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abstract

PURPOSE We hypothesized that circulating tumor DNA (ctDNA) molecular residual disease (MRD) analysis
without prior mutational knowledge could be performed after neoadjuvant chemotherapy to assess oligome-
tastatic colorectal cancer (CRC) treated surgically with curative intent. We also investigated urine as an al-
ternative analyte for ctDNA MRD detection in this nongenitourinary setting.

PATIENTS AND METHODSWe applied AVENIO targeted next-generation sequencing to plasma, tumor, and urine
samples acquired on the day of curative-intent surgery from 24 prospectively enrolled patients with oligo-
metastatic CRC. Age-related clonal hematopoiesis was accounted for by removing variants also present in white
blood cells. Plasma and urine ctDNA MRD were correlated with tumor cells detected in the surgical specimen,
and adjuvant treatment strategies were proposed based on ctDNA-inferred tumormutational burden (iTMB) and
targetable alterations.

RESULTS Seventy-one percent of patients were treated with neoadjuvant chemotherapy. Tumor-naive plasma
ctDNA analysis detected MRD at a median level of 0.62% with 95% sensitivity and 100% specificity, and 94%
and 77% sensitivity when only considering patients treated with neoadjuvant chemotherapy and putative driver
mutations, respectively. In urine, ctDNA MRD detection specificity remained high at 100%, but sensitivity
decreased to 64%with median levels being 11-fold lower than in plasma (P, .0001). Personalized ctDNAMRD
oncogenomic analysis revealed 81%of patients might have been candidates for adjuvant immunotherapy based
on high iTMB or targeted therapy based on actionable PIK3CA mutations.

CONCLUSION Tumor-naive plasma ctDNA analysis can sensitively and specifically detect MRD in patients with
oligometastatic CRC after neoadjuvant chemotherapy. Urine-based ctDNA MRD detection is also feasible;
however, it is less sensitive than plasma because of significantly lower levels. Oligometastatic patients with
detectable MRD may benefit from additional personalized treatment based on ctDNA-derived oncogenomic
profiling.

JCO Precis Oncol 5:378-388. © 2021 by American Society of Clinical Oncology

INTRODUCTION

Colorectal cancer (CRC) is the second most common
cause of cancer death worldwide.1 Although patients
with localized or locally advanced disease typically
have a high rate of long-term survival, those with
distant metastatic disease have a 5-year survival rate
of only 14%.2 Still, with advances in radiologic imag-
ing and localized and systemic treatment modalities,
some of these patients with oligometastatic disease
can now be treated with curative intent to achieve
survival outcomes typical of their more localized
counterparts.3-13 The majority of these patients,
however, relapse,3,10 exposing an unmet need for
dependable biomarkers to optimally select patients for
potentially curative treatment in this oligometastatic
disease setting and to precisely monitor their treatment
responses.

Plasma circulating tumor DNA (ctDNA) has been
shown to be capable of detecting molecular residual
disease (MRD) in several cancer types including
CRC.14-19 However, these applications of plasma
ctDNA MRD detection after curative-intent treatment
have focused exclusively on nonmetastatic disease.
Oligometastatic cancer, arguably, represents a greater
clinical conundrum and potentially a more useful
avenue for the application of ctDNA MRD technology.
Additionally, all published ctDNA MRD detection
methodologies require that the hypothesis space be
limited to tumor-specific mutations by initially se-
quencing tumor or pretreatment plasma (tumor-
informed approach).16 This is a practical limitation
as patients are often seen in a different practice setting
for their initial diagnosis than their specialized treat-
ment for oligometastatic disease.20 Finally, despite its
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potential logistical advantages, urine-based ctDNA MRD
analysis has not been investigated before for non-
genitourinary (GU) malignancies. Therefore, we strive here
to fill the following unmet clinical needs: (1) plasma ctDNA
MRD detection without prior knowledge of tumor mutations
(tumor-naive approach), (2) plasma ctDNA MRD detection
in the oligometastatic setting, and (3) investigation of urine-
based ctDNA MRD detection for this non-GU malignancy.

There is also significant debate regarding the administra-
tion and timing of systemic therapy for oligometastatic
CRC.5,11,13,21-23 In the absence of reliable biomarkers, it is
challenging to decide between the different options of
surgery alone, surgery plus chemotherapy, and the timing
of chemotherapy when offered (neoadjuvant v adjuvant v
both). Additionally, more modern systemic modalities such
as immunotherapy and targeted inhibitors have not yet
been used in the oligometastatic setting after curative-
intent local treatment. ctDNA MRD analysis could help
fill these clinical gaps by providing oncogenomic data to
help guide the timing, strength, regimentation, and type of
systemic therapy, thus optimizing clinical decision making
for oligometastatic disease in a more personalized manner.

In this prospective cohort study, we used the AVENIO
platform, which is based on Cancer Personalized Profiling
by deep Sequencing (CAPP-Seq)24 with integrated digital
error suppression (iDES),25 for tumor-naive plasma ctDNA
MRD detection and mutational analysis. We aimed to
determine whether ctDNA analysis using this ultra-sensitive
method can reliably detect MRD in patients with oligo-
metastatic CRC on the day of curative-intent surgery. We
also investigated urine as an alternative cell-free DNA (cf-
DNA) analyte for ctDNA MRD detection. Finally, we
addressed the hypothesis that ctDNA MRD oncogenomic
analysis can help guide precision adjuvant treatment ap-
proaches such as targeted inhibitors or immunotherapy in a
personalized fashion for patients with oligometastatic CRC.

PATIENTS AND METHODS

We prospectively enrolled patients with oligometastatic
CRC between September 2018 and November 2019 onto
this single-institution prospective cohort study assessing
ctDNA as a liquid biopsy biomarker for solid tumor re-
sponse to therapy (Data Supplement). Patients with oli-
gometastatic CRC had blood and urine samples collected
on the day of surgery preoperatively, with tissue collected
shortly thereafter at the time of curative-intent resection. All
samples were collected with informed consent and insti-
tutional review board approval in accordance with the
Declaration of Helsinki. Following DNA extraction, all
samples were processed using the Roche AVENIO next-
generation sequencing (NGS) assay with the Surveillance
hybrid-capture panel (Data Supplement), and then se-
quenced on an Illumina HiSeq 4000. All tumor tissue was
measured and examined by a board-certified surgical
pathologist who was blinded to the ctDNA and tumor ge-
nomic data. Patients continued clinical follow-up as per the
standard-of-care with the managing clinicians blinded to
the ctDNA and tumor genomic data. This study was ap-
proved by the Washington University School of Medicine
institutional review board (protocol numbers 201107221
and 201903142). See the Data Supplement for meth-
odologic details.

RESULTS

Patient Characteristics and Samples Collected

We profiled a total of 82 plasma, peripheral blood mono-
nuclear cell (PBMC), tumor tissue, and urine samples
acquired on the day of curative-intent surgery from 24
prospectively enrolled patients with oligometastatic CRC
(Data Supplement). Median age was 57 years, and the
median study follow-up time was 12 months. Most patients
(71%) were treated with neoadjuvant chemotherapy before
surgery and had oligometastasis to the liver (92%).

CONTEXT

Key Objective
Can plasma and urine circulating tumor DNA (ctDNA) analysis detect molecular residual disease (MRD) in patients with

oligometastatic colorectal cancer (CRC) after neoadjuvant chemotherapy on the day of curative-intent surgery and inform
adjuvant treatment personalization?

Knowledge Generated
Ultra-deep targeted sequencing of plasma cell-free DNA, without prior knowledge of tumor mutations, detected ctDNA MRD

with high sensitivity (95%) and specificity (100%) in patients with oligometastatic CRC undergoing curative-intent surgery.
Urine ctDNA MRD was also detected in this nongenitourinary cancer type, albeit with reduced sensitivity (64%). ctDNA
MRD oncogenomic analysis enabled tumor mutational burden inference and targetable mutation identification, which
could help personalize adjuvant systemic therapy in the future.

Relevance
We demonstrate that ctDNA analysis can detect MRD from plasma and urine in oligometastatic CRC, and that further

oncogenomic analysis could inform adjuvant treatment strategies including immunotherapy and targeted systemic therapy.
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Fourteen patients (58%) had metachronous and the re-
mainder had synchronous oligometastatic disease.

Ultra-deep NGS Detected ctDNA MRD and Clonal

Hematopoiesis in Plasma

We sequenced and analyzed plasma cfDNA collected on
the day of curative-intent surgery. For ultra-deep targeted
sequencing, we used the Roche AVENIO Surveillance
panel, which spans 198 kb and encompasses 197 genes
frequently mutated in lung cancer and CRC (Data Sup-
plement). Indicative of high performance, 95% of patients
with CRC in The Cancer Genome Atlas (TCGA)26,27 had
mutations detectable within the genomic space covered by
our targeted sequencing panel (Data Supplement), with a
median of six single-nucleotide variants (SNVs) detected
per patient (Data Supplement). In our cohort, we detected
152 somatic mutations in plasma cfDNA from 24 patients,
which ranged in variant allele frequency (VAF) between
0.02% and 38.31% (Fig 1A).

For each patient in our cohort, we also sequencedmatched
PBMCs to an average unique depth of 4,197×. Notably, we
observed that age-related clonal hematopoiesis
(ARCH),28-32 also known as clonal hematopoiesis of inde-
terminate potential (CHIP), accounted for 13 of the 152
(9%) somatic mutations we detected in plasma cfDNA
(Fig 1A; Data Supplement), which would have confounded
plasma ctDNA quantitation in 21% of cases in our cohort
(Fig 1B). All 13 of these mutations were indexed within the
catalog of somatic mutations in cancer (COSMIC),33

highlighting the challenge of excluding them from our
plasma ctDNA results without dedicated high-depth PBMC
sequencing. The gene most commonly mutated in both
PBMCs and plasma was TP53 (Fig 1B), with these mu-
tations also having a higher mean VAF in cfDNA than other
genetic mutations shared between PBMCs and plasma (Fig
1C). Themedian VAF of PBMC-derived variants detected in
plasma was 0.16%, lower than in matched PBMCs in 85%
of cases (0.55% v 0.16%, P = .005; Fig 1D; Data Sup-
plement). These data suggest that ARCH variants can
confound plasma ctDNA results when employing ultra-
deep sequencing but can be adequately accounted for by
sequencing matched PBMCs to high depth.

We next analyzed ctDNA MRD within the plasma cfDNA
compartment on the day of surgery without any prior
knowledge of tumor mutations (tumor-naive approach). To
do this, we performed ultra-deep sequencing with the
AVENIO Surveillance panel of plasma cfDNA, achieving an
average deduplicated sequencing depth of 8,372×. We
then applied the AVENIO variant-caller, which is based on
iDES-enhanced CAPP-Seq,24,25 to detect single-nucleotide
variants. Following mutational calling, we removed variants
also detected in PBMCs (Fig 1; Data Supplement), thus
filtering out those resulting from ARCH or other PBMC-
specific somatic variants. The AVENIO ctDNA variant-caller
also bioinformatically filters out nonreference bases present

in databases of healthy individuals.34 As such, both po-
tential ARCH and single-nucleotide polymorphisms were
accounted for.

We detected plasma ctDNA MRD in 21 of 22 (95%) pa-
tients with residual disease detected by surgical pathology.
We detected on average seven mutations per patient with a
median ctDNA level of 0.62% (Fig 2A; Data Supplement),
approximately 6-fold lower than previously observed in
advanced-stage CRC,35 and consistent with what we pre-
viously observed for localized lung cancer after curative-
intent treatment.15 Among the mutations we detected in
plasma ctDNA were nonsynonymous mutations in the
candidate driver genes TP53, APC, KRAS, PIK3CA,
FBXW7, SOX9, and NRAS (Fig 2A; Data Supplement). We
also observed a significant correlation between tumor size
and ctDNA levels in plasma (Fig 2B). Similar to ctDNAMRD
studies in lung cancer,15,36 most mutations that we iden-
tified were not drivers, but rather appeared to be passenger
mutations that were either silent or without known func-
tional impact in CRC (Fig 2C; Data Supplement). When
these nondriver mutations were discounted, the plasma
ctDNA detection rate in our cohort decreased significantly
from 95% to 77% (P = .04; Fig 3A), demonstrating the
importance of including both mutation types to achieve
high sensitivity.

Among patients with tumor cells present in their surgical
resection specimens, 95% had detectable plasma ctDNA
MRD (Fig 3B; Data Supplement). Considering only those
treated with neoadjuvant chemotherapy with persistent
tumor cells detected by surgical pathology, 94% had
detectable plasma ctDNA MRD prior to metastasectomy
(Data Supplement). Among patients with undetectable
plasma ctDNA MRD, one had , 10% tumor cells de-
tected in his surgical specimen, whereas the others
had no pathologic evidence of residual disease (Data
Supplement).

Targeted NGS Detected ctDNA in Urine at Lower Levels

Than in Plasma

Next, we asked whether urine-based analysis could also
detect oligometastatic CRC ctDNA MRD. To enrich for
plasma-derived cfDNA in urine, we applied a
chromatography-based protocol using Q-Sepharose to
isolate urine cfDNA,37,38 followed by a custom magnetic
bead-based protocol to enrich for 70-450 base-pair frag-
ments (Data Supplement). We sequenced the resulting
enriched urine cfDNA using the AVENIO Surveillance panel
to an ultra-high average deduplicated depth of 5,765×,
which enabled detection of ctDNA MRD from the urine of
14 patients, with a median detectable ctDNA level of
0.05%, 11-fold lower than in plasma (P , .0001; Fig 4A;
Data Supplement). We furthermore found that cfDNA
fragments containing mutations were shorter in urine with
an average size of 150.1 bp, compared to 180.2 bp in
plasma (P , .0001; Data Supplement).

Pellini et al
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A total of 44 mutations identified in tumor or plasma were
also detected in urine on the day of surgery (Fig 4B; Data
Supplement). The average number of SNVs detected in
urine was 3-fold lower than in plasma (P = .03; Data
Supplement). Using residual tumor cells in the surgical
sample as our gold standard, the sensitivity of urine-based
ctDNA MRD detection was 64%, whereas the specificity

was 100% (Fig 4C). We also observed that 9% of mutations
in urine cfDNA, all involving the TP53 gene, were de-
tectable in PBMCs, consistent with a hematopoietic origin
(Fig 4D; Data Supplement). Thus, ctDNA MRD can be
measured from urine, with a subset shared with PBMCs;
however, levels and sensitivity were lower than from
plasma.
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Targeted NGS in Tumor Tissue Compared With Plasma

and Urine

Ten patients had their liver metastases available for analysis
using the Roche AVENIO Surveillance panel, with 64% of
identified genetic alterations also detected inmatched plasma
cfDNA samples (Data Supplement). Tumoral SNVs detected
in both tissue and plasma had significantly higher VAFs when
compared with SNVs solely detected in tumor tissue
(P = .0002; Data Supplement). As expected, the mutant
allele fractions of detected variants were significantly higher
in tumor tissue when compared with plasma or urine cfDNA
(P = .0007 and P, .0001, respectively; Data Supplement).

Plasma ctDNA MRD as an Oncogenomic Biomarker for

Treatment Personalization

Immune checkpoint blockade has shown efficacy in
the metastatic CRC non–curative-intent setting,39 and

pembrolizumab was recently approved by the US Food and
Drug Administration for patients with unresectable or
metastatic solid tumor malignancies with high tumor mu-
tational burden (TMB) (≥ 10 nonsynonymous mutations
per megabase).40,41 We and others also previously showed
that TMB can be inferred from hybrid-capture plasma
cfDNA analysis in patients with non–small-cell lung
cancer.15,42 To determine if similar methodology can be
applied to CRC, we derived an equation relating non-
synonymous mutational burden in the AVENIO targeted
sequencing space to exome-wide TMB using CRC data
from TCGA26,27 (Fig 5A).

Applying this equation to our cohort, we determined that
81% of plasma ctDNA MRD-positive patients had inferred
tumor mutational burden (iTMB) levels exceeding 300
nonsynonymous variants (. 10 mutations per megabase;
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Data Supplement). Plasma iTMB demonstrated reasonable
concordance with tumor tissue and urine cfDNA-based
analysis too (Data Supplement) and could have potentially
been applied to patients in our cohort to identify candidates
for adjuvant immune checkpoint blockade (Fig 5B; Data
Supplement).

We next queried our cohort for potentially actionable mu-
tations in plasma ctDNA by reviewing the Clinical Inter-
pretation of Variants in Cancer (CIViC)43 database (Data
Supplement). This revealed that 10% of patients with
detectable plasma ctDNA MRD also had a targetable
PIK3CA mutation (Data Supplement).

Applying both of these oncogenomic analysis methodolo-
gies, we hypothesize that 10% of ctDNA MRD-positive
patients in our cohort could have been candidates for
selective PI3K inhibition or early immunotherapy, 71%
might have been candidates for early immune checkpoint
blockade, and the remaining 19% would have been can-
didates for further chemotherapy (Fig 5B). This has the
potential to open the door to personalized precision ad-
juvant systemic therapy for patients with oligometastatic
CRC.

Plasma ctDNAMRD as a Potentially Prognostic Biomarker

Our study was underpowered for survival analysis and the
median follow-up time was only 12 months; however, as
part of an exploratory analysis, we assess disease-free
survival (DFS) for patients based on ctDNA MRD status.

Although no statistically significant differences in DFS were
noted, there was a trend toward shorter DFS for patients
with detectable ctDNA MRD before metastasectomy. The
median DFS was 9 months for patients with positive ctDNA
MRD and was not reached for those with negative ctDNA
MRD (hazard ratio, 3.4; 95% CI, 0.92 to 12.3; P = .2; Data
Supplement).

DISCUSSION

Using a prospective study design, our data show that MRD
can be reliably detected through tumor-naive plasma
ctDNA analysis in patients with oligometastatic CRC. In
addition to overcoming the practical limitation of having
access to biopsy tissue, a tumor-naive approach may better
account for geographic tumor heterogeneity.17,36 Although
ctDNA MRD has been measured in several tumor types
after curative-intent treatment,15-19 to our knowledge, this is
the first study applying ctDNA MRD analysis to oligome-
tastatic disease and without any prior knowledge of tumor
mutations.

Given the prevalence of ARCH reported in other plasma
ctDNA studies,29,34,44,45 we also sequenced matched
PBMCs to an average unique depth. 4,000×. Notably, the
sequencing panel we used does not include the canonical
ARCH genes DNMT3A, TET2, or ASXL128-32; however, it
was recently validated for ARCH/CHIP analysis by Yaung
et al. Similar to Yaung et al34 who observed BRCA2 as the
second most commonly mutated gene in their CHIP

B

Tumor (+)
(n = 22)

Tumor (−)
(n = 2)

0

25

50

75

100

Pe
rc

en
ta

ge
 (%

)

P < .01

Sn = 95% Sp = 100%

Negative

Positive

Plasma ctDNA MRD

A

AVENIO Driver
 Mutations

Li
ke

lih
oo

d 
of

 D
et

ec
tin

g 
ct

DN
A 

M
RD

 A
fte

r S
ur

ge
ry

0.0

0.5

1.0
P = .04

FIG 3. Plasma ctDNAMRD detection predicts residual disease in the surgical specimen. (A) Likelihood of detecting plasma
ctDNA MRD on the day of surgery by tracking all mutations within the AVENIO target panel space or tracking only driver
mutations (mean 6 SEM). This figure illustrates data from the 22 patients with detectable tumor cells in the surgical
specimen. P value was calculated by Student t-test. (B) Stacked bar plot depicting the sensitivity and specificity of tumor-
naive plasma ctDNA MRD detection on the day of surgery according to the presence of viable tumor cells in the surgical
specimen. P value was calculated by Fisher’s exact test. ctDNA, circulating tumor DNA; MRD, molecular residual disease;
Sn, sensitivity; Sp, specificity; Tumor (−), no viable tumor cells; Tumor (+), tumor cells present.

ctDNA MRD Analysis From Plasma and Urine in Oligometastatic CRC

JCO Precision Oncology 383



Tumor (+) Tumor (−)
0

25

50

75

100

Pe
rc

en
ta

ge
 (%

)

Positive 

Negative

Sn = 64% Sp = 100%

Urine ctDNA MRD

C

Plasma Urine
0.01

0.1

1

10
ct

DN
A 

M
ea

n 
VA

F 
(%

)
P < .0001

A B

15
06

13
20

15
19

16
97

13
89

13
17

15
37

13
93

13
14

15
44

13
87

13
61

13
39

14
26

Missense

Splice

43%
14%
14%
14%

7%
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%
7%

TP53
APC 

ASTN2 
DCAF4L2 

SV2A 
PIK3CA 
FBXW7 

BRAF 
SOX9 

PCDH15 
ALK 

NRXN1 
EGFR
RET 

KCNB2 
TNR 

SLITRK1
CTNND2

CDH9
MAP2 

MMP16
WBSCR17

FBXL7
ZNF521

KIAA1211
DCAF12L1

USP29
MKRN3

PDZRN3
FOXG1
ABCG2

RNASE3
KCNC2 7%

*1320 has two TP53 & SV2A missense variants

Stop-gain Synonymous

None

Mutations in Urine ctDNA MRD

D

21%
0%
0%
0%
0%
0%
0%
0%
0%

TP53
APC

EGFR
BRCA2

KIT
FBXL7

ALK
LRRC7

PKHD1L1

*1320 harbors twoTP53 missense variants

13
20

15
06

13
93

16
97

13
89

13
17

15
37

15
19

13
14

15
44

13
87

13
61

13
39

14
26

Variants Shared With PBMCs

FIG 4. Urine-based ctDNA MRD detection in oligometastatic CRC. (A) Comparison between detectable ctDNA MRD
levels in plasma (n = 21) and urine (n = 14) from the day of curative-intent surgery for oligometastatic CRC. Each dot
represents ctDNA mean VAF data from a single patient. Horizontal black bars represent median values. P value was
calculated by the Mann-Whitney U test. (B) Comutation plot for 14 patients with detectable urine ctDNA MRD. (C)
Stacked bar plot depicting the sensitivity and specificity of urine-based ctDNA MRD detection on the day of surgery
according to the presence of viable tumor cells in the surgical specimen. (D) Comutation plot illustrating mutations in
urine cfDNA that are in common with those in matched PBMCs on the day of surgery. For both B and D, each column
represents data from a single patient with IDs in the row above the plot, colors representmutational type, and gene-level
mutation rates are depicted by bar graphs to the right. cfDNA, cell-free DNA; CRC, colorectal cancer; ctDNA, circulating
tumor DNA; MRD, molecular residual disease; PBMCs, peripheral blood mononuclear cells; Sn, Sensitivity; Sp,
Specificity; Tumor (−), no viable tumor cells; Tumor (+), tumor cells present; VAF, variant allele fraction.

Pellini et al

384 © 2021 by American Society of Clinical Oncology



analysis, we also observed PBMC mutations in non-
canonical ARCH genes. These mutations present in both
PBMCs and plasma, and also indexed in COSMIC,33 would
have been counted as ctDNA variants in the absence of
high-depth PBMC sequencing. This finding emphasizes
the importance of PBMC deep-sequencing to discriminate
between ctDNA MRD mutations and confounding PBMC-
derived variants.

Despite a recurrence risk of over 50% after surgical
resection,3,10 the role for adjuvant systemic therapy in patients
with oligometastatic CRC remains controversial.5,11,13,21-23 Our
data suggest that ctDNA MRD oncogenomic analysis could
potentially help clarify decision making regarding adjuvant
treatment. We inferred tumor mutational burden from ctDNA
results and queried potentially targetable mutations in the
CIViC43 database. In this way, we showed that 10% of patients
with detectable plasma ctDNA MRD in our study could have
been candidates for selective PI3K inhibition, and 81%might
have been candidates for adjuvant immune checkpoint
blockade. This treatment paradigm, guiding adjuvant therapy
based on oncogenomic ctDNA MRD features, will need to be
tested prospectively in a clinical trial. Future studies may
include ctDNA measurement before and after meta-
stasectomy and randomly assign patients to receive additional
treatment following resection according to ctDNA MRD de-
tection and oncogenomic analysis.

We also identified a strong correlation between undetect-
able ctDNA MRD and pathologic complete response to
neoadjuvant chemotherapy. If validated, future studies
should use ctDNA MRD after neoadjuvant treatment to
inform the optimal duration and regimentation of neo-
adjuvant chemotherapy and further optimize surgical
timing. Future studies should also expand upon ours by
measuring ctDNA at multiple timepoints during neo-
adjuvant treatment, and correlate ctDNA dynamics to
therapeutic response. In this way, it may be possible to
predict responses to neoadjuvant chemotherapy even
earlier through ctDNA analysis, for example, by using the
continuous individualized risk index.46 Furthermore, it is
important that the ctDNA technology we used here be
investigated in the postoperative setting to better inform the
selection of adjuvant treatment in oligometastatic CRC.

Unique to previous ctDNA MRD studies in non-GU ma-
lignancies, we also explored urine as a biofluid analyte.
Although we achieved ultra-high unique sequencing
depths, the detection sensitivity of ctDNA MRD from urine
was lower than from plasma, likely related to the 11-fold
lower ctDNA levels that we observed. Interestingly, the rate
of shared mutations with PBMCs relative to the total
number of mutations detected in urine was similar to
plasma, suggesting that PBMC-derived variants can also be
detected in urine. Overall, the feasibility of urine-based
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ctDNA MRD detection for a non-GU cancer type is novel.
However, our data suggest that urine is an inferior biofluid
compared to plasma for ctDNA MRD detection in patients
with oligometastatic CRC.

Limitations of our study include a modestly sized cohort
with ctDNA assessment at a single timepoint and the in-
ability to sequence paired tumor tissue for all patients. The
recruited cohort was also heterogeneous, including pa-
tients with metachronous and synchronous oligometastatic
disease; most patients received neoadjuvant chemother-
apy but some did not. Still, we believe it was important to
allow this heterogeneity as oligometastatic CRC is intrin-
sically a heterogeneous entity in terms of its presentation
and treatment approaches.5,8,12,13 Although our study was

underpowered for survival analysis, we observed a trend
toward worse DFS in patients with detectable ctDNA MRD.
This finding needs to be validated in larger studies. Finally,
we observed 64% mutational concordance between tumor
tissue and plasma cfDNA, which is consistent with prior
studies of CRC and other cancer types.16,37,47-49

In conclusion, we used a prospective study design to
demonstrate that ctDNA is a promising biomarker for MRD
detection on the day of surgery in patients with oligo-
metastatic CRC. Our results have strong clinical impli-
cations, and in the future could enable clinicians to
personalize treatment paradigms for oligometastatic dis-
ease based on oncogenomic features derived from cell-
free DNA.
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