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Circulating Tumor DNA in Stage III Colorectal Cancer,
beyond Minimal Residual Disease Detection, toward
Assessment of Adjuvant Therapy Efficacy and Clinical
Behavior of Recurrences
Tenna Vesterman Henriksen1,2, Noelia Tarazona3,4, Amanda Frydendahl1,2, Thomas Reinert1,2,
Francisco Gimeno-Valiente3, Juan Antonio Carbonell-Asins3,5, Shruti Sharma6, Derrick Renner6,
Dina Hafez6, Desamparados Roda3,4, Marisol Huerta3, Susana Rosell�o3,4, Anders Husted Madsen7,
Uffe S. Løve8, Per Vadgaard Andersen9, Ole Thorlacius-Ussing10, Lene Hjerrild Iversen11,
Ka

�
re Andersson Gotschalck12, Himanshu Sethi6, Alexey Aleshin6, Andres Cervantes3,4, and

Claus Lindbjerg Andersen1,2

ABSTRACT
◥

Purpose: Sensitive methods for risk stratification, monitoring
therapeutic efficacy, and early relapse detection may have a major
impact on treatment decisions and patientmanagement for stage III
colorectal cancer patients. Beyond assessing the predictive power of
postoperative ctDNA detection, we explored the added benefits of
serial analysis: assessing adjuvant chemotherapy (ACT) efficacy,
early relapse detection, and ctDNA growth rates.

Experimental Design: We recruited 168 patients with stage III
colorectal cancer treated with curative intent at Danish and Spanish
hospitals between 2014 and 2019. To quantify ctDNA in plasma
samples (n ¼ 1,204), 16 patient-specific somatic single-nucleotide
variants were profiled using multiplex-PCR, next-generation
sequencing.

Results: Detection of ctDNA was a strong recurrence predictor
postoperatively [HR ¼ 7.0; 95% confidence interval (CI), 3.7–13.5;
P < 0.001] and directly after ACT (HR ¼ 50.76; 95% CI, 15.4–167;

P < 0.001). The recurrence rate of postoperative ctDNA-positive
patients treated with ACT was 80% (16/20). Only patients who
cleared ctDNA permanently during ACT did not relapse. Serial
ctDNA assessment after the end of treatment was similarly pre-
dictive of recurrence (HR¼ 50.80; 95%CI, 14.9–172;P< 0.001), and
revealed two distinct rates of exponential ctDNA growth, slow (25%
ctDNA-increase/month) and fast (143% ctDNA-increase/month;
P < 0.001). The ctDNA growth rate was prognostic of survival
(HR¼ 2.7; 95%CI, 1.1–6.7;P¼ 0.039). Serial ctDNAanalysis every 3
months detected recurrence with a median lead-time of 9.8 months
compared with standard-of-care computed tomography.

Conclusions: Serial postoperative ctDNA analysis has a strong
prognostic value and enables tumor growth rate assessment. The
novel combination of ctDNA detection and growth rate assessment
provides unique opportunities for guiding decision-making.

See related commentary by Morris and George, p. 438

Introduction
Colorectal cancer is a major health burden worldwide (1).

Patients with stage III disease have high risk of recurrence, indi-
cating that a subset have residual disease (2). To eliminate potential
residual disease, guidelines recommend selecting stage III patients
for adjuvant chemotherapy (ACT; ref. 3). However, not all stage III

patients have residual disease. It is estimated that 70% are cured by
surgery alone (2, 4, 5). Thus, a more precise way to select patients
for ACT would be to detect evidence of residual disease directly,
thereby sparing the patients cured by surgery of the toxic side effects
associated with ACT.

In addition, there are currently no biomarkers that can accurate-
ly monitor patients’ response to ACT. Treatment failure is not
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recognized until clinical recurrence is diagnosed. Thus, the ability to
determine which patients would recur despite completing ACT
would potentially allow placing these patients on an accelerated
path to receive additional therapy or intensified surveillance. Today,
guidelines recommend radiological surveillance every 6 to
12 months for all patients (3, 6). The reported rate of recurrence
in stage III patients is approximately 30% (3, 5, 7). Consequently,
approximately 70% of patients who undergo routine posttreatment
radiological surveillance do not recur. This indicates an unmet need
to better allocate the available surveillance resources to high-risk
patients.

Circulating tumor DNA (ctDNA) has emerged as a promising
noninvasive biomarker for detection of cancer (8). Several studies
have shown postoperative ctDNA detection to be associated with a
high risk of recurrence (9–14). Detection of ctDNA can be inter-
preted as molecular confirmation of subclinical residual disease, and
the level of ctDNA as a proxy of tumor burden. An advantage of
ctDNA analysis is the ability to assess the ctDNA concentration
serially, in principle enabling continuous assessment for molecular
recurrence and changes in tumor burden, for example, reflecting
treatment response.

Although randomized studies have shown a beneficial effect of ACT
in unselected stage III colorectal cancer patients (15–17), it is currently
unknown if those with postoperative ctDNA also benefit from ACT.
While this ideally should be explored in randomized studies, serial
ctDNA assessments before, during and after ACT could potentially
give a first indication.

Here, we report results from a prospective, multicenter study
exploring the clinical utility of serial ctDNA assessment in a
homogenous cohort of patients with stage III colorectal cancer.
Analysis included samples at diagnosis, postoperative, during adju-
vant therapy and routine follow-up. Beyond confirming the asso-
ciation of postoperative ctDNA detection with high relapse risk, we
also explored the added benefit of serial ctDNA analysis, which
included the assessment of ACT efficacy, early relapse detection, and
ctDNA growth rates and their association with the clinical behavior
of relapsing disease.

Materials and Methods
Subjects and study design

This international, multicenter study recruited consecutive stage III
colorectal cancer patients (N ¼ 168) treated at six Danish hospitals
between July 2014 and February 2019 and the Hospital Clínico
Universitario de Valencia in Spain between June 2016 and December
2018. Patients were eligible if scheduled for curative intent treatment,
and no metastatic disease was evident on CT of chest, abdomen, and
pelvis before surgery. The patient and physician made the ACT
treatment decision blinded to the ctDNA result. All patients were
treated and monitored according to established National Guidelines.
Standard ACT treatment was fluoropyrimidine � oxaliplatin for
6 months. Twenty-one patients did not receive ACT either due to
old age, postsurgical complications, being evaluated in too poor
condition by the treating physician, or refusing the recommended
ACT for personal reasons. For Danish patients, CT imaging was
standardly conducted at 12 and 36 months after surgery. For Spanish
patients CT imaging was standardly conducted every 6 months after
surgery. For a subset of patients (n¼ 77), some ctDNAmeasurements
have previously been reported in the context of stage II–III colorectal
cancer (9). These results have been pooled with newly generated data
on a homogeneous cohort of patients with stage III colorectal cancer.
Analysis has been extended on longitudinal plasma samples (n¼ 374),
and we present an additional >18 months of clinical follow-up,
reaching 3 years for most patients. The Committees on Biomedical
Research Ethics in the Central Region of Denmark and the Spanish
ethics committee approved the study. The study was performed in
accordance with the Declaration of Helsinki and all participants
provided written informed consent.

Sample collection and extraction
For all 160 included patients (Fig. 1), 166 tumor biopsies were

collected from the resected primary tumor, either as fresh frozen
(n ¼ 100) or as formalin-fixed and paraffin-embedded tissue (FFPE)
(n ¼ 66). In patients with synchronous colorectal cancer tumors
(n ¼ 5), tissue was collected from all primary tumors. Blood samples
were collected in K2-EDTA 10 ml tubes (Becton Dickinson). Plasma
was isolated within 2 hours of blood collection by double centrifuga-
tion. Buffy coat was collected after the first centrifugation. Plasma and
buffy coat were stored at �80�C until use.

DNA was extracted using the Puregene DNA Purification Kit
(Gentra Systems) on fresh-frozen tumor tissue samples, and from
FFPE samples using the QiAamp DNA FFPE Tissue Kit (Qiagen).

In tissue and buffy coat, DNA was quantified by the Qubit dsDNA
BR Assay Kit (Thermo Fisher Scientific). From plasma samples
(median 8 mL; range, 1.3–10 mL) cfDNA was extracted using the
QIAamp Circulating Nucleic Acid Kit (Qiagen) and eluted into 50 mL
DNA Suspension Buffer (Sigma). Each cfDNA sample was quantified
using the Quant-iT High Sensitivity dsDNA Assay Kit (Invitrogen).

Carcinoembryonic antigen analysis
Carcinoembryonic antigen (CEA) analysis was performed on a

Cobas e601 platform (Roche), according to themanufacturer’s recom-
mendations using 500 mL serum from 1,002 serum samples covering
the 160 included patients (median 6 samples/patient, IQR: 3–14
samples/patient; Fig. 1). The threshold levels were set according to
national guidelines: in Denmark, 4.0 and 6.0 mg/L for nonsmokers and
smokers, respectively; in Spain, 3.4 and 4.3 mg/L for nonsmokers and
smokers, respectively. A person who had not smoked for 8 weeks
before sample collection was considered a former smoker.

Translational Relevance

Sensitive methods for recurrence risk stratification, monitoring
therapeutic efficacy, and early recurrence detection may have a
major impact on treatment decisions and outcomes for patients
with stage III colorectal cancer. Circulating tumor DNA assess-
ments performed postoperative, postadjuvant, and serially during
surveillance all allowed stratification of patients into high- and low-
risk groups. CtDNA detected recurrence with a significant lead-
time compared with CT imaging, and ctDNA growth rates were
prognostic of survival. Treatment of ctDNA-positive patients with
standard adjuvant therapy prevented recurrence in only 20% of
patients. Accordingly, further studies exploring the optimal treat-
ment for ctDNA-positive patients are needed, as well as interven-
tional studies assessing the clinical utility of ctDNA-based risk
stratification. A promising opportunity is risk-stratified allocation
of surveillance resources, which may improve both the cost-
effectiveness and the overall clinical outcome of surveillance.
Finally, ctDNA growth rates may identify patients who could
benefit from immediate therapeutic intervention compared with
awaiting recurrence.
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Whole-exome sequencing
A median of 500 ng (range: 181–500 ng) of genomic DNA from

tumor and germline was subjected to Illumina-adapter based library
preparation and subsequent whole exome sequencing (target size
�40 Mb) using NovaSeq platform at 2 � 100 bp paired-end sequenc-
ing. Tumor and germline samples were sequenced at an average
deduplicated on-target coverage of 180� and 50�, respectively. FastQ
files were prepared using bcl2fastq2 (RRID:SCR_015058) and quality
checked using FastQC (RRID:SCR_014583). Reads were mapped to
the human reference genome hg19 using Burrows–Wheeler Align-
ment tool (v.0.7.12, RRID:SCR_010910) and quality checked using
Picard (RRID:SCR_006525) and MultiQC (RRID:SCR_014982).
Realignment QC and post-alignment QC metrics (including the total
number of reads, deduplicate on-target coverage, uniformity of cov-
erage) were examined to ensure the quality of whole exome sequencing
data. SNP genotype concordance between tumor and matched germ-
line DNA samples was examined to identify any sample swaps.

Somatic variant calling and Signatera ctDNA assay design
Somatic variant calling was performed using Natera’s consensus

variant calling method that uses sequencing input from both tumor
tissue and germline. Variants previously reported to be germline in
public datasets [1000 Genome project (RRID:SCR_008801), ExAC
(RRID:SCR_004068), ESP (RRID:SCR_012761), dbSNP (RRID:
SCR_002338)] were filtered out. The whole-exome sequencing (WES)
data were then analyzed for quality metrics and sample concordance,
prior to being processed through Natera’s proprietary bioinformatics
pipeline for identification of clonal somatic single-nucleotide variants
(SNV). Of the candidate pool of clonal variants identified, a prioritized
list of variants was used to design PCR amplicons based on optimized
design parameters, ensuring uniqueness in the human genome,
amplicon efficiency and primer interaction (9, 13, 18). Assays were
successfully designed and applied to cfDNA for all patients.

Plasma DNA library preparation and plasmamultiplex-PCRNGS
workflow

Following plasma cfDNA extraction, cfDNA libraries were pre-
pared using up to 66 ng (20,000 genome equivalents; Supplementary
Fig. S1A) of cfDNA and was subjected to end-repairing, A-tailing and
adapter ligation, followed by amplification and purification of the
product using Ampure XP beads (Agencourt/Beckman Coulter).
Following library preparation, a multiplex targeted PCR was con-
ducted on an aliquot of each library and primers. Amplified, barcoded
products were pooled and sequenced at an average depth per amplicon
of >100,000� on an Illumina platform. A previously validated cutoff of
≥2variantsdetectedwasusedas criteria for ctDNApositivity (9, 13, 18).
The cutoff was chosen based on a previously defined confidence
threshold necessary to achieve high specificity of >99.8% while main-
taining high sensitivity (19). The turnaround time for the first plasma
cfDNA analysis including tumorWES and assay development was 2 to
3 weeks, and 1 week for all subsequent plasma ctDNA analyses.

Statistical analysis
Recurrence-free survival (RFS) was used as the primary outcome

measure. RFS was assessed by standard radiologic criteria and mea-
sured from date of surgery to verified first radiologic recurrence (local
or distant). Patients were censored at last follow-up (December 31,
2020) or death. Patients with no follow-up were excluded from the
study. Comparison of unmatched groupswas done using theWilcoxon
rank sum test for non-normal data checked for normality by Q-Q plot.
Comparison of paired data was done using McNemar test on binary

data. CohenKappa coefficient was used to estimate agreement between
overlapping data. Graphical representation of survival was performed
using the Kaplan–Meier method. Cox proportional hazards regression
analysis was used to assess the impact of age, sex, MMR, resection, pT,
pN, histology, tumor differentiation, venous invasion, ctDNA, and
CEA on RFS. Multivariable analysis was carried out with backward
stepwise Cox regression modeling based on Akaike Information
Criterion (AIC) considering all variables from the univariable analysis.
In analyses of serial ctDNAandCEAmeasurements, thesewere treated
as time-varying independent variables. The proportional hazard
assumption was tested by a global test of the Schoenfeld residuals.

To calculate the ctDNA growth rates a log-linear regression was
fitted to each patient based on ctDNA level as a function of time before
recurrence or intervention (Supplementary Table S1). The ctDNA
growth rates were estimated from the slope of the regression lines. A
histogram of slopes revealed a bimodal distribution. To identify the
local minimum between two modes in the distribution, a real valued
function was estimated using a kernel smoother with the smallest
bandwidth to give a two-modal estimation. The local minimum was
determined by applying the second derivative test for local extrema to
the function. Cox proportional hazards regression analysis was used to
assess the correlation between growth rates and overall survival (OS).

All P values were based on two-sided testing and differences were
considered significant at P < 0.05. Statistical analysis was performed
using R Statistical software (v.4.0, RRID:SCR_001905).

Data availability
The processed data generated in this study are available within the

article and its supplementary data files. Due to privacy laws, access to
raw data is restricted. The raw data can only be made available
following approval from the ethics committees and data protection
agencies in Spain and Denmark. Request for access should be directed
to the corresponding author.

Results
Patient enrollment, sample collection and study overview is

presented in Fig. 1. A total of 168 patients with stage III colorectal
cancer were enrolled. Eight patients were excluded, as they devel-
oped metachronous cancer (n ¼ 1), were lost to follow-up (n ¼ 2),
only had blood samples collected during ACT (n¼ 3) or received an
R2 resection (n ¼ 2); leaving 160 patients and 1,204 plasma samples
(median 7 per patient, IQR 4–11 samples, Supplementary Table S1)
for analysis. Table 1 and Supplementary Table S2 provides a
summary of patient characteristics. Recurrence was diagnosed in
25% (40/160) of patients. The median follow-up for nonrecurrence
patients was 35 months (IQR, 13–36 months). Plasma ctDNA levels
were quantified using a previously validated ctDNA analysis pipe-
line, tracking tumor specific clonal variants in plasma (9, 13). For
patients with synchronous primary tumors, clonal variants were
tracked for each tumor. The importance of this approach is under-
lined in Supplementary Fig. S2, for a patient with three synchronous
tumors, where only one of the primaries led to development of
metastatic disease. Before surgery, ctDNA was detected in 139 of
153 (91%) of available plasma samples.

Postoperative ctDNA status: sample timing effect and risk of
recurrence

Postoperative plasma samples collected before initiation of ACT
were available for 140 patients. The median sampling time point was
2 weeks after surgery (IQR, 2–4 weeks). ctDNA was detected in 14%

Serial Postoperative ctDNA Monitoring of CRC Recurrence
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(20/140) of samples. The recurrence rate was 80% for the ctDNA
positive patients (16/20), in contrast to 18% (22/120) for the negative
patients. RFS for the 20 ctDNA-positive patients was significantly
shorter than those ctDNA-negative [HR ¼ 7.0; 95% confidence
interval (CI), 3.7–13.5; P < 0.001; Fig. 2A]. In a multivariable cox
regression with stepwise backward variable removal, age ≥70, T4,
tumor differentiation, CEA, and postoperative ctDNA status remained
predictors of RFS. ctDNA was the strongest predictor (HR ¼ 30.97;
95% CI, 10.63–90.20; P < 0.001; Table 1).

We further sought to explore whether the postoperative sample
timing affected the ctDNA detectability. Towards this, we noticed

higher cfDNA levels in the 22 ctDNA-negative recurrence patients,
than in the 20 ctDNA-positive patients (P ¼ 0.015; Fig. 2B). High
levels of wild-type cfDNA could effectively dilute the ctDNA, poten-
tially below the detection level. Recently, increased release of wild-type
DNA was reported to be a frequent consequence of surgical trau-
ma (20). The trauma effect is only temporary, lasting up to four
weeks (20).Hence, lower cfDNA levels and increased ctDNAdetection
rates would be expected if samples were collected later. Indeed, when
samples collected>2months after surgerywere analyzed, cfDNA levels
had decreased (Fig. 2B), and the ctDNA detection rate increased from
0% to 80% (Fig. 2C).

Adjuvant chemotherapy (ACT):
Yes (n = 139)
No (n = 21)

Single primary tumor 
(patients n = 155, samples n = 155) 

Synchronous tumors
(patients n = 5, samples n = 11)

Clinical follow-up
by colonoscopy and

CT scans
(n = 160) 

Whole-exome sequencing
Tumor (n = 166)

Germline (n = 160)

Final evaluable population
Recurrence (n = 40)

      No recurrence (n = 120)

       Excluded patients 
        Developed new colon cancer (n = 1)

 Lost to follow-up (n = 2)
No blood samples (n = 3)

R2 resection (n = 2)

Stage III CRC patients enrolled 
between July 2014–Feb 2019  
All treated with curative intent

(N = 168)

 

Blood biomarker analysis
ctDNA 

(patients n = 160, samples n = 1,204)
CEA 

(patients n = 160, samples n = 1,002)

A
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addressed by ctDNA analyses
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N =160

Potential to 
guide ACT 
decisions

Effect of ACT on 
ctDNA+ patients

Potential to guide 
post ACT 
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Endpoint:
RFS

Recurrence rate

PostACT ctDNA 
status

(n = 93)

ACT and ctDNA+ 
patients

Endpoint:
Recurrence rate

(n = 18)

Endpoint:
TTR

(n = 21)

Lead time

Endpoint:
RFS

Recurrence rate
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Longitudinal ctDNA 
and CEA status

ctDNA 
surveillance 

vs. standard-of-
care follow-up

Potential to 
assess 

recurrence 
risk during 

surveillance

No plasma at day 30
or before initiation 
of ACT (n = 20)

No plasma at 
day 30 (n = 20)
No ctDNA detected 
(n = 120)
no ACT (n = 2)

No ACT (n = 21)
No plasma post
ACT (n = 44)
Recurrence before
end of ACT (n = 2)

No radiologic
recurrence (n = 120)
No surveillance 
plasma (n = 16)
No ctDNA relapse 
(n = 3)

No surveillance 
sample (n = 39)
No surveillance 
sample before 
recurrence (n = 7)

Endpoint:
RFS

Recurrence rate

(n = 140)

Postoperative 
ctDNA status

ctDNA dynamics 
during follow-up

Endpoint:
OS

(n = 17)

No surveillance 
sample (n = 39)
No recurrence (n = 90)
<2 consecutive 
ctDNA positive  before
intervention (n = 14)
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1 2 3 4 5 6

OP

12 months 36 months

1
2

3
4

5

CT scan without recurrence

CT scan with recurrence

ctDNA-negative plasma sample

ctDNA-positive plasma sample

ACT
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6
Samples included to answer 
clinical questions outlined in (A)

Figure 1.

Inclusion of patients in subanalyses. A, Flow
diagram of patient inclusion in subanalyses with
clinical questions answered by each analysis
denoted. Clinical questions numbered from
1–6. B, Outline of plasma samples included in
each subanalysis. Numbered bars correspond to
numbered clinical questions denoted in A. CRC,
colorectal cancer; OS, overall survival; postOP,
postoperative blood sample; postACT, post
adjuvant chemotherapy blood sample.
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Postadjuvant chemotherapy ctDNA status: clearance and risk of
recurrence

Adjuvant chemotherapy was given to 18 of 20 (90%) patients who
were ctDNA positive postoperatively. For 13 of them, samples were
collected during and after ACT, for up to 3 years, allowing us to
assess the impact of ACT on ctDNA levels (Fig. 3A). Only 3 of 13
(23%; 95% CI, 8.2–50) patients presented a complete and perma-
nent clearance of plasma ctDNA at the end of ACT and in further
follow up. These three patients have not relapsed so far, at
36 months of follow-up. However, 10 of 10 (100%) patients, who
presented a transient clearance or did not at all clear their plasma
ctDNA, relapsed (Fig. 3B). When considering all ACT treated
patients with a post-ACT sample available (n ¼ 93), persistence
of ctDNA after completing ACT was associated with a significantly
shorter RFS (HR ¼ 50.76; 95% CI, 15.4–167; P < 0.001; Fig. 3C). In
a multivariable analysis, age ≥70 and post-ACT ctDNA status
remained predictors of RFS. ctDNA had the highest effect size (HR
¼ 94.25; 95% CI, 15.74–564.30; P < 0.001; Table 1).

Longitudinal ctDNA monitoring in posttreatment follow-up
We investigated whether serial ctDNA analysis improved relapse

prediction compared with a single ctDNA analysis. To this end, we
examined 114 patients with surveillance samples collected after ending
definitive treatment (surgery or surgery/ACT). Of these, 24 relapsed,
and 88% (21/24) of them tested ctDNA positive during surveillance.

For comparison, of the 140 patients in the postoperative cohort 38
relapsed, and of these 42% (16/38) tested ctDNA positive in the
postoperative sample.

Next, we explored the potential benefits of including longitudinal
ctDNA analysis in posttreatment surveillance programs. Overall, 22
patients tested ctDNA-positive during surveillance and their recur-
rence rate (96%; 21/22) was significantly higher than in patients who
were ctDNA-negative throughout surveillance (3%; 3/92, P < 0.001,
Fisher exact test). In total, only 2 of 602 surveillance samples (0.3%)
from the 92 nonrecurrence patients, tested ctDNA positive. These
samples both belonged to one patient (pt219; Fig. 3A), and were
followed by six ctDNA-negative samples. When including all 114
patients in a Cox regression analysis with serial ctDNA as a time-
dependent variable, ctDNA detection was associated with a signifi-
cantly shorter RFS (HR ¼ 50.80; 95% CI, 14.9–172; P < 0.001). After
multivariable adjustment, longitudinal ctDNA status was the only
significant predictor of RFS (HR ¼ 40.7; 95% CI, 11.6–143;
P < 0.001; Table 2).

ctDNAwas detected before radiological recurrence for the majority
of the 21 ctDNA-positive recurrence patients. During surveillance
after end of definitive treatment, the median lead-time of ctDNA was
6 months (IQR: 2–9; P < 0.001, Wilcoxon signed rank test; Fig. 3D).
Notably, ctDNA was detected already prior to conclusion of ACT in
43% (9/21) of these patients (Fig. 3D). Including these samples
increased the median lead-time to 10 months (IQR: 5–12). In our
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Detection of ctDNA after surgery. A, Kaplan–Meier plot of RFS stratified for ctDNA detection in blood samples collected within 2 months after surgery. Recurrence
rates in ctDNA-positive and ctDNA-negative patients are shown. B, Levels of cell-free DNA (cfDNA, in genome equivalents) in samples that were ctDNA negative
immediately after surgery in recurrence patients; ctDNA positive immediately after surgery; or ctDNA positive >2 months after surgery in initially ctDNA-negative
recurrence patients. Log-transformed cfDNA levels were compared by a Student t test. C, Recurrence patients without detectable ctDNA immediately after surgery
and with samples collected >2 months after surgery were included in this analysis (n¼ 15). Proportion of patients, initially ctDNA negative, with ctDNA detected in
subsequent samples, is shown.
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cohort, ctDNA sampling was conducted with higher frequency (every
3 months) compared with CT imaging (standard-of-care at 12 and
36 months after surgery). To account for this, another lead-time
analysis was conducted on 18 of 21 recurrence patients, where ctDNA
was measured at the same time as CT imaging. Interestingly, ctDNA
was still detected before recurrence in 33% (6/18) of these patients,
with a median lead-time of 10 months (IQR: 8–14 months).

Changes in ctDNA levels indicate clinical behavior of relapses
and predict survival

In this cohort, 17 relapsing patients had ≥2 consecutive ctDNA-
positive samples (median: 3, range: 2–8) collected during followup and

before clinical recurrence. We investigated ctDNA change as a proxy
for tumor growth. Exponential rise in ctDNA levels was observed for
all patients (Fig. 3G). Log-linear regression models were fitted to the
data, and for each patient, the pace of the increase/decrease in ctDNA
was estimated by the slope of the regression line. Using this slope as a
continuous variable in a Cox proportional hazard model revealed an
association between ctDNA increase and poorer overall survival (OS;
HR¼ 3; 95% CI, 1.1–7; P¼ 0.039). The distribution of the slopes was
bimodal (Supplementary Fig. S3) indicating presence of two distinct
growth patterns: fast (47%, 8/17, mean slope ¼ 2.43 � 0.6 SD, 143%
increase/month) or slow (53%, 9/17, mean slope ¼ 1.25 � 0.17 SD,
25% increase/month; P < 0.001, Wilcoxon rank sum test; Fig. 3E). We
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after surgery and received ACT.
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recurrence status and whether the
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ACT. B, ctDNA level before ACT,
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Kaplan–Meier plot of recurrence-
free survival stratified for ctDNA
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ofACT. Recurrence rates in ctDNA-
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patients are shown. D, Time to
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compared the survival of the slow and fast groups to the survival of the
89 nonrecurrence patients from the longitudinal analysis. This
revealed a similar OS for the nonrelapsing patients and the relapsing
patients with slow growth (P¼ 0.18). Conversely, OS was significantly
reduced for relapsing patients with fast growth (HR ¼ 42; 95% CI,
8–221; P < 0.001; Supplementary Fig. S3). The clinical relevance of the
fast and slow growth is indicated by the ctDNA fold changes observed
from first ctDNA detection to radiological recurrence (fast: median
fold change 117; range, 2–609; slow: median fold change 9; range, 0.5–
358). We explored if the growth pattern could be robustly assessed
using only the first two samples. A good agreement was observed,
with 88% (15/17) of patients being classified to the same group as
when using all available samples (P ¼ 0.48, McNemar test; Cohen
Kappa ¼ 0.77, Supplementary Fig. S3). Similar agreements were
reached when using any two consecutive time points, illustrating the
robustness of the fast/slow calls (Supplementary Table S3).

Discussion
A validated and a sensitive biomarker could potentially improve

outcomes in patients with stage III colorectal cancer by better: (i)
defining risk of recurrence; (ii) predicting the outcome of ACT; (iii)
identifying patients thatmay need additional treatment post-ACT; (iv)
detecting recurrence during surveillance; and (v) predicting the growth
rate of tumor burden, and thereby informing on the urgency of
intervention.

The current study emphasizes on serial ctDNA measurements in
patients with stage III colorectal cancer and demonstrates ctDNA as a
prognostic marker after surgery with a potential to guide ACT
decision-making. Furthermore, ctDNA was the strongest prognostic

marker in multivariable analysis with conventionally used risk mar-
kers. The findings are consistent with and extend on previous colo-
rectal cancer studies (9, 11, 12, 21–23). Together, these results have
prompted planning and initiation of a range of prospective trials,
investigating the benefit of ctDNA-guided ACT administration for
patients with stage III colorectal cancer (24–27), many with an
overarching aim to deescalate treatment for ctDNA-negative patients.
For these studies, a high NPV of the ctDNA analysis is paramount. Of
importance, our study showed how timing of postoperative blood
sample collection could affect the NPV. We observed a surprisingly
high recurrence rate (18%) for the postoperative ctDNA-negative
patients, and our subsequent analyses suggested these false negatives
were rooted in the blood sample timing. The majority of our postop-
erative blood samples (84%) were collected 2 to 4 weeks postsurgery.
Incidentally, this interval overlapped with the recently identified
4-week surge in cfDNA caused by surgical trauma (20). Consistent
with the wild-type cfDNA surge, the ctDNA-negative recurrence
patients had high cfDNA levels, indicating that trauma-induced
cfDNA may have diluted the ctDNA below our detection limit. In
agreement, analysis of later samples, with normalized cfDNA levels,
revealed ctDNA detection in 80% of the initially negative recurrence
patients. Accordingly, in studies investigating treatment deescalation,
it may be beneficial to collect an additional sample after week 4, as
sensitivity of a single time point measurement close to surgery may be
limited. This would allow normalization of high cfDNA before con-
cluding on the ctDNA assessment, thereby improving the overall NPV.

The best treatment approach for ctDNA-positive patients remains
an open question; for example, it is unclear to what extent these
patients may benefit from standard ACT (28). Although limited
by small numbers, our data showed 23% (95% CI, 8–50; 3/13) of the

Table 2. Patient characteristics, clinicopathologic parameters, and longitudinal ctDNA andCEA detection correlated to recurrence-free
survival.

Longitudinala

Univariable (N ¼ 114) Multivariable (N ¼ 114)
HR (95% CI) P valueb HR (95% CI) P valueb

Age <70 — — — —

≥70 1.43 (0.62–3.26) 0.400 — —

Sex Female — — — —

Male 0.52 (0.23–1.16) 0.111 — —

MMR Deficient — — — —

Proficient Not applicable Not applicable — —

Resection R0 — — — —

R1—R2 0.70 (0.16–2.97) 0.625 — —

pT stage pT1–2 — — — —

pT3–4 0.38 (0.11–1.33) 0.131 — —
pN stage pN1 — — — —

pN2 1.69 (0.76–3.77) 0.201 — —

Histology Adenocarcinoma — — — —

Other (medullar or mucinous) 2.00 (0.60–6.72) 0.261 — —

Tumor differentiation Well/moderate — — — —

Poor 1.63 (0.60–3.28) 0.342 — —

Venous invasion No — — — —

Yes 1.47 (0.66–3.28) 0.342 — —

ctDNA Negative — — — —

Positve 50.80 (14.93–172.92) <0.001 40.7 (11.6 -143) <0.001
CEA No — — — —

Yes 8.19 (3.24–20.69) <0.001 0.82 (0.27–2.52) 0.73
Global goodness-of fit test for Cox proportional hazards model 0.86

aSamples collected serially after end of definitive treatment. ctDNA and CEA were treated as time-varying independent variables.
bStatistically significant P values (P < 0.05) are marked in bold.
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ACT-treated ctDNA-positive patients with plasma samples collected
during/after ACT did not recur during three years of follow-up. This
result was corroborated by our post-ACT serial ctDNA analysis, where
these 23% showed ctDNA clearance. Hence, our results provide initial
evidence that standard ACT may benefit a minor fraction of ctDNA-
positive patients. The observed risk-reduction is consistent with the
approximately 30% reported when standard ACT is administered to
unselected stage III colon cancer patients (15–17, 29). However, the
benefit of treating ctDNA positive patients should ultimately be
assessed in randomized studies, such as the ongoing IMPROVE-IT
trial (NCT03748680). Potentially, ctDNA-positive patients will benefit
more from future adjuvant regimens (28). To determine the optimal
regimen and associated benefit, prospective randomized studies are
needed (25, 30).

Serial ctDNA analyses during and after ACTmay further inform on
ACT effectiveness. We observed a proportion of patients, who never
cleared ctDNA during ACT, and these patients all recurred. Conse-
quently, without clearance recurrence appears inevitable. Clearance,
however, was temporal in 50% of cases andwas not a guarantee for no-
recurrence. Therefore, deescalation of therapy based on a single
ctDNAmeasurementmay not be warranted, and ctDNA status during
and after end of therapy should be monitored. For this purpose, our
study demonstrated ctDNA as a strong prognostic marker immedi-
ately post-ACT. This is consistent with previous studies in smaller and
more heterogeneous cohorts of patients with colorectal cancer (9, 22).

Uniquely, we collected samples longitudinally during posttreatment
surveillance, allowing us to demonstrate that serial ctDNA assessment,
in comparison with single time point analysis, improves the sensitivity
of the overall analysis, while retaining a high specificity. This high
accuracy of serial ctDNA assessment opens new opportunities for
ctDNA analysis, beyond postoperative assessment for residual disease.
Such opportunities could be longitudinal risk-stratified allocation of
imaging resources for recurrence surveillance. Our results suggest that
radiological surveillance may be deescalated in low-risk (ctDNA-
negative) patients with no/minimal effect on the outcome. Expectedly,
this would lower surveillance costs, as this subgroup constitute the vast
majority of patients. For high-risk (ctDNA-positive) patients, there is
an opportunity for intensifying imaging immediately upon ctDNA
detection. In our study, patients were standard surveilled by CT
imaging at 12 and 36 months after surgery. Compared with this, we
report amedian lead-time of 6months for ctDNA. This implies that by
ctDNA-guided imaging allocation, imaging would be initiated a
median 6 months earlier for ctDNA positive patients than by stan-
dard-of-care surveillance in Denmark and Spain. Accordingly, it could
enable earlier recurrence detection, when tumor burden is lower,
potentially making recurrence treatment more effective. Ideally, the
clinical and health economic benefits of ctDNA-guided surveillance
should be demonstrated in randomized studies.

The importance of early recurrence detection and intervention is
emphasized by our ctDNA growth rate assessments, showing that 47%
of recurrence patients have a fast ctDNA growth pattern, that is, a
median 143% monthly increase. Assumedly, this increase in ctDNA
reflects increased tumor burden. Hence, even a few months of pro-
longed surveillance may have insurmountable consequences, for
example, a 14-fold increase in tumor burden in just 3 months,
indicating that the size and/or number of metastatic lesions may
quickly reach a level where curative intervention is no longer an
option, and where palliative treatment will be less effective. Consistent
with these assumptions, we found that patients with fast growth had a
significantly poorer OS than those with slow growth. The growth
pattern may thus inform clinicians on the urgency of intervention. In

our study, growth patterns could be robustly assessed based on the first
two consecutive blood samples with a 3-month interval. If growth
patterns could be determined even quicker, for example, from samples
collected with a few weeks apart, it would further increase the clinical
utility. Further studies are needed to address this.

Our analysis comparing concurrent ctDNA and CT imaging assess-
ments showed that in 33% of patients, who later recurred, ctDNA was
detected at a time where no recurrence was visible by CT imaging. This
indicates that ctDNA measurements in some cases may be more
sensitive for recurrence detection than standard CT imaging. Conse-
quently, it can be foreseen that ctDNA-guided surveillance could lead
to a clinical dilemma, where no recurrence is visible on CT imaging
after a positive ctDNA analysis. In this situation, waiting until the
disease becomes visible by imaging could mean the advent of bulky
disease. Potentially, a quick assessment of ctDNAgrowth pattern could
help inform the decision, whether to initiate systemic therapy imme-
diately or to continue imaging surveillance. Another possibility would
be to consider a transition from CT imaging to alternative modalities
with potential for a higher sensitivity, for example, PET/CT and liver
MRI. These possibilities should optimally be explored in randomized
studies.

To the best of our knowledge, we here report the largest study on
stage III colorectal cancer; nevertheless, our study is limited by the
modest number of patients included in the reported subset analyses. In
addition, the relatively small number of patients with detectable
ctDNA makes the study susceptible to inherent biases, which may
limit the generalizability of the reported findings. Notwithstanding
this, our finding that postoperative detection of ctDNA is a robust
predictor of disease recurrence is consistentwith several recent reports.
We also note that in one patient we observed two consecutively
positive ctDNA measurements, followed by multiple ctDNA negative
measurements in the serial analysis. Whether these samples were true
false positives or the signal disappeared due to other factors (such as
immune activation; ref. 31) is unclear. Furthermore, we observed a few
cases of no or late ctDNA detection in recurrence patients with serial
sampling. Hence, studies aimed at using ctDNA to guide the intensity
of radiological surveillance should consider a control CT-scan, for
example, at 12 months to identify the few patients that might not shed
enough ctDNA for detection. Finally, it should be noted that the
standard-of-care imaging frequency differed between the Spanish
(every 6 months) and Danish (at month 12 and 36) patients. This
might have affected the ctDNA lead-time estimates, which should be
viewed in this context.

Conclusion
This study represents one of the most comprehensive studies on

ctDNA detection in stage III colorectal cancer and expands on
previous studies conducted on smaller cohorts. We highlight several
clinical utilities of ctDNA, some of which are currently being
investigated in randomized trials, such as the IMPROVE-IT (27),
DYNAMIC-III (26), VEGA (25), TRACC trials (24) for ctDNA-
stratified administration of ACT, and the IMPROVE-IT2 trial (32)
for using serial ctDNA measurements as risk stratification to allocate
radiological surveillance resources.
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