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ABSTRACT

Background: We recently identified a diagnostic prediction model based on promoter hypermethylation
of eight selected genes in plasma cell-free (cf) DNA, which showed promising results as a diagnostic
biomarker for pancreatic ductal adenocarcinoma (PDAC). The aim of the present study was to validate
this biomarker profile in an external patient cohort and examine any additional effect of serum CA 19-9.
Methods: Patients with PDAC (n = 346, stage I-IV) and chronic pancreatitis (n = 25) were included.
Methylation-specific PCR of a 28-gene panel was performed on serum cfDNA samples. The previously
developed diagnostic prediction model (age>65 years, BMP3, RASSF1A, BNC1, MESTv2, TFPI2, APC, SFRP1
and SFRP2) was validated alone and in combination with serum CA 19-9 in this external patient cohort.
Results: Patients with PDAC had a higher number of hypermethylated genes (mean 8.11, 95% CI 7.70
—8.52) than patients with chronic pancreatitis (mean 5.60, 95% CI 4.42—6.78, p = 0.011). Validation of the
diagnostic prediction model yielded an AUC of 0.77 (95% CI 0.69—0.84). The combination of serum CA 19-
9 and our test had an AUC of 0.93 (95% CI 0.89—0.96) in the primary study and 0.85 (95% CI 0.79—0.91) in
the validation study.

Conclusion: In this validation study, PDAC was associated with a higher number of hypermethylated
genes in serum cfDNA than chronic pancreatitis. Our diagnostic test was superior to the predictive value
of serum CA 19-9 alone in both the primary and the validation study. The combination of our test with CA
19-9 may serve as a clinically useful diagnostic biomarker for PDAC.

© 2021 The Authors. Published by Elsevier B.V. on behalf of IAP and EPC. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the leading
causes of cancer death in the world, with a current five-year sur-

Abbreviations: AUC, area under the receiver-operating characteristic curve;
BIOPAC, Biomarkers in patients with Pancreatic Cancer; cf, cell free; CI, confidence
interval; CpG, cytosine preceding a guanosine; Ct, cycle threshold; IPMN, intra-
ductal papillary mucinous neoplasm; OR, odds ratio; PDAC, pancreatic ductal
adenocarcinoma; ROC, receiver-operating characteristic.

* Corresponding author. Department of Gastrointestinal Surgery, Clinical Cancer
Research Center, Aalborg University Hospital, Department of Clinical Medicine,
Aalborg University, Hobrovej 18-22, 9000, Aalborg, Denmark.

E-mail address: stdh@rn.dk (S.D. Henriksen).

https://doi.org/10.1016/j.pan.2021.05.003

vival rate of 8% [1]. Difficulties in detecting the disease at an early
stage is one of the main reasons for its poor prognosis. This clearly
indicates the need for additional diagnostic tools. Currently, the
only clinical biomarker for PDAC is serum CA 19-9 which is
approved for prognostic surveillance. Unfortunately, due to several
limitations, serum CA 19-9 is not useful as a diagnostic biomarker

1424-3903/© 2021 The Authors. Published by Elsevier B.V. on behalf of IAP and EPC. This is an open access article under the CC BY license (http://creativecommons.org/
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and no approved test exists for early detection of PDAC [2,3].

Epigenetic modifications such as DNA hypermethylation of the
promoter sequence are known to be aspects of early cancer
development [4,5]. Promoter hypermethylation in tumour sup-
pressor genes can downregulate gene function [6—8]. A progressive
increase in DNA methylation has been demonstrated with
increasing dysplasia [6,8,9]. Furthermore, changes in DNA
methylation have been shown in pancreatic tissue containing
intraductal papillary mucinous neoplasm (IPMN) precursor lesions
[10], indicating that such lesions occur in early tumour develop-
ment. Such changes therefore hold potential as diagnostic bio-
markers for PDAC. Epigenetic alterations can be analysed in cell-
free (cf)DNA, which potentially is tumour specific [11—14].

In recent years, cfDNA has gained major interest as a tool for
minimally invasive diagnostics. It is an alternative approach to
cancer tissue biopsy for analysing genetic and epigenetic modifi-
cations. Several studies have shown that circulating tumour DNA
fragments contain biological alterations identical to those in the
primary tumour [11—16]. However, tumours are usually hetero-
genic containing a mixture of different cancer cell clones and
normal cells [11,13,14]. A major challenge is to differentiate circu-
lating tumour DNA from circulating non-tumour DNA [17]. This
challenge is accentuated by the fact that several benign conditions,
such as inflammatory disease, e. g. pancreatitis and sepsis, are also
associated with an increased level of cfDNA [18] and even with
changes in the methylation profile [9,19,20]. To develop a diag-
nostic biomarker for PDAC, it is crucial to be able to differentiate
between potentially cancer-specific hypermethylation and hyper-
methylation that occurs as part of the inflammatory response in the
pancreas. Therefore, it is important to include clinically relevant
control groups, such as patients with benign pancreatic disease.

Unfortunately, previous research into DNA methylation as a
diagnostic marker for PDAC has primarily differentiated between
cancer patients and healthy controls [20,21]. In addition, the ma-
jority of the studies lack validation [4,19,22].

Our group has previously examined promoter hypermethylation
in a panel of genes in cfDNA from patients with PDAC and in pa-
tients with benign pancreatic disease [4]. We recently published a
diagnostic prediction model based on hypermethylation of eight
selected genes. The prediction model yielded promising results as a
diagnostic biomarker for PDAC. With high performance, the test
facilitated differentiation of patients with PDAC from patients with
chronic pancreatitis or symptoms mimicking upper gastrointestinal
cancer [4]. However, our primary study was based on training data
only and lacked external validation.

The primary aim of the present study was to conduct an external
validation of our previously published diagnostic prediction model
for PDAC. The secondary purpose was to examine the additional
effect of serum CA 19-9 on the predictive performance of the
diagnostic test.

Methods

In order to validate the findings from the primary study [4], we
conducted a validation study on an external patient cohort ob-
tained from the Danish Biomarkers in patients with Pancreatic
Cancer (BIOPAC) study (NCT03311776) [23]. BIOPAC is a compre-
hensive Danish pancreatic cancer biobank established in 2008
through nationwide collaboration, and inclusion is still ongoing.
The validation study was designed as a retrospective cross-
sectional cohort study.

Participants

The validation study included patients with PDAC diagnosed
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from July 2008 to August 2016 in the BIOPAC study. Patients were
included from two (out of seven) participating hospitals in
Denmark (Herlev Hospital and Copenhagen University Hospital
(Rigshospitalet)). Patients had histologically verified PDAC (resec-
ted specimen from patients with stage I-Il and biopsies from pa-
tients with stage III-IV). Patients were staged according to the
American Joint Committee on Cancer (AJCC), 7th edition. Patients
were included before any treatment and within 2—4 weeks from
the time of diagnosis. All patients were above 18 years of age and
had signed an informed consent form.

A subgroup of patients in the BIOPAC study were included on
suspicion of pancreatic cancer. Subsequently, pancreatic cancer was
ruled out and these patients were diagnosed with chronic
pancreatitis. This subgroup of patients was included as a benign
control group of patients diagnosed with chronic pancreatitis.

All clinical data were registered in the BIOPAC database.

The BIOPAC study was approved by the Regional Ethics Com-
mittee (VEK ref. KA-20060113) and the Danish Data Protection
Agency (r.no. 2012-58-0004; HGH-2015-027; I-Suite j.no. 03960).

The present validation study was approved by the Research
Ethics Committee for the North Denmark Region (N-20130037).

Blood sampling

Standard operating procedures were used for handling of blood
samples in the BIOPAC study. Within 30—120 min after sampling,
the blood was centrifuged at 2330 g for 10 min at 4 °C and serum
was then aliquoted and stored at —80 °C until analysis.

Methylation analysis

All serum samples were analysed at the Department of Molec-
ular Diagnostics, Aalborg University Hospital, Denmark.

The methylation analyses were performed blinded without
knowledge of clinical data by a senior laboratory scientist. Extrac-
tion and deamination of serum cfDNA was performed as described
previously [4,24].

In brief, a first-round PCR amplification was conducted to
expand the amount of relevant deaminated DNA. A mix of outer
methylation-specific primers was used for all the tested promoter
regions. Subsequently, in individual reactions, a second round of
PCR was performed using each of the inner methylation-specific
primers and methylation-specific probes. In both the first and
second round of PCR, the hemi-methylated MEST transcript variant
1 was used as the reference gene [4].

A panel of 28 selected genes (the promoter sequences)
(Supplementary Table 1) was tested. We have previously described
in detail the selection of the 28 genes [4].

CA 19-9

CA 19-9 analysis was performed on serum samples from all
patients in the validation study at the time of inclusion in the
BIOPAC study. Serum CA 19-9 was analysed at Herlev Hospital using
the Immulite 2000 GI-MA assay (Siemens, Catalogue Number
L2KG12), a solid-phase, 2-site sequential chemiluminescent
immunometric assay. Elevated serum CA 19-9 is defined as > 37 U/
ml.

In the context of the primary study [4], CA 19-9 was not avail-
able as this test was not implemented at our department at the time
of patient inclusion. Subsequently, it has become possible to anal-
yse serum CA-19-9 for all patients included in the primary study
[4]. Serum CA 19-9 analysis was performed using Cobas 6000
(Roche, module 601E, IUPAC code NPU01450).
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Outcome

The primary outcome of this study was PDAC and the perfor-
mance of the diagnostic prediction model in the external patient
cohort. The secondary outcome was the potential effect of serum
CA 19-9.

Statistical methods

Each gene in the panel was analysed following dichotomization.
A detectable cycle threshold (Ct) was interpreted as a gene with
promoter hypermethylation and no Ct as a non-methylated gene
promoter. Validation of dichotomous data has previously been
described [4].

The methylation frequency of each gene and the (exact) 95%
confidence interval (CI) were calculated for each patient group. The
mean number of hypermethylated genes and the 95% CI were
calculated. The means were compared as numerical data using the
nonparametric Wilcoxon rank sum test. P-values below 0.05 were
considered statistically significant.

Logistic regression was performed separately for all gene vari-
ables. The p value and the area under the receiver-operating
characteristic curve (AUC) were calculated to measure the
discriminative ability of the variables. For variables with complete
separation between the patient groups, the chi squared test served
as significance test.

Furthermore, simple logistic regression was performed for
dichotomized serum CA 19-9 (cut-off 37 kU/l), age > 65 years,
gender and smoking status.

In our primary study, a prediction model for PDAC was devel-
oped (BMP3, RASSF1A, BNC1, MESTv2, TFPI2, APC, SFRP1, SFRP2 and
age > 65 years) [4]. The diagnostic prediction model from the pri-
mary study (both the selected variables and their coefficients) was
validated on the total cohort, on the subgroup of patients with stage
I-II disease and on the subgroup of patients with stage IV disease. A
probability score was calculated for each patient.

Subsequently, the additional effect of serum CA 19-9 on the
diagnostic prediction model (BMP3, RASSF1A, BNC1, MESTv2, TFPI2,
APC, SFRP1, SFRP2 and age > 65 years) was tested in the total patient
cohort from the primary study (See supplementary text with
description of the patient cohort in the primary study) [4]. A new
prediction model was developed based on the same gene variables;
however, the new model contained new coefficients due to the
added effect of serum CA 19-9. A probability score was calculated
for each patient. The model performance was evaluated in the total
patient cohort, in the subgroup of patients with stage I-II disease
and in the subgroup of patients with stage IV disease.

The new diagnostic prediction model combining the predictive
effect of serum CA 19-9 and the hypermethylation status of serum
cfDNA BMP3, RASSF1A, BNC1, MESTv2, TFPI2, APC, SFRP1, SFRP2 and
age >65 years was validated on the total validation cohort, on the
subgroup of patients with stage I -1l disease and on the subgroup of
patients with stage IV disease from the validation cohort. For each
patient, a probability score was calculated.

For all the prediction models mentioned above, the AUC was
calculated to measure the discriminative ability of the model; a ROC
curve was used to illustrate model performance and a calibration
plot was conducted to illustrate model calibration.

Stata 16.0 software (Stata-Corp LP, TX) was used for data anal-
ysis. The Stata module pmcalplot was used to produce the cali-
bration plot.

All authors had access to the study data and reviewed and
approved the final manuscript.
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Results
Descriptive data

In total, 346 patients with PDAC (stage [; n = 11, stage II; n = 165,
stage III; n = 33 and stage IV; n = 137) and 25 patients with chronic
pancreatitis were included in the validation study. Descriptive data
are shown in Tables 1 and 2.

The mean number of hypermethylated genes

The mean number of hypermethylated genes of the 28-gene
panel in serum cfDNA was calculated. Patients with PDAC had a
mean 8.11 (95% CI 7.70—8.52) hypermethylated genes compared
with 5.60 (95% Cl 4.42—6.78) in the control group of patients with
chronic pancreatitis (p = 0.011).

The hypermethylation frequency and simple logistic regression

The frequency of hypermethylation for each of the 28 genes in
serum cfDNA for each patient group is shown in Table 3 and the
odds ratio (OR) for each variable in the gene panel is shown in
Table 4. A significant difference between the cancer group and the
control group was demonstrated for three gene variables; APC, ESR1
and TAC1 with an OR of 3.58 (95% CI 1.50—8.56), 4.22 (95% CI
1.72—10.38) and 2.63 (95% CI 1.16—5.96), respectively (Table 4). In
addition, a significant difference was demonstrated for EYA2
hypermethylation (OR of 0.39 (95% CI 0.17—0.87)); however, with
the control group being more frequently hypermethylated than the
cancer group. The promoter sequence of SFRP2, TFPI2, CHFR, GSTP1,
HIC1, SEPT9v2, VIM and CDKN2A was hypermethylated only in the
cancer group. Due to complete separation, these variables could not
be analysed by logistic regression. Instead, the chi-squared test was
used and a significant difference in hypermethylation frequency of
SFRP2 was found, whereas the other completely separated variables
did not reach statistical significance (Table 3).

By simple logistic regression, CA 19-9 (cut-off 37 kU/1) had an OR
of 5.30 (95% CI 2.23—12.60) and reached an AUC of 0.68. Eight pa-
tients in the validation study lacked the serum CA 19-9 result; six
cancer patients (three stage II, one stage Il and two stage IV) and
two patients with chronic pancreatitis. Patients with missing CA
19-9 values were excluded in the validation analysis concerning the
combination of the prediction model and CA 19-9, however
included in the validation analysis solely concerning the prediction
model.

In the univariate analysis, male gender was a significant risk
factor (OR 2.69 (95% CI 1.05—6.91)), age > 65 years reached an OR of
4.39(95% CI 1.71—11.26) and smoking reached an OR of 0.56 (95% CI
0.33—0.95).

Table 1
Descriptive data on patients with pancreatic ductal adenocarcinoma (PDAC) and
chronic pancreatitis.

PDAC Chronic
pancreatitis

N 346 25
Median age (range) 67 (37-86) 61 (33-85)
Sex (% men) 187 (54) 19 (76)
Smoking status current (%) 105 (30) 15 (60)

previous (%) 118 (34) 3 (12)

never (%) 123 (36) 7 (28)
AJCC/UICC staging I (IA and IB) (%) 11 3)

Il (IA and 1IB) (%) 165  (48)

11 (%) 33 9)

IV (%) 137  (40)
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Table 2
Descriptive data on the patients with pancreatic ductal adenocarcinoma according to cancer stage.
Stage [ (Ia+1b) 1T (Ila-+1Ib) 11 \% Chronic
pancreatitis
N 11 165 33 137 25
Age (median) (range) 68 (53—84) 67 (37-81) 67 (42—-86) 68 (40—84) 61 (33-85)
Sex (men:women) 4:7 93:72 16:17 74:63 19:6
PS (number, %) 0 4 36% 61 37% 14 42% 56 41% 0 -
1 3 27% 41 25% 9 27% 58 42% 1 4%
2 0 - 9 5% 3 9% 9 7% 0 —
3 0 - 2 1% 0 - 0 - 0 -
unknown 4 36% 52 32% 7 21% 14 10% 24 96%
Surgical treatment number (%) None 0 - 5 3% 14 42% 71 52% 11 44%
Whipple 7 64% 88 53% 0 - 2 1% 7 28%
Distal resection 2 18% 16 10% 0 - 0 - 4 16%
Total resection 1 9% 48 29% 0 - 1 1% 1 4%
Explorative lap 1 9% 4 3% 19 58% 60 44% 1 4%
Unknown 0 - 3 2% 0 - 3 2% 1 4%
PS, WHO performance status
Note: Stage according to the American Joint Committee on Cancer (AJCC) stage classification
Table 3 Table4 )
Hypermethylation frequencies for each gene in each group. Simple logistic regression.
Pancreatic ductal Chronic pancreatitis (N = 25) Gene OR 95% Cl P-value AUC
adenocarcinoma (N = 346) ALX4 121 (0.35-4.20) 0.764 0511
Gene % n 95% CI % n 95% CI APC 3.58 (1.50-8.56) 0.004 0.612
BMP3 1.79 (0.75—4.25) 0.190 0.568
ALX4 14.2 49 (10.9-18.3) 12.0 3 (3.7-32.7) BNC1 127 (0.49-3.27) 0.622 0.523
APC 86.4 299 (82.4—89.6) 64.0 16 (42.9-80.8) BRCA1 0.65 (0.28—1.50) 0317 0.548
BMP3 45.7 158 (40.5-51.0) 32.0 8 (16.3-53.3) CDKN2A* _ _ _ —
BNC1 86 9 (241-336) 240 6 (10.7-45.4) CDKN2B 211 (0.28-16.21) 0472 0520
BRCA1 304 105 (25.7-35.4) 40.0 10 (22.3-60.8) CHFR* _ _ _ _
CDKN2A 101 35 (7.30-138) 0 0 - ESR1 422 (1.72-10.38) 0.002 0.671
CDKN2B 8.1 28 (5.6—11.5) 4.0 1 (0.5-25.5) EYA2#** 0.39 (0.17-.88) 0.023 0.615
CHFR 5.8 20 (3.8-8.8) 0 0 - CSTP1* _ ~ _ _
ESR1 621 215  (569-67.1) 280 7 (13.4—49.4) HICT* _ _ _ _
GSTP1 12 4 (0.4-3.0) 0 0 - MGMT 059 (0.13-2.73) 0.504 0515
HIC1 43 15 (2.6-7.1) 0 0 - MLH1 1.57 (0.66-3.74) 0308 0.552
MGMT 49 17 (3.1-7.8) 8.0 2 (1.9-28.5) NEUROGT 1.70 (0.72-4.06) 0228 0563
MLH1 425 147  (374-478) 320 8 (16.3-53.3) RARB 103 (0.45-2.36) 0.945 0503
NPTX2 75.7 262 (70.9-80.0) 60.0 15 (39.2-77.7) RASSF1A 1291 (1.73-96.57) 0.013 0.655
NEUROGI ~ 445 154  (393-498) 320 8 (163-53.3) SFRP1 262 (0.77-8.95) 0125 0.572
RARB 60.7 210 (55.4—65.7) 60.0 15 (39.2-77.7) SFRP2* - - - -
RASSF1A 35.0 121 (30.1—40.2) 4.0 1 (0.5—-25.5) SEPT9v2* _ _ 0.269 0.543
SFRP1 263 91 (219-312) 120 3 3.7-32.7) SST 259 (0.95-7.07) 0.063 0.597
SFRP2 289 100  (244-339) 0 0 - TRPI* _ _ _ _
SEPT9v2 8.7 30 (6.1-12.1) 0 0 - TAC1 2.63 (1.16-5.96) 0.021 0.614
SST 393 136 (34.3—-44.6) 20.0 5 (8.2—41.2) VIM* _ _ _ _
TFPI2 130 45 (9.8-17.0) 0 0 - WNT5A 1.79 (0.23-13.80) 0577 0515
TACI 708 245  (65.8-754) 480 12 (288-67.8) PENK 097 (022-435) 0972 0.501
ViM 3.8 13 (2.2-64) 0 0 - sex 2.69 (1.05-6.91) 0.039 0.610
WNT5A 69 24 (4.7-10.2) 4.0 1 (0.5-25.5) age 65 439 (1.71-11.26) 0.002 0.670
PENK 7.8 27 (5.4-11.2) 8.0 2 (1.9-28.5)

Validation of the diagnostic prediction model

The previously developed diagnostic prediction model con-
tained the covariate age >65 years and the hypermethylation status
of the promoter sequence of eight gene variables; BMP3, RASSF1A,
BNC1, MESTv2, TFPI2, APC, SFRP1, and SFRP2. [4].

Validation of the diagnostic prediction model in the external
patient cohort yielded an AUC of 0.77 (95% CI 0.69—0.84) (Fig. 1a).
The mean probability score in the cancer group was 0.54 (95% CI
0.50—0.57) compared with 0.24 (95% CI 0.16—0.32) in the control
group (Fig. 1b).

Testing the model in the subgroup of patients with early-stage
tumours (stage I and II; n = 201) yielded an AUC of 0.73 (95% CI
0.64—-0.82) (Fig. 1c), with a mean probability score of 0.48 (95% CI

All variables were analysed by simple logistic regression comparing the pancreatic
ductal adenocarcinoma group and the chronic pancreatitis group. Bold marks the
genes where there was significant difference (p < 0.05) between the cancer group
and the control group.

*CDKN2A, SFRP2, TFPI2, CHFR, GSTP1, HIC1, SEPT9v2 and VIM were only hyper-
methylated in the cancer group. Due to complete separation of the variables, logistic
regression could not be performed. Instead, the chi-squared test was used and a
significant difference in hypermethylation of SFRP2 was established between the
groups. The other completely separated variables did not reach statistical signifi-
cance.

**A significant difference was also demonstrated for EYA2; however, with the
control group being more frequently hypermethylated than the cancer group

OR, odds ratio; CI, confidential interval; AUC, area under the receiver-operating
characteristic curve.

0.43—-0.52) (Fig. 1d).
Testing the model in the subgroup of patients with stage IV
disease (n = 132) yielded an AUC of 0.82 (95% CI 0.75—0.89)
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Fig. 1. Validation of the diagnostic prediction model (BMP3, RASSF1A, BNC1, MESTv2, TFPI2, APC, SFRP1, SFRP2 and age > 65 years) in the validation cohort. 1a) Performance of
the diagnostic prediction model in the total validation cohort; 1b) Box plot of the distribution of probability sore in each patient group in the total validation cohort; 1c) Per-
formance of the diagnostic prediction model in patients with stage [ and Il PDAC; 1d) Box plot of the distribution of probability sore in patients with stage I and Il PDAC and chronic
pancreatitis; 1e) Performance of the diagnostic prediction model in patients with stage IV PDAC; 1f) Box plot of the distribution of probability sore in patients with stage IV PDAC
and chronic pancreatitis; and 1 g) Calibration plot.
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(Fig. 1e), with a mean probability score of 0.62 (95% CI 0.57-0-68)
(Fig. 1f).

Fig. 1g presents the calibration plot, which illustrates insufficient
model calibration with the observed values being higher than the
expected values.

Prediction model performance and the combined effect of serum CA
19-9

In our primary study, dichotomized serum CA 19-9 had an OR of
14.79 (95% CI 7.60—28.78) by simple logistic regression and reached
an AUC of 0.80. The new prediction model (including the same
variables with new coefficients): age > 65 years, BMP3, RASSF1A,
BNC1, MESTv2, TFPI2, APC, SFRP1, SFRP2 and serum CA 19-9 yielded
an AUC of 0.93 (95% CI 0.89—0.96) in the primary study (Fig. 2a).
The mean probability score was 0.76 (95% CI 0.71-0.81) in the
cancer group versus 0.18 (95% CI 0.14—0.22) in the control group
(Fig. 2b).

In the subgroup of PDAC patients with stage I and II disease,
serum CA 19-9 had an OR of 6.85 (95% CI 3.12—15.02) with a cor-
responding AUC of 0.72. The combination of serum CA 19-9 and the
prediction model reached an AUC of 0.89 (95% CI 0.83—0.95) for
early-stage PDAC (Fig. 2¢), with a mean probability score of 0.68
(95% CI 0.59—0.78) in the cancer group (Fig. 2d).

In the subgroup of PDAC patients with stage IV disease, serum
CA 19-9 had an OR of 36.87 (95% CI 11.77—115.50) with a corre-
sponding AUC of 0.85. The combined predictive performance of
serum CA 19-9 and the prediction model in stage IV patients
reached an AUC of 0.95 (95% CI 0.92—0.98) (Fig. 2e), with a mean
probability score of 0.82 (95% CI 0.74—0.89) (Fig. 2f).

Validation of the combined predictive performance in the total
validation cohort reached an AUC of 0.85 (95% CI 0.79—-0.91)
(Fig. 3a). The mean probability score was 0.65 (95% CI 0.62—0.68) in
the cancer group versus 0.22 (95% CI 0.14—0.31) in the control
group (Fig. 3b).

Testing the combined model in patients with stage I and II tu-
mours from the validation cohort showed an AUC of 0.82
(0.75—0.89) (Fig. 3c) with a mean probability score of 0.59 (95% CI
0.55—0.64) in early-stage cancer patients (Fig. 3d).

In the subgroup of PDAC patients with stage IV disease from the
validation cohort, the combined predictive performance yielded an
AUC of 0.90 (95% CI 0.84—0.95) (Fig. 3e) for stage IV PDAC with a
mean probability of 0.73 (85% CI 0.68—0.78) (Fig. 3f).

A calibration plot was produced to assess the performance of the
prediction model combined with serum CA 19-9 (Fig. 3g). Similar to
the previous calibration plot, the observed values were higher than
the expected values.

Discussion

PDAC is a highly aggressive disease resistant to most oncological
therapies and usually diagnosed at an advanced stage, resulting in a
poor prognosis. Diagnosing PDAC is challenged by lack of symp-
toms in the early disease stages. Even if symptoms are present, they
are likely to be unspecific such as abdominal pain or discomfort,
weight loss, fatigue and jaundice [25—27]. Such symptoms are also
seen in chronic pancreatitis, an essential differential diagnosis and
risk factor for PDAC [28]. The diagnostic challenge resulting in a
dismal prognosis and a high mortality rate stresses the need for
reliable, robust, non-invasive, early detection methods for PDAC.

Recently, our group examined promoter hypermethylation in
plasma cfDNA from patients with pancreatic disease, both malig-
nant and benign [4]. We demonstrated that plasma cfDNA hyper-
methylation was detectable in both malignant and benign
pancreatic disease. Additionally, we showed that patients with
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PDAC had a significantly higher number of hypermethylated genes
than a benign control group. We developed a diagnostic prediction
model containing the hypermethylation status of eight promoter
sequences in plasma cfDNA which showed promising results.
Demonstrating high performance, the model differentiated pa-
tients with PDAC from a relevant control group [4]. However,
showing that a diagnostic prediction model successfully predicts
outcome in the initial data is not tantamount to demonstrating its
diagnostic value. Evidence is needed that the model performs well
for a similar patient group in a different cancer centre [29].

In the present study, we present the results from an external
validation of our diagnostic test for PDAC. We confirmed that pa-
tients with PDAC have a significantly higher number of hyper-
methylated genes in serum cfDNA than patients with chronic
pancreatitis. In the validation study, cancer patients had a mean of
8.11 (95% CI 7.70—8.52) hypermethylated genes in plasma cfDNA,
which was similar to the findings in cancer patients in the primary
study with a mean of 8.41 (95% CI 7.62—9.20) hypermethylated
genes [4]. Likewise, patients in the control group of the validation
study had a mean of 5.60 (95% CI 4.42—6.78) hypermethylated
genes compared with 4.46 (95% CI 4.04—4.88) in the primary study
[4].

Several genes in serum cfDNA were more frequently hyper-
methylated in the validation cancer group than in the control
group. APC, ESR1, TAC1 and SFRP2 reached statistical significance,
which was also the case in our primary study [4]. However, in the
primary study, a significant difference in hypermethylation fre-
quency was also demonstrated for several other genes; a finding
not reproduced in the validation study.

In the primary study, age >65 years had an OR of 4.14 (95% CI
2.33-7.33) by simple logistic regression. As epigenetic change is a
natural part of ageing [30], patient age > 65 years was included as a
covariate in the multivariable logistic regression analysis [4]. A
similar OR (4.39, 95% CI 1.71-11.26) for age > 65 years was found in
the validation study.

Similar to the primary study, smoking was a preventive factor
for PDAC in the validation study when comparing PDAC patients
and patients with chronic pancreatitis. Smoking has the potential to
influence DNA methylation [31]. To address this problem in the
primary study, smoking was excluded from the diagnostic predic-
tion model [4], as smoking is a known risk factor for cancer
development.

The validation of the diagnostic prediction model reached an
AUC of 0.77 (95% C1 0.69—0.84) compared with an AUC of 0.86 (95%
CI 0.81-0.91) in the primary study [4]. The difference in perfor-
mance between the two studies is most likely partly due to the fact
that our first study was based on training data only, which is known
to produce an overestimation of test performance due to overfitting
[29,32]. To account for optimism in the model development, in-
ternal validation using a bootstrapping procedure was performed
[32], which estimated an optimism in the AUC of 0.03 [4]. This
indicates that the amount of optimism cannot entirely explain the
total difference in performance between the primary study and the
validation study. The composition of the patient groups may also
play a role. The group of PDAC patients in the two studies was very
similar; however, the distribution of cancer stages within the
studies was slightly different. In the validation study, 50% of the
patients had stage I and II disease versus 42% of the patients in the
primary study [4]. Unfortunately, early-stage cancer is likely to be
more challenging to diagnose as epigenetic changes accumulate
with progression of carcinogenesis [9]. In addition, the difference in
the control groups might affect the predictive power of the diag-
nostic test. In the primary study, the control group encompassed a
combination of patients with chronic pancreatitis included from
the outpatient clinic (n = 97) and patients referred to the hospital
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Fig. 2. Combined predictive effect of serum CA 19-9 and the diagnostic prediction model (BMP3, RASSF1A, BNC1, MESTv2, TFPI2, APC, SFRP1, SFRP2 and age > 65 years) in the
primary study.

2a) Performance of the diagnostic prediction model combined with CA 19-9 in the total primary patient cohort; 2b) Box plot of the distribution of probability score in each patient
group in the total primary patient cohort; 2c) Performance of the diagnostic prediction model combined with serum CA 19-9 in patients with stage I and Il PDAC from the primary
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prediction model combined with serum CA 19-9 in patients with stage IV PDAC from the primary study; and 2f) Box plot of the distribution of probability score in patients with
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on suspicion of upper gastrointestinal cancer, but without any ev-
idence of cancer (n = 27). In the latter group, 15 out of 27 patients
were diagnosed with chronic pancreatitis. Only a very small pro-
portion of the control patients included in the primary study had
undergone pancreatic resection on suspicion of pancreatic cancer
[4]. In the validation study, all patients in the control group were
included due to suspicion of pancreatic cancer and they were
subsequently diagnosed with chronic pancreatitis. Approximately
half of the patients were diagnosed after surgical resection of the
pancreas. This indicates that half of the patients in the control
group of the validation study formed a particular subgroup of pa-
tients with chronic pancreatitis of high clinical relevance, as it was
impossible preoperatively to rule out pancreatic cancer with extant
diagnostic tools.

The predictive power of our test decreased in the validation
study. However, the result remains promising when keeping in
mind that this prediction model was developed to differentiate
patients with PDAC from patients with chronic pancreatitis, which
is known to be a very challenging task.

Previous studies evaluating cfDNA hypermethylation in patients
with PDAC have shown a significant difference between cancer
patients and healthy controls [19—21]. Unfortunately, the clinically
relevant aspect in differentiating between malignant and benign
disease has been associated with difficulties. Eissa et al. published a
validation study of promoter methylation of ADAMTS1 and BNCT as
potential blood-based biomarkers for early detection of PDAC [20].
In the primary study, 42 PDAC patients and 26 healthy volunteers
were included. ADAMTS1 reached 48% sensitivity and 92% speci-
ficity, and BNC1 reached 79% sensitivity and 89% specificity [21]. In
the validation study, 39 patients with PDAC and 95 age-matched
controls were included, and the combination of ADAMTS1 and
BNC1 showed a convincing AUC of 0.95 (0.91—0.98) [20]. The panel
was also analysed in eight patients with chronic pancreatitis. Un-
fortunately, seven of the eight patients were hypermethylated in
either of the two genes [20]. Once again, this demonstrates the
challenges in differentiating between malignant and benign
pancreatic disease. Consequently, the authors concluded that their
biomarker would be more useful in cases where chronic pancrea-
titis can be excluded [20]. This conclusion makes one doubt the
clinical usefulness of their biomarker as chronic pancreatitis is an
important risk factor for PDAC and differentiation of patients with
PDAC from patients with chronic pancreatitis is a known clinical
challenge.

Besides validating our diagnostic test, we evaluated serum CA
19-9 in both the primary study and the validation study. In both
studies, our diagnostic prediction model was superior to the pre-
dictive value of CA 19-9. In addition, we tested the combined pre-
dictive effect of serum CA 19-9 and our diagnostic prediction
model. We found an additive effect of using CA 19-9 on the pre-
dictive performance in both studies, with an AUC of 0.93 (95% CI
0.89—0.96) in the primary study and an AUC of 0.85 (95% CI
0.79—0.91) in the validation study. The combined predictive effect
of CA 19-9 and plasma cfDNA hypermethylation is a promising
result in the search for a clinically useful diagnostic biomarker for
PDAC.

The most clinically relevant aspect of a diagnostic biomarker for
pancreatic cancer is the ability to diagnose potentially resectable
disease (stage I and II) as these patients can be offered curative
treatment. We assessed the performance of our diagnostic test
alone and in combination with serum CA 19-9 in the subgroup of
PDAC patients with early-stage disease. In general, the performance
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declined for patients with early-stage PDAC compared with the
total patient cohort. However, the performance of our test
remained high even in early-stage PDAC and it was superior to that
of serum CA 19-9.

Furthermore, we assessed the performance of our diagnostic
test alone and in combination with serum CA 19-9 in the subgroup
of PDAC patients with stage IV disease. As expected, the diagnostic
performance increased significantly in patients with stage IV dis-
ease compared to patients with early stage disease, which is in
concordance with current literature illustrating accumulation of
epigenetic changes with aggravating cancer stage [9].

Our study has some limitations. The control group of patients
with chronic pancreatitis only included 25 patients. A larger control
group would have been favourable as it would have improved the
certainty of the results. The fact that the ratios of cases and controls
in the primary study and the validation study are not equal com-
plicates model calibration. This might result in the observed values
being much higher than the expected values as the proportion of
cases was much larger in the validation study than in the primary
study.

Eight patients (six PDAC patients and two controls) lacked CA
19-9 analysis and was excluded from the analysis of the prediction
model performance and the combined effect of serum CA 19-9. This
is a limitation and reduces the power of the results.

The cases and controls were not matched according to age,
which can be a potential disadvanges because epigenetic changes
are a part of ageing. This problem was addressed in the primary
study [4], as age was incorporated as a covariate in the diagnostic
prediction model to avoid variable selection to be driven by
possible differences in general methylation status between patients
of different ages.

In addition, the cases and controls were not matched according
to smoking status, which also could be a disadvanges, as smoking
has the potential to affect methylation status [31]. However, a
previous study on pancreatic cancer did not find an association
between DNA methylation of ppENK and p16 and smoking [33]. In
this validation study a larger proportion of controls were current
smokers compared to cases. Theoretically, this should result in the
methylation status of the controls being more pronounced due to
smoking compared to the methylation status of the cases, which
potentially would lead to decreased discriminative ability of the
diagnostic test.

Regarding the methylation analysis, cfDNA was extracted from
plasma in the primary study, whereas serum samples were used in
the validation study. It is important to be aware of this as there may
be a slight difference in the cfDNA concentration of plasma and
serum [34,35].

Furthermore, our study has several strengths. We developed a
minimally invasive blood-based diagnostic test for PDAC. Unlike
tissue-based markers, blood-based markers involve less risk of
iatrogenic harm as they are minimally invasive. They are particu-
larly useful in pancreatic disease, as tissue biopsies may be difficult
to obtain. We performed validation of our previous findings on a
large external cohort of patients with PDAC that was almost iden-
tical to the primary patient group and representative of patients
with PDAC in general in Denmark. Similar to the primary study, we
used a clinical relevant control group of patients who were sus-
pected of cancer, but who were eventually diagnosed with chronic
pancreatitis.

We were able to evaluate our biomarker in combination with
serum CA 19-9 in both the primary and the validation study. All

validation study; 3e) Performance of the diagnostic prediction model combined with serum CA 19-9 in patients with stage IV PDAC and chronic pancreatitis in the validation study;
3f) Box plot of the distribution of probability score in patients with stage IV PDAC and chronic pancreatitis from the validation study; and 3 g) Calibration plot.
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samples in the validation study were analysed at Aalborg University
Hospital, Denmark, by the same laboratory scientist who per-
formed the methylation analysis in the primary study. The analyses
were performed blinded and conducted in the exact same manner
in both studies.

The performance of our test in the validation study illustrates
that we have not reached the goal of developing a stand-alone
diagnostic test for PDAC based on plasma/serum cfDNA hyper-
methylation. However, the high performance demonstrated by
combining serum CA 19-9 and our diagnostic test was encouraging
and indicates that a multi-target approach is needed to achieve a
high predictive power.

Conclusion

We previously published a diagnostic test for PDAC [4]. The
PDAC test has now been validated in a large external patient cohort.
The results are promising as our test of promoter hypermethylation
of eight selected genes in cfDNA in combination with serum CA-19-
9 facilitates differentiation between patients with PDAC and pa-
tients with chronic pancreatitis with a high performance demon-
strated by an AUC of 0.93 and 0.85 in the primary study and
validation study, respectively. This result is convincing and brings
us one step closer to a clinically useful diagnostic biomarker for
PDAC, enabling the important differentiation of malignant from
benign pancreatic disease. The promising result of this study must
lead to further research into the development a clinical useful
diagnostic test based on the combination of cfDNA hyper-
methylation and CA 19-9. Future research should include longitu-
dinal retrospective studies and well-designed prospective studies
[36,37].
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