the
potential clinical utility of ctDNA to guide therapeutic
decision-making and to determine whether the admin-
istration of neoadjuvant chemotherapy under ctDNA
guidance may exert a positive effect on survival.

In conclusion, this study of patients with LARC
indicated that the ctDNA fraction at the post-NAT
time point was a highly sensitive indicator defining a
patient population at high risk of recurrence that
was superior to clinicopathological measures cur-
rently used to guide adjuvant chemotherapy deci-
sions. Notably, the CNAs analysis improved the
performance of MRD detection and the risk classifi-
cation ability of both the personalized assay and the
universal panel. They may have the potential to
guide neoadjuvant therapy intensity.
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