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CEA, CA19-9, circulating DNA and circulating tumour cell
kinetics in patients treated for metastatic colorectal cancer
(mCRC)
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Frédéric Ziegler7, Alice Gangloff1, Mélanie Hassine8, Caroline Elie8, Anne-Laure Bignon9, Aurélie Parzy10, Philippe Gomez11,
Caroline Thill3, Florian Clatot12, Jean-Christophe Sabourin4, Thierry Frebourg13, Jacques Benichou3, Karine Bouhier-Leporrier9,
Marie-Pierre Gallais10, Nasrin Sarafan-Vasseur2, Pierre Michel1 and Frédéric Di Fiore14

BACKGROUND: We previously reported that CEA kinetics are a marker of progressive disease (PD) in metastatic colorectal cancer
(mCRC). This study was specifically designed to confirm CEA kinetics for predicting PD and to evaluate CA19-9, cell-free DNA
(cfDNA), circulating tumour DNA (ctDNA) and circulating tumour cell (CTC) kinetics.
METHODS: Patients starting a chemotherapy (CT) with pre-treatment CEA > 5 ng/mL and/or CA19.9 > 30 UI/mL were prospectively
included. Samples were collected from baseline to cycle 4 for CEA and CA19-9 and at baseline and the sixth week for other markers.
CEA kinetics were calculated from the first to the third or fourth CT cycle.
RESULTS: A total of 192 mCRC patients were included. CEA kinetics based on the previously identified >0.05 threshold was
significantly associated with PD (p < 0.0001). By dichotomising by the median value, cfDNA, ctDNA and CA19-9 were associated
with PD, PFS and OS in multivariate analysis. A circulating scoring system (CSS) combining CEA kinetics and baseline CA19-9 and
cfDNA values classified patients based on high (n= 58) and low risk (n= 113) of PD and was independently associated with PD
(ORa= 4.6, p < 0.0001), PFS (HRa= 2.07, p < 0.0001) and OS (HRa= 2.55, p < 0.0001).
CONCLUSIONS: CEA kinetics alone or combined with baseline CA19-9 and cfDNA are clinically relevant for predicting outcomes
in mCRC.
TRIAL REGISTRATION NUMBER: NCT01212510.
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BACKGROUND
The algorithm for the treatment in metastatic colorectal cancer
(mCRC) is complex with numerous options that depend mainly on
the patient’s condition and tumour biology.1,2 To date, radiological
examination using Response Evaluation Criteria In Solid Tumors
(RECIST) is considered the standard for tumour assessment during
treatment.3 In this context, circulating markers, such as carcinoem-
bryonic antigen (CEA), carbohydrate antigen 19-9 (CA19-9), cell-free
DNA (cfDNA), circulating tumour DNA (ctDNA) and circulating
tumour cell (CTC), are considered very promising biomarkers to

optimise patient decision making.4 Indeed, these markers are
recognised as biologically relevant because they are released in
the bloodstream, may reflect tumour dynamics, and harbour the
same main alterations of the tumour, particularly for ctDNA.5,6 These
properties prompted us to assess whether these markers could be
used as surrogate markers of therapeutic efficacy.
Approximately 80 and 40% of mCRC patients are diagnosed

with increased pre-treatment CEA and CA19-9 levels, respec-
tively.7–9 However, although baseline values are reported to be
prognostic, a definitive cut-off remains lacking, and a single

www.nature.com/bjc

Received: 31 July 2020 Revised: 17 April 2021 Accepted: 28 April 2021
Published online: 10 June 2021

1Normandie Univ, UNIROUEN, Inserm U1245, IRON Group, Rouen University Hospital, Normandy Centre for Genomic and Personalized Medicine and Department of
Hepatogastroenterology, Rouen, France; 2Normandie Univ, UNIROUEN, Inserm U1245, IRON Group, Rouen University Hospital, Normandy Centre for Genomic and Personalized
Medicine, Rouen, France; 3Department of Biostatistics, Normandie Univ, UNIROUEN, Rouen University Hospital, Rouen, France; 4Department of Pathology, Normandie Univ,
UNIROUEN, Inserm U1245, IRON Group, Rouen University Hospital, Normandy Centre for Genomic and Personalized Medicine, Rouen, France; 5Department of Pathology, Caen
University Hospital, Caen, France; 6Normandie Univ, UNIROUEN, Inserm U1245, IRON Group, Rouen University Hospital, Normandy Centre for Genomic and Personalized Medicine
and Department of Biopathology, Henri Becquerel Centre, Rouen, France; 7Normandie Univ, UNIROUEN, INSERM U1073, Rouen University Hospital and General Biochemistry
Laboratory, Institute of Clinical Biology, Rouen, France; 8Department of Hepatogastroenterology, Elbeuf Hospital, Elbeuf, France; 9Department of Hepatogastroenterology, Caen
University Hospital, Caen, France; 10Department of Hepatogastroenterology, Francois Baclesse Centre, Caen, France; 11Department of Medical Oncology, Frédéric Joliot Centre,
Rouen, France; 12Normandie Univ, UNIROUEN, Inserm U1245, IRON Group, Rouen University Hospital, Normandy Centre for Genomic and Personalized Medicine and Department
of Medical Oncology, Henri Becquerel Centre, Rouen, France; 13Normandie Univ, UNIROUEN, Inserm U1245, IRON Group, Rouen University Hospital, Normandy Centre for
Genomic and Personalized Medicine and Department of Genetics, Rouen, France and 14Department of Hepatogastroenterology and Department of Medical Oncology, Henri
Becquerel Centre, Normandie Univ, UNIROUEN, Inserm U1245, IRON Group, Rouen University Hospital, Normandy Centre for Genomic and Personalized Medicine, Rouen, France
Correspondence: David Sefrioui (david.sefrioui@chu-rouen.fr)
These authors contributed equally: David Sefrioui, Ludivine Beaussire, Pierre Michel, Frédéric Di Fiore

© The Author(s), under exclusive licence to Springer Nature Limited 2021

http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-021-01431-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-021-01431-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-021-01431-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-021-01431-9&domain=pdf
http://orcid.org/0000-0002-0821-5642
http://orcid.org/0000-0002-0821-5642
http://orcid.org/0000-0002-0821-5642
http://orcid.org/0000-0002-0821-5642
http://orcid.org/0000-0002-0821-5642
mailto:david.sefrioui@chu-rouen.fr


measurement is insufficient to reflect tumour dynamics. The CEA
response during the first cycles of treatment may be a surrogate
marker of outcome.10–13 In a retrospective analysis of the
randomised FIRE-3 trial, a CEA decrease using a cut-off value at
75% was associated with response to both treatments but was
faster and greater in the FOLFIRI–cetuximab arm compared with
the FOLFIRI–bevacizumab arm.12 In a series of 122 mCRC patients
treated with chemotherapy (CT) alone, we reported that the slope
of an exponential-regressive curve connecting the semi-
logarithmic values of CEA was predictive of disease progression
with a negative predictive value of 95.3%.10

Baseline levels of cfDNA, ctDNA or CTC are also associated with
tumour burden and are clinically relevant for predicting prognosis
or response in mCRC.14–20 A few studies recently reported that
variations of ctDNA during CT may also be a marker of response to
treatment and prognosis.21–23 Regarding CTCs, their detection at
baseline or during treatment using immunomagnetic or size-
based devices is also prognostic in mCRC.14,15,24–26 Interestingly,
based on a retrospective analysis of available CEA measurements,
both CTC and CEA markers contributed to prognosis.27

To our knowledge, all these markers have never been evaluated
concomitantly in patients with mCRC. In this context, the aim of
the present prospective study was to confirm the clinical value of
the CEA kinetics (CEA slope) and to evaluate the predictive and
prognostic impact of serial measurements of CA19-9, cfDNA,
ctDNA and CTC in a cohort of patients treated for mCRC.

METHODS
Study population
The study was prospectively conducted in five French centres from
11/2010 to 08/2014. The patients were over the age of 18 years, had
a histologically proven stage IV colorectal adenocarcinoma with at
least one measurable lesion and an Eastern Cooperative Oncology
Group (ECOG) performance ≤2. All the patients had a CEA > 5 ng/mL
and/or CA19-9 > 30 U/mL and started a CT-based regimen as first or
subsequent lines with a free-interval period from the last cycle of at
least 2 weeks. All common baseline characteristics and outcomes
were collected. The evaluation of the response to treatment was
assessed by investigators at baseline and every 12 weeks according
to RECIST criteria (version 1.1).3 For each patient, blood samples
were prospectively collected into a single EDTA tube (4mL) for CEA
and CA19-9 and 2 EDTA tubes (4mL) for circulating DNA (cDNA) and
CTC. Blood samples were obtained at each cycle from baseline (T0)
to the fourth cycle for CEA and CA19-9 (4 sampling times) and at T0
and 6 weeks (W6, i.e. third or fourth cycle) (2 sampling times) for
cDNA and CTC detection. Paraffin-embedded tissues were retro-
spectively collected from each participating centre for KRAS, NRAS,
and BRAF mutational status determination. The study was approved
by the institutional review board (Northwest I), and all the patients
provided written informed consent (NCT01212510). The study was
performed in accordance with the Declaration of Helsinki. All the
authors had access to the study data and reviewed and approved
the final manuscript.

Isolation and quantification of cDNA
All the samples were processed within 2 h after collection with
centrifugation at 2700 × g for 20 min and were stored at −80 °C.
DNA was extracted from 1 to 2mL of plasma using the QIAamp
Circulating Nucleic Acid Kit (Qiagen, Antwerp, Belgium) according
to the manufacturer’s instructions and eluted in 30 µL of AVE
buffer. Total cfDNA quantification was performed by a fluorimetric
method, as previously described,28 and these data are expressed
as ng/mL of plasma.

ctDNA analysis
The ctDNA analysis was centralised at INSERM U1245 unit (Rouen
University Hospital), and detection was based on the results of the

KRAS, NRAS, and BRAF mutational status in the corresponding
tumour tissue. A chip-based dPCR platform (QuantStudio TM 3D
Digital PCR System; Life Technologies, Carlsbad, CA) was used for
mutation detection in the ctDNA as previously described.28,29 As
ctDNA analysis was performed using dPCR and simplex assay in
plasma samples, it was necessary to know the type of RAS or BRAF
mutations identified in tumour tissue. So, ctDNA analysis was not
performed for patients without RAS or BRAF mutations in tumour
tissue. The details of the ctDNA analysis are provided in Supple-
mentary Material and Supplementary Tables 1–3.

CTC analysis
After collection, the blood samples were maintained at room
temperature, processed within 3 h and analysed using the size-
based Screencell® enrichment system as previously described.30

After haematoxylin–eosin–safran staining, enumeration and analy-
sis of the structural characterisation of the CTCs were performed by
an experienced cytopathologist in one of the three centres
participating in this study (Department of Pathology (Rouen
University Hospital, Caen University Hospital and Centre François
Baclesse (Caen))). CTCs were classified as positive or negative based
on cytomorphological features. The cells were considered positive
(i.e. CTCs) based on the presence of at least two of the following
criteria: nuclear diameter >14 μm, anisonucleosis (ratio > 0.5),
irregular nuclei, high nucleo-cytoplasmic ratio, or the presence of
three-dimensional sheets. Cells were considered negative (i.e.
circulating non-tumour cells) based on the absence of nuclear or
cytological atypies.

CEA and CA19-9 analysis
CEA and CA19-9 analyses were centralised at the Institut de
Biologie Clinique (Rouen University Hospital) and Department of
Biopathology (Centre Henri Becquerel (Rouen)), respectively. They
were performed on a Cobas 8000e602 analyser (Hitachi High
Technologies Corp., Tokyo, Japan) using an electrochemilumines-
cence immunoassay method and on a Kryptor (B.R.A.H.M.S.,
Hennigsdorf, Germany) using a fluorescence immunoassay
method. The laboratories responsible for the analytic methods
were taking part in appropriate and relevant external quality
assurance schemes. The serial measurements for each patient
were analysed in the same run to ensure optimal accuracy. The
following tumour marker levels were considered normal: ≤5 ng/
mL for CEA and ≤30 UI/mL for CA19-9.

Statistical analysis
The primary endpoint was the validation of the CEA slope for the
prediction of progressive disease (PD) at 12 weeks using the 0.05
threshold, which was previously reported.10 The secondary
endpoints were PD and progression-free survival (PFS) and overall
survival (OS) analyses according to the baseline values and
kinetics of the circulating markers (CEA, CA19-9, cDNA and CTCs).
A sample of 44 patients with PD at 12 weeks was calculated to
validate CEA kinetics with a confidence interval (CI) +/−15%.
Considering that PD occurred in approximately 35% of the
patients who received first-line treatment with doublet CT and a
biologic agent, a sample size of at least 130 patients with available
CEA kinetics was determined. Finally, a sample size of 200 patients
was planned by considering patients who were lost to follow-up
and patients with a CEA ≤ 5 ng/mL at baseline or with <3 samples
at 12 weeks of evaluation. The sensitivity (Se), specificity (Sp), the
likelihood positive (L+) and negative (L−) ratio, the positive
predictive value (PPV), the negative predictive value (NPV), and
the diagnostic accuracy odds ratio (DOR L+/L−) were calculated
for CEA kinetics. The biomarker kinetics threshold was determined
by dichotomising by the median value. Every biomarker was
analysed in a different model with a different prognosis score. The
PFS was defined as the time from inclusion to disease progression
or death from any cause, whichever occurred first. The OS was
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defined as the time from inclusion to death from any cause. The
data cut-off date was May 03, 2020. The survival curves were
calculated using the Kaplan–Meier method and were compared
with log-rank test. Logistic regression models were used for
tumour response at 12 weeks. Proportional hazards and Cox
models were used for OS and PFS. Adjustments of the clinical and
histological baseline findings were performed by a prognosis
score31 that included the following variables: ECOG performance
status, tumour location, surgery of the primary tumour, synchro-
nous/metachronous metastasis, number of metastasis sites, CT
line, use of targeted therapies, and mutational status (RAS/BRAF
mutation or no mutation). The prognosis score was computed for
the group that had no or a low level of expression to the
biomarker (control group). For analysis of each biomarker,
observations with missing data were excluded. Correlations
between the baseline clinical variables and the biomarker values
were assessed using Mann–Whitney (two groups) and
Kruskal–Wallis tests (three groups). Significance level was 0.05
for all the tests. No adjustment for multiple tests was performed.
Data were analysed using SAS version 9.3 (SAS Institute, Inc.,
Cary, NC).

RESULTS
Patients and sample characteristics
A total of 192 patients were included, and their characteristics are
listed in Table 1. A total of 134 (69.8%) patients were included in
the first-line CT. The regimens included CT plus biologic agents in
155 (80.7%) patients, CT alone in 31 (16.2%) and anti-epidermal
growth factor receptor monotherapy in 6 (3.1%) (Supplementary
Table 4). RAS and BRAF mutations were identified in tumour
tissues of 90 (46.9%) and 11 (5.7%) patients, respectively. The
overall median PFS and OS were 6.5 (95% CI: 5.8–7.4) months and
15.8 (95% CI: 14.7–18.8) months for the whole population, 7 (95%
CI: 6.0–9.0) months and 18.4 (95% CI: 14.8–21.3) months for
patients without RAS and BRAF mutations, 6.3 (95% CI: 5.1–7.4)
months and 15.3 (95% CI: 12.9–18.8) months for patients with RAS
mutations and 2.8 (95% CI: 1.3–7.5) months and 8.1 (95% CI:
2.9–14.9) months for patients with BRAF mutations, respectively.

Circulating marker characteristics
The number of samples for each marker and for which the
baseline and kinetics value analysis were available are indicated in
Fig. 1. The median baseline values of CEA, CA19-9, cfDNA and
ctDNA were 97 ng/mL, 89 UI/mL, 24.4 ng/mL and 14.3%, respec-
tively. ctDNA was detectable at baseline in 82 (92.1%) of the
patients with an RAS or BRAF mutation identified in tumour tissue
and blood samples available (n= 89). More details about ctDNA
detection rate according to specific mutation are indicated in
Supplementary Data.

Correlations between baseline biomarker values and patient
characteristics
Significant correlations were noted between the CEA pre-treatment
values and CA19-9 (p= 0.0149), cfDNA (p < 0.0001) and ctDNA (p <
0.0001). Baseline cfDNA was also significantly correlated with CA19-9
(p < 0.0001) and ctDNA (p < 0.0001). As shown in Supplementary
Table 5, baseline values of circulating markers were associated with
several patient characteristics.

Primary objective of CEA kinetics and outcomes
A CEA kinetic slope >0.05 was observed in 25/159 (15.7%) of the
patients. PD was significantly associated with a CEA slope >0.05
and was observed in 19/25 (76%) of the patients with a high CEA
slope versus in 22/134 (14.4%) of the patients with a low CEA
slope (p < 0.0001; Fig. 2a). This corresponded to a Se of 46% (95%
CI: 31–63), a Sp of 95% (95% CI: 89–98), a PPV of 76% (95% CI:
55–91), a NPV of 84% (95% CI: 76–89) and a DOR of 16.1 (Fig. 2a).

In univariate analysis, CEA kinetics were significantly associated
with PFS and OS (Fig. 3a, c). In multivariate analysis, CEA kinetics
were still significantly associated with PD (odds ratio adjusted
(ORa)= 16.79; 95% CI: 5.94–47.44, p < 0.0001), PFS (hazard
ratio adjusted (HRa)= 3.66; 95% CI: 2.29–5.85, p < 0.0001) and
OS (HRa= 2.42; 95% CI: 1.53–3.81, p= 0.0001) (Fig. 4a, b). The rate
of patients with CEA kinetic slope >0.05 according to type of
treatment is indicated in Supplementary Table 1. For the two main
subgroups (i.e. on the one hand, FOLFOX or FOLFIRI (subgroup 1,
n= 48) and on the other hand, FOLFOX or FOLFIRI+ bevacizumab
(subgroup 2, n= 67)), the threshold remained relevant and was
significantly associated with PD (subgroup 1, OR= 12.07; 95% CI:
2.45–59.54, p= 0.0022 and subgroup 2, OR= 17.17; 95% CI:
2.82–104.58, p= 0.002) as well as decreased PFS (subgroup 1,
HRa= 2.43; 95% CI: 1.13–5.24, p= 0.024 and subgroup 2, HRa=
2.64; 95% CI: 1.1–6.32, p= 0.029) in multivariate analysis.

Table 1. Patient characteristics.

Characteristics No. (%) of
patients

No. (%) of
patients

No. (%) of
patients

p

Group All CEA kin.
≤0.05

CEA kin.
>0.05

Frequency N= 192 N= 133 N= 25

Median age
(range), years

68 (27–87) 67 (37–87) 70 (27–86) 0.87

Sex (n= 192) 0.74

Male 108 (56.2) 74 (55.6) 13 (52)

Female 84 (43.8) 59 (44.4) 12 (48)

ECOG PS (n= 179) 0.36

0 88 (49.2) 67 (53.6) 9 (42.9)

≥1 91 (50.8) 58 (46.4) 12 (57.1)

Tumour location
?(n= 191)

0.39

Right colon 60 (31.4) 35 (26.5) 7 (28)

Left colon 89 (46.6) 65 (49.2) 15 (60)

Rectum 42 (22.0) 32 (24.2) 3 (12)

Primary tumour in
place (n= 192)

0.92

No 106 (55.2) 76 (57.1) 14 (56)

Yes 86 (44.8) 57 (42.9) 11 (44)

Synchronous
metastasis (n= 192)

0.79

No 59 (30.7) 39 (29.3) 8 (32)

Yes 133 (69.3) 94 (70.7) 17 (68)

Metastatic sites NA

Liver 156 (48.3) 109 (46.2) 22 (57.9)

Lung 86 (26.6) 68 (28.8) 10 (26.3)

Nodes 46 (14.2) 33 (14) 4 (10.5)

Peritoneal 18 (5.6) 10 (4.2) 2 (5.3)

Others 17 (5.3) 16 (6.8) 0 (0)

No. of metastatic sites
(n= 192)

0.69

1 91 (47.4) 58 (43.6) 12 (48)

≥2 101 (52.6) 75 (56.4) 13 (52)

Line of chemotherapy
(n= 192)

0.37

First line 134 (69.8) 89 (66.9) 19 (76)

≥Second line 58 (30.2) 44 (33.1) 6 (24)

NA not applicable, PS performance status.
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CEA, CA19-9, cfDNA, ctDNA and CTC baseline values and
outcomes
By dichotomising by the median value, cfDNA, ctDNA and CA19-9
were associated with PD (Fig. 2b), PFS and OS in the univariate
analysis. In the multivariate analysis, cfDNA and ctDNA were both
significantly associated with PD (ORa= 2.41; 95% CI: 1.26–4.64, p=
0.0082 and ORa= 3.37; 95% CI: 1.34–8.5, p= 0.0099, respectively),
PFS (HRa= 1.87; 95% CI: 1.36–2.56, p= 0.0001 and HRa= 1.74; 95%
CI: 1.13–2.69, p= 0.0127, respectively) and OS (HRa= 2.28; 95% CI:
1.65–3.16, p < 0.0001 and HRa= 2.19; 95% CI: 1.39–3.46, p= 0.0008,
respectively) (Fig. 4). The baseline CEA value was not associated with
PD (ORa= 0.67; 95% CI: 0.37–1.24, p= 0.20) but was significantly
associated with PFS (HRa= 1.41, 95% CI: 1.05–1.90, p= 0.0228) and
OS (HRa= 1.54; 95% CI: 1.14–2.09, p= 0.0053). The baseline CA19-9
value was significantly associated with PD (ORa= 2.43; 95% CI:
1.31–4.51, p= 0.0047) and OS (HRa= 1.96; 95% CI: 1.44–2.67, p <
0.0001) (Fig. 4) but not with PFS (HRa= 1.23, 95% CI: 0.92–1.66, p=
0.16). The baseline CTC value (positive versus negative) was not
significantly associated with PD (ORa= 1.35; 95% CI: 0.68–2.70, p=
0.39), PFS (HRa= 0.86; 95% CI: 0.62–1.19, p= 0.36) or OS (HRa=
0.86, 95% CI: 0.62–1.20, p= 0.38).

cfDNA, ctDNA and CA19-9 kinetics and outcomes
In univariate analysis, CA19-9 kinetics were associated with PD
(Fig. 2c) but not with PFS or OS. In multivariate analysis, the
kinetics of CA19-9, cfDNA and ctDNA were associated with PD
(ORa= 8.67; 95% CI: 2.99–25.11, p= 0.0001; ORa= 3.6; 95% CI:
1.17–11.12, p= 0.0257 and ORa= 4.81; 95% CI: 1.39–16.69, p=
0.0133, respectively). Regarding the survival outcomes, CA19-9
kinetics were independently associated with PFS (HRa= 1.92; 95%
CI: 1.26–2.93, p= 0.0025) and OS (HRa= 2.54; 95% CI: 1.64–3.92,
p < 0.0001), and ctDNA kinetics were significantly associated with
OS (HRa= 2.33; 95% CI: 1.32–4.09, p= 0.0033) but not with PFS
(HRa= 1.60; 95% CI: 0.92–2.79, p= 0.10) (Fig. 4). The cfDNA
kinetics were not significantly associated with PFS (HRa= 1.43,
95% CI: 0.93–2.19, p= 0.10) or OS (HRa= 1.37, 95% CI: 0.89–2.13,
p= 0.16). CTC kinetics were not significantly associated with PD
(ORa= 1.80, 95% CI: 0.66–4.92, p= 0.25), PFS (HRa= 1.06, 95% CI:
0.69–1.63, p= 0.79) or OS (HRa= 1.12, 95% CI: 0.72–1.74, p= 0.62).

Circulating scoring system (CSS)
We performed an exploratory analysis to design a CSS using three
markers that were available for the majority of patients and
associated with a relevant prognostic value. This score was based
on CEA kinetics, CA19-9 and ctDNA/cfDNA baseline values. For
each patient, ctDNA baseline value was used if available instead of
cfDNA baseline value, whereas cfDNA baseline value was used if
ctDNA analysis was not performed due to the lack of mutation
identified in tumour tissue. The CSS was comprised of 0 to 3
markers. Each variable was scored 0 or 1 as follows: 0 if CEA kinetic
slope ≤0.05 or CA19-9 baseline value <89 UI/mL or ctDNA baseline
value <14.3% or cfDNA baseline value <24.4 ng/mL (if ctDNA not
analysed) and 1 if CEA kinetic slope >0.05 or CA19-9 baseline value
≥89 UI/mL or ctDNA baseline value ≥14.3% or cfDNA baseline
value ≥24.4 ng/mL. Only patients with at least two markers
available were included in the CSS analysis. The CSS score was
applicable in 171/192 (89%) patients who were classified with low
risk (CSS < 2; n= 116 (67.8%)) and high risk of PD (CSS ≥2; n= 55
(32.2%). The rate of PD was 17.2% (20/116) and 52.7% (n= 29/55)
(p < 0.0001), respectively (Fig. 2c). In the multivariate analysis, this
score was still significantly associated with PD (ORa= 5.03; 95% CI:
2.45–10.31, p < 0.0001) and was also associated with PFS (HRa=
1.94; 95% CI: 1.39–2.7, p= 0.0001) and OS (HRa= 2.93; 95% CI:
2.04–4.21, p < 0.0001) (Fig. 4a, b).

DISCUSSION
To our knowledge, the present study is the first to prospectively
evaluate the main circulating markers, namely, CEA, CA19-9,
cfDNA, ctDNA and CTC, in mCRC patients. The primary endpoint of
the study was met, demonstrating that CEA kinetics using three or
four measurements was relevant to monitor patients treated for
mCRC. Using a threshold of 0.05 for the CEA slope, PD was
identified with a PPV and an NPV of 76 and 83%, respectively, and
a CEA kinetics value > 0.05 was also identified as an independent
marker of PD and lower survival rates. We also showed that other
circulating markers, such as CA19-9, cfDNA and ctDNA but not
CTC, were also associated with outcome. Interestingly, we found
that a CSS based on CEA kinetics, CA19-9 and ctDNA/cfDNA

Patients screened,
N = 200

Patients included at baseline,
N = 192

Consent withdrawal (n = 2)
Not meeting inclusion criteria (n = 6)

CEA*

Baseline (n = 174)
Kinetic (n = 159)†

Mutational status (tumour tissue)
RAS/BRAF WT status (n = 74)
RAS/BRAF mutant status (n = 101)
RAS/BRAF status (not known = 17)

CA19.9* CTC* CfDNA* CtDNA*

Baseline (n = 174)
Kinetic (n = 117)†

Baseline (n = 160)
Fourth cycle (n = 92)‡

Baseline (n = 157)
Fourth cycle (n = 141)

Baseline (n = 82)
Fourth cycle (n = 72)

Serial circulating
marker analysis

Fig. 1 Flow diagram illustrating all the biomarkers of the Coca Colon cohort study. *Patients for which the results of circulating markers
and 12-week evaluation were available. CA19-9 carbohydrate antigen 19-9, CEA carcinoembryonic antigen, cfDNA cell-free DNA, CTC
circulating tumour cells, ctDNA circulating tumour DNA, WT wild type. †Kinetics were estimated for living non-progressive patients having a
positive baseline value and two or three further measures at fourth cycle. ‡Only CTC baseline-positive patients underwent kinetic analysis.
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baseline values may also predict response and prognosis.
Although the performance of CSS was quite similar with that of
CEA kinetics, more patients were identified with a high risk of PD
using CSS than CEA slopes (n= 55 with CSS ≥ 2 versus n= 25 with
CEA kinetics >0.005, respectively). Furthermore, CSS is applicable
to patients with at least two markers available (i.e. CA19-9 and
ctDNA/cfDNA baseline values) and is subsequently applicable to
patients for whom the ACE value is unknown or less than or equal
to the upper limit of normal (approximately 20% mCRC patients).
Taken together, all these results highlight that CEA kinetics are a
validated prognostic marker and that a composite score integrat-
ing CEA, CA19-9 and ctDNA/cfDNA may also provide relevant and
added prognostic value. From a clinical point of view, these
findings strongly support that interventional studies testing the
adaptation of treatment strategies based on circulating marker
detection may be of interest in mCRC.
To date, CEA monitoring has not been standardised in mCRC

despite its wide use in daily practice. Although pre-treatment
levels are associated with tumour burden and prognosis, no
consensual cut-off value has been validated to date. Logically,
CEA monitoring using several time points appears to be more
relevant than only baseline values to monitor the disease under
treatment. In a recent exploratory analysis of the FIRE-3
trial comparing first-line FOLFIRI-bevacizumab versus FOLFIRI-
cetuximab in KRAS wild-type mCRC, a CEA response was
associated with a better radiological response and prognosis
in both arms but occurred faster, at greater levels and more
frequently with FOLFIRI-cetuximab.12 In contrast to our work, the
CEA response was defined by a 75% decrease occurring at any
time point versus the baseline value. Moreover, the nadir for the
CEA response, which indirectly reflects the maximal effect of
treatment, occurred with a delay of approximately 3 months in
both arms in that study. From the perspective of further
strategies based on circulating marker detection, our results
suggested that a CEA kinetic calculation that uses a limited
number of time points might also provide earlier relevant
information to predict the treatment effect.
The usefulness of the cfDNA and ctDNA analysis is also

questionable in mCRC, particularly regarding CEA analysis. As
previously reported, we found that cfDNA and ctDNA levels were
correlated given that ctDNA corresponds to a part of cfDNA, which
reflects the overall DNA released in the bloodstream from normal
and tumour cells. For instance, it is suggested that both of these
markers may be associated with tumour burden and that the
specificity of ctDNA supports its use preferentially for treatment
monitoring. Based on the RAS and BRAF genotyping in the
primary tumours, we detected the presence of ctDNA in 92.1% of

the mutated patients, corresponding to approximately 53% of the
entire population. Considering that the sensitivity of the ctDNA
detection is positively associated with the number of genes
screened, we decided to use only RAS and BRAF because these
two alterations are used in daily practice.32,33 Interestingly, our
results showed that the median value of ctDNA at baseline was
14.3% with a significant decrease at W6 (i.e. ctDNA slope ≤−0.73
also corresponding to a ≥10-fold or 90% reduction in ctDNA
levels) occurring in 37/72 (51.4%) of the patients, and both
parameters were associated with disease status at 12 weeks. These
results were consistent with those recently reported in 52 mCRC
patients with ctDNA detection based on a tumour analysis using a
15-gene panel.21 Indeed, researchers found a ctDNA pre-
treatment value of 16.2 ng/mL with a ≥10-fold or 90% reduction
in ctDNA levels before cycle 2 of CT in 19/42 (45%) of the patients.
In this study, this ≥10-fold or 90% reduction in ctDNA from
baseline to before cycle 2 was a better predictor of radiological
response, whereas the fold reduction of the CEA levels at this
point exhibited no predictive value. Another study reported by
Garlan et al. identified a 80% reduction threshold in ctDNA levels
from baseline to before cycle 2 or 3, which predicted significantly
the objective responding rate (47.1% (ΔctDNA ≥ 80%) versus 0%
(ΔctDNA < 80%), p= 0.03).22 Taking into account the larger
sample size of the patients, our results showed that the kinetics
of each marker, with the exception of CTCs, appeared to be a
better predictor of response than the baseline values, and the
highest ORa was observed for CEA kinetics. In the new area of
liquid biopsies, these findings clearly support that the serial
measurements of CEA are also relevant for monitoring mCRC
patients and that CEA kinetics should be integrated into future
clinical trials concomitantly with other markers, such as CA19-9,
cfDNA and ctDNA.
Using a size-based method, we found that approximately two-

thirds of patients had detectable CTCs at baseline without a
significant clinical impact. These results are conflicting with previous
reports and may be partially related with the properties of the
method used to detect CTCs.15 Indeed, techniques depending on
the expression of epithelial cell markers, such as epithelial cell
molecule adhesion molecule (EpCAM), are associated with a
proportion of approximately 25% of patients with detectable CTCs
compared to 65% in our study. This recognition of epithelial markers
may be defective when the well-known mechanism of the
epithelial–mesenchymal transition occurs. In contrast, the device
used in our work is a filtration-based, marker-independent method
that enables CTC detection based on cell size and morphology.
Interestingly, the ISET method, which is based on the same physical
properties as our technology, was more sensitive than the
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CellSearch system in detecting CTCs in patients with lung, breast
and prostate cancer, with very little mCRC data available.24,34

However, the few studies detecting CTCs using this method have
examined a larger set of patients with mCRC than our study. Taken
together, CTC detection using the size-based method is feasible in
patients with mCRC and appears to be associated with a higher
detection rate than standard devices based on EpCAM recognition
alone. Although CTC detection using the immunomagnetic separa-
tion technique is a prognostic marker for mCRC, breast cancer and
prostate cancer, our results suggest that the usefulness of CTC

counting with the size-based method does not provide any
additional prognostic or predictive value.
There are some limitations in our study. First, only patients with

elevated CEA and/or CA19-9 were eligible for this study. Considering
that CEA and CA19-9 are increased in approximately 80 and 40% of
patients with advanced colorectal cancer, respectively, our results
cannot be extrapolated to the remaining non-secreting patients.
Second, the ctDNA detection was based on the results of the RAS
and BRAF tumour analysis, giving an overall sensitivity of 53% in our
population. Despite the fact that cfDNA was successfully analysed in
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all the patients with a significant correlation with ctDNA, it would
also be interesting to include a larger set of genes in the ctDNA
analyses to ensure better coverage of patients. However, unlike the
NGS-based method, the cost and time required to complete each
ctDNA analysis were reasonable and appeared consistent with
implementation in daily clinical practice. Thus, using our dPCR-based
detection method and a simplex test, the cost per ctDNA analysis
was <20 dollars, and the time of analysis was approximately 6 h.
Third, multiple outcomes and biomarkers were tested, leading to

an inflated risk of false discovery. However, when we applied a
correction for multiple testing procedure using Benjamini–Hochberg
procedure with 5% false discoveries, the significance (significant
versus nonsignificant) of any of the 30 (5 biomarkers × 2 time
points × 3 outcomes) multivariable prognostic tests was not
changed (data not shown).
In conclusion, our prospective study confirms that CEA kinetic

measurements alone or combined with baseline CA19-9 and
ctDNA/cfDNA (CSS) measurements were clinically relevant for the
early prediction of the treatment effects and outcome in patients
treated for mCRC. With the exception of CTCs, we also found that
all other circulating markers, including CA19-9, cfDNA and ctDNA,
might play a role in treatment monitoring and prognostic
prediction. Taken together, our findings strongly support that
interventional studies based on these circulating detection
markers are warranted in mCRC patients.
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