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Circulating tumour DNA (ctDNA) detection for postoperative risk stratifi-

cation in cancer patients has great clinical potential. However, low ctDNA

abundances complicates detection. Multitarget (MT) detection strategies

have been developed to increase sensitivity. Yet, empirical evidence sup-

porting performance gains of MT vs. single-target (ST) strategies in a post-

operative setting is limited. We compared ctDNA detection in 379 paired

plasma samples from 112 stage II–III colorectal cancer patients by ST digi-

tal PCR and MT sequencing of 16 patient-specific variants. The strategies

exhibited good concordance (90%, Cohen’s Kappa 0.79), with highly corre-

lated ctDNA quantifications (Pearson r = 0.985). A difference was

observed in ctDNA detection preoperatively (ST 72/92, MT 88/92). How-

ever, no difference was observed immediately after surgery in recurrence

(ST 11/22, MT 10/22) or nonrecurrence (both 2/34) patients. In serial sam-

ples, detection was similar within recurrence (ST 13/16, MT 14/16) and

nonrecurrence (ST 3/49, MT 1/49) patients. Both approaches yielded simi-

lar lead times to standard-of-care radiology (ST 4.0 months, MT

4.1 months). Our findings do not support significant performance gains of

the MT strategy over the ST strategy for postoperative ctDNA detection.

1. Introduction

The surging interest in detecting circulating tumour

DNA (ctDNA) seen in recent years is driven mainly

by the potential applications for early cancer detection

and postoperative minimal residual disease detection

[1–8]. Tumour-informed ctDNA analyses are currently

under investigation in randomized controlled trials for

postoperative risk stratification and residual disease

monitoring in cancer patients [9]. In these applications,

sensitivity is key, as patients with residual disease after

curatively intended surgery have a very low tumour

burden. Accordingly, the number ctDNA fragments

containing a given genomic position is extremely low

[10,11] and vulnerable to sampling stochasticity. To

mitigate this challenge, multitarget (MT) strategies

have been developed in the expectation that tracking

multiple targets in the plasma will increase the
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likelihood of sampling a sufficient number of informa-

tive tumour DNA fragments to call ctDNA when pre-

sent. However, depending on the technology, MT

tracking has potential disadvantages including

increased costs, need for additional plasma, additional

optimization parameters, and increased analytical com-

plexity. For future clinical application, these disadvan-

tages should be outweighed by a performance increase,

yielding a substantial benefit to the patient. As of yet,

the empirical evidence supporting a sensitivity differ-

ence between single-target (ST) and MT strategies in

the postoperative setting is limited.

In this study, we aim to answer the question: is

more always better? We directly compare two tumour-

informed ctDNA detection approaches: ST droplet

digital PCR (ddPCR) and MT multiplex-PCR (mPCR)

next generation sequencing (NGS) (Signatera). As

such, we apply both assays to aliquots of the same

plasma samples from stage II to III colorectal cancer

(CRC) patients. We describe the overall concordance

in ctDNA detection and quantification, and we com-

pare performance in postoperative risk stratification

and serial recurrence monitoring.

2. Materials and methods

2.1. Patient selection

Patients were selected from two previously published

cohorts of CRC patients [2,3], with MT analyses on

plasma samples, and additional plasma available for

ST analysis (Fig. S1). Patients undergoing CRC resec-

tions with curative intent were recruited prospectively

at six Danish hospitals between May 2014 and Decem-

ber 2018. Patients were treated and monitored accord-

ing to the Danish Colorectal Cancer Groups National

Guidelines. Adjuvant treatment decisions were made

by the patient and treating physician without knowl-

edge of ctDNA results. The standard-of-care follow up

included CT-scans at 12 and 36 months after surgery.

The Committees on Biomedical Research Ethics in the

Central Region of Denmark approved the study. The

study was performed in accordance with the Declara-

tion of Helsinki and all participants provided written

informed consent. An overview of experimental details

according to the dMIQE guidelines [12] can be found

in Table S1.

2.2. Sample collection and extraction

For all patients, tumour biopsies were collected from

the resected primary tumour, as either fresh frozen or

as formalin fixed and paraffin embedded tissue

(FFPE). Blood samples were collected in four K2-

EDTA 10 mL tubes (Becton Dickinson, Franklin

Lakes, NJ, USA) and plasma isolated within 2 h by

double centrifugation. Buffy coat was collected after

the first centrifugation. Approximately, 16 mL plasma

was obtained per sample and aliquoted into

4 9 4.5 mL cryotubes (Techno Plastic Products AG,

Trasadingen, Switzerland). Plasma and buffy coat were

frozen immediately and stored at �80 °C until use.

DNA was extracted from fresh frozen tumour tissue

samples using the Puregene DNA purification kit

(Gentra Systems, Minneapolis, MN, USA) and from

FFPE samples using the QiAamp DNA FFPE tissue

kit (Qiagen, Hilden, Germany). Tissue and buffy coat

DNA was quantified by the QubitTM dsDNA BR

Assay Kit (ThermoFisher, Waltham, MA, USA).

Cell-free DNA was purified from two plasma aliquots

of ~ 4 mL for each of the ST and MT analyses (~ 8 mL

for each analysis, with 6 mL being the required mini-

mum), and eluted in a 60 lL volume with no extraction

replicates. No extraction blanks were used. For MT

analyses, cfDNA was extracted manually using the

QIAamp Circulating Nucleic Acids kit (Qiagen) and

quantified using the Quant-iT High Sensitivity dsDNA

Assay Kit (Invitrogen, Waltham, MA, USA). For ST

analysis, cfDNA was extracted using the QIAsymphony

DSP Circulating DNA Kit (Qiagen) on the QiaSym-

phony robot (Qiagen), and cfDNA was quantified by

ddPCR (Bio-Rad Laboratories, Hercules, CA, USA),

using assays targeting two regions on Chr3 and Chr7

shown to rarely have copy-number alterations in CRC,

as described previously [7]. Extracted cfDNA was either

used immediately, or stored at �80 °C until use.

2.3. Whole exome sequencing

Data from whole exome sequencing was available

from previously published results [2,3]. In brief,

Illumina-adapter based libraries were generated with a

median 500 ng (range: 181–500 ng) of genomic DNA

from tumour and buffy coat. Whole exome sequencing

(target size ~ 40 Mb) was conducted using the Nova-

Seq platform at 2 9 100 bp paired-end sequencing.

Tumour and buffy coat DNA samples were sequenced

to an average coverage of 1809 and 509, respectively.

FastQ files were prepared using bcl2fastq2 and quality

checked using FASTQC. Reads were mapped to the

human reference genome hg19 using BURROWS–
WHEELER ALIGNMENT tool (v.0.7.12) and quality checked

using PICARD and MULTIQC. To identify sample swaps,

the SNP genotype concordance between tumour and

matched buffy coat DNA samples was examined.

3655Molecular Oncology 16 (2022) 3654–3665 � 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

T. V. Henriksen et al. Single-target vs. multitarget ctDNA detection



2.4. Multitarget analysis: Signatera

Multitarget cfDNA analysis was conducted with the

Signatera mPCR NGS approach, described in detail in

previous publications [2,3], where all results used in this

article can be found. In brief, WES data was processed

through Natera’s proprietary bioinformatics pipeline

for identification of clonal somatic single nucleotide

variants. A prioritized list of variants from the candi-

date pool of clonal variants was used to design PCR

amplicons targeting 16 clonal mutations for every

patient. cfDNA was extracted from 8 mL plasma, and

libraries were prepared using up to 66 ng of cfDNA and

subjected to end-repairing, A-tailing and adapter liga-

tion, followed by amplification and purification of the

product using Ampure XP beads (Agencourt/Beckman

Coulter, Brea, CA, USA). A 16-plex targeted PCR was

conducted on an aliquot of each library. Amplified, bar-

coded products were pooled and sequenced with an

average > 100 0009 raw coverage on an Illumina plat-

form. A sample was called ctDNA positive if ≥ 2 vari-

ants were detected based on a previously defined

confidence threshold [13]. The ctDNA level for each

sample was calculated as the mean ctDNA level (mean

tumour molecules per mL plasma) for all 16 targets,

including targets without mutations detected.

2.5. Single-target analysis: ddPCR

From WES data, mutation clonality was assessed

using variant allele frequencies from MUTECT2 [14] and

estimates of cancer cell purity, tumour ploidy, and

allele-specific copy numbers from BUBBLETREE [15]. Clo-

nal mutations in each patient were compared with our

in-house panel of 100 ddPCR assays, designed to tar-

get the most common clonal mutations in CRC. If a

patient did not have a clonal mutation within the

ddPCR assay panel, plasma was not analysed with

ddPCR. Choice of ddPCR target was made indepen-

dently of and blinded to MT-target selection.

All ddPCR assays consisted of a primer set amplify-

ing the target region, one probe reporting the mutation

and another probe reporting the corresponding wild-

type sequence. Primer/probe sequences and PCR pro-

tocols are provided in Table S2. Assays were either

custom designed or made-to-order from Thermo-

Fisher. PRIMER3 [16] was used to check for mispriming,

GC-content and optimal melting temperatures in cus-

tom assays, and sequences were checked for cross reac-

tivity using in silico PCR [17]. All amplicons were

< 150 bp in length.

ddPCR assays were checked for linearity using a 4-

point dilution series of tumour DNA in a uniform

concentration of 3030 genome equivalents (GE) of

wild-type DNA per lL (mutant allele frequencies of:

1%, 0.3%; 0.1%; 0.03%). The optimal elongation tem-

perature was assessed on a five-point temperature gra-

dient, and selected based on linearity, droplet

amplitude and sensitivity.

All ddPCR reactions were carried out in a prepared

22 lL reaction volume, with 20 lL being converted to

droplets (approx. 0.834 nL each [18]). The cfDNA

was extracted from 8 mL plasma and the eluted DNA

volume was 60 lL, of which 54 lL were intended for

ctDNA analysis and 4 lL were used for cfDNA quan-

tification. To avoid oversaturation of the droplets with

wild-type DNA, the eluate was divided into multiple

ddPCR reactions. To save cfDNA for ctDNA positive

patients, we initially analysed 18 lL eluate for a sub-

set of cfDNA samples (105/373). Samples that tested

positive were not analysed further, while the remain-

ing cfDNA eluate (36 lL) was analysed for the sam-

ples testing ctDNA negative. A water sample was run

as a no template control (NTC), an assay-specific

tumour DNA sample carrying the targeted mutation

was used as positive control, and a pool of buffy coat

DNA from healthy donors were used as a negative

control. Additionally, a patient-specific tumour and

buffy coat DNA sample was run alongside the plasma

as positive and negative control, respectively. Master-

mix was prepared with ddPCR Supermix for probes

(No dUTP) (Bio-Rad; Cat:1863024) and a 209 mix of

primers and probes in a 1 : 10 ratio. Droplets were

generated on the Automated Droplet Generator (Bio-

Rad), and PCR reactions were run on the S1000

Thermal Cycler (Bio-Rad). After PCR, plates were

kept at 12 °C for 5 h or overnight to ensure maxi-

mum droplet stability. Droplets were analysed on a

QX200TM Droplet Reader (Bio-Rad). The average

number of droplets analysed per well was 16 948 [s-

tandard deviation (SD) 1852], with an average of 0.18

DNA copies per droplet (SD 0.23).

2.6. ddPCR data processing

The assay-specific positive control sample was used

to set the threshold for positive droplets using the

QUANTASOFT software (v1.7.4; Bio-Rad, Fig. S2). The

threshold was set a predetermined assay-specific

number (Table S2) of standard deviations from the

mean amplitude of the positive droplets in the posi-

tive control. Quality control (QC) parameters for

ddPCR analysis were no signal in NTC; signal in

positive control; droplet amplitudes within expected

intervals determined from linearity data; and mini-

mum of 8000 droplets in the well. All reaction-level
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results passing QC were merged to obtain the

sample-level results.

An assay-specific noise profile was generated for

every assay from false-positive counts of 94 fraction-

ated buffy coat DNA samples at different DNA con-

centrations from healthy controls. To determine

whether a plasma sample was ctDNA positive, four

previously described ddPCR-calling methods (CAS-

TLE [19], Poisson [19,20], ALPACA [19,21], and

Dynamic LOB [19]) were used to compare the signal

observed in plasma samples to the assay-specific noise-

profile. A consensus call was made, if ≥ 3/4 callers

agreed. If 2/4 callers agreed, the ctDNA call from the

CASTLE-algorithm was used, as this algorithm has

previously been demonstrated to be the most robust

[19]. The ctDNA level was estimated by the CASTLE

algorithm as the error-corrected number of mutated

molecules per mL of plasma.

2.7. Statistics

Fraction of ctDNA positive calls were compared by a

two-sided Wilcoxon rank-sum test and paired data

was assessed using the Wilcoxon signed-rank test. A

95% confidence interval for the fraction of ctDNA

positive calls was calculated as a Wilson score interval.

Nonpaired binary count data was assessed by a Fish-

er’s exact test. Cohen’s kappa was used to compare

concurrence between the two approaches. A log–log-
linear regression was used to analyse the ctDNA levels

estimated by the two approaches and the Pearson’s r

was used to assess the correlation.

Correlation between ctDNA detection and

recurrence-free survival was evaluated by cox regres-

sion. Recurrence-free survival was measured from the

date of surgery until radiological recurrence or end of

radiological follow-up. For serial ctDNA measure-

ments, ctDNA was treated as a time-dependent covari-

ate.

3. Results

3.1. Patient cohort

The ST and MT tumour-informed analyses were car-

ried out on paired plasma aliquots of the same blood

samples (Fig. 1A). The two analyses were conducted

blinded to each other. A total of 379 blood samples

were analysed from 112 patients, of which 27 experi-

enced disease recurrence. The median time to recur-

rence was 12.2 months [Interquartile range (IQR):

11.6–16.0 months] and the median follow-up for the

85 nonrecurrence patients was 35.8 months (IQR:

35.4–36.3 months). Patient characteristics are summed

up in Table 1, and ctDNA detection data for every

plasma sample is given in Table S3.

3.2. Overall concordance

Overall, a good agreement was observed between the

ST and MT results (Fig. 1B), with 90% (341/379) of

samples classified the same by both methods (Cohen’s

Kappa: 0.79, P < 0.0001). Both agreed on 134 samples

classified as positive. Comparing the estimated ctDNA

quantity in these samples, similarly, revealed a good

agreement (Fig. 1C, Pearson r = 0.985).

3.3. Discordant observations

While the majority of samples were classified the same

by ST and MT, 11 samples were classified as ctDNA

positive exclusively by ST, and 27 were classified as

ctDNA positive exclusively by MT (Fig. 1B). The esti-

mated ctDNA level in these discordant samples were

in general very low (median 0.3 GE�mL�1, IQR 0.2–
0.7 GE�mL�1). ST-only positive samples overall had a

higher estimated ctDNA level than MT-only positives

(P < 0.0001; Fig. 1D). The majority of MT-only

ctDNA positive samples were preoperative samples

(17/27, 63%), whereas only 1/11 (9%) ST-only ctDNA

positive samples were collected preoperatively

(P = 0.0036, Fisher’s exact test).

We investigated whether, despite our efforts to

ensure otherwise, there were differences in the amount

of DNA used for the MT and ST analyses, and partic-

ular if this could have influenced ctDNA detection in

the samples were ctDNA was detected only by one of

the two methods. Overall, there was no difference in

the amount of DNA analysed between the two meth-

ods in a paired analysis [n = 379, ST median 11 738

GE (IQR: 7695–20 710 GE), MT median 14 097 GE

(IQR: 9333–20 000 GE), median DNA ratio (ST/MT)

1.0, IQR: 0.70–1.5, P = 0.1, Wilcoxon signed-rank

test]. This was similarly the case, in samples testing

positive with ST only [n = 11, ST median 28 422 GE

(IQR: 12619–46 797 GE), MT median 20 000 GE

(IQR: 16324–20 000 GE), median DNA ratio (ST/

MT) 1.4, IQR: 0.8–2.43, P = 0.37, Wilcoxon signed-

rank test]. Moreover, for samples testing positive with

MT only [n = 27, ST median 10 278 GE (IQR: 6443–
16 163 GE), MT median 9418 GE (IQR: 7812–14 095

GE), median DNA ratio (MT/ST) 0.9, IQR: 0.8–1.2,
P = 0.59, Wilcoxon signed-rank test].

In samples with ctDNA detected by the MT

approach, we compared the number of MT-positive
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targets for samples with and without ST-detected

ctDNA. The number of positive targets was higher in

the samples with ctDNA detected by ST (median 14;

IQR: 11–15) compared with samples without ctDNA

detected by ST (median 5, IQR: 5–8; P < 0.0001;

Fig. 1E).

3.4. Preoperative detection

We compared the ctDNA detection rates for ST and

MT in samples collected preoperatively. Preoperative

samples were available for 22/26 stage II patients and

70/86 stage III patients. A higher ctDNA detection

rate was observed using MT compared with ST

(Fig. 2A) for both stage II (P = 0.044) and III patients

(P = 0.0046).

3.5. Detection directly after surgery

Multiple studies have indicated that ctDNA detection

immediately after surgery is associated with poor prog-

nosis. Here, we compared ctDNA detection with ST

and MT in recurrence and nonrecurrence patients on

samples taken within 60 days of surgery and before

initiation of adjuvant treatment. Postoperative samples

were available for 22/27 patients with recurrence and

34/85 patients without recurrence. There was no differ-

ence in the ctDNA detection rate of ST and MT in

either recurrence or nonrecurrence patients (Fig. 2B).

All nonrecurrence patients with ctDNA detected after

surgery received subsequent adjuvant treatment, which

may have eliminated residual disease, as we have pre-

viously demonstrated [2,3]. Both detection strategies
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Fig. 1. ctDNA call concurrence. (A) Overview of study design. (B) Mosaic plot of samples (N = 379) called positive or negative for ctDNA

with a ST approach and/or MT approach. (C) Linear correlation between ctDNA level determined by ST and MT in samples called ctDNA

positive with both methods (n = 134). Shaded area indicates 95% confidence interval for the linear fit. (D) Boxplot of ctDNA level in

discordant samples estimated by the approach calling the sample ctDNA positive. Samples were subdivided into ST-only positive (n = 11)

and MT-only positive (n = 27), and coloured according to sample timing. (E) Samples detected ctDNA positive by the MT-approach

(n = 161). Boxplot of the number of ctDNA-positive targets detected by the MT approach shown for samples deemed either ctDNA negative

(n = 27) or ctDNA positive (n = 134) with the ST approach. Boxplot whiskers in D and E indicate the 95% confidence interval.
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showed a strong association between ctDNA status

and recurrence free survival (Table 2).

3.6. Serial ctDNA analysis

A subset of the patients was monitored with serial

plasma samples after end of definitive therapy (Figs S1

and S3). Cox-regression analyses, with ctDNA as a

time-dependent covariate, showed that for both ST

and MT serial-ctDNA analysis, ctDNA detection was

strongly correlated with recurrence-free survival

(Table 2). There was no statistical difference between

the ST and MT ctDNA detection rates for recurrence

(n = 16) or nonrecurrence patients (n = 49) (Fig. 2C).

In nonrecurrence patients, 124 serial plasma samples

were analysed in total. Of these, three tested ctDNA

positive with the ST strategy and one with the MT strat-

egy. On a sample level, this corresponds to a 97.6%

specificity for ST and 99.2% specificity for MT (non-

significant difference, P = 0.316, Wilcoxon rank sum

test). The four false positive calls were sporadic, affect-

ing only a single of the serial samples available for the

four affected patients (Fig. S3). If patients were called

positive without taking the subsequent samples into

account, the specificity at the patient level would be

94% (46/49) and 98% (48/49) for ST and MT, which is

statistically indistinguishable (Fig. 2C, P = 0.315, Wil-

coxon rank sum test). In contrast to nonrecurrence

patients, multiple consecutive plasma samples tested

ctDNA positive in recurrence patients (Fig. S3).

3.7. Time to recurrence detection

Finally, we compared lead-time between ctDNA

detected by either ST or MT and radiological

detection of recurrence in recurrence patients with

serial ctDNA measurements. For the closest compar-

ison, lead-time was calculated on recurrence patients

with ctDNA detected by both methods (n = 13;

Fig. 2D). The median lead-times for ctDNA detection

compared with CT scans were 4.0 months (IQR 2.0–
8.8, P = 0.0004) for ST and 4.1 months (IQR: 2.6–9.7,
P = 0.0004) for MT. In a paired analysis, no difference

in time for first ctDNA detection was observed

between ST and MT (P = 1).

4. Discussion

An MT approach to ctDNA detection is expected to

be more sensitive than an ST approach. Nevertheless,

the simplicity in developing, running and interpreting

ST analyses have led to widespread use of these detec-

tion strategies. Additionally, multiple clinical trials

investigating the utility of ctDNA for allocation of

treatment and surveillance resources are currently run

using ST strategies, demonstrating the confidence in

these analyses [9,22–26]. Further, ST-detection strate-

gies based on ddPCR are often less costly and have

shorter turn-around times compared with most MT

strategies [27], providing a good foundation for clinical

implementation. Therefore, it is relevant to assess

potential performance gains in applying complex MT

strategies for ctDNA detection. We have compared the

performance between a ST ddPCR approach and a 16-

target mPCR NGS approach. Uniquely, we were able

to compare ST and MT ctDNA detection in aliquots

of the same blood samples in a large clinical dataset.

This allowed us to match ctDNA detection directly in

a head-to-head comparison, rather than relating detec-

tion on a cohort level. Overall, we observed a strong

concurrence between the ST and MT results. Estimates

of ctDNA level was highly correlated between the two

methods, which is in accordance with results from pre-

vious studies comparing ddPCR and NGS ctDNA

quantification in metastatic patients [11,28].

Tumour-informed ctDNA detection approaches

have great potential as tools for risk stratification after

surgery and serially during follow-up. As postoperative

ctDNA is often found in extremely low abundance,

sensitivity for low ctDNA levels is a crucial perfor-

mance parameter. Previously published data show that

ctDNA levels increase from first ctDNA detection

until recurrence [2,3,8]. If one method detects ctDNA

later than the other does, this indicates a difference in

sensitivity for low ctDNA levels. In our comparison,

no difference was observed in the time to first ctDNA

detection between the present ST and MT approaches.

Further, our results showed only minor differences, if

Table 1. Patient demographics and characteristics.

Patients, n 112

Age (years), median (range) 69 (43–87)

Sex, n (%)

Female 44 (39.3%)

Male 68 (60.7%)

Stage, n (%)

II 26 (23.2%)

III 86 (76.8%)

Adjuvant chemotherapy, n (%)

No 33 (29.5%)

Yes 79 (70.5%)

Recurrence status, n (%)

No recurrence 86 (76%)

Recurrence 27 (24%)

Tumour site, n (%)

Right colon 54 (48.2%)

Left colon 54 (48.2%)

Rectum 4 (3.6%)
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any at all, in sensitivity and specificity of the two

approaches, both immediately after surgery and seri-

ally during follow-up. This indicates equal applicability

for early recurrence detection and postoperative recur-

rence risk assessment.

Postoperative ctDNA detection immediately after

surgery has been proposed as a means to guide adju-

vant treatment decisions. Currently, multiple clinical

de-escalation trials are investigating whether adjuvant

treatment can be removed from ctDNA negative

patients [24,25,29,30]. This setting requires a high sen-

sitivity, as a false-negative call may result in a patient

not being offered the necessary treatment. The two

ctDNA detection approaches evaluated here showed

similar sensitivities immediately after surgery (45–
50%). These sensitivities may be too low for de-

escalation studies, though they are comparable to or

higher than sensitivities reported elsewhere [2,3,5,31].

The clinical utility in using ctDNA for guiding adju-

vant treatment decisions thus needs to be demon-

strated in larger, prospective studies.

During serial monitoring the two approaches

showed statistically indistinguishable specificities

(> 97.6%). The specificities we observed are compara-

ble to that of previously reported ctDNA detection

strategies using ST or MT methods [2,3,6,32,33]. The

few false-positive calls were always sporadic singular

events, which contrasted the ctDNA detections in
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Fig. 2. Sensitivity and specificity comparison. (A–C) ctDNA detection for the ST and MT approach respectively. Error bars indicate 95%

confidence interval. Fraction positive calls were compared by Wilcoxon rank-sum test. Results shown stage-stratified for patients with pre-

operative samples (n = 92, A), recurrence-stratified for patients with postoperative samples collected within 60 days after surgery before

adjuvant treatment (n = 56, B), and recurrence-stratified for patients with serial samples (n = 65, C). (D) Lead-time of ctDNA detection com-

pared with radiological recurrence detection in recurrence patients with ctDNA detected by both the ST and MT approach is serial samples

(n = 13, see Fig. S3). Lead time from ctDNA detection to radiological recurrence was calculated for both ST and MT approaches and tested

using a Wilcoxon signed-rank test (annotated within the box). Differences between the lead-time of the two approaches was tested using a

Wilcoxon signed-rank test (annotated outside the box).
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recurrence patients which persisted overtime. Today,

the follow-up after curatively intended resection of

stage II–III CRC generally follows a one-size fits all

setup, with CT imaging at fixed intervals offered to all

patients. This strategy has been used—despite it being

well known that 60–80% of patients will not experi-

ence recurrence—because no marker has been able to

classify this subset of patients reliably. In line with pre-

vious studies, our results support that it may now be

feasible and beneficial to introduce ctDNA-guided

risk-stratified follow up to determine when and to

whom to offer CT imaging. To this, we uniquely add

evidence that both ST and MT ctDNA detection

strategies are well-suited approaches for the needed

serial ctDNA analysis. Compared with the present

standard where CT-imaging is offered to all, the low

false positive rate of serial ctDNA analysis will most

likely be well tolerated and have minor impact in

terms of adverse effects and overuse of resources. In

particular, if ctDNA positive patients with no findings

on subsequent imaging are reverted back to follow-up

with serial ctDNA analysis. Whether ctDNA guided

follow-up will have the expected clinical benefits and

cost-effectiveness needs to be assessed in randomized

trials, such as the ongoing IMPROVE-IT2 trial

[23,34].

To our knowledge, this is the most comprehensive

direct comparison between fully optimized ST and MT

strategies for ctDNA detection. A recent publication

by Loupakis et al. compared the performance of an

ST ddPCR approach with the same MT approach

used for our analyses (Signatera) in a subanalysis

including metastatic CRC patients with a KRAS

mutation (n = 21) [35]. The study showed greater sen-

sitivity of the MT approach in postoperatively

identifying patients who experienced disease progres-

sion compared with the ST strategy [86% (18/21) vs.

33% (7/21)]. These results are in contrast to our post-

operative sensitivity estimates, showing equal detection

between the two techniques. As the MT strategies were

the same, the difference to our results likely reflects

the rigor with which our ST-ddPCR analyses were

conducted. In contrast to the Loupakis study, and sev-

eral other studies using ddPCR for ctDNA detection

[28,36–38], our targets were carefully selected from

WES data after a thorough clonality assessment. While

the addition of WES prior to ST analysis increases

costs, including it minimizes the risk of tracking a sub-

clonal and noninformative variant. Additionally, we

used a statistical consensus caller to model the differ-

ence in observed ddPCR signal from the expected

assay-specific noise profile, yielding a highly robust

ctDNA call. The necessity of accurate error modelling

for robust ddPCR calls have been extensively demon-

strated previously [19–21]. Moreover, it is difficult to

evaluate, whether the MT and ST analyses in the Lou-

pakis study were comparable in the amount of sample

analysed (i.e., whether the same amount of DNA or

plasma was used for the two approaches). A discrep-

ancy in the input amounts may explain the observed

call discrepancies. Our results therefore highlight that

ST-detection strategies can perform as well as MT-

detection strategies, if optimized to the same degree

and performed on equal amounts of input material.

Our comparison demonstrated a good concordance

in sample calls, with only a 10% discordance rate. In

some cases, only the ST strategy detected ctDNA.

Though not statistically significant, we observed a

trend towards higher DNA input in the samples anal-

ysed with ST compared with the paired sample testing

negative with the MT strategy. Likely, this reflects that

the MT analyses are carried out on a maximum of

66 ng DNA (~ 20 000 GE) per standard protocol.

Thus, in samples with high cfDNA levels, not all the

DNA in the sample will be converted to a result. This

was not a problem in samples only detected positive

by the MT strategy, where the cfDNA input in general

was lower (median 9418 GE in MT-only positive sam-

ples compared with the 20 000 GE as median input

for the ST-only positive samples). The majority of dis-

cordance was observed in the preoperative samples,

and ctDNA detection here was more prevalent using

the MT than the ST approach. Preoperative ctDNA

detection with tumour-informed strategies will seldom

be clinically relevant, but is often used as an indication

of ctDNA sensitivity. However, as illustrated here, a

high preOP detection rate does not necessarily trans-

late into a higher postoperative detection rate nor to

Table 2. Correlation between ST- and MT-detected ctDNA and

recurrence-free survival.

HR (95% CI) P-valuea

Postoperative ctDNA (n = 93)

ST negative – –

ST positive 7.5 (3.1–17.7) < 0.0001

MT negative – –

MT positive 6.8 (2.9–16.0) < 0.0001

Serialb ctDNA (n = 75)

ST negative – –

ST positive 33.9 (9.3–124.2) < 0.0001

MT negative – –

MT positive 67.7 (14.2–322.2) < 0.0001

a

Statistically significant P-values (P < 0.05) are marked in bold.
b

Samples collected serially after end of definitive treatment: treated

as time-varying independent variables.
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shorter “time to ctDNA detection”. In agreement here-

with, several previous ctDNA studies have reported

lower preoperative detection rates, than observed for

the MT strategy used here, but nevertheless reported

very similar “time to ctDNA-detections” [8,39,40].

While our observations indicated a significantly

lower overall ctDNA level in samples detected only by

the MT approach, this does not necessarily reflect a

better sensitivity. On the contrary, it may reflect a dif-

ference in the way the ctDNA level is calculated. With

the ST approach, the ctDNA level is calculated based

on a single target. This strategy makes the ST quantifi-

cation notably vulnerable to sampling stochasticity.

Here, the minimal ctDNA level observable is in princi-

ple one ctDNA fragment out of all input cfDNA frag-

ments. In the rare situations where the real ctDNA

level is below this number, but we by chance sampled

a tumour DNA fragment in the collected blood vol-

ume, the ST approach will overestimate the ctDNA

concentration. The MT approach by contrast calcu-

lates the ctDNA level as the mean ctDNA level for all

16 targets, including the targets for which no support

was observed in the sample. This corrects the esti-

mated concentrations for sampling stochasticity, which

will it inevitably result in the MT ctDNA concentra-

tion estimates being lower than the ST-estimated con-

centrations in samples with very low ctDNA levels.

Either way, samples with low ctDNA levels are most

vulnerable to subsampling issues, and the MT

approach seems to cope better in this setting. This

may well be what is reflected in the higher detection

rate observed for the MT approach in preoperative

samples.

Though both ctDNA detection strategies described

in this article are patient-specific and tumour-

informed, there are methodological differences beyond

the number of targets tracked. A comparison of ST

ddPCR and MT ddPCR would have decreased the

number of variables in the comparison, enabling a bet-

ter estimate of the contribution of having multiple

markers. However, the patient-specific panel designed

for the MT Signatera strategy is nonetheless similar to

what would be done using a digital PCR approach,

and the comparison is therefore more pertaining to the

number of targets than the underlying laboratory pro-

tocol (ddPCR vs. NGS). The MT assay tracks 16

somatic tumour variants, and is thus not representative

of sequencing strategies covering multiple hundreds of

potential targets. The comparison between ST and MT

in this article is thus a comparison of a tumour-

informed preselected ST vs. 16-target approach, and

not a representative comparison of ddPCR and NGS

as a whole. Whether other MT strategies for ctDNA

detection would outperform our current ddPCR setup

cannot be concluded from our comparison. It is possi-

ble, that MT strategies involving whole-genome

sequencing [41] or investigating many hundreds of

potential targets [42] are more sensitive. However, pre-

viously published results using the Signatera MT strat-

egy have demonstrated high sensitivities and

specificities in a clinical context, not only for CRC

[2,3] but also breast cancer [43], lung cancer [44], and

bladder cancer [4].

While our selected ST assays were patient-specific,

we here—for simplicity—choose only to include

patients with a somatic mutation overlapping with our

already existing in-house panel of ddPCR assays tar-

geting the most common mutations in CRC. In a

prospective setting, an assay could easily be designed

for each patient. In settings with fewer recurrent muta-

tions than CRC, the ability to reuse already existing

ddPCR-assays (an in-house panel) may be less pro-

nounced. In such settings, the ST and MT approaches

would be very similar, as both require tumour profil-

ing and patient-specific assay design and optimization.

Even with tumour profiling and individualized assay

optimization the ddPCR strategy is reasonably low

cost. The cost-effectiveness of this strategy is expected

to increase with the number of samples analysed for

each patient (i.e., serial plasma samples for recurrence

monitoring), as the up-front design and optimization

costs are fixed.

While we had the advantage of paired samples, this

study has some limitations. Firstly, by ensuring the

same amount of material for both analyses, we may

have introduced some bias in the cohort. Therefore,

the results are most useful for comparative analyses

and not as an absolute indication of performance of

either method in a prospective cohort. Secondly, while

the ST results were established blinded to the MT

results, they were generated after the MT results. Ide-

ally, the results should have been generated in parallel

and completely independent. Thirdly, the modest num-

ber of ctDNA positive samples from recurrence

patients, both postoperative and serially, warrants lar-

ger studies to confirm our findings.

5. Conclusions

Our findings do not support a significant performance

gain in choosing a multimarker NGS strategy (Signat-

era) over a simple single-marker strategy for postoper-

ative ctDNA detection. Moreover, this study

highlights the need to compare approaches in their

intended setting; i.e. evaluating a recurrence-risk mar-

ker in postoperative samples. While the ctDNA-field
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increases focus on MT strategies, widely available ST

analyses do provide good results for recurrence-risk

stratification and can perform on par with at least one

current MT strategy for early recurrence detection.
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