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Abstract

Background: Identifying patients at high risk for colorectal cancer recurrence is essential for
improving prognosis. In the postoperative period, circulating tumour DNA (ctDNA) has been
demonstrated as a significant prognostic indicator of recurrence. These results have been
obtained under the strict rigours of clinical trials, but not validated in a real-world setting using
in-house testing. We report the outcomes of locally performed postoperative ctDNA testing con-
ducted during routine clinical care and the association with the recurrence of colorectal cancer.
Methods: We recruited 36 consecutive patients with newly diagnosed colorectal cancer
between 2018 and 2020. Postoperative plasma samples were collected at the first outpatient
review following resection. Tumour-informed ctDNA analysis was performed using droplet
digital polymerase chain reaction or targeted next-generation sequencing.
Results: At the time of surgery, there were 24 patients (66.7%) with localized cancer, nine
(25%) with nodal spread, and three (8.3%) with metastatic disease. The median time from
surgery to plasma sample donation was 22 days (IQR 20–28 days). At least one somatic
mutation was identified in primary tumour tissue for 28 (77.8%) patients. Postoperative
ctDNA was detected in five patients (13.9%). The median duration of follow-up was
32.0 months (IQR 27.2–38.1 months). Two patients (5.56%) developed metastatic recur-
rence. However, neither had detectable postoperative ctDNA. There were no instances of
loco-regional recurrence.
Conclusion: Analysis of postoperative ctDNA testing can be performed locally, however
this study did not reproduce the adverse association between detectable postoperative
ctDNA and the development of colorectal cancer recurrence seen in clinical trials.

Introduction

Globally, 1.3 million new cases of colorectal cancer are diagnosed

annually, making colorectal cancer the third most common cancer.1

While those with nonmetastatic disease may be cured by surgical

resection with or without adjunct therapy, recurrence is anticipated

in 30%–50% of these patients.2

The gold standard for predicting recurrence focuses on histopatho-

logical examination of resected tumour tissue. The shortcomings of this

system are well documented.3,4 At best, histopathological markers are

surrogate tumour biology measures, not evidence of residual disease

following resection. More personalized and innovative strategies are

needed to identify those with minimal residual disease, defined as the

persistence of micrometastatic disease following curative resection,

which cannot be detected using conventional clinical, biochemical,

endoscopic methods, or imaging techniques.
Tumour DNA detected in peripheral blood, termed circulating

tumour DNA (ctDNA), provides individualized, minimally
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invasive, and real-time molecular tumour characterization. Amongst
several other clinical applications, ctDNA can identify minimal
residual disease. Several clinical trials have demonstrated that
detection of postoperative ctDNA following curative resection of
colorectal cancer is associated with a significantly worse
prognosis.5–12

With a rapidly growing global interest, the body of knowledge
regarding the use of ctDNA in colorectal cancer care has been and
continues to be, developed under the optimized constructs of clini-
cal trials. Furthermore, this work has primarily been performed
under the auspices of medical oncologists without a significant sur-
gical contribution to the field. While it is encouraging to see that
the results from these clinical trials are congruent, the results need
to be reproduced under real-world conditions. To date, no real-
world study has examined the prognostic role of detectable postop-
erative ctDNA in colorectal cancer using locally performed sample
analysis. Unfortunately, the ctDNA trials conducted in Australia
have required shipping patient samples to an overseas laboratory.
While this was initially necessary due to the lack of local infrastruc-
ture, it is not a long-term solution that is practical outside of a clini-
cal trial setting. We endeavoured to perform in-house ctDNA
analysis to demonstrate the feasibility of future ctDNA research
within local laboratories and capacity for implementation into rou-
tine clinical care in Australia. Herein we report the outcomes of
locally performed postoperative ctDNA testing conducted during
routine clinical care and the association with colorectal cancer
recurrence.

Methods

Study design and participants

A visual summary of the study design is provided in Figure 1. This
prospective single-site pragmatic study recruited consecutive
patients with colorectal cancer. Patients were included in the
study if they underwent resection of primary adenocarcinoma of
the colon or rectum between May 2018 and January 2020 and
provided a blood sample for ctDNA analysis. The sample size
was limited by the recruitment end date to provide sufficient
follow-up data at the intended time of publication. The study
was approved by the St John of God Health Care and University
of Western Australia Human Research Ethics Committees (refer-
ences 1683 and RA/4/20/6297). All patients provided written
informed consent.

Decisions regarding the administration of adjuvant chemotherapy
were discussed at a multi-disciplinary meeting. All patients under-
went routine surveillance, including 3–6 monthly clinical reviews,
carcinoembryonic antigen testing, and annual colonoscopy and/or
computed tomography of the chest, abdomen, and pelvis.

Tumour tissue mutation profile

Tumour specimens were fixed in 10% buffered formalin at the time
of surgical resection and embedded in paraffin wax. DNA was
extracted from macro-dissected full-face formalin-fixed,
paraffin-embedded (FFPE) tumour samples using QIAamp DNA
FFPE Tissue purification kits (QIAGEN, Hilden, Germany).

Validation of yield of DNA extracted from tumour tissue was
assessed using the Qubit dsDNA HS Assay Kit (Thermo Fisher
Scientific, Waltham, USA). Tumour tissue was analysed for
somatic mutations in 14 genes commonly mutated in colorectal
cancer, using the Oncomine Colon cfDNA Assay (Thermo
Fisher Scientific). Sequencing was conducted as previously
described.13

Tumour-informed mutation model development

For each patient, a tumour-informed mutation model was developed
to determine the presence of ctDNA. Low-frequency variants (those
with less than 1% of reads covering that allele) were excluded from
selection. Candidate variants were cross-referenced with digital
droplet polymerase chain reaction (ddPCR) assays in our labora-
tory, and a single mutation was selected as the tumour marker for
each patient (that with the greatest variant frequency with a ddPCR
assay on hand). For cases where a ddPCR assay was not available
for the mutation detected in the tumour, targeted next-generation
sequencing was performed.

Circulating tumour DNA analysis

At their first postoperative outpatient review, patients donated 10–
20 mL of whole blood using Cell-Free DNA blood collection tubes
(Streck, La Vista, USA). Plasma was isolated from whole blood by
two-step centrifugation (10 min at 1600�g followed by 10 min at
4000�g) and stored at �80�C until use. DNA was extracted from
4 to 5 mL of plasma using the QIAamp Circulating Nucleic Acid
purification kit (QIAGEN). Validation of yield and quality of cell-
free DNA extracted from plasma were assessed using the D1000
ScreenTape Assay (Agilent Technologies, Santa Clara, USA). Post-
operative cell-free plasma DNA samples interrogated by ddPCR
were analysed using PrimePCR ddPCR assays (Bio-Rad, Hercules,
USA). A positive control, a healthy control and a no-template con-
trol were included in each assay. Only tests providing >10 000
droplets were used for analysis. Postoperative cell-free plasma
DNA samples interrogated by targeted Next-Generation Sequenc-
ing were analysed using the Oncomine Colon cfDNA Assay as pre-
viously described.13

Statistical analyses

Statistical analyses were performed using Stata version 17.0
(StataCorp, College Station, USA). Data distribution was assessed
using the Shapiro–Wilk test. Survival data was analysed using the
Kaplan–Meier estimator with subsequent Log-Rank test for equality
of survival functions and Cox proportional hazards regression anal-
ysis. Survival analysis was truncated to the point when the number
at risk was one-third of the starting figure. Follow-up duration was
calculated using the reverse Kaplan–Meier method. Statistical sig-
nificance was defined as P < 0.05. Confidence intervals (CI) were
set at the 95% level.

2 Cohen et al.
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Results

Patient characteristics

Thirty-six patients with colorectal cancer were included in this
study. Their clinical and histopathological characteristics are sum-
marized in Table 1 and displayed in Figure 2. The median time
from surgery to blood donation was 22 days (interquartile range
20–28 days).

All patients underwent resection of their primary tumour.
One patient had synchronous ascending (T3N0M0) and des-
cending colon (T1N0M0) cancers. The more advanced ascend-
ing tumour was used for staging and analysis. Only one patient
had involved resection margins - a 62-year-old male with
T3N2bM1a rectal cancer with tumour adherence to the iliac
vessels.

Of those administered adjuvant chemotherapy, most patients
received first-line FOLFOX regime (60.0%) or capecitabine (33.3%).

The median follow-up time was 32.0 months (interquartile range
27.2–38.1 months). Amongst those with nonmetastatic disease at
resection, recurrence occurred in 5.56% (n = 2). There were no
instances of local recurrence. One of the two patients with meta-
static recurrence underwent metastasectomy and is now disease
free. There were three deaths during the follow-up period. No
patients were lost to follow-up.

Primary tumour somatic mutations and ctDNA
assay selection

Figure 2 summarizes the results from primary tumour targeted
next-generation sequencing. The most frequently mutated genes in
primary tumour samples were KRAS, followed by APC, PIK3CA,
and TP53. Two patients had no mutations detected on sequencing,
resulting in a tumour sequencing failure rate of 5.56%. Six patients
had only low-frequency variants (i.e. less than the background
threshold of 1% for FFPE tissues). For the remaining 28 patients,
ctDNA assay selection is summarized in Supplementary Table 1.
Eleven ddPCR assays were sufficient to cover 75.0% (n = 21) of
the ctDNA testing cohort, with the remaining patients (n = 7)
requiring ctDNA analysis by targeted next-generation sequencing.

Relationship between ctDNA status and clinical
outcomes

Five patients were positive for postoperative ctDNA, however, this
includes one patient with metastatic disease at the time of sampling.
Of those with nonmetastatic disease at the time of plasma sampling,
the ctDNA detection rate was 14.8% (n = 4/27). None of the
patients with detectable ctDNA developed recurrence, while the
recurrence rate for those without detectable ctDNA was 8.7%
(Fig. 3). There were no significant differences in disease-free

Fig. 1. Visual representation of study design and methods. ddPCR: digital droplet polymerase chain reaction. NGS, next-generation sequencing.

© 2023 The Authors.
ANZ Journal of Surgery published by John Wiley & Sons Australia, Ltd on behalf of Royal Australasian College of Surgeons.

Postoperative ctDNA in colorectal cancer 3

 14452197, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ans.18385 by E

dith C
ow

an U
niversity, W

iley O
nline L

ibrary on [01/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



survival (P = 0.47) for patients with or without detectable postop-
erative ctDNA (Fig. 3). There were no significant predictors of
disease-free survival following univariate Cox-regression (Table 1).

Discussion

In our study we were able to implement locally performed ctDNA
testing into routine clinical care of patient with colorectal cancer.
We were unable to reproduce the association between postoperative
ctDNA and the development of recurrence following curative resec-
tion, which has been observed in numerous clinical trials.

The presence of postoperative ctDNA in published trials is asso-
ciated with poor recurrence-free survival. However, the reported
hazard rate varies significantly. Amongst patients with stage I-III
disease postoperative ctDNA was associated with a 6.16-fold
poorer recurrence-free survival.3 This figure rises to 11- and 7-fold
poorer recurrence-free survival amongst stage II–III14 disease and
stage III,10 respectively. It should be noted that there is significant
heterogeneity in these trials with regard to sample collection timing
and ctDNA analysis method. In our cohort, there was no significant
association between postoperative ctDNA status and the develop-
ment of recurrence following curative resection of colorectal can-
cer. Possible explanations for this negative finding are our low
recurrence rate, primary sequencing failure rate, early ctDNA sam-
pling, and modest sample size.

Our reported recurrence rate amongst stage I–III colorectal can-
cer patients of 5.56% is significantly lower than all other studies
exploring the role of postoperative ctDNA in colorectal cancer. The
mean recurrence rate in studies of postoperative ctDNA analysis in
stage I–III colorectal cancer is 18.31% (standard deviation
5.00%).5–8,11,12,14 The lowest reported recurrence rate was 13.0%,
found amongst 38 patients with locally advanced rectal cancer.11

While our sample size is smaller than most, our recurrence rate is
dramatically lower. This has been achieved with a similar median
duration of follow-up compared to of published studies
(32.0 months versus 27 months).5–12,14–18 Given that this could be
due to sampling error, we reviewed our institutional patient registry.
Of the 1347 patients with stage I–III colorectal adenocarcinoma that
underwent surgery between 2010 and 2018 (inclusive), the recur-
rence rate was 6.68% (n = 90). This included 74 patients with met-
astatic recurrence, four with local recurrence, and 12 with both
local and metastatic recurrence. The median follow-up duration for
this cohort was 7.33 years (interquartile range 5.19–10.1 years).
This data suggests that the low recurrence rate for this study is not
that dissimilar to our institutional standard and is markedly lower
than the rates published by others.

We reported a primary sequencing failure rate of 5.56% (n = 2).
The sequencing failure rate in the literature varies widely. Tarazona
et al. and Khakoo et al. obtained a 12.0%5 and 9.62%11 sequencing
failure rate, respectively. Across several of their studies, using the

Table 1 Clinicopathological characteristics of patients and correlation to recurrence-free survival

Patient characteristics Univariate Cox-regression

All patients (n = 36) No recurrence (n = 31) Recurrence (n = 2) HR (95% CI) P-value

Age at diagnosis (mean, SD) 67.6 (13.1) 68.8 (12.9) 62.3 (0.06) 0.97 (0.88–1.08) 0.58
ASA (mean, SD) 2.4 (0.64) 2.4 (0.67) 2.5 (0.71) 1.35 (0.16–11.5) 0.78
Sex
Female 16 (44.4%) 15 (48.4%) 0 0 – – –

Male 20 (55.6%) 16 (51.6%) 2 (100%) – – –

Tumour location
Colon, right 17 (47.2%) 15 (48.4%) 1 (50.0%) 1.00
Colon, left 8 (22.2%) 6 (19.4%) 1 (50.0%) 2.38 (0.15–38.2) 0.54
Rectum 11 (30.6%) 10 (32.3%) 0 0 – – –

AJCC stage
I 12 (33.3%) 12 (38.7%) 0 0 – – –

II 12 (33.3%) 11 (35.5%) 1 (50.0%) 1.00
III 9 (25.0%) 8 (25.8%) 1 (50.0%) 1.15 (0.07–18.6) 0.92
IV 3 (8.33%) Not applicable Not applicable – – –

Adjunct therapy (no versus yes)
Neo-adjuvant chemo-radiotherapy 8 (22.2%) 6 (19.4%) 1 (50.0%) 3.61 (0.23–57.7) 0.36
Adjuvant chemotherapy 18 (50.0%) 13 (41.9%) 2 (100%) – – –

Dworak tumour regression score
1 1 (12.5%) 0 0 1 (100%) – – –

2 4 (50.0%) 3 (50.0%) 0 0 – – –

3 3 (37.5%) 3 (50.0%) 0 0 – – –

Grade
Well/moderately differentiated 33 (91.7%) 29 (93.6%) 2 (100%) – – –

Poorly differentiated 3 (8.33%) 2 (6.45%) 0 0 – – –

Histological features (absent versus present)
Mucinous 10 (27.8%) 8 (25.8%) 1 (50.0%) 2.85 (0.18–45.7) 0.46
Lymphovascular invasion 5 (13.9%) 3 (9.68%) 1 (50.0%) 6.70 (0.42–107.4) 0.18
Perineural invasion 6 (16.7%) 3 (9.68%) 1 (50.0%) 4.74 (0.30–75.9) 0.27
Extramural venous invasion 10 (27.8%) 7 (22.6%) 1 (50.0%) 2.63 (0.17–42.1) 0.49

Postoperative ctDNA
Negative 23 (82.1%) 21 (84.0%) 2 (100%) – – –

Positive 5 (17.9%) 4 (16.0%) 0 (0%) – – –

© 2023 The Authors.
ANZ Journal of Surgery published by John Wiley & Sons Australia, Ltd on behalf of Royal Australasian College of Surgeons.
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Safe-SeqS assay in collaboration with Johns Hopkins University,
Tie et al. achieved a sequencing failure rate of 0.0%–1.84%.7,12

While a watered-down version of Safe-SeqS is commercially

available for colorectal liquid biopsy research, access to the full
sequencing panel used in these studies is only possible through
shipping patient samples to a Baltimore-based laboratory.

We performed in-house tumour-informed ctDNA analysis using
the Oncomine Colon cfDNA Assay. A tumour-informed approach
uses knowledge of the genetic alterations of the primary tumour to
identify ctDNA in the blood, while a tumour-agnostic approach
aims to identify ctDNA without prior primary tumour genetic pro-
filing.19 Under this paradigm, ctDNA is sequenced using sequenc-
ing panels to detect mutations frequently involved in
carcinogenesis. While tumour-informed ctDNA identification is
more resource demanding and requires access to the primary
tumour, the personalized nature of this approach is more sensitive
and specific compared to tumour-agnostic testing.3 In order to limit
the costs of our analysis, we preferentially used ddPCR analysis for
ctDNA samples. Compared to targeted next-generation sequencing,
ddPCR is both dramatically cheaper per sample tested, less time
consuming, and less technically challenging to perform ($AU4.00/
sample vs. $AU225/sample; 1 versus 7 days). We selected the
Oncomine Colon cfDNA Assay due to our local experience with
the product and the published performance of the assay.13,20

Our ctDNA detection rate of 14.8% was similar to the rates
reported in the literature. Those using ddPCR for ctDNA analysis
reported a ctDNA detection rate, amongst nonmetastatic colorectal

(a) (b)

Fig. 3. (a) Kaplan–Meier plot of recurrence-free survival stratified by
ctDNA detection in postoperative blood samples of patients who under-
went resection of colorectal cancer. P-value represents the Log-Rank test
of equality of survival functions. (b) Recurrence rates in ctDNA-positive
and ctDNA-negative patients. ctDNA: circulating tumour DNA; (+)ve: posi-
tive; (�)ve: negative.
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cancer patients, of 13.0%–28.6%.5,9,11 Those using targeted next-
generation sequencing reported ctDNA detection rate varied by
stage and disease location. Tie et al. found a ctDNA detection rate
of 7.87%, 20.8%, and 11.9% for stage II6 and III7 colon cancer,
and locally advanced rectal cancer,12 respectively. In other studies
using targeted next- generation sequencing, amongst patients with
nonmetastatic colorectal cancer, the ctDNA detection rate is
reported at 8.3%–14.3%.8,10,14 The rate of ctDNA detection tends
to increase with an increasing duration between surgery and sample
collection. Henriksen et al. found that all postoperative ctDNA
samples taken less than 2 months following curative resection were
negative, but when sampled after 2 months, 80% of patients devel-
oped detectable ctDNA.10 This relationship likely reflects the surge
in cell-free DNA following surgery, lasting up to 4 weeks.17 This
process increases the ratio of wild-type-to-mutant cell-free DNA
present in plasma, thereby diluting ctDNA below the test limit of
detection.

Our study was unable to validate the association between detect-
able postoperative ctDNA and recurrence of colorectal cancer,
partly due to a combination of the modest sample size (n = 36) and
our low recurrence rate (5.56%). This study served as a proof of
concept for in-house ctDNA analysis within the routine clinical set-
ting. By design, consecutive sampling was utilized with limiting of
the sample size by the study end date to permit adequate follow-up
of participants at the time of intended publication. An a posteriori
power calculation, at a recurrence rate of 6.0%, with the alpha set
at 0.05 and power at 0.8, using the Cox proportional hazards
model, a sample size of 104 patients would be required to repro-
duce the mean effect size (HR = 9.5) reported by trials of
recurrence-free survival estimates using postoperative ctDNA anal-
ysis in stage I-III colorectal cancer. As a result, our study was
underpowered to reproduce these findings. However, our study was
adequately sized to demonstrate the feasibility of in-house ctDNA
analysis in the routine clinical setting. Our a priori power calcula-
tion used the mean recurrence rate (18.31%) and mean effect size
(HR = 9.5) reported by studies of postoperative ctDNA analysis in
stage I–III colorectal cancer. Based on these figures, a sample size
of 34 was required at an alpha of 0.05 and a power of 0.8. Smaller
trials than ours have been published regarding postoperative ctDNA
analysis.11 Most studies assessing colorectal cancer recurrence risk
based on postoperative ctDNA are larger than ours, with a median
trial sample size of 95 and an interquartile range of 53–160
patients.5–12,14–16,18 Acknowledging the limitations of our low
recurrence rate amongst a modest sample size, continued patient
recruitment is underway, with an expanded set of centres, to facili-
tate a more extensive future study.

Four patients had detectable ctDNA following curative re-
section and, to date, have no evidence of recurrence. Their median
ctDNA concentration was 1.35 copies per millilitre of plasma
(interquartile range 1.05–20.8 copies per millilitre of plasma).
These patients harboured mutations in KRAS and TP53. Theoreti-
cally, these false positives could result from clonal haematopoiesis
of indeterminate potential (CHIP), whereby somatic mutations have
arisen in haematopoietic stem cells in an individual without a
detectable haematologic malignancy. Typically, CHIP occurs in
10% of people aged greater than 70 years old, amongst patients

with solid organ malignancy, and commonly involves mutations
in KRAS and TP53.21 Concomitant interrogation of the buffy
coat and plasma ctDNA samples would help identify CHIP.
Although this doubles the laboratory and reagent cost per
patient, in future, studies should consider performing concurrent
ctDNA and buffy coat analysis in order to minimize false posi-
tives due to CHIP.

This is the first series to consider the practical implications of
implementing postoperative ctDNA testing into routine clinical
practice. We have utilized convenience-based ctDNA sampling,
whereby patients provide samples at their first postoperative visit
with in-house laboratory analysis. As a real-world application,
convenience-based sampling allows researchers to understand
how inherent patient- and clinician-based factors impact results.
Not only does this allow variation in sample timing and volume,
but it also incorporates the impact that prolonged or complicated
admissions post-resection and rurality may have on ctDNA detec-
tion. These key factors are poorly represented in clinical trials,
which typically are strictly regimented, and often have a selection
bias against patients from rural and remote backgrounds. Impor-
tantly our study has shown that in-house ctDNA analysis is feasi-
ble in routine clinical care settings. Within Australia, the
colorectal cancer ctDNA field has primarily been developed in
collaboration with major international research institutions. We
hope that this study will encourage others to explore ways in
which we can continue to develop local researchers and fund local
research facilities. Furthermore, in this study we have demon-
strated that the practical application of postoperative ctDNA anal-
ysis requires significant further consideration before widespread
implementation. In addition to the factors mentioned above, there
needs to be further studies cross-validating ctDNA analysis plat-
forms, economic viability studies and consideration of how to
manage patients that, despite having active disease, have
undetectable ctDNA. For the latter, the rate of undetectable pre-
operative ctDNA in patients with known colorectal cancer varies
from 11.5% to 32%.5,8 At the time of commencing this study
5 years ago, there was only one pathology company in Australia
and New Zealand that offered colorectal cancer ctDNA testing.
They offer tumour-agnostic testing using the Aspect Liquid
Biopsy panel (Australian Clinical Labs, Victoria, Australia),
which tests for 107 somatic mutations in KRAS, NRAS, BRAF,
PIK3CA, and EGFR. This test has a 2% limit of detection and has
an out-of-pocket cost of $AU550 per sample. Interestingly at the
time of writing, no additional companies are offering colorectal
ctDNA analysis. As such, groups wanting to establish their own
in-house ctDNA analysis pipeline will need to either use this ser-
vice or collaborate with a local genomic research group.

In this study, we have been unable to reproduce the adverse asso-
ciation between the detection of postoperative ctDNA and the
development of colorectal cancer recurrence, however we have
demonstrated the feasibility of in-house ctDNA analysis in the rou-
tine clinical setting. This result is a powerful reminder of the need
for further standardization and validation prior to the widespread
implementation of the paradigm shift promised by trials that advo-
cate for postoperative ctDNA testing to become the gold standard
in recurrence risk prediction.

© 2023 The Authors.
ANZ Journal of Surgery published by John Wiley & Sons Australia, Ltd on behalf of Royal Australasian College of Surgeons.
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