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ABSTRACT

We used KRAS mutations to investigate the clinical relevance of circulating tumor DNA
(ctDNA) measurements in patients with advanced pancreatic cancer. Fifty-three blood
samples were collected from 14 prospectively recruited patients prior to chemotherapy
(gemcitabine or FOLFIRINOX) and subsequently every month during treatment. Samples
were processed by density centrifugation and plasma DNA isolation. A Peptide—nucleic
acid—clamp PCR was then used to detect KRAS mutations (present in >90% of pancreatic
cancers) as a surrogate marker for ctDNA. Plasma samples from 29 healthy individuals
were analyzed as a reference group. Results were compared to conventional monitoring
measures and survival data. Median follow-up time was 3.7 months (range 0.6—12.9
months).

Ten (71%) patients had a positive KRAS status in the plasma samples obtained prior to
chemotherapy, indicating the presence of ctDNA. Among the patients who were ctDNA-
positive before chemotherapy, nine (90%) experienced disease progression during follow-
up, compared to one (25%) of four ctDNA-negative patients (P = 0.01). The pre-therapy
ctDNA level was a statistically significant predictor of both progression-free and overall
survival (P = 0.014 and 0.010, respectively). Of the 14 patients, ten had >2 follow-up sam-
ples; in several of these patients, the ctDNA level changed substantially during the course
of chemotherapy. Changes in ctDNA levels corresponded both with radiological follow-up
data and CA19-9 levels for several patients.

Abbreviations: ctDNA, circulating cell-free tumor DNA; CTC, circulating tumor cells; PNA clamp PCR, peptide-nucleic acid clamp po-
lymerase chain reaction; CT, computed tomography; MRI, magnetic resonance imaging.
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This pilot study supports the hypothesis that ctDNA may be used as a marker for moni-

toring treatment efficacy and disease progression in pancreatic cancer patients. Recruit-

ment of more patients is ongoing to corroborate these findings.

© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.

1. Introduction

Pancreatic cancer is the fourth leading cause of cancer-related
death in Western countries. Approximately 90% of patients
who present with advanced pancreatic cancer survive
<1 year, even when treated with chemotherapy. However,
modern polychemotherapy is likely to extend the survival
(Conroy et al., 2011; Von Hoff et al., 2013; Goldstein et al.,
2015). The high death rate is explained by the advanced dis-
ease stage at the time of diagnosis, poor response to chemo-
therapy and de novo or acquired drug resistance (Li et al.,
2004; Torre et al., 2015). Hence, informative biomarkers to
identify early disease and predict progression and thus
improve tumor monitoring are needed.

There is evidence that the presence of circulating tumor
cells (CTCs) is associated with poor disease outcome in
pancreatic cancer patients, as well as in patients suffering
from other adenocarcinomas (e.g. (Bednarz-Knoll et al., 2011;
Tjensvoll et al., 2014)). Further evidence suggests that detec-
tion and genetic characterization of circulating cell-free tumor
DNA (ctDNA) might provide another, more easily accessible,
source for prognostic and predictive information in several
cancers (Punnoose et al., 2012; Dawson et al., 2013b; Bidard
et al., 2014). ctDNA is extracellular DNA that may originate
from apoptotic and necrotic tumor cells in the primary tumor,
metastatic lesions or in circulation (CTCs). Thus, it is hypoth-
esized that the ctDNA pool is expected to reflect the total tu-
mor burden in cancer patients. Furthermore, there are
indications that tumor-derived exosomes or microvesicles
may contain DNA, and it is likely that this DNA is also repre-
sented in the overall ctDNA pool (Balaj et al., 2011; Thakur
et al.,, 2014).

Different methodological approaches have been applied
for the detection of ctDNA, by identification of tumor-
specific mutations in various cancers, such as the amplifica-
tion refractory mutation system (ARMS) (Spindler et al.,
2012), digital PCR (Diehl et al., 2008; Taly et al., 2013;
Bettegowda et al., 2014; Kinugasa et al., 2015), and different
next generation sequencing approaches (Forshew et al.,
2012; Dawson et al, 2013b; Bettegowda et al., 2014;
Newman et al., 2014; Sausen et al., 2015; Zill et al., 2015). In
pancreatic cancer, more than 90% of the tumors harbor mu-
tations in the KRAS gene (Almoguera et al., 1988), thus, it may
be a potential surrogate marker for ctDNA detection in
plasma from these patients. Castells and colleagues were
the first to detect circulating mutant KRAS genes in plasma
from patients with pancreatic ductal adenocarcinoma in
1999 (Castells et al., 1999). They detected KRAS mutated
ctDNA in 12/44 (27%) patients, and demonstrated that these
patients experienced a significantly shorter survival time.
Later, several other studies have also demonstrated the

feasibility of detection and prognostic relevance of circu-
lating KRAS mutations in pancreatic cancer patients (Chen
et al., 2010; Dabritz et al., 2012; Kinugasa et al., 2015). Recent
studies in other types of cancers also support the assump-
tion that detection and genetic characterization of ctDNA
may provide prognostic, predictive, and therapeutic infor-
mation and thus could potentially be used as “liquid bi-
opsies” in different cancer types (Diehl et al., 2008; Dawson
et al,, 2013a; Bettegowda et al., 2014; Thierry et al., 2014).

The aims of this study were to investigate whether KRAS
mutations present in plasma-derived cell-free DNA from pa-
tients with advanced pancreatic cancer could be detected by
our high-fidelity polymerase-based peptide—nucleic acid
(PNA)-clamp PCR assay (Gilje et al., 2008; Oltedal et al., 2010)
and to explore the clinical relevance of ctDNA measurements
in this group of patients with regard to predicting outcome
and monitoring the effects of treatment.

2. Materials and methods
2.1. Patients and samples

A total of 53 blood plasma samples were collected from 14 pa-
tients with locally advanced (n = 2) or metastatic (n = 12)
pancreatic cancer who were recruited at Stavanger University
Hospital from September 2012 until June 2014. The median age
was 64 years. Most patients had primary tumor localization in
the head (n = 9) of the pancreas, grade II-IIl disease (n = 8) and
Eastern Cooperative Oncology Group (ECOG) performance sta-
tus score of 1-2 (n = 8). A partially age-matched control group
of 29 healthy volunteers was also recruited. The project was
approved by the Regional Committee for Medical and Health
Research Ethics (REK-Vest 2011/475), and all participants pro-
vided written informed consent.

Patient blood samples (9 mL in EDTA tubes) were drawn by
venous puncture prior to treatment and subsequently every
month during treatment. All patients were treated either
with gemcitabine (n = 6) or the FOLFIRINOX chemotherapy
regimen (n = 8) according to national Norwegian guidelines
(Helsedirektoratet, 2015). Treatment was administered until
disease progression, unacceptable toxicity, patient refusal,
or treatment pause needed for patient. Every 4 weeks, data
on performance status (ECOG status), use of analgesics, and
patient weight were recorded, and routine laboratory tests
were conducted, including blood counts and serum chemistry.
Concurrently, several biomarkers, including carbohydrate an-
tigen 19-9 (CA19-9), cancer antigen 125 (CA125), and carci-
noembryonic antigen (CEA), were determined routinely.

Standard disease evaluation by imaging, according to
RECIST 1.1 criteria (Eisenhauer et al., 2009), was applied to
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define treatment response. Anti-tumor activity was assessed
by computed tomography (CT) or magnetic resonance imaging
(MRI) of the abdomen, chest X-ray (or chest CT scan or MRI in
case of thoracic target lesions), and other examinations, as clin-
ically indicated to assess target and non-target lesions. These
examinations were primarily performed at baseline (screening)
and every 8 weeks (earlier whenever disease progression was
suspected) using the same method for each assessment.

2.2. Isolation of circulating nucleic acids from plasma

Blood samples were processed by density centrifugation using
Lymphoprep™ (Axis Shield) density gradient media according
to the manufacturer’s instructions. Total cell-free DNA was
then isolated from 1 mL (from the first five patients only)
and 4 mL (diluted 1:1 with 0.9% NacCl) of plasma using the
QIAamp Circulating Nucleic Acid kit (Qiagen), as described
by the manufacturer. ctDNA was eluted in 50 pl of Buffer AE,
and all samples were stored at —80 °C until further analysis.

2.3. Detection of ctDNA by KRAS mutation-based PNA
clamp PCR method

The PNA-clamp method is based on binding of a PNA to wild-
type DNA to prevent its amplification during PCR, while
mutated DNA is amplified. Clamp PCR was performed in our
Mx3000P real-time PCR instrument (Stratagene/Agilent) as
previously described (Gilje et al., 2008). In brief, 5 ul of plasma
DNA was analyzed per reaction, and each sample was
analyzed in duplicate. Moreover, all samples were analyzed
with and without the PNA-clamp added; the —PNA reaction
reflected the total cell-free DNA content in each sample.
Plasma DNA from a healthy individual was used as a
negative control, while the positive control was a 1:100 dilu-
tion of DNA from the colorectal carcinoma cell line LS174T
(heterozygous GGT > GAT codon 12 KRAS mutation
[c.35G > A]) in Caco2 DNA (KRAS wt). Positive and negative
controls were included in every run. The KRAS measure
AACq was computed as AACqQ = ACQwt,min — ACQsample Where
ACq = Cq(;pna) — Cq(-pna) and ACQwemin denoted the lowest
ACq measured for the wild-type control in any run (lowest
ACq = 11.27). We defined samples with AACq > 0 to be positive
for KRAS mutated ctDNA. Reactions producing no amplifica-
tion signal (no Cq values) in both replicates were scored as
negative, and their AACq was set to —10.26, which was the
lowest AACq value observed in this data set. Moreover, if a
sample had only one replicate with an amplification signal,
this Cq value was used in the further analyses. The sensitivity
of the method for mutated KRAS was previously estimated to
be 1:10* (Gilje et al., 2008). All ctDNA analyses were performed
by two persons (S.0. and K.S.0.B.) who were blinded to patient
identity, disease status, and treatment. ctDNA results were
compared with conventional biochemical (CA19-9, CA-125,
and CEA) and radiological monitoring measures.

2.4. Statistical analysis
All statistical analyses were performed with IBM SPSS version

22.0 (www.spss.com). P values of <0.05 were considered sig-
nificant. Fisher’s exact test was used to test for relationships

between KRAS status before initiation of chemotherapy and
various clinicopathological parameters. Missing data were
automatically excluded from the analyses.

Kaplan—Meier estimates of clinical outcomes were deter-
mined, and differences between groups were assessed by the
Mantel-Cox log-rank test. The primary endpoints were
progression-free survival and overall survival. Progression-free
survival was defined as the elapsed time between the date of in-
clusion and the date of progression, or death due to any cause if
the patient died before evidence of progression was obtained.
Disease progression was defined by radiological imaging accord-
ing to RECIST 1.1. Overall survival was defined as the elapsed
time between the inclusion date and death due to any cause.

Cox univariate regression analyses were used to investi-
gate the effects of multiple variables (initial ctDNA status
[B1], ctDNA status 4 weeks after initiation of treatment [B2],
age, tumor size, lymph node status, tumor grade, primary tu-
mor localization, ECOG performance status, CA19-9 status,
CEA status, CA-125 status, and prior anti-cancer surgery) on
progression-free and overall survival. Univariate analyses
were performed by analyzing the ctDNA status both as a cat-
egorical and as a continuous variable. Multiple Cox regression
modeling was limited to initial ctDNA status (B1), tumor size,
lymph node status, and tumor grade, as there were few cases
with a complete data set. Multivariate analyses were per-
formed using both the forward and backward stepwise selec-
tion of covariates. Correlation tests were performed between
ctDNA and CA19-9 levels by the non-parametric Spearmans’s
rank correlation coefficient test.

3. Results
3.1 ctDNA measurements before and after initiation of
chemotherapy

Plasma samples from 29 healthy individuals were analyzed to
define a cut-off for plasma KRAS mutational status and,
thereby, the presence of ctDNA. According to this cut-off,
none of the normal control plasma samples were positive
for KRAS mutations.

Analyses of the 14 patient plasma samples obtained before
initiation of chemotherapy revealed that ten (71%) patients
had a positive KRAS mutation status, indicating the presence
of ctDNA. Further analyses also demonstrated that the ctDNA
level before initiation of treatment was significantly higher in
patients who experienced disease progression compared to
patients with stable disease (P = 0.024) at follow-up
(Figure 1). Plasma samples were obtained 4 weeks after initia-
tion of chemotherapy from nine of the 14 patients included in
this study. Five of these nine patients (55%) had a positive
ctDNA status.

3.2 Survival analyses

With a median follow-up time of 3.7 months (range 0.6—12.9
months), disease progression was encountered in 11 (78.5%)
patients, and ten patients died. Nine (90%) of the ten patients
with a positive ctDNA status before initiation of treatment
experienced disease progression, compared to one (25%)
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Figure 1 — Boxplot showing ctDNA levels before initiation of
chemotherapy in 14 advanced pancreatic cancer patients with and
without progression during follow-up (P = 0.024), compared to
healthy controls (n = 29).
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patient with progression among the four ctDNA-negative pa-
tients (Fisher’s exact test, P = 0.01). Kaplan—Meier survival an-
alyses indicated that patients with a positive ctDNA status
before or after initiation of chemotherapy had shorter
progression-free survival (P = 0.064 and P = 0.071, respec-
tively); although this difference did not meet statistical signif-
icance (Figure 2). A trend towards reduced overall survival
among patients with a positive ctDNA status before chemo-
therapy initiation (P = 0.066) was also observed.

Univariate and multiple Cox regression were performed to
estimate the prognostic impact of ctDNA status, as well as of
other clinicopathological parameters. Univariate Cox regres-
sion demonstrated that the relative level (continuous variable)
of ctDNA in the plasma samples obtained before initiation of
chemotherapy was a significant risk factor for both reduced
progression-free (HR 1.287, P 0.014) and overall
(HR = 1.433, P = 0.010) survival (Table 1). None of the other
covariates were significant predictors of survival. By backward
and forward stepwise multiple Cox regression, it was further
demonstrated that ctDNA levels before initiation of chemo-
therapy were an independent prognostic factor for both

progression-free (HR = 1.48, P = 0.020) and overall
(HR =1.31,P= 0.047) survival.
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Figure 2 — Kaplan—Meier analyses indicated a trend towards reduced progression-free survival both before (A) and after (B) initiation of

chemotherapy in pancreatic cancer patients with a positive ctDNA status (AACq > 0). Shorter overall survival was also indicated for patients who

were ctDNA-positive before chemotherapy initiation (C), while there was no association after one month of treatment (D).
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Table 1 — Univariate Cox regression.

Parameter Progression-free survival Overall survival
Hazard ratio P values Hazard ratio P values
ctDNA KRAS B1 status (pos. vs. neg.) 5.648 0.100 5.864 0.099
ctDNA KRAS B1 levels (continuous variable) 1.287 0.014 1.433 0.010
ctDNA KRAS B2 status (pos. vs. neg.) 5.840 0.110 2.203 0.483
ctDNA KRAS B2 levels (continuous variable) 1.273 0.207 1.238 0.379
Age (continuous variable) 0.965 0.449 0.951 0.302
Tumor size (cT2 vs. cT4) 0.514 0.367 0.561 0.459
Lymph node status (cN1 vs. cN2 and cN3) 0.588 0.511 0.276 0.229
Grade (I and II vs. III) 1.159 0.849 0.966 0.966
Primary tumor localization 2.933 0.132 3.772 0.086
(head and body vs. tail and >1 location)

ECOG PS (0 vs. 1 and 2) 0.297 0.134 0.347 0.194
CA19-9 status (pos. vs. neg.) 9.352 0.071 9.352 0.071
CEA status (pos. vs. neg.) 2.379 0.277 1.829 0.455
CA-125 status (pos. vs. neg.) 5.116 0.124 3.932 0.200
Prior anti-cancer surgery (yes vs. no) 3.622 0.225 2.297 0.433

Boldface indicates significant P values.

3.3. Monitoring of ctDNA levels during the course of
chemotherapy

We performed longitudinal monitoring of the disease course
for ten of the 14 included patients. The remaining four pa-
tients either died within a month after study entry (n = 3) or
provided only one plasma sample (n = 1). In total, 39 serial
plasma samples that originated from these ten patients
were analyzed; 15 (38.5%) samples showed the presence of
ctDNA. Of the patients with >2 follow-up samples collected,
several had ctDNA levels that changed substantially during
the course of chemotherapy. For at least three patients,
changes in the ctDNA level also corresponded to radiological
follow-up data and to changes in CA19-9 levels obtained every
4 weeks (Figure 3). For patient 8, ctDNA levels were signifi-
cantly correlated with CA19-9 measurements (Spearman’s
rho = 0.786, P = 0.021). There was also a correlation with
CA19-9 levels when all data, from all sampling time points,
were included in the analysis (Spearman’s rho = 0.395,
P = 0.005). However, a comparison between ctDNA levels
and radiological follow-up data indicated that ctDNA mea-
surements may reveal disease progression at an earlier stage
for some patients compared to conventional monitoring
methods. For example, the ctDNA levels of patient 8 had
already increased 1 month before progression was diagnosed
by radiological measurements (Figure 3A). ctDNA levels also
seemed to reveal disease progression two months earlier
than radiological imaging for patient 11 (Figure 3C). However,
in patient 9 a positive ctDNA status was observed at the same
time as progression was confirmed by imaging (Figure 3B).

4. Discussion

Analysis of plasma ctDNA is emerging as a tool with several
potential clinical applications. An increasing number of
studies suggest that ctDNA detection and characterization

may be used for treatment guidance and early detection of
disease progression, as well as for monitoring treatment
response and the presence of resistance mutations against
targeted therapies (Misale et al., 2012; Dawson et al., 2013b;
Bettegowda et al., 2014; De Mattos-Arruda et al., 2014; Lebof-
sky et al., 2015).

In this pilot study, we used KRAS PNA-clamp PCR to estab-
lish KRAS mutational status as a surrogate marker for ctDNA
detection in plasma samples from patients with advanced
pancreatic cancer. We detected KRAS mutated ctDNA in 71%
of the patients before initiation of chemotherapy and in 56%
of the patients after start of treatment. This positivity rate is
higher than that described in other studies, where KRAS
mutated ctDNA detection rates prior to treatment were 0%
(Marchese et al., 2006), 27% (Castells et al., 1999), 33% (Chen
et al., 2010), 47% (Maire et al., 2002), and 62.6% (Kinugasa
et al., 2015). There may be several explanations for this
discrepancy: a) we included the highest rate of metastatic pa-
tients in our study, b) sensitivity may vary among the methods
used for analyses (restriction fragment length polymorphism
[RFLP] PCR, Sanger sequencing, allele-specific PCR, and digital
PCR), and c) there may be differences in the amount of ctDNA
used in the different assays (Castells et al., 1999; Maire et al.,,
2002; Marchese et al., 2006; Chen et al., 2010; Kinugasa et al.,
2015).

Although 90% of patients with pancreatic cancer harbor
primary tumor mutations in codons 12 and 13 of the KRAS
gene, KRAS mutations in plasma are detected at rate lower
than 90% for several reasons. Some patients may not have
any ctDNA, or the ctDNA may come exclusively from KRAS
wild-type tumor cells in a genetically heterogeneous primary
tumor (Oltedal et al., 2011; Rothe et al., 2014; Thierry et al,,
2014). Therefore, parallel detection of other mutations (e.g.,
in KRAS codon 61, pl6/CDKN2A, TP53, SMAD4 etc.) may
further increase the number of ctDNA-positive patients. The
detection rate is also affected by differences in methodology.
To avoid false positives among the healthy controls, we estab-
lished a diagnostic threshold level for the PNA-clamp PCR
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Figure 3 — Disease monitoring by measurement of ctDNA and
CA19-9 levels in three pancreatic cancer patients. Plasma sample 1
was obtained before initiation of treatment, while plasma samples
2—9 were obtained every month during treatment with gemcitabine or
FOLFIRINOX. Disease evaluation by imaging, according to
RECIST 1.1 criteria, was also performed at baseline and every 8
weeks. SD, stable disease; PR, partial response; PD, progressive

disease.

method, based on the highest measurement in an age-
matched healthy control group. A lower threshold would
have increased the sensitivity of the method, but at the
expense of specificity. We previously demonstrated that
DNA polymerization errors during PCR lower the sensitivity
of PNA-clamp PCR (Gilje et al., 2008). By using a high-fidelity

polymerase, we increased the analytical sensitivity to 1:10*
for high-quality cellular DNA. However, the highly frag-
mented nature of plasma DNA can reduce the sensitivity of
PNA-clamp PCR, due to limited PCR primer binding and poten-
tially reduced polymerase fidelity (Newman et al., 2014).

Detection of ctDNA in the plasma of pancreatic cancer pa-
tients has been shown to correlate both with primary tumor
analyses and the presence of metastases, as well as survival
(Castells et al., 1999; Chen et al., 2010; Kinugasa et al., 2015).
Our pilot study implies that pancreatic cancer patients with
KRAS mutated ctDNA in plasma before or after initiation of
chemotherapy have a shorter survival time. This has also
been demonstrated in previous studies (Castells et al., 1999;
Chen et al., 2010; Kinugasa et al., 2015). In concordance with
our data, Castells and colleagues reported shorter survival
times in patients with K-ras gene mutations in plasma prior
to therapy in their study of 44 pancreatic cancer patients
(P < 0.005) (Castells et al., 1999). Furthermore, Chen et al. re-
ported a median survival of 3.9 months for patients with
KRAS mutated ctDNA versus 10.2 months for the ctDNA-
negative patients (P < 0.001), and KRAS mutated ctDNA was
an independent prognostic factor for survival (hazard ratio
7.39) in their study of 91 pancreatic cancer patients (Chen
et al., 2010).

We wanted to explore whether changes in ctDNA levels
might be useful for measurements of treatment response, as
well as for early detection of recurrent disease. Continuous
treatment monitoring may reveal the response to a certain
systemic treatment or indicate that there should be a change
in the treatment regimen due to tumor cell resistance. This is
becoming more relevant in pancreatic cancer as treatment
regimens are improving, with alternative treatment choices
and longer survival. We therefore performed longitudinal
monitoring of the disease course in our study. Our preliminary
findings suggest that for some pancreatic cancer patients,
ctDNA analyses may reveal response to therapy and disease
progression at the same time or potentially earlier than radio-
logically measured tumor volumes (Figure 3). ctDNA analyses
as a promising monitoring tool has also been explored for
several cancers in previous studies (Diehl et al, 2008;
Dawson et al., 2013a, 2013b; Newman et al., 2014; Kidess
etal.,, 2015; Reinert et al., 2015). In a study by Newman and col-
leagues, radiological follow-up imaging in non-small cell lung
cancer patients was less precise in predicting treatment
response and disease progression than ctDNA analyses for
several patients (Newman et al.,, 2014). Furthermore, Diehl
and colleagues described a 99.9% decrease in ctDNA levels
during treatment of colorectal patients, whereas the tumor
volume (composed of live and dead neoplastic cells in addition
to stromal cells) decreased only slightly (Diehl et al., 2008). In
pancreatic cancer patients, measurement of treatment effi-
cacy by imaging is particularly challenging, as the tumor is
often surrounded by a dense fibrotic tissue, making radiolog-
ical (CT and PET scan) detection difficult (Rothenberg et al.,
1996; Duffy et al., 2010). Thus, therapy decisions in this patient
group are based not only on imaging, but also on evaluation of
the CA19-9 level, which is currently the most common and
extensively used blood biomarker in pancreatic cancer man-
agement despite having several limitations (Duffy et al.,
2010; Ballehaninna and Chamberlain, 2012). These limitations
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include the possibility of a misleading increase in serum sam-
ples (Dabritz et al., 2012), failure to identify early/small tumors
and precancerous lesions in high-risk patients (Ballehaninna
and Chamberlain, 2012), and detection of elevated levels in
only a subset of patients with resectable pancreatic cancer
(Dabritz et al., 2012). All of these factors severely limit the uni-
versal applicability of serum CA19-9 levels in pancreatic can-
cer management (Ballehaninna and Chamberlain, 2012). Our
data suggest, however, that frequent monitoring of ctDNA
levels in patients with advanced pancreatic cancer during
the disease course may be a promising predictor of both re-
sponses to therapy and disease progression. Although our pa-
tient cohort is small there are also indications that the ctDNA
level correlates with CA19-9 data.

Genetic heterogeneity within the primary tumor, as well as
between the primary tumor and metastatic lesions, has been
described previously (Yachida et al., 2010; Oltedal et al.,
2011; Diaz et al.,, 2012; Gerlinger et al., 2012; Rothe et al,,
2014), and it is the main mechanism through which treatment
resistance arises (Haber and Velculescu, 2014). Although
many studies have reported high concordance between the
primary tumor and ctDNA analyses, most studies have re-
ported some discrepancies between the two DNA sources
(Bettegowda et al., 2014; De Mattos-Arruda et al., 2014; Thierry
et al,, 2014; Kinugasa et al., 2015). This could be due to genetic
heterogeneity within the primary tumor, or because geneti-
cally different metastases or CTCs are contributing to the
ctDNA pool. If all tumor deposits in the body are represented
in the ctDNA pool, we would expect the challenges posed by
intra-tumoral genetic heterogeneity to be surmounted by
ctDNA assessment. Hence, ctDNA is a promising tool for
monitoring therapy response, and it is believed that moni-
toring of somatic genetic alterations in ctDNA during the
course of therapy will reflect the dynamics of the tumor cell
population in response to cancer treatment (e.g., see
(Dawson et al., 2013b; De Mattos-Arruda et al., 2014)). Howev-
er, because ctDNA analysis is supposed to primarily reflect
dying (necrotic or apoptotic) tumor cells rather than potential
residual disease; these analyses may only complement the
primary tumor and CTC analyses. This was suggested by
Dawson et al., 2013b where increasing levels of both ctDNA
and CTCs were found to be of prognostic value (Dawson
et al,, 2013b). Bettegowda et al., 2014 also suggested that
ctDNA and CTCs analyses are complementary, as they found
that ctDNA was often present in patients without detectable
CTCs (Bettegowda et al., 2014).

5. Conclusion

This pilot study supports the hypothesis that ctDNA may be
used as a marker for monitoring treatment efficacy and dis-
ease progression in patients with advanced pancreatic cancer.
Our data also imply that patients with a positive ctDNA status
prior to or after initiation of chemotherapy have shorter sur-
vival. Moreover, ctDNA levels before initiation of chemo-
therapy were an independent prognostic factor for
prediction of survival in this pilot study. However, these
data need further investigation in a larger cohort. Expanding
the study to include several mutations could potentially

provide additional prognostic information and increase
ctDNA detection. It would also be of interest to investigate
whether measurement of ctDNA could reveal early pancreatic
cancer, as well as provide prognostic information in patients
with localized disease.
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