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Abstract

Pancreatic ductal adenocarcinoma (PDAC) has a poor prognosis, mainly due to late

diagnosis at advanced tumor stages. In this study, we aimed to identify plasma pro-

tein biomarkers for early detection of PDAC. Totally, 135 PDAC patients (early

PDAC, Stage I/II, n = 71; advanced PDAC, Stage III/IV, n = 64), 13 benign lesions/

chronic pancreatitis patients and 72 healthy individuals, with corresponding plasma

samples from a case-control study in Sweden were included. A proximity extension

assay was used to detect 92 cancer-related proteins, and an enzyme-linked immuno-

sorbent assay/electrochemiluminescence immunoassay was used to detect CA19-9.

Predictive features were selected from these 93 candidate proteins and three

covariates in the Swedish participants, and then validated in Spanish participants,

including 37 early PDAC patients, 38 advanced PDAC patients, 19 chronic pancreati-

tis patients and 36 healthy controls. A panel of eight proteins discriminating early
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PDAC from healthy individuals was identified, and the cross-validated area under the

curves (AUCs) were 0.85 (95% confidence interval, 95% CI, 0.78-0.91) and 0.81 (95%

CI, 0.70-0.92) in the Swedish and Spanish participants, respectively. Another eight-

protein panel was predictive for classifying advanced PDAC from healthy controls in

two populations, with cross-validated AUCs of 0.89 (95% CI, 0.83-0.95) and 0.90

(95% CI, 0.83-0.98), respectively. In conclusion, eight protein biomarkers were identi-

fied and externally validated, potentially allowing early detection of PDAC patients if

validated in additional prospective studies.
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1 | INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal

malignancies, with an overall 5-year survival rate of less than 8%,1 and it

could become the second leading cause of cancer-related death by 2030

if no action is taken.2 The dismal prognosis of PDAC is largely attribut-

able to the late diagnosis at an advanced tumor stage. Surgical resection is

the only potentially curative treatment for PDAC patients, but less than

20% of PDAC patients are eligible for initial resection.3 Evolution from

primary PDAC initiation to metastasis takes about 18.5 years, and

patients die on average 3 years after metastasis, suggesting that there is

a wide window of opportunity for early detection and intervention.4,5

To date, carbohydrate antigen (CA19-9) is the only approved bio-

marker in clinical use for early diagnosis in symptomatic patients and

treatment management in cancer patients. However, it has limitations

for screening or early detection of PDAC, as some patients with a

Lewis blood-group negative genotype cannot express the biomarker.6

Also, CA19-9 is not specific to PDAC and has been shown to be ele-

vated in patients with extra-pancreatic malignancies7 and benign

hepatic, biliary or pancreatic conditions. Some studies have postulated

to use protein biomarker panels for distinguishing PDAC from healthy

controls or chronic pancreatitis with higher sensitivity and specificity

than CA19-9 alone by using blood, tumor tissues or urine samples.8-10

A review summarized the multiparametric analysis for early detection

of PDAC, specifically by searching for candidate biomarkers, including

DNA, RNA, proteins and metabolites in different biospecimens that

can be easily obtained, such as blood, saliva, urine and pancreatic

juice11; however, none of the available biomarkers have sufficient

accuracy for screening, even in high-risk populations, and all of them

are in early phases of validation and not clinically applicable yet.

So, identifying candidate biomarkers that can be detected by sen-

sitive, specific, cost-effective and practical measurement methods in

early-stage PDAC patients is still an unsolved problem. To meet this

challenge, we analyzed plasma samples using the proximity extension

assay (PEA), which enables high-throughput, multiplex immunoassays

that measure multiple proteins simultaneously on smaller volume of

samples than general methods. This technology uses fixed panels of

protein biomarkers that have been suggested as generic biomarker

candidates for different diseases, such as colorectal cancer,12 breast

cancer,13 heart disease and diabetes.14 Our aim was to investigate

whether the selected protein biomarkers could discriminate PDAC,

especially in early stage, from healthy control individuals as well as

chronic pancreatitis patients.

2 | MATERIALS AND METHODS

2.1 | Study design and sample collection

We collected plasma samples from 220 participants enrolled in a

Swedish case-control study, which has been described previously.15

Briefly, we used materials collected in a population-based case-

control study of pancreatic cancer performed in Stockholm, Sweden.

Patients undergoing surgical resection from 2007 to 2012 at

Karolinska University Hospital were recruited, and corresponding

control participants matched by sex and age were randomly identi-

fied from the general population of Stockholm County. In this study,

135 PDAC patients who had histopathological diagnosis, TNM stag-

ing information and sufficient plasma samples were included: early

PDAC (Stage I/II, n = 71) and advanced PDAC (Stage III/IV, n = 64).

PDAC staging was performed according to the American Joint

What's new?

Pancreatic ductal adenocarcinoma (PDAC) has a poor progno-

sis, mainly due to lack of symptoms and late diagnosis. Cur-

rently, only a single, unsatisfactory biomarker (CA19-9), is

approved for earlier diagnosis. Thus there is an urgent need

for more practical, cost-effective tests. In this study, the

authors used proximity extension assay (PEA) to develop a

panel of eight plasma-protein biomarkers that can distinguish

early PDAC from healthy controls. Although further validation

studies are needed, these results support the potential of

targeted proteomics for early detection of PDAC.
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Commission on Cancer (AJCC) guidelines, seventh edition.16 Another

13 patients with benign lesions or chronic pancreatitis were

reidentified by histopathological diagnosis, since they were collected

by clinical diagnosis with possibility of misclassification. A total of

72 healthy controls were enrolled by stratified randomization, who

were frequency matched by sex and age (± 5 years) with early PDAC

patients.

We also collected plasma samples from 130 participants in Spain

as the external validation set, including early PDAC (Stage I/II, n = 37),

advanced PDAC (Stage III/IV, n = 38), chronic pancreatitis (n = 19) and

healthy controls (n = 36). Those participants were randomly selected

from the European Study into Digestive Illnesses and Genetics

(PanGenEU), a mostly hospital-based case-control study of pancreatic

cancer conducted in six European countries (Spain, Germany, Ireland,

the United Kingdom, Italy and Sweden).17 Cases diagnosed or

suspected of having pancreatic cancer and the corresponding controls

matched by region, sex and age (± 10 years) were included from 2007

to 2014.

Peripheral blood samples of both study populations were col-

lected in EDTA tubes, then plasma was isolated and stored as

250-1000 μL aliquots at −80�C. Interviews were conducted by pro-

fessional interviewers with participants, concerning demographics,

medical history and smoking status. Furthermore, information about

cancer diagnosis date, tumor location and histopathological diagnosis

was collected from clinical charts.

2.2 | Multiplex protein measurement

Plasma samples from Swedish and Spanish participants were shipped to

Olink Proteomics AB (Uppsala, Sweden) on dry ice. Samples from both

populations were analyzed independent of each other and protein

TABLE 1 Demographical and clinical characteristics of the Swedish and Spanish participants

Swedish
participants

Early PDAC
n = 71 (%)

Advanced PDAC
n = 64 (%)

Benign lesions/chronic
pancreatitis (n = 13, %)

Healthy controls
n = 72 (%) P valuea

Age

Mean ± SD 67.7 ± 8.0 66.3 ± 9.1 57.9 ± 9.4 67.9 ± 8.1 .001**

Sex .814

Male 44 (62.0) 42 (65.6) 7 (53.8) 43 (59.7)

Female 27 (38.0) 22 (34.4) 6 (46.2) 29 (40.3)

Smoking status .813

Never 23 (32.4) 18 (28.1) 5 (38.4) 25 (34.7)

Ex-smoker 31 (43.7) 29 (45.3) 4 (30.8) 34 (47.2)

Current 17 (23.9) 17 (26.6) 4 (30.8) 13 (18.1)

Diabetes <.001***

No 37 (52.1) 33 (51.6) 8 (61.5) 69 (95.8)

Yes 14 (19.7) 9 (14.1) 0 (0.0) 3 (4.2)

Unknown 20 (28.2) 22 (34.4) 5 (38.5) 0 (0.0)

Spanish

participants

Early PDAC,

n = 37 (%)

Advanced PDAC,

n = 38 (%)

Chronic pancreatitis

(n = 19, %)

Healthy controls,

n = 36 (%) P valuea

Age

Mean ± SD 61.9 ± 12.9 63.9 ± 14.4 63.5 ± 9.9 70.7 ± 12.3 .023*

Sex .213

Male 22 (59.5) 17 (44.7) 14 (73.7) 20 (55.6)

Female 15 (40.5) 21 (55.3) 5 (26.3) 16 (44.4)

Smoking status .009**

Never 12 (32.4) 16 (42.1) 2 (10.5) 19 (52.8)

Ex-smoker 10 (27.0) 11 (28.9) 7 (36.8) 13 (36.1)

Current 15 (40.5) 11 (28.9) 10 (52.6) 4 (11.1)

Diabetes <.001***

No 30 (81.1) 31 (81.6) 6 (31.6) 32 (88.9)

Yes 7 (18.9) 7 (18.4) 13 (68.4) 4 (11.1)

aFor continuous variable, based on one-way analysis of variance; for categorical variables, based on Fisher's exact test.

*P value < .05. **P value < .01. ***P value < .001.
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measurements were blinded to disease status. They were randomly placed

on 96-well plates with 50 μL in each cell (Supplementary Table 1a), achiev-

ing an approximately balanced distribution of disease status across plates.

A panel of 92 protein biomarkers were measured via PEA technique using

the Proseek® Multiplex Oncology II 96 × 92 reagent kit (Olink Proteomics,

Uppsala, Sweden), which measures multiple cancer-related human protein

biomarker candidates simultaneously (listed in Supplementary Table 2). In

short, a pair of oligonucleotide-labeled antibodies, Proseek probes, binds to

the target protein in plasma sample; when the two probes are in close

proximity, a new polymerase chain reaction (PCR) target sequence is

formed by a proximity-dependent DNA polymerization event. This

complex is then amplified and quantified using standard real-time PCR.

2.3 | CA19-9 measurement

We also measured CA19-9 concentration by using an enzyme-linked

immunosorbent assay (ELISA, ThermoFisher Scientific) in the Swedish

samples and electrochemiluminescence immunoassay (ECLIA, Roche

Diagnostics, Germany) in the Spanish samples, following the manufac-

turers' instruction. Plasma samples were also randomly placed on

plates (Supplementary Table 1b).

2.4 | Preprocessing and quality control of protein
measurements

The 92 protein levels measured using PEA were log2-transformed

and normalized with the plate median as the normalization factor.18

Median value of the interplate coefficient of variation (CV) was

1.8% for detection of 92 proteins in both Swedish and Spanish

samples (Supplementary Figure 1). Interplate/assay CVs of CA19-9

were 14.9% and 2.4% of the Swedish and Spanish samples, respec-

tively. Calibration of 93 proteins between the Swedish and Spanish

samples was conducted before any comparison (Supplementary

Figure 2).

2.5 | Data analysis

Summaries of categorical and continuous variables are presented as

frequencies with percentages and means with SDs, respectively.

Fisher's exact test or one-way analysis of variance was used for test-

ing distribution differences of categorical or continuous characteris-

tic variables (in Table 1) between groups. Wilcoxon-Mann-Whitney

test/Kruskal-Wallis test was used for comparing differences of

• Early PDAC patients were frequency matched
with healthy controls (by sex and 5-year age)

• Excluded failure of quality control (n = 11  )

Participants from a Swedish 
population-based case-control

study (n = 231)

Early PDAC (n = 71)
Advanced PDAC (n = 64  )
Benign lesions/
chronic pancreatitis (n = 13)  
Healthy controls (n = 72)

Participants from a Spanish
hospital-based case-control

study (n = 140) 

Early PDAC (n = 37)
Advanced PDAC (n = 38)
Chronic pancreatitis (n = 19) 
Healthy controls (n = 36)

• Early PDAC patients were frequency matched
with healthy controls (by sex and 10-year age)

• Excluded failure of quality control (n = 10)

Feature selection
(93 proteins + age + sex + smoking status)

• Training set (4N/5): Feature selection (by 
BE), and model optimization (by SVM)

• Test set (N/5): Performance assessment
(ROC curve/AUC)

External validation

• Training set ((N-1)/N): Model optimization
(by SVM)

• Test set (1/N): Performance assessment
(ROC curve/AUC)

Eight-protein panel for earlyPDAC vs
healthy controls

Eight-protein panel for late PDAC vs
healthy controls

F IGURE 1 Workflow for the study. AUC, area under the curve; BE, backward elimination regression; ROC curve, receiver operating
characteristic curve; SVM, support vector machine [Color figure can be viewed at wileyonlinelibrary.com]
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protein expressions, and multiple comparisons were adjusted using

Bonferroni correction, at significance levels of 0.001 and 0.05 for

adjusted P-values in Swedish and Spanish samples, respectively. Pro-

tein expression was visualized using heatmaps,19 with samples

arranged together based on similar protein expression patterns using

hierarchical cluster analysis with correlation distances and average

linkage. Volcano plots were used to visualize marginal mean

differences in protein expression between PDAC patients and

healthy control individuals.

We identified two panels of features for prediction modeling in

(a) early PDAC patients vs healthy controls and (b) advanced PDAC

patients vs healthy controls with a two-step method inspired by a

previous study.20 Briefly, backward elimination regression21 was

conducted to select a panel of features among 96 variables,
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F IGURE 2 Plasma protein levels in early PDAC and advanced PDAC patients compared to healthy controls in the Swedish and Spanish
participants. The volcano plots represent log2-fold change values of protein expressions in Swedish and Spanish plasma samples of early
PDAC patients and healthy controls (A,B) and of advanced PDAC patients and healthy controls (C,D). Blue points indicate adjusted
P value < .001 and .05 by Wilcoxon-Mann-Whitney test with Bonferroni correction in two populations, respectively; gray points indicate
adjusted P value ≥ .001 and .05 in two populations, respectively; horizontal gray dashed line indicates adjusted P value = .001 and .05 in
two populations, respectively; vertical gray dashed line indicates log2-fold change is zero; the statistically, significantly different proteins
are labeled
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consisting of 93 protein biomarker candidates, age, sex and smoking

status in the Swedish data. For performance assessment, to improve

model robustness and avoid overfitting, participants were split into

training sets and test sets (8:2) randomly by 5-fold cross-validation; in

each training set, backward elimination regression was used to select

features, and a support vector machine (SVM) was fit as a predictor via

5-fold cross-validation repeated three times22; the fit model was used

in the corresponding test set to predict disease status, and the overall

model performance was assessed via receiver operating characteristic

(ROC) curve, and area under the curve (AUC) value with 95% confi-

dence interval (CI) for the pooled prediction in all test sets. Furthermore,

predictive performance of the panel identified from Swedish data was

validated in an independent set of Spanish participants. For this external

validation process, again an SVM was fit as predictor, here with leave-

one-out cross-validation due to the smaller sample size, and predictive

performance was assessed via ROC curve and AUC value. An identical

process was conducted to identify a panel discriminating advanced

PDAC from healthy controls, and ROC curve and AUC value were used

to assess predictive performance.

Statistical analyses and data visualizations were performed using

SAS (version 9.4; SAS Institute Inc., Cary, NC) and R (Version 3.6.1; R

Foundation for Statistical Computing, Vienna, Austria).

3 | RESULTS

3.1 | Patients overview and characteristic group
comparisons

Overall, 220 Swedish and 130 Spanish samples were included for analysis

as shown in the workflow (Figure 1). Among Swedish participants, we

found no statistically significant differences in sex, and smoking status

between early PDAC, advanced PDAC, benign lesions/chronic pancreatitis

and healthy controls; however, they had different ages (P = .001), and dia-

betes condition (P < 0.001) with statistical significance (Table 1). Among

Spanish participants, healthy controls were on average older (mean ages

were 61.9, 63.9, 63.5 and 70.7 in early PDAC, advanced PDAC, chronic

pancreatitis and healthy controls, respectively, P = .023); chronic pancreatitis

patients were more likely to be current smokers (P = .009) and have diabe-

tes (P < .001). No statistically significant difference was found in sex.

3.2 | Protein distributions

The 93 proteins were clustered using hierarchical clustering analysis

in both study populations. Two clusters were observed in both
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populations: in the Swedish samples, one cluster consisted predomi-

nantly of healthy controls, and the other mainly of PDAC patients

(Supplementary Figure 3a); in the Spanish samples, the separation was

less clear, with one cluster composed predominantly of PDAC

patients, and the other a mixture of healthy controls and PDAC

patients (Supplementary Figure 3b).

For early PDAC vs healthy controls, we found that among

Swedish samples 27 of 93 and among Spanish samples 6 of 93 pro-

tein levels were different (adjusted P value <.001 and .05, in

Figure 2A,B, respectively) with statistical significance, of

which three proteins overlapped: stem cell factor (SCF), 50-

nucleotidase ecto (50-NT) and CA19-9. For advanced PDAC, 25 of
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F IGURE 4 Predictive performance of selected plasma protein biomarkers. The results are presented with receiver operating characteristic (ROC)
curves and corresponding cross-validated area under the curve (AUC) values with 95% confidence intervals (CIs) for early pancreatic ductal adenocarcinoma
(PDAC) vs healthy control in test set of the Swedish participants (A) and external validation set of the Spanish participants (B), and for advanced PDAC vs
healthy control in test set of the Swedish participants (C) and external validation set of the Spanish participants (D). Feature selection was validated in the
Swedish participants, using support vector machine (SVM) with 5-fold cross-validation. The identified proteins for discriminating healthy controls from
PDAC in the Swedish participants were externally validated in the Spanish participants, using SVMwith leave-one-out cross-validation [Color figure can be
viewed at wileyonlinelibrary.com]
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93 and 8 of 93 protein levels were significantly different from

healthy controls in the two study populations (adjusted P value <.001

and .05, respectively, in Figure 2C,D), and six proteins overlapped: SCF,

50-NT, mucin 16 (MUC-16), CA19-9, pancreatic prohormone (PPY) and

carcinoembryonic antigen-related cell adhesion molecule

5 (CEACAM5).

3.3 | Feature selection and performance
assessment

We used a backward elimination algorithm to select features from

93 proteins, age, sex, and smoking status in the Swedish participants,

which were able to discriminate early PDAC from healthy controls.

Features that did not improve the classification of outcomes were

dropped, resulting in a panel of eight proteins, consisting of S100

calcium-binding protein A11 (S100A11), PPY, proto-oncogene

tyrosine-protein kinase receptor Ret (RET), 50-NT, integrin subunit

beta 5 (ITGB5), receptor tyrosine-protein kinase erbB-3 (ERBB3),

secretory carrier-associated membrane protein 3 (SCAMP3) and

CEACAM1. For comparing distributions of these eight protein levels

between four groups, boxplots are displayed in Figure 3. The cross-

validated AUCs in test set of the Swedish participants and external

validation set of the Spanish participants were 0.85 (95% CI

0.78-0.91) and 0.81 (95% CI 0.70-0.92), respectively (Figure 4A,B,

sensitivities at given specificities are shown in Supplementary Table 3).

We also used the same panel to discriminate early PDAC from chronic

pancreatitis in the Spanish participants, with a cross-validated AUC of

0.76 (95% CI 0.62-0.91, Supplementary Figure 4), since statistical

power was insufficient to identify a relevant protein panel for discrim-

inating specifically benign lesions/chronic pancreatitis (only 13 cases)

from early PDAC in the Swedish participants.

Moreover, we identified a panel of features from 96 variables in

the Swedish participants to discriminate advanced PDAC from healthy

controls, including tyrosine-protein kinase Lyn (LYN), ITGB5,

CEACAM1, secreted protein acidic and cysteine rich (SPARC), alpha-

taxilin (TXLNA), cyclin-dependent kinase inhibitor 1 (CDKN1A),

annexin (ANXA) 1 and CA19-9, with two biomarkers appearing in

both panels (ITGB5 and CEACAM1). The eight-protein panel achieved

a cross-validated AUC of 0.89 (95% CI 0.83-0.95, Figure 4C) in Swed-

ish participants, with the corresponding external AUC of 0.90 (95% CI

0.83-0.98, Figure 4D) among Spanish participants.

In comparison with the established protein marker CA19-9, the

predictive performance of our eight-protein panel for discriminating

early PDAC from healthy controls tended to be higher in both

populations, but not the panel for discriminating late PDAC from

healthy controls (Supplementary Figure 5).

4 | DISCUSSION

This study was designed to identify plasma protein biomarkers to dis-

criminate PDAC patients in early stage from healthy controls. A panel

of eight protein biomarkers predicting early PDAC status was selected

in a Swedish case-control study, then validated in an independent

Spanish case-control study. In the same manner, another eight-protein

panel for discriminating advanced PDAC patients from healthy con-

trols was selected in Swedish participants and then validated in

Spanish participants.

The 93 tumor-related candidate proteins in this study are

involved in multiple biological processes: angiogenesis, apoptotic pro-

cess, cell adhesion, differentiation, proliferation, immune response

and so on. Early PDAC patients expressed less PPY and S100A11 than

healthy controls using log2-fold change values of normalized values

(Figure 2A) and normalized values (Figure 3). PPY acts as a function

regulator of the digestive system, and its concentration in plasma has

been found to be lower in pancreatic cancer patients compared to

noncancer participants, irrespective of the degree of glucose

intolerance,23 which is consistent with our finding. However, no dif-

ferent expression of this protein among PDAC, chronic pancreatitis

and healthy controls regardless of glycemic status was reported in

another study.24 Ohuchida et al25 reported that expression of

S100A11, involved in regulation of cellular processes, was increased

in the early stage of pancreatic carcinogenesis and decreased during

subsequent progression to cancer; while in our study, PDAC patients

had lower level of S100A11 than controls. On the other hand, 50-NT

and SCAMP3 were overexpressed in early PDAC patients compared

to healthy controls in our results: 50-NT is a membrane protein, and its

overexpression in tumor tissues or blood is associated with several

types of cancer and tumor progression26,27; SCAMP3 is found to be

overexpressed in hepatocellular carcinoma patients with poor progno-

sis.28 Of note, CA19-9 was not included in this panel, since it was

eliminated in the feature selection process due to insufficient contri-

bution of discriminatory power compared to the other candidate fea-

tures. This is however in line with the study from Mellby et al,20

which did not include CA19-9 in the identified protein panel either.

Although the blood-based protein biomarker CA19-9 is widely used

clinically, it lacks accuracy for early detection of PDAC; however,

some studies reported improved performance for a combination of

CA19-9 with other biomarkers, such as thrombospondin-2 (THBS2),29

plasma tissue factor pathway inhibitor (TFPI), tenascin C (TNC),30 tre-

foil factors (TFFs),31 or circulating tumor DNA (ctDNA),32 over

CA19-9 alone. Our results also revealed that the eight-protein panel

improved the diagnostic performance of discriminating early PDAC, a

stage which has the possibility for receiving surgical resection, from

healthy controls as compared to CA19-9 alone. Not surprisingly, the

eight-protein panel for advanced PDAC vs healthy controls included

CA19-9, since advanced PDAC patients had much higher level of

CA19-9 than healthy controls.

Recently, Mellby and colleagues20 selected 29 protein biomarkers

in serum by using an antibody microarray technique for discriminating

early PDAC patients (n = 148) and advanced PDAC patients (n = 295)

from controls (n = 888) in a Scandinavian cohort, with validated per-

formance in an independent US cohort. In our study, we had the same

geographic population for feature selection (Scandinavian country),

but had different biological nature of samples (serum vs plasma),
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protein detection methods (microarray technology vs PEA), candidate

protein pools (156 vs 93), the final selected protein biomarkers and

sample sizes. AUC value was 0.96 for the classification of early PDAC

from healthy controls and 0.98 for discriminating advanced PDAC

from healthy controls in the reference study;20 while in our findings,

the cross-validated AUC values were 0.85 (95% CI, 0.78-0.91) and

0.89 (95% CI, 0.83-0.95), respectively, lower than both comparisons

mentioned earlier, which is partly attributable to less proteins included

in the identified panel in our study.

When validating the identified protein panels in the Spanish par-

ticipants, predictive performances were similar to those in the Swed-

ish participants, with the absolute difference of AUCs small compared

to the overall statistical uncertainty, despite differences in source

population and pre-analytical handling of samples. However, the

actual shapes of ROC curves, and the implied tradeoff between sensi-

tivity and specificity, were different in the two populations for early

PDAC vs healthy controls. For example, at a fixed sensitivity of 80%,

the eight-protein panel can distinguish early PDAC patients from

healthy individuals with a specificity of 83% in the Swedish partici-

pants, but only 50% in the Spanish participants, with a wide CI. This

suggests that protein expressions between Swedish and Spanish par-

ticipants were different from each other; however, to some degree,

this variation somewhat increases our confidence in the generalizabil-

ity of our results to other populations.

Generally, predictive performance of the protein panel for early

PDAC vs healthy controls tended to be lower than that for advanced

PDAC vs healthy controls, which demonstrates that it is harder to dis-

tinguish early PDAC patients from healthy individuals compared to

advanced PDAC patients. Cancer progression is dynamic and somatic

mutation events happen in different stages of carcinogenesis with dif-

ferent protein expressions,5 so the molecular characteristics may be

less sensitive for discriminating early PDAC patients from healthy

individuals when there are no specific clinical symptoms. Finding pro-

tein biomarkers for advanced PDAC is clinically and etiologically less

interesting, but we chose to include these results to demonstrate how

biomarker profiles can change during disease progression, possibly

also reflecting changes in the underlying biology of the disease. Addi-

tionally, we found that the early PDAC protein panel could also be

used to discriminate early PDAC from chronic pancreatitis with an

AUC value of 0.76 in the Spanish participants; this suggests that dif-

ferential diagnosis between early PDAC and patients with chronic

pancreatitis or benign lesions is sometimes difficult. Therefore,

targeted screening and regular follow-up in high-risk populations are

important.

The results of our protein panels should be interpreted with cau-

tion. First, about one-third of PDAC and chronic pancreatitis patients

in the Swedish data had missing diabetes status. This variable was

consequently not informative, and therefore not considered for fea-

ture selection. Studies have shown that new-onset diabetes may indi-

cate a substantial burden of malignancy,33 which could lead to early

detection of asymptomatic PDAC. However, there is no pronounced

difference in distributions of diabetes status between PDAC patients

and healthy individuals in the Spanish participants, which should limit

the effect on predictive performance of the proposed protein panels.

Second, we found an eight-protein panel to discriminate early PDAC

among participants with known disease status, and it may not perform

as well in samples before any diagnosis. However, it will most likely

be useful in high-risk individuals (with chronic pancreatitis, older age,

etc.) rather than in the general population, since general population-

based screening would result in a large number of false positives given

the low prevalence of pancreatic cancer.34 At last, further work is

needed to define the decision points of the identified panel for early

detection of PDAC, and to determine how these decision points

change with tumor progression, as well as to determine the specificity

for distinguishing PDAC from other cancers, since the selected protein

biomarkers are not organ-specific.

Identification of biomarkers in liquid (blood, juice, urine, etc.) for

early detection of cancers has been widely studied recently, because

it can not only provide evidence for therapeutic intervention of can-

cers but can also provide deeper insight into carcinogenesis and pro-

gression. Besides protein biomarkers, ctDNA, microRNAs, circulating

tumor cells and exosomes have been evaluated for early detection of

cancers; however, several challenges still exist before clinical applica-

tions, such as technique standardization, cost controlling, and stability

and accuracy of the detection approach, while protein biomarkers still

have advantages. Our eight-protein panel is promising for early detec-

tion of pancreatic cancer, although the comparatively low diagnostic

accuracy is a point of concern. Multicenter prospective studies and

validations are needed before establishing a diagnosis panel with high

clinical value.

In summary, we identified and validated an eight-protein panel of

biomarkers for discriminating early PDAC patients from healthy

individuals; protein biomarkers require further study and if possible,

validation in multicenter prospective studies.
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