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Background: Early indicators of treatment response in metastatic colorectal cancer (mCRC) could conceivably be used
to optimize treatment. We explored early changes in circulating tumor DNA (ctDNA) levels as a marker of therapeutic
efficacy.
Patients and methods: This prospective study involved 53 mCRC patients receiving standard first-line chemotherapy.
Both ctDNA and CEA were assessed in plasma collected before treatment, 3 days after treatment and before cycle
2. Computed tomography (CT) scans were carried out at baseline and 8–10 weeks and were centrally assessed using
RECIST v1.1 criteria. Tumors were sequenced using a panel of 15 genes frequently mutated in mCRC to identify candi-
date mutations for ctDNA analysis. For each patient, one tumor mutation was selected to assess the presence and the
level of ctDNA in plasma samples using a digital genomic assay termed Safe-SeqS.
Results: Candidate mutations for ctDNA analysis were identified in 52 (98.1%) of the tumors. These patient-specific can-
didate tissue mutations were detectable in the cell-free DNA from the plasma of 48 of these 52 patients (concordance
92.3%). Significant reductions in ctDNA (median 5.7-fold; P < 0.001) levels were observed before cycle 2, which corre-
lated with CT responses at 8–10 weeks (odds ratio = 5.25 with a 10-fold ctDNA reduction; P = 0.016). Major reductions
(≥10-fold) versus lesser reductions in ctDNA precycle 2 were associated with a trend for increased progression-free
survival (median 14.7 versus 8.1 months; HR = 1.87; P = 0.266).
Conclusions: ctDNA is detectable in a high proportion of treatment naïve mCRC patients. Early changes in ctDNA
during first-line chemotherapy predict the later radiologic response.
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introduction
Despite advances in screening and therapeutics, colorectal
cancer continues to account for 694 000 deaths per year world-
wide [1]. Ever-improving outcomes in patients with metastatic
disease have resulted from an increasing number of active
agents and biomarker-driven treatment selection. Important
goals for ongoing biomarker studies include ensuring patients

receive the benefit of being exposed to as many active therapies
as possible while minimizing any treatment-related morbidity.
The current gold standard for assessing initial disease bulk, and

for defining treatment response, is the image-based Response
Evaluation Criteria in Solid Tumors (RECIST). RECIST limita-
tions include poor inter- and intraobserver reproducibility and
limited categorization [2]. Further, a minority of patients do not
have ‘measurable disease’. Currently, blood biomarkers add little
to imaging-based assessment, with CEA lacking sensitivity and
specificity [3–5].
Central to the step-wise model of colorectal tumorigenesis is

that mutations in multiple genes are required for cancer forma-
tion [6]. Digital approaches to DNA analysis can now enable†Both authors contributed equally to this work.
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rapid identification of somatic tumor mutations and subsequent
quantification of circulating tumor DNA (ctDNA) [7–9]. While
previous studies have demonstrated that ctDNA is detectable in
a high proportion of patients with metastatic disease [10–12],
the clinical utility of ctDNA as a cancer biomarker is just begin-
ning to be evaluated. In this work, we describe the potential role
of ctDNA as an early predictor of treatment response of patients
with metastatic colorectal cancer (mCRC) undergoing chemo-
therapy and as a marker of disease bulk that could complement
RECIST.

patients andmethods

study design
This prospective multicenter study recruited patients from eight Australian
hospitals. Eligible patients had RECIST measurable, chemotherapy naïve
mCRC, and were to receive standard first-line combination chemotherapy
(oxaliplatin- or irinotecan-based) with or without biological therapy. The
study was approved by the human research ethics committees at each hos-
pital and all patients provided written informed consent.

Serial blood samples were collected at three defined time-points: pretreat-
ment (within 7 days before commencing chemotherapy), 3 days after start-
ing chemotherapy and before cycle 2 (range 14–21 days after starting
treatment). Computed tomography (CT) of the chest, abdomen and pelvis
was carried out at baseline and at 8–10 weeks. These scans were centrally
assessed by a single radiologist, and disease response evaluated according to
RECIST version 1.1. Patients who died before the first follow-up imaging
study were excluded from the tumor response analysis. CEA levels were mea-
sured by the diagnostic laboratory at each participating site.

Recent data suggest that a ≥20% reduction in the sum of largest tumor
diameters (SLD) at first restaging is associated with progression-free (PFS)
and overall survival (OS) in mCRC [13, 14]. Using this definition, we
defined the ‘Response’ group as patients with at least a 20% reduction in
SLD when assessed by CT 8–10 weeks after treatment initiation.

identification of somatic mutations in tumor tissue
Formalin-fixed paraffin-embedded tumor sections were macro-dissected
under a dissecting microscope to ensure a neoplastic cellularity of >40%.
DNA was purified with a Qiagen FFPE Kit (Qiagen cat #56494). PCR was
used to amplify a panel of 15 genes as listed in supplementary Table S1,
available at Annals of Oncology online. Primers were designed and sequen-
cing results analyzed as previously described [8, 10, 15, 16].

circulating tumor DNA analysis
Blood samples were processed into plasma within 3 h of collection. Ten
milliliter of plasma was collected from each patient. DNA from plasma was
purified using QIAamp Circulating Nucleic Acid kit (Qiagen cat# 55114).
One of the mutations identified in the tumor tissue was then assessed in the
plasma by Safe-SeqS, a massively parallel sequencing (MPS)-based assay that
permits the detection of low-frequency mutations [17]. In the MPS-based
assay, plasma DNA was aliquotted into wells of a 96-well plate so that an
average of 3 ng DNA was contained in each well. The DNA from each well
was then amplified using barcodes that distinguished each template mole-
cules. The DNA from all wells was pooled and subjected to MPS with an
Illumina MiSeq instrument, as described [10]. ctDNA levels were quantified
as the fraction of mutant alleles ×100; for example, if mutant alleles repre-
sented 5.1% of the total alleles (mutant plus normal alleles), then the ctDNA
score was ‘5.1’. All ctDNA analyses were carried out by individuals blinded
to the CEA levels, clinical status of the patients.

statistical analysis
Descriptive statistics and the Mann–Whitney U-test were used to assess the
clinical and biochemical variables associated with baseline ctDNA levels.
Correlations between the circulating biomarkers (ctDNA and CEA) and
tumor burden (measured as per RECIST1.1) were assessed using Spearman’s

rank correlation.
The Wilcoxon-matched pairs signed-rank test was used to compare serial

ctDNA and CEA levels. Receiver operating characteristic (ROC) curves were
used to determine the most appropriate ctDNA index (pretreatment ctDNA,
ctDNA before cycle 2 and fold reduction in ctDNA from baseline to cycle 2)
and optimal cutoff for differentiating patients with ‘response’ and ‘no re-
sponse’ at first restaging. Among the three ctDNA indices, fold change in
ctDNA had the largest ROC area (supplementary Table S2, available at
Annals of Oncology online). The optimal cutoff for the fold change in ctDNA
was chosen based on the minimum ‘d’ value (the point on the ROC curve
closest to (0,1)); d =√[(1− Sn)2 + (1− Sp)2], where Sn and Sp denote sensi-
tivity and specificity, respectively. A 10-fold reduction in ctDNA was identi-
fied as the optimal cutoff for assessing early tumor response (supplementary
Table S3, available at Annals of Oncology online). Comparisons of ROC
curves were carried out using the DeLong method [18]. Kaplan–Meier sur-
vival plots were generated based on the 10-fold ctDNA reduction for assess-
ment of PFS and OS. PFS and OS were measured from date of baseline
blood collection to date of disease progression, death or censoring at last
follow-up.

Statistical analysis was carried out using Stata version 12.1 (StataCorp LP,
TX) and GraphPad Prism version 6.01 (GraphPad Software, Inc., CA),
where P values of <0.05 were considered significant. Results are reported
according to REMARK (Reporting Recommendations for Tumor Marker
Prognostic Studies) criteria [19].

results

patient characteristics
Between August 2011 and June 2013, 54 patients were enrolled,
all of whom had at least one baseline blood draw. Figure 1 sum-
marizes the flow of patients through the study, including reasons
for exclusion from each stage of the analysis. At the time of ana-
lysis, 31 (60%) of the 52 patients evaluable for PFS had experi-
enced disease progression and 20 (38%) patients had died,
providing a median PFS of 8.2 months [interquartile range
(IQR): 5.1–14.7 months] with the median OS being 17.4 months
(25th percentile = 8.0, with no 75th percentile able to be esti-
mated). Patient characteristics are described in Table 1.

tissue mutation identification and ctDNA
quantification
At least one mutation was identified in the tumor tissue of 52/53
(98.1%) cases. Of these 52 cases, the identical mutation was de-
tectable in the baseline plasma of 48 patients, giving a sensitivity
of 92.3%. The somatic mutations identified in tumor tissue and
plasma, and the respective ctDNA levels are shown in supple-
mentary Table S4, available at Annals of Oncology online. For
one of the four patients in whom ctDNA was not detectable,
both primary and metastatic tumor tissue contained the KRAS
G13D mutation, indicating that intertumoral heterogeneity did
not explain the absence of circulating mutant KRAS. Clinical
characteristics of the patients with undetectable ctDNA are
provided in the supplementary Table S5, available at Annals of
Oncology online.
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pretreatment ctDNA, CEA, clinical characteristics
and tumor burden
The median pretreatment ctDNA level was 16.2 [range 0–74.6;
mean ± standard deviation (SD), 20.36 ± 20.34]. CEA was elevated
at baseline in 42 of 50 patients (84%), with a median baseline level
of 26.6 (range 0.9–19 850; mean ± SD, 817 ± 3064). Pretreatment
ctDNA levels correlated more strongly with initial tumor burden
as estimated from standard RECIST criteria (Spearman, r = 0.50,
P < 0.001; Figure 2A) than pretreatment CEA (Spearman, r = 0.31,
P = 0.029; Figure 2B). Figure 2C and D show the CT images from
two outliers indicated by arrows in Figure 2A. LCR 108 had innu-
merable nonmeasurable small lung metastases with a commensur-
ately high ctDNA, but a low bulk of disease as measured by
RECIST. LCR 081 had a large cystic lesion, constituting bulky
disease by RECIST criteria, but presumably containing only a
modest amount of cancer cells as reflected in the relatively low
ctDNA. The associations between pretreatment ctDNA and
clinico-pathological variables are shown in Table 1.

changes in ctDNA and CEA during chemotherapy
No significant difference in ctDNA was observed between pre-
treatment and 3 days after chemotherapy (14.7 versus 16.4;
P = 0.139). Intriguing results included four patients who had a
spike in ctDNA 3 days after chemotherapy was initiated, which
then rapidly declined (supplementary Figure S1, available at
Annals of Oncology online). As three of these patients had an ex-
cellent response (≥20% reduction in tumor size at first restaging),
this spike could reflect a rapid release of tumor DNA into the cir-
culation from responsive tumors. Interestingly, two of these three
patients also had a spike in their CEA levels at day 3.
Before cycle 2, ctDNA had decreased in 41 of the 48 patients,

increased in three patients, and remained undetectable in four
patients (supplementary Figure S1, available at Annals of Oncology
online). The median ctDNA level before cycle 2 was significantly
lower than the median pretreatment level (0.54 versus 16.24,
P < 0.001; Figure 2E). Overall, no significant change in CEA levels
was seen across the three time-points (median CEA: 3 days after
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Figure 1. CONSORT diagram showing the flow of patients through the study, including the number of patients included in each of the analysis end points
and reasons for exclusion.
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therapy initiation versus pretreatment: 26.0 versus 26.6, P = 0.209;
precycle 2 versus pretreatment: 24.0 versus 26.6, P = 0.198;
Figure 2F).

ctDNA and tumor response as assessed by imaging
We next examined the correlation between ctDNA and disease
status at first restaging in patients who had completed at least
four cycles of chemotherapy. Of the 42 assessable patients, 22
(52%) responded (at least a 20% reduction in tumor size at first
restaging imaging) and 20 (48%) did not respond (including a

single patient with progressive disease). Figure 3A shows the posi-
tive correlation between percentage change in RECIST and fold
change in ctDNA (Spearman r = 0.38, P = 0.014). The ROC plots
in Figure 3B–D show that the fold reduction in ctDNA from pre-
treatment to before cycle 2 was a better predictor of radiologic re-
sponse (ROC area = 0.73, P = 0.004) than the absolute level of
ctDNA (ROC area = 0.6, P = 0.253). In contrast, the fold reduc-
tion in CEA levels at this early time point had no predictive value
(ROC area = 0.52, P = 0.831) and was statistically inferior when
compared with fold reduction in ctDNA (P = 0.017).
Overall, 14/19 (74%) patients who had a ≥10-fold reduction

in ctDNA levels had a radiologic response measured at 8–10
weeks, while only 8/23 (35%) patients with lesser reductions in
ctDNA levels responded [odds ratio = 5.25; 95% confidence
interval (CI) 1.38–19.93; P = 0.016; Table 2]. The positive and
negative predictive values of a ≥10-fold drop in ctDNA for re-
sponse to chemotherapy were 65.2% and 73.7%, respectively.
The changes in ctDNA displayed a wider dynamic range than
changes in CEA with the median fold change in ctDNA before
and after cycle one of chemotherapy being −5.7-fold (IQR:
−1.8- to −48.9-fold) versus a median −1.1-fold for CEA (IQR:
1.2- to −1.3-fold).

prognostic significance of ctDNA for progression-
free and overall survival
The optimal criterion for predicting response to therapy, as deter-
mined by the ROC plots, was ≥10-fold change in ctDNA after
cycle 1 chemotherapy. Patients who met this criterion experi-
enced a trend to longer PFS than patients with <10-fold drop in
ctDNA (median PFS, 14.7 versus 8.1 months; HR = 1.87; 95% CI
0.62–5.61; Figure 3E). No significant relationship was found
between fold change in ctDNA and OS.

discussion
Our study shows that ctDNA can be detected in a very high pro-
portion of patients with untreated mCRC, with early changes in
ctDNA during chemotherapy being associated with treatment
response at first restaging. Serial ctDNA measurements could
complement the information available from routine imaging-
based assessments in evaluation of disease bulk and response to
chemotherapeutic agents.
The evaluation of a modest panel of genes (15 in total)

allowed us to identify mutations in 52 (98.1%) of the 53 cases
examined. Matching mutations could be found in the plasma of
48 cases (90.6% of all 53 patients). We expect this level of detec-
tion might approach 100% as the technology continues to evolve
and improve, including methods to identify somatic changes
not identified by the current approach [10]. While CTCs are
also a promising biomarker, they are only detectable in ∼50% of
patients with mCRC [20, 21] and are found in some patients
without cancer [22]. The narrow dynamic range of CTCs, with
over 70% of patients having a count of <3 cells/7.5 ml blood
[20, 21], also restricts the value of serial sampling over time.
Logically, the most informative way of using ctDNA in asses-

sing treatment response is through serial assessments of this
ratiometric measure, just as CEA or imaging is currently used.
That very early changes in ctDNA levels (3 days after

Table 1. Clinico-pathological characteristics and association with
pretreatment ctDNA level (N = 52)

Characteristic N (%) ctDNA level
Median (IQR)

P
value

All patients 52 16.2 (0.9–32.9)
Age (years), median

(IQR)
64.6 (55.5–71.2) 0.516

Age group
<65 27 (51.9) 12.0 (2.4–30.0)
65+ 25 (48.1) 20.6 (0.6–34.5)

Gender
Male 32 (61.5) 16.3 (0.6–36.2) –

Female 20 (38.5) 16.2 (3.0–31.0) 0.808
ECOG

a

0 37 (72.6) 9.8 (0.7–25.6) –

1 12 (23.5) 32.8 (10.8)–42.4) 0.193
2 2 (3.9) 13.9 (0–27.9) 0.865

Primary tumor site
Right-sided colon 19 (36.5) 12.0 (0.5–26.5) –

Left-sided colon 28 (53.9) 20.1 (2.5–42.0) 0.277
Rectum 5 (9.6) 12.2 (0.7–30.0) 0.946

Resected primary tumor
No 34 (65.4) 7.1 (0.6–29.4) –

Yes 18 (34.6) 24.9 (13.6–34.5) 0.409
Number of metastatic sites
1 22 (42.3) 7.5 (0.7–32.7) –

2 15 (28.9) 12.2 (6.9–26.5) 0.849
>2 15 (28.9) 20.6 (0.1–46.9) 0.527

Baseline SLD, median
(IQR)

61.5 (35.5–103.5) 0.008b

Baseline serum CEA,
median (IQR)

26.6 (8.5–208.8) 0.062b

Chemotherapy regimena

Oxaliplatin-based 47 (92.2) 18.9 (1.4–33.0) –

Irinotecan-based 4 (7.8) 13.8 (3.8–29.2) 0.719

Bevacizumab received
a

Yes 32 (64.0) 16.3 (1.9–33.8) –

Noc 18 (36.0) 16.2 (0.5–29.4) 0.878

P value indicates a significance level of <0.05.
aOne missing observation each for ECOG and chemotherapy regimen;
two missing observations for bevacizumab.
bCalculated using log-scale values of SLD and CEA.
cOne patient received cetuximab.
IQR, interquartile range; ECOG, Eastern Cooperative Oncology Group
performance status; SLD, sum of longest diameters; CEA, carcinoembryonic
antigen.
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chemotherapy) were not predictive of response was not unex-
pected, given that reduction of tumor burden is typically a slow
process. Notably, the change in ctDNA after completion of cycle
1 of chemotherapy was predictive of the response to treatment.

There are several limitations to our study. We evaluated only
three time-points; additional later samples may have added
value. Further, the thresholds for positivity that we selected
based on ROC analyses need to be validated in an independent
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study. Additionally, given the modest sample size, our inferences
from associations with P values marginally <0.05 should be
viewed cautiously. However, our major finding, which changes
in ctDNA measured 14–21 days after therapy was initiated,
predict later tumor response as seen on imaging, seems robust
(odds ratio = 5.25; 95% CI 1.38–19.93; P = 0.016).
New studies are demonstrating anticancer activity in

patients that have already received three or more lines of

therapy, but patients in routine practice often do not live
long enough to enjoy the potential benefits of additional
types of therapy [23]. If a patient’s nonresponse to each
treatment could be reliably assessed earlier, such as with
serial ctDNA analysis, an earlier switch to an alternate
therapy may be of benefit, minimizing the side-effects of the
ineffective therapy and providing the opportunity for a more
effective one.
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Our data also suggest how ctDNA analysis could complement
RECIST assessment. The notable outliers emphasized in
Figure 2C and D illustrate two of the well-known limitations of
RECIST measurements. A third case (supplementary Figure S2,
available at Annals of Oncology online), with substantial necrosis
evident on repeat imaging, and a commensurate large fall (>20-
fold reduction) in ctDNA but stable disease by RECIST criteria,
suggests another instance where ctDNA analysis may be super-
ior to RECIST. However, the greatest impact of serial ctDNA
measurement may be in patients with nonmeasurable disease by
RECIST criteria, where a reliable measure of treatment response
would greatly assist clinical decision making.
In summary, the most important findings of our study are

that early changes in ctDNA are associated with later tumor
responses as assessed by imaging, and that serial ctDNA meas-
urement has significant potential to complement standard
RECIST-based disease assessment. While these findings do not
have immediate clinical impact, this study is an essential first
step towards achieving this long-term goal. Serial ctDNA ana-
lysis should be incorporated into future clinical trials to provide
a more robust assessment of this promising biomarker.
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Chemoradiation, surgery and adjuvant chemotherapy
versus induction chemotherapy followed by
chemoradiation and surgery: long-term results
of the Spanish GCR-3 phase II randomized trial†
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Background: The primary results of our phase II randomized trial suggested that compared with conventional preopera-
tive chemoradiation (CRT), the addition of chemotherapy (CT) before CRT and surgery allows most patients receive their
planned treatment with a better toxicity profile without compromising the pathological complete response and complete
resection rates. We now report the 5-year outcomes.
Patients and methods: Patients with distal or middle third, T3–T4 and/or N+ rectal adenocarcinoma selected by mag-
netic resonance imaging, were randomly assigned to arm A—preoperative CRT followed by surgery and four cycles of
postoperative adjuvant capecitabine and oxaliplatin (CAPOX)—or arm B—four cycles of CAPOX followed by CRT and
surgery. The following 5-year actuarial outcomes were assessed: the cumulative incidence of local relapse (LR) and
distant metastases (DM), disease-free (DFS) and overall survival (OS).
Results: A total of 108 eligible patients were randomly assigned to arm A (n = 52) or arm B (n = 56). With a median
follow-up of 69.5 months, 5-year DFS was 64% in arm A and 62% in arm B (P = 0.85) and 5-year OS was 78% in arm
A and 75% in arm B (P = 0.64). The 5-year cumulative incidence of LR was 2% and 5% (P = 0.61) and 5-year cumulative
incidence of DM was 21% and 23%; (P = 0.79) in arms A and B, respectively.

†Presented in part as at the 2014 ASCO Gastrointestinal (16–18 January 2014,
San Francisco, CA, USA).
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