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ABSTRACT
IMPORTANCE
Detection and selection of patients with pancreatic ductal adenocarcinoma (PDAC) is 

challenged by the absence of reliable biomarkers for (1) discrimination from benign 

diseases and (2) determination of resectability. Blood-based biomarkers for accurate 

diagnosis and staging of PDAC are warranted. 

OBJECTIVE
To exploit spliced RNA profiles of tumor-educated platelet (TEPs) as a diagnostic and 

stage-specific biomarker for patients with PDAC. 

DESIGN, SETTING AND PARTICIPANTS
This prospective, bi-center biomarker study assessed RNA profiles of platelets from 

patients with PDAC (n = 112) and benign hepatopancreaticobiliary disease (n = 60) 

at time of diagnosis at two Amsterdam university medical centers from January 2014 

through January 2018. After sequencing, 153 samples (PDAC, n = 107; benign disease, 

n = 46) with sufficient quality were included. Particle-swarm optimization biomarker 

selection was used to develop the TEP-based PDAC diagnostic classifier. This approach 

was also applied for construction of the stage-specific classifier. 

MAIN OUTCOMES AND MEASURES
Diagnostic accuracy by sensitivity, specificity, and accuracy was determined by ROC 

curves and AUC. Comparison of diagnostic accuracy with performance of CA19-9 was 

performed in paired patient samples. 

RESULTS
Overall, 153 patients were eligible for subsequent analyses, including 107 patients with 

PDAC an 46 patients with benign disease. The final cohort of this study comprised 60 

(56%) versus 22 (48%) men with a median age of patients of 68 years (range 42-87 years) 

and 65 years (range 39-82 years) for PDAC and benign disease, respectively. The TEP-

based diagnostic classifier resulted in an AUC of 0.93 for detection of malignancy. The 

optimal cut-off of the TEP-score demonstrated a sensitivity of 71% at high specificity of 

98%. TEP profiles outperformed the conventional tumor marker CA19-9 (AUC = 0.84). 

By using the same platelet RNA repertoire, a stage-specific classifier was constructed, 

which allowed to distinguish early and late disease stages (AUC = 0.91). 
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CONCLUSION AND RELEVANCE
RNA profiles of TEPs provide a novel tool to diagnose patients with PDAC using 

blood-based liquid biopsies. This study supports the use of TEPs for both diagnosis 

and staging of PDAC, prompting further validation.
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INTRODUCTION
Accurate diagnosis of pancreatic ductal adenocarcinoma (PDAC) remains a clinical 

challenge, especially for discrimination from benign diseases.1 Diagnostic certainty is 

only achieved by cytological or histopathological material obtained by endoscopy, 

an invasive procedure which often results in an inconclusive diagnosis, delaying 

the diagnostic work-up.2,3 The frequently used tumor marker carbohydrate antigen 

19-9 (CA19-9) is however insufficient to differentiate PDAC from benign disease, 

particularly in patients with jaundice.4 Also, no biomarkers are in practice for accurate 

determination of resectability or prediction of occult metastases, necessitating 

(laparoscopic) exploration for assurance.5

Recently, RNA profiles of tumor-educated platelets (TEPs) have demonstrated their 

potential as a blood-based diagnostic tool.6,7 Moreover, TEPs can be exploited as a 

novel and valuable biomarker for tumor staging, identifying patients with early stage 

PDAC for curative therapy.8 

In this study, we evaluate the potential of TEPs to distinguish benign disease from 

PDAC. Also, we exploit the TEP RNA repertoire to differentiate patients with early 

(stage I-II) from late (stage III-IV) tumor stages. 
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METHODS
STUDY DESIGN AND PATIENT SELECTION
For this prospective bi-center study, all patients presenting with suspected pancreatic 

lesions were recruited consecutively between January 2014 and January 2018 at 

the two university medical centers (UMC) of Amsterdam (NL). Blood samples from 

patients with PDAC (n = 107) and benign disease (n = 46) were included for analysis 

(Supplemental Figure 1).9 For details, see Supplemental Methods.

This study and the protocol were approved by the institutional review boards and 

ethics committees. This study was conducted according to the Standards for Reporting 

Diagnostic Accuracy Studies (STARD).10 All participants provided written informed 

consent. 

DETECTION OF CA19-9 AND BILIRUBIN LEVELS
Corresponding serum and plasma samples were collected to detect serum CA19-9 

and plasma bilirubin levels. The CA19-9 upper limit of normal (ULN) was set at 37 U/

mL and levels were classified as normal or elevated. A bilirubin level of ≥17 µmol/L was 

considered elevated.

SAMPLE PROCESSING AND RNA SEQUENCING 
RNA from blood platelets was isolated using standardized protocols, as described 

previously.6,9 Samples with sufficient RNA and cDNA quality were sequenced (HiSeq 

2500/HiSeq 4000). Reads were mapped to the human genome (HG19). Statistical and 

analytical analyses were performed in R (version 3.4.2).

CONSTRUCTION OF THE CLASSIFIER AND PERFORMANCE OF 
THE PSO-ENHANCED ALGORITHM 
The samples were used to construct a classifier by the particle swarm optimization 

(PSO)-enhanced tromboSeq pipeline.9 The performance of the TEP-based classifier 

was compared to CA19-9 expression levels. Receiver-operated characteristic (ROC) 

were generated and the area under the curve (AUC) was calculated. Sensitivity was 

derived from an optimal cut-off point that was set at ≥95% specificity. The performance 

of the diagnostic classifier was evaluated in patients with diabetes or with elevated 

levels of bilirubin. 
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RESULTS
A TEP-based classifier enables highly accurate discrimination of patients with PDAC 

from benign disease

Overall, 153 patients were eligible for subsequent analyses. This included 107 patients 

with PDAC and 46 patients with benign disease (Supplemental Figure 1). Patient 

characteristics are detailed in Table 1. The median age of patients with PDAC was 68 

years (range 42-87 years) and 65 years (range 39-82 years) for benign disease; 60 (56%) 

versus 22 (48%) were men, respectively. Diabetes was more common among patients 

with PDAC, and levels of CA19-9 and bilirubin were more often elevated (Table 1).

In both groups, a rich repertoire of platelet RNA was observed (Supplemental Figure 2). 

A total of 126 RNA transcripts were included for the diagnostic algorithm to discriminate 

patients with PDAC from benign disease. This resulted in an AUC of 0.93 (Figure 1A). 

The optimal cutoff for the classification was based on high (≥95%) specificity, set at 

a TEP-score of 0.90 (Figure 1B). This ultimately resulted in a correct classification of 

PDAC of 71%, while retaining a high specificity of 98% and sensitivity of 71%. Benign 

periampullary lesions were classified correctly in 100%, chronic pancreatitis in 92%, and 

cystic lesions in 100% of cases. 

CA19-9 was elevated in 83% of patients with PDAC and 17% of benign disease 

(P<0.001, Table 1). Overall, CA19-9 demonstrated a lower AUC of 0.84 (Figure 1A), 

compared to the TEP-based classifier. 

Detection of PDAC with the TEP-based classifier was not influenced by elevated levels 

of bilirubin, while presence of diabetes resulted in a moderately lower sensitivity with 

high specificity (Figure 2).  

STATISTICAL ANALYSIS
Demographic characteristics were compared using the Pearson chi-squared test for 

categorical variables and unpaired Student’s t-test for continuous variables. A P-value 

of ≤0.05 was considered statistically significant. Analyses were performed using SPSS 

Software version 26.0 (SPSS, Inc.). Software version 26.0 (SPSS, Inc.). 
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Table 1. Clinical characteristics of the included patients.

 
PDAC Benign 

disease
P-value

Clinical variable n = 107 n = 46  

Age - yr 0.073

Median (range) 68 (42 – 87) 65 (39 – 82)

Sex, n (%) 0.348

Female 47 (44) 24 (52)

Male 60 (56) 22 (48)

Diabetes mellitus,  n (%) 0.009*

No 74 (69) 41 (89)

Yes 33 (31) 5 (11)

Tumor stage^, n (%) -

I 3 (3) -

II 49 (46) -

III 31 (29) -

IV 24 (22) -

CA19-9 (U/mL), median (range) 277 (1 – 93250) 14 (2 – 6214) 0.109

CA19-9, n (%) <0.001*

Normal 18 (17) 37 (80)

Elevated 89 (83) 9 (20)

Bilirubin (µmol/L), median (range) 22 (3 – 714) 7 (3 – 712) 0.005*

Bilirubin, n (%) <0.001*

Normal 51 (48) 38 (83)

Elevated 54 (50) 6 (13)

   Missing 2 (2) 2 (4)

^AJCC Cancer Staging Manual, 7th Edition   
#P-values were calculated for the plasma validation cohort, *= signifi cant P-value
PDAC = pancreatic ductal adenocarcinoma, HD = healthy donor, CA19-9 = carbohydrate 
antigen 19-9, ULN = Upper Limit of Normal, §The normal range was 0 - 37 U per milliliter, 
N = number of patients.

DETERMINATION OF DISEASE STAGE BASED ON A STAGE-
SPECIFIC TEP CLASSIFIER
The PSO-approach was also implemented in order to select the most optimal bio-

marker panel to differentiate early (stage I-II) from late (stage III-IV) disease. This 

resulted in a classifier with an accuracy of 0.91(Figure 1C). With a highly specific TEP-

score cut-off of 0.86, 98% of patients with early disease were correctly classified and 

56% of patients with late disease (Figure 1D). Using the same platelet RNA repertoire, 

stage was correctly predicted in 75% of the patients with PDAC (Figure 1E), which 

could substantiate exploration in patients with a low TEP-score. 
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A.  Diagnostic performance of the diagnostic TEP-based classifier to discriminate patients with PDAC 
from benign disease evaluated by ROC-curve of the PSO-enhanced RNA-panel algorithm (AUC = 
0.93; 95% CI = 0.88-0.97; red line). The AUC of CA19-9 was 0.84 (95% CI = 0.77-0.91; black line). The 
classifier was based on a total of 126 RNA transcripts. 

B.  Dot and box representation of the distribution TEPs-score after construction of the classifier for 
patients with PDAC (red) and benign disease (blue). The optimal TEP-score cut-off was set at 0.90. 

C.  Diagnostic performance of the diagnostic TEP-based classifier to distinguish early and late disease 
stages evaluated by ROC-curve of the PSO-enhanced RNA-panel algorithm (AUC = 0.91; 95% CI = 
0.86-0.97; red line). The classifier was based on a total of 179 RNA transcripts.

D.  Dot and box representation of the distribution TEPs-score after construction of the classifier for 
patients with early (green/yellow) and late (orange/red) disease stages. The optimal TEP-score cut-
off was set at 0.86.

E.   TEP-based diagnostics for patients with PDAC based on both classifiers.  
TP = true positive, FN = false negative, FP = false positive, TN = true negative.
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Figure 1. Diagnostic performance of the TEP-based classifier. 
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Figure 2. Detection of PDAC by the TEP-based classifier is not influenced 
by bilirubin nor by diabetes.

A.  Performance of the TEP-based classifier in patients with elevated levels of bilirubin  
(≥ 17 µmol/L).

B. Performance of the TEP-based classifier in patients with diabetes mellitus. 
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DISCUSSION 
This study demonstrates the potential of a TEP-based classifier to distinguish patients 

with PDAC from benign diseases. For the first time, TEPs were also employed as 

blood-based biomarker to differentiate early and late stage disease. 

Diverse liquid biopsy sources are under investigation for PDAC diagnostics. Circul-

ating tumor DNA, cell-free DNA methylation, and protein markers all have all shown 

diagnostic potential.11-14 Importantly, pre-clinically discovered biomarkers are often 

insufficiently sensitive to detect early stage tumors and discriminate PDAC from 

relevant benign disease,11,13 whereas TEPs have demonstrated this capacity here. 

Combining multiple biomarker sources could further improve the performance of 

biomarker tests.12 

Accurate detection and staging is critical to circumvent unnecessary surgical treatment 

for patients with occult metastases and guide therapeutic choices, especially as 

symptoms, imaging and CA19-9 can be unhelpful.15 

Application of TEP-based classifiers holds great promise to fully represent tumor 

features.9 Importantly, the same TEP RNA profile allows for multiple computational 

analyses to answer different clinical questions, as demonstrated in this study, and 

reduces the need for numerous sampling. 

LIMITATIONS
Although only clinically relevant diagnostic groups were included to facilitate clinical 

translation, optimization of the diagnostic classifier for each benign disease group 

could enhance the classifier in future prospective studies. Also, the detection of 

premalignant lesions should be investigated, preferably by follow-up samples to 

prove early detection by the TEP-based classifier upon malignant transformation. At 

last, large-scale, multicenter, prospective validation of the diagnostic algorithm will 

enhance fine-tuning of the algorithm, by correcting for technical variations. 

CONCLUSION
This study demonstrates the potential of a TEP-based classifier to accurately discriminate 

PDAC from benign disease and classify PDAC patients in early or late stage. Platelet 

RNA profiles hold great promise for clinical use as blood-based diagnostic tools for 

PDAC and warrants further research. 
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SUPPLEMENTAL METHODS 
STUDY DESIGN AND PATIENT SELECTION
Blood samples were collected at both locations of the Cancer Center Amsterdam of 

the Amsterdam UMC, VU University Amsterdam (NL) and University of Amsterdam 

(NL), at time of diagnosis, before resection or prior to start of chemotherapy, from 

all consecutive patients presenting with suspected hepatobiliary pancreatic lesions 

between January 2014 and January 2018. After clinical examination, radiological 

imaging, and histopathological confirmation, patients with PDAC (n = 112) were 

included for subsequent analysis. PDAC staging was performed according to the 

AJCC staging guidelines (7th edition).1 Patients with benign disease (n = 60) had to 

be clinically and radiologically evaluated and preferably pathologically confirmed. 

Benign diseases included patients with pancreatic cysts (n = 20), chronic pancreatitis 

(CP, n = 16), and cholangitis or choledocholithiasis (n = 24, Supplemental Figure 1). 

Patients with benign diseases were at the moment of sample collection, or previously, 

not diagnosed with cancer. All participants with any other existent malignancies or 

malignancies in the past 5 years were omitted from final inclusion (Supplemental 

Figure 1). Clinical data from patients with PDAC and benign diseases were recorded in 

a prospectively maintained database and anonymized after inclusion. 

This study and protocol were approved by the institutional review board and the ethics 

committee of the VU University Amsterdam (#2012.59 and #2016.510) and Amsterdam 

AMC (#2014_181), in accordance with the ethical guidelines of the Declaration 

of Helsinki. This study was conducted according to the Standards for Reporting 

Diagnostic Accuracy Studies (STARD).2 All participants provided written informed 

consent for blood sample collection and subsequent analysis. 

DETECTION OF CA19-9 AND BILIRUBIN LEVELS
Corresponding serum and plasma samples were collected to detect serum CA19-

9 and plasma bilirubin levels for diagnostic purposes. Samples were excluded for 

construction of the classifier, if corresponding samples were missing (Supplemental 

Figure 1). CA19-9 expression levels were determined by the Immunometric assay, 

Luminescence (Advia Centaur XP, Siemens Medical Solutions Diagnostic, USA) 

and bilirubin levels by the colorimetric diazomethod (Bilirubin Total Gen.3, Roche 

Diagnostics International, Switzerland). The CA19-9 upper limit of normal (ULN) was 

set at 37 U/mL and levels were classified as normal or elevated. A bilirubin level of ≥ 17 

µmol/L was considered as elevated.
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SAMPLE PROCESSING AND RNA SEQUENCING 
Peripheral blood was drawn by venipuncture in 6 mL EDTA-coated Vacutainers and 

were processed using standardized protocols within 48 hours, as described in detail 

previously.3,4 Briefly, platelets were isolated and total RNA was isolated using the 

mirVana Total RNA isolation kit (Ambion, Thermo Fisher Scientific). Quality and quantity 

of the genomic material was assessed using the RNA 6000 Picochip (Bioanalyzer 

2100, Agilent).4 Samples with insufficient platelet RNA quality as measured by the 

Bioanalyzer Picochip were excluded from further processing (Supplemental Figure 

1). Next, the samples were subjected to cDNA synthesis and amplification using the 

SMARTer Ultra Low RNA Kit for Illumina Sequencing v3 (Clontech) and quality control 

was performed by Bioanalyzer DNA analysis, excluding sample with unsuccessful 

amplification of DNA (Supplemental Figure 1). Subsequently, the platelet cDNA is 

sequenced for 100 bp Single-Read sequencing on the Illumina Hiseq 2500 / HiSeq 

4000 platform, according to our standardized work-flow.4 Reads were mapped to the 

human genome (HG19). Raw RNA-seq data of platelets encoded in FASTQ-files were 

subjected to a standardized RNA-seq alignment pipeline.3-5 All subsequent statistical 

and analytical analyses were performed in R (version 3.4.2). 

CONSTRUCTION OF THE DIAGNOSTIC CLASSIFIERS AND
PERFORMANCE OF THE PSO-ENHANCED ALGORITHM 
A diagnostic classifier was developed according to the standardized method,4 with 

minor adjustments enabling to expose the maximum potential of a diagnostic classifier 

based on this dataset. First, a diagnostic classifier was constructed to differentiate 

PDAC from benign diseases. To this end, particle swarm optimization (PSO) was applied 

to the tromboSeq support vector machine (SVM) algorithm pipeline to interrogate 

spliced RNA biomarker profiles and select a robust biomarker panel. An ‘introspective 

swarm’ was applied for algorithm development. This variant of the workflow previously 

described, enables algorithm parameter setting optimization for smaller datasets by 

applying the same dataset for both algorithm training and evaluation. The settings 

for algorithm development can be found in Supplemental Methods Table 1. After the 

creation of 1000 particles (in 10 iterations), the performance of the settings of the top 

200 particles was evaluated by a leave one out cross-validation (LOOCV). Finally, the 

LOOCV algorithm resulting in the highest AUC was reported in this manuscript. 

The performance of the TEP-based classifier was compared to CA19-9 expression 

levels. Receiver-operated characteristic (ROC) were generated and the area under 

the curve (AUC) was calculated. The optimal cut-off of the TEP-score was set at high 
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specificity (≥95%) and sensitivity was derived from this cut-off. The performance of 

the diagnostic classifier was evaluated in patients with diabetes and in patients with 

elevated levels of bilirubin. 

Next, a similar approach was applied to train the classifier to classify early (stage I-II) 

from late tumors (stage III-IV). 

STATISTICAL ANALYSIS
Demographic characteristics were compared using the Pearson chi-squared test for 

categorical variables and unpaired Student’s t-test for continuous variables. A P-value 

of ≤0.05 was considered statistically significant. Analyses were performed using SPSS 

Software version 26.0 (SPSS, Inc.).

Supplemental Methods Table 1. Settings for the support vector machine algorithm 
development

Setting Value / boundaries

n.particles 100

n.iterations 10

lib.size -0.1, 1.0

fdr 0.0000000001, 0.05

correlatedTranscripts 0.5, 1.0

rankedTranscripts 30, 500
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SUPPLEMENTAL  
FIGURES 

Supplementary Figure 1. Flowchart of sample collection, exclusion and analysis.

112 patients with stage I-IV 
PDAC enrolled from January, 

2014 to January, 2018

60 patients with benign lesions 
enrolled from January, 2014 to 

January , 2018

19 patients excluded
  3 (other) primary tumor ≤5 years ago *
10 no paired samples available**
6 insufficient biomarker panel quality§ 

   

107 Patients with PDAC
46 Patients with benign lesions

SWARM diagnostic classifier 
construction

52 stage I-II PDAC
55 stage III-IV PDAC

SWARM stage -specific 
classifier construction

* Patients with any other existent malignancies or malignancies in the past 5 years were omitted 
from final inclusion   
** Samples were excluded if no corresponding CA19-9 levels were available
§ Samples with insufficient total platelet RNA, unsuccesful amplification of cDNA, 
suboptimal coverage, or reduced overall correlation to the other samples are excluded according to
our quality and quantity control step of the standardized workflow
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A.  Number of transcripts detected per sample (blue dots) according to the total intron-spanning 
library size. All samples passed the threshold for minimum number of transcripts detected. 

B.  Average spliced RNA reads comparing PDAC to benign disease (left) and early to late stage (right) 
demonstrates no differences in detection of genes between the groups. 

C.  Leave-one-out cross-correlation analysis excludes samples with low intersample correlation 
(threshold indicated by the line), according to the quality control step of the standardized workflow. 
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Supplementary Figure 2. Quality control of the spliced RNA transcripts and 
biomarker panel.
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