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Abstract

Background

The diagnostic process of patients with suspect pancreatic lesions is often lengthy and

prone to repeated diagnostic procedures due to inconclusive results. Targeted Next-Gener-

ation Sequencing (NGS) performed on cytological material obtained with fine needle aspira-

tion (FNA) or biliary duct brushing can speed up this process. Here, we study the

incremental value of NGS for establishing the correct diagnosis, and subsequent treatment

plan in patients with inconclusive diagnosis after regular diagnostic work-up for suspect pan-

creatic lesions.

Methods

In this prospective cross-sectional cohort study, patients were screened for inclusion in four

hospitals. NGS was performed with AmpliSeq Cancer Hotspot Panel v2 and v4b in patients

with inconclusive cytology results or with an uncertain diagnosis. Diagnostic results were

evaluated by the oncology pancreatic multidisciplinary team. The added value of NGS was

determined by comparing diagnosis (malignancy, cystic lesion or benign condition) and pro-

posed treatment plan (exploration/resection, neoadjuvant chemotherapy, follow-up,
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palliation or repeated FNA) before and after integration of NGS results. Final histopatholog-

ical analysis or a 6-month follow-up period were used as the reference standard in case of

surgical intervention or non-invasive treatment, respectively.

Results

In 50 of the 53 included patients, cytology material was sufficient for NGS analysis. Diagno-

sis before and after integration of NGS results differed in 24% of the patients. The treatment

plan was changed in 32% and the diagnosis was substantiated by the NGS data in 44%.

Repetition of FNA/brushing was prevented in 14% of patients. All changes in treatment plan

were correctly made after integration of NGS. Integration of NGS increased overall diagnos-

tic accuracy from 68% to 94%.

Interpretation

This study demonstrates the incremental diagnostic value of NGS in patients with an initial

inconclusive diagnosis. Integration of NGS results can prevent repeated EUS/FNA, and can

also rigorously change the final diagnosis and treatment plan.

Introduction

Diagnostic work-up for patients with a suspect lesion in the pancreas can be difficult, fre-

quently leading to inconclusive diagnoses. Current imaging techniques are limited for differ-

entiating between pancreatic cancer, inflammation, benign lesions or preneoplastic lesions [1].

Preoperative pathological confirmation is required to establish an accurate treatment plan and

prevent futile surgery. Moreover, increased use of neoadjuvant treatment in pancreatic duct

adenocarcinomas (PDAC) requires adequate tissue analysis to prevent overtreatment or treat-

ment of benign lesions. Endoscopic ultrasound-guided fine needle aspiration (EUS-FNA) and

biliary duct brushing can be performed to obtain a cytopathological diagnosis. However, a sig-

nificant limitation of this technique is the high false positive/negative rate or inconclusive

results, which have been reported in up to a third of the cases. These are mainly caused by sam-

pling error, suboptimal sample quality, low cellular yield and the presence of an intense des-

moplastic stromal reaction [2]. As a consequence, the diagnostic process of patients with a

suspect pancreatic lesion is often lengthy due to repetitive diagnostics like EUS-FNA and sub-

ject to frequent misdiagnosis potentially leading to a delay or inappropriate treatment [3].

Targeted Next-Generation Sequencing (NGS) on FNA-derived DNA can identify patho-

genic variants in known driver genes of malignancies, and can therefore be used to confirm

neoplasia [4]. Moreover, NGS has proven to be useful in distinguishing benign from malignant

pancreatic lesions [5]. For ultra-deep sequencing using NGS panels that target hotspot gene

variants such as KRAS, TP53, BRAF and PTEN only a limited quantity of material is required,

up to 100 cells [6].

In a previous study, we evaluated 70 consecutive patients with a suspect pancreatic lesion

and reported a diagnostic accuracy, sensitivity and specificity of NGS of 94%, 93% and 100%,

respectively [5]. Since NGS might be superfluous in all patients with a suspect pancreatic

lesion, the focus of this study was to evaluate the applicability of NGS in patients with incon-

clusive cytology material. Therefore, the aim of this study was to determine the incremental

diagnostic value of NGS in the diagnostic process and treatment plan proposition in patients

with a suspect pancreatic lesion with an inconclusive cytopathologic diagnosis.
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Materials and methods

Study design

This multicenter study was conducted in the Leiden University Medical Center (LUMC), Eras-

mus Medical Center, Maasstad hospital and Reinier de Graaf hospital. The study was approved

by the medical ethical reviews board of the LUMC (Dutch trial register: NTR7006).

Patients above 18 years of age and with a suspected malignancy based on a solid or cystic

pancreatic or periampullary lesion (papilla or distal bile duct) on recent multi-phase abdomi-

nal CT or MRI scan were evaluated for inclusion at the first multidisciplinary tumor board

(MDT) meeting (Fig 1). Available cytology samples for pathological assessment were obtained

by either by EUS-FNA or common bile duct brushing as part of the standard work-up. Patients

without a definitive diagnosis, or with an inconclusive cytopathologic diagnosis after the first

MDT for pancreatic lesions were eligible for this study and included after written consent was

acquired. Thereafter, NGS analysis was performed on the cytology sample. Prior to the second

MDT meeting, the cytology sample was reviewed by a central review board of the LUMC

department of Pathology by dedicated pancreatic pathologists (A.F.S., H.M.). Samples were

classified based on morphological assessment as: 1) normal/atypia, 2) dysplasia or, 3) inconclu-

sive (in case of too few cells or bloody material) [5].

Based on all available diagnostic information, a probability diagnosis was proposed at each

of the two MDT meetings, either: 1) malignancy, including pancreatic ductal adenocarcinoma,

distal cholangiocarcinoma, ampullary carcinoma, cystic lesion with malignant degeneration

including high grade dysplasia, 2) benign condition, including (autoimmune) pancreatitis,

pseudocyst, or, 3) benign cystic lesions, including mucinous cystic neoplasm and/or, low

grade IPMN (not malignant degenerated). Furthermore, the most suitable treatment for the

probable diagnosed condition was determined as either: 1) surgical exploration with possible

resection (resection was refrained in case of a metastatic of locally advanced disease), 2) neoad-

juvant therapy for study purpose or in case of locally advanced disease, 3) palliation in case of

locally advanced disease, metastatic disease or patient unfit for surgery, 4) follow-up for benign

conditions or 5) repetition of diagnostic FNA. For patients diagnosed with low grade IPMN/

MCN, both surveillance or resection are widely accepted treatment options. The ultimate deci-

sion differs per patient and depends on the expertise of the MDT members.

The cytology samples were then analyzed with NGS, using the AmpliSeq Cancer Hotspot

Panel v2 and v4b, as previously described [5]. AmpliSeq Panel v2 was replaced during the

study for v4b. All regions covered in v2 were present in v4b and have the same performance.

The results were reported as: 1) “no molecular support for dysplasia” if no pathogenic variants

were identified, 2) “a proliferative lesion with at least low grade dysplasia (LGD)” in case of

KRAS or GNAS class 4 or 5 DNA variants with sufficient coverage and high frequent variant

reads on target, or the sole finding of ATM, CDKN2A, PTEN or APC DNA variants. The sole

finding of a KRAS pathogenic variant with low frequency could also be suggestive for pancrea-

titis. 3) “molecularly at least high grade dysplasia (HGD)” if at least a TP53 or SMAD4DNA

variant was identified or 4) “inconclusive” if NGS was not possible or reliable on the presented

material.

After integration of the NGS results during the second MDT meeting, the diagnosis and

treatment plan could be changed or confirmed. Furthermore, the MDT could ignore the NGS

results if too contradictive or inconclusive results or if the clinical suspicion of a malignancy

was too high (i.e. false-negative NGS results). Consequently, only the availability of the NGS

results differed between both MDT meetings.

The final diagnosis was determined, either based on histopathological assessment of the

resected specimen or by evaluation during follow-up after at least six months. NGS analysis of
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the resected specimen was not repeated since correlation was already validated in an earlier

study [7].

Fig 1 gives an overview of the study design.

Patients were included at the first MDT meeting after inconclusive cytology or inconclusive

diagnosis. Prior to the second MDT meeting, NGS analysis was performed on the cytology

Fig 1. CONSORT flowchart.

https://doi.org/10.1371/journal.pone.0280939.g001
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samples, and data was reviewed by the central pathology review board. This information was

integrated into the second MDT meeting where data was discussed. Finally, histopathological

analysis (in case surgical exploration was performed) or a 6-month follow-up period were used

as the reference method.

Outcomes

For analysis of the contribution of NGS to the diagnostic process only the patients with techni-

cally feasible NGS analysis were included. Diagnosis based on the information before and after

integration of the NGS results was correlated with the final diagnosis. Differences were ana-

lyzed with a McNemar test. Proposed treatment plans before and after integration of NGS

results were compared and classified as ‘changes in treatment plan’, ‘confirmation of treatment

plan’ or ‘no value of NGS results’.

All patients were included (including inconclusive NGS results) to determine the accuracy

of 1) suggested diagnosis during first MDT meeting, 2) NGS results on itself, without interfer-

ence of the tumor board and, 3) the suggested diagnosis during the second MDT meeting with

the final diagnosis as a reference. Since LGD can be interpreted in several ways and does not

provide a definitive diagnosis on itself, the accuracy is reported two-fold: all LGD incorrect, or

all LGD correct.

Power calculation

Assuming that NGS analysis has an additional diagnostic value of 20%, a total of 57 patients

were required in the study (80% power and 2-sided significance level α = 0.05).

Results

In total, 57 patients were eligible for inclusion at the first MDT between 2015 and 2018. Four

patients were excluded from further analysis due to incorrect inclusion: lymph node biopsy

(n = 2), suspect GIST tumor (n = 1) and biopsy of suspect pancreatic liver metastasis (n = 1).

Table 1 provides an overview of the patient characteristics.

NGS was technically feasible in 50 of the 53 patients, and further calculations were based on

these 50 inclusions (94%). Fig 2A provides an overview of the pathogenic DNA variants

Table 1. Patient characteristics.

N %

Total 53

Sex Female 23 43

Male 30 57

Age Mean, SD 63.1 13.7

CA 19.9 Median, range 39 0–5126

Type of cytology material FNA 40 76

Brush 13 24

Cytology result Dysplasia 10 19

Normal/atypia 32 60

Inconclusive 11 21

Reason NGS Cytology unsure 31 59

MDT unsure 22 41

PA: Pathology; MDT: Multidisciplinary team.

https://doi.org/10.1371/journal.pone.0280939.t001
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identified in these 50 patients. In 10 patients (20%), HGD was suspected after NGS analysis.

All of which were classified as malignant tumors during histopathological analysis or follow-

up. Two benign specimens showed LGD (KRAS mutation), both were classified as pancreatitis.

Four out of six IPMNs showed LGD (Fig 2B and 2C). Two were classified as low grade IPMNs

on pathology and the remaining two showed no worrisome features during the follow-up

period.

Table 2 gives an overview of the probability diagnoses before and after integration of the

NGS results, related to the final diagnosis. Integration of the NGS results significantly

improved the probability diagnosis: from 16 incorrect diagnoses at the first MDT(32%) to

three incorrect diagnoses after NGS integration (6%); (p-value< 0.001).

The treatment plan proposition changed in 16 cases (32%) after integration of the NGS

results (Table 3). In eight patients, integration of the NGS results prevented surgical explora-

tion (n = 6) and palliation (n = 2) as NGS did not show proliferative lesions (absent DNA vari-

ants) suggesting benign diseases. In all eight cases, follow-up confirmed the rightful change of

treatment. Conversely, in one patient solely the NGS results concluded at leastHGD and there-

fore the treatment plan was changed to surgical resection. In seven patients repeated EUS was

Fig 2. Pathogenic variants identified in 50 patients.

https://doi.org/10.1371/journal.pone.0280939.g002

Table 2. Diagnosis with and without NGS results correlated to final diagnosis.

Final diagnosis

Malignancy Benign condition Benign Cystic lesion Accuracy

MDT 1: without NGS results Malignancy 27 9 3

Benign condition 1 5 1

Benign Cystic lesion 2 2 68%

MDT 2:

with NGS results

Malignancy 30 1 2

Benign condition 13

Benign Cystic lesion 4 94%

MDT: Multidisciplinary team meeting.

Bold: Concordant results.

https://doi.org/10.1371/journal.pone.0280939.t002
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prevented by integrating the NGS results, resulting in surgery (n = 1), palliation (n = 4) or fol-

low-up (n = 2). In 12 patients (24%) the final diagnosis was altered after NGS integration.

During the second MDT meeting the NGS results were ignored in 12 patients (24%) (no

incremental value NGS). Although no pathogenic variants were identified there was a strong

clinical suspicion of a malignancy. In nine of these patients, NGS results were correctly ignored

and final pathology concluded a malignancy. In the remaining three patients, no pathogenic

variants were identified and final histologic assessment showed a pancreatitis (n = 1) and low

grade IPMN (n = 2) (Table 4). In the remaining 22 patients (44%), the NGS results provided

enough support to substantiate the initial clinical diagnosis, which was confirmed to be correct

in all patients after follow-up or histopathology.

Results of the pathological variants identified in 50 patients. (a) shows the distribution of

pathogenic variants, whereas (b) shows the pathogenic variants per patient, divided into three

subgroups (malignant, benign and cystic lesions). The dysplasia grade is displayed in red (high

grade dysplasia or HGD) and orange (low grade dysplasia, or LGD). (c) final diagnosis in these

50 patients after surgical exploration or 6-months follow-up.

Discussion

In this study, the incremental value of NGS in patients with inconclusive diagnosis after regu-

lar diagnostic work-up (e.g. cytology, multi-phase CT) of a suspicious pancreatic lesion was

assessed. NGS was feasible in 94% of patients. Integrating the NGS results in the diagnostic

process increased the accuracy with 26% to a final, overall accuracy of 94%. Although this

study was performed in a selected patient population where standard diagnostic work-up

didn’t suffice, adding NGS to this process was of incremental value in 76% of cases, either sub-

stantiating the diagnosis or changing the treatment. More importantly, no incorrect changes

of treatment plan occurred indicating that integration of NGS is safe and feasible. Also, the

Table 3. Changes in treatment plan after NGS integration.

Cross-over treatment

Exploration Neoadjuvant Palliation Follow-up Repeat biopsy Treatment changes

Without NGS results Exploration - 6 6

Neoadjuvant - 0

Palliation - 2 2

Follow-up 1 - 1

Repeat biopsy 1 4 2 - 7

Total 16

https://doi.org/10.1371/journal.pone.0280939.t003

Table 4. Treatment plan after NGS integration compared to final diagnosis.

Final diagnosis

Malignancy Benign condition Cystic lesion

With NGS results Exploration 13 1� 4†
Neoadjuvant 5

Palliation 10

FU 13 2

Repeat biopsy 2

�Pancreatitis

†low grade IPMN, 2 were diagnosed as cystic lesion during the MDT meeting and too suspect, therefore, exploration/resection was chosen. The other two lesions were

diagnosed as malignancies but turned out to be low grade IPMNs. Bold: Concordant.

https://doi.org/10.1371/journal.pone.0280939.t004
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study was performed in multiple centers which all have their own MDT, increasing data

reproducibility.

In our previous study and other literature the accuracy of cytology is around 70% [7,8].

Moreover in this study’s difficult-to-diagnose population the accuracy of cytology was only

17%, further supporting the possibility to integrate NGS in the diagnostic work-up for a more

personalized management [9]. One major challenge in the diagnostic work-up of pancreatic

lesions is the management of pancreatic cysts and IPMN in particular. Given the relatively lim-

ited number of patients with IPMNs in our study, conclusions regarding the added value of

NGS in this cohort are not possible, but might be of value to the international discussion on

the management of these lesions.

NGS has already gained an important role in cancer research and treatment and can aid in

predicting response or resistance to cancer treatments. NGS has been studied in multiple can-

cer types. Predominantly in patients with advanced stage cancers and more specifically in lung

cancer patients, given the multiple described pathways of oncogenic addiction. The technique

aids in detection of mutations for applying the most suitable treatment [10]. Our previous

study described a cross-section of 70 consecutive patients with suspect pancreatic masses dis-

cussed at the MDT meeting including those without much doubt at cytological assessment.

We concluded that NGS showed a high accuracy with final pathology and that the addition of

NGS changed the treatment plan in 10% of patient [5]. However, with rising expenditures on

healthcare and an increasing complexity of oncologic care in particular, we felt that studying

the patient population that likely benefits the most from this new diagnostic entity is of

increasing importance. This follow-up study substantiates the hypotheses that NGS can be

implemented as an addition to daily care for patient with suspect and difficult to diagnose pan-

creatic masses along with regular MDT meetings.

Most studies evaluating NGS determine the feasibility of NGS or provide insight in patho-

genic variants for personalized systemic treatment. Studies focusing on the diagnostic yield of

NGS in suspicious pancreatic lesions are scarce. Larson et al. evaluated different types of

biopsy and reported on the success rate of NGS analysis of suspect pancreatic lesions or metas-

tases [8]. Percutaneous biopsies of potential metastases were more adequate than FNA or fine

needle biopsies of the suspect primary tumor. They performed NGS with the commercially

available set FoundationOne (Foundation Medicine, Inc, Cambridge, Massachuttes).

NGS can often be performed if morphological assessment is not possible due to low cellular

yield since only a limited quantity of material is necessary for NGS analysis. In this study this

repeated EUS-FNA was spared in seven out of nine patients. Although the costs of NGS are

relatively high, approximately €600 per sample, repetition of EUS-FNA in patients with incon-

clusive samples is more costly than performing NGS analysis. Suggesting cost-effectiveness of

NGS in this patient population.

In our study, NGS was technically not feasible due to low cellular yield in 3/53 samples

(6%), which was lower than the reported 29% (of the 76 samples) in the Larson study [8].

The results of NGS analysis could well be integrated into the diagnostic process and are an

addition to the regular clinical and radiological data in this selected patient population. Only if

HGD is suspected from NGS results (in this study in 21%), meaning the identification of class

4 or 5 TP53 or SMAD4 pathogenic variants, a malignancy is proven. In case of molecular LGD,

or if no pathogenic variants are identified, the diagnosis and treatment plan are still challeng-

ing to establish. NGS analysis resulting in no pathogenic variants can be due to a truly benign

condition. However, this can also be the result of a tumor without mutations present in the

NGS panel or of sampling error (e.g. off-target FNA, small tumor size, extensive inflammatory

component) [5]. Secondly, in case of LGD, the identification of a sole KRAS pathogenic variant

can indicate a pancreatitis, IPMN or malignancy.
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Although not used in this study, NGS can also be applied on cystic fluid [11]. Rosenbaum

et al. analyzed fluid from 113 cysts, where 67 cysts showed pathogenic variants [12]. A signifi-

cant difference in identification of KRAS pathogenic variants was present between non-mucin-

ous cysts (12.5% of samples) and mucinous cysts/IPMN (100% of samples). Furthermore, in

33% of the IPMN samples a GNAS pathogenic variant was also identified. In the IPMNs with a

malignant component additional pathogenic variants in the following genes were identified:

TP53, CDKN2A, SMAD4, NOTCH1. Singi et al. analyzed fluid from 308 cysts and also identi-

fied KRAS and GNAS pathogenic variants in IPMNs and MCNs and showed TP53, PIK3CA
and PTEN in neoplasia [11]. Volckmar et al. published the first results of the ZYSTEUS study

that investigates whether detection of driver mutations in IPMN patients by liquid biopsy (cys-

tic fluid) is technically feasible [13]. Comparable results were obtained, in 12 IPMNs KRAS
(n = 12) and GNAS (n = 4) pathogenic variants were identified. In three pseudocysts no patho-

genic variants were identified. Lastly, Suenaga et al. studied whether patients under surveil-

lance for IPMNs would benefit from pancreatic juice punction for NGS analysis [14]. In case a

TP53 or SMAD4 pathogenic variant was identified the lesion was resected. The results of all

these studies are in line with ours; the identification of a SMAD4 or TP53 is suspect for a malig-

nancy, identification of a CDKN2A, NOTCH1, PIK3CA or PTEN is also suggestive for a malig-

nancy. Based on our results and the abovementioned studies the NGS results of patients with a

pathogenic variant in PIK3CA could also be classified asHGD. In our cohort, 3 patients carried

a PIK3CA mutation and were later diagnosed as a malignancy. A pathogenic variation in

GNAS is suggestive for an IPMN and the interpretation of a pathogenic variant in KRAS
remains somewhat challenging since this can be seen in in IPMNs, malignancies but also in

pancreatitis.

In conclusion, NGS can help to substantiate the adequate diagnosis and determine the suit-

able treatment for suspect pancreatic lesions in addition to standard pathology or imaging

assessment in patients with inconclusive cytopathology. It could therefore provide a more per-

sonalized approach to the diagnostic work-up. By integrating NGS in the diagnostic process,

an accuracy of 94% for correct diagnosing was reached. NGS is of incremental value by provid-

ing molecular confirmation of neoplasia for preoperative chemotherapy or surgery, while pre-

venting repeat EUS-FNA/brushing or futile surgery in patients with benign conditions.

Supporting information

S1 File.

(PDF)

Author Contributions

Conceptualization: Babs G. Sibinga Mulder, Quisette P. Janssen, Bas Groot Koerkamp, Rutger

Quispel, Bert A. Bonsing, Alexander L. Vahrmeijer, Casper H. J. van Eijck, Daphne Roos,

Lars E. Perk, Erwin van der Harst, Peter-Paul L. O. Coene, Michail Doukas, Marie-Louise

F. van Velthuysen, Arantza Farina Sarasqueta, J. Sven D. Mieog.

Data curation: Friso B. Achterberg, Babs G. Sibinga Mulder, Quisette P. Janssen, Lieke Hol,

Rutger Quispel, Bert A. Bonsing, Alexander L. Vahrmeijer, Lars E. Perk, Erwin van der

Harst, Peter-Paul L. O. Coene, Michail Doukas, Arantza Farina Sarasqueta, Hans Morreau,

J. Sven D. Mieog.

Formal analysis: Babs G. Sibinga Mulder, Quisette P. Janssen, Lieke Hol, J. Sven D. Mieog.

Funding acquisition: Babs G. Sibinga Mulder, Alexander L. Vahrmeijer, J. Sven D. Mieog.

PLOS ONE NGS integration into the diagnostic work-up of pancreatic cancer care

PLOS ONE | https://doi.org/10.1371/journal.pone.0280939 January 25, 2023 9 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0280939.s001
https://doi.org/10.1371/journal.pone.0280939


Investigation: Babs G. Sibinga Mulder, Quisette P. Janssen, Alexander L. Vahrmeijer, Lars E.

Perk, Erwin van der Harst, Peter-Paul L. O. Coene, Michail Doukas, Frank M. M. Smedts,

Mike Kliffen, Valeska Terpstra, Arantza Farina Sarasqueta, Hans Morreau, J. Sven D.

Mieog.

Methodology: Babs G. Sibinga Mulder, Alexander L. Vahrmeijer, Casper H. J. van Eijck,

Daphne Roos, Lars E. Perk, Erwin van der Harst, Peter-Paul L. O. Coene, Michail Doukas,

Frank M. M. Smedts, Mike Kliffen, Valeska Terpstra, Arantza Farina Sarasqueta, Hans

Morreau, J. Sven D. Mieog.

Project administration: Friso B. Achterberg, Babs G. Sibinga Mulder, Quisette P. Janssen,

Lieke Hol, Frank M. M. Smedts, Marie-Louise F. van Velthuysen, Valeska Terpstra.

Resources: Babs G. Sibinga Mulder, Bas Groot Koerkamp, Lars E. Perk, J. Sven D. Mieog.

Software: Friso B. Achterberg, Babs G. Sibinga Mulder.

Supervision: Bas Groot Koerkamp, Rutger Quispel, Bert A. Bonsing, Alexander L. Vahrmeijer,

Casper H. J. van Eijck, Daphne Roos, Lars E. Perk, Peter-Paul L. O. Coene, Marie-Louise F.

van Velthuysen, Valeska Terpstra, Arantza Farina Sarasqueta, Hans Morreau, J. Sven D.

Mieog.

Validation: Friso B. Achterberg, Babs G. Sibinga Mulder, Michail Doukas, Frank M. M.

Smedts, Mike Kliffen, Marie-Louise F. van Velthuysen, Valeska Terpstra, Arantza Farina

Sarasqueta, Hans Morreau, J. Sven D. Mieog.

Visualization: Friso B. Achterberg, Babs G. Sibinga Mulder, Alexander L. Vahrmeijer, Frank

M. M. Smedts, Valeska Terpstra, Arantza Farina Sarasqueta, J. Sven D. Mieog.

Writing – original draft: Friso B. Achterberg, Babs G. Sibinga Mulder, Quisette P. Janssen,

Bas Groot Koerkamp, Lieke Hol, Rutger Quispel, Bert A. Bonsing, Alexander L. Vahrmei-

jer, Casper H. J. van Eijck, Daphne Roos, Lars E. Perk, Erwin van der Harst, Peter-Paul L.

O. Coene, Michail Doukas, Frank M. M. Smedts, Mike Kliffen, Marie-Louise F. van

Velthuysen, Valeska Terpstra, Arantza Farina Sarasqueta, Hans Morreau, J. Sven D. Mieog.

Writing – review & editing: Friso B. Achterberg, Bas Groot Koerkamp, Rutger Quispel, Bert

A. Bonsing, Alexander L. Vahrmeijer, Casper H. J. van Eijck, Peter-Paul L. O. Coene, J.

Sven D. Mieog.

References
1. Shrikhande SV, Barreto SG, Goel M, Arya S. Multimodality imaging of pancreatic ductal adenocarci-

noma: a review of the literature. HPB (Oxford). 2012; 14(10):658–68. https://doi.org/10.1111/j.1477-

2574.2012.00508.x PMID: 22954001; PubMed Central PMCID: PMC3461371.

2. Iqbal S, Friedel D, Gupta M, Ogden L, Stavropoulos SN. Endoscopic-ultrasound-guided fine-needle

aspiration and the role of the cytopathologist in solid pancreatic lesion diagnosis. Patholog Res Int.

2012; 2012:317167. https://doi.org/10.1155/2012/317167 PMID: 22666633; PubMed Central PMCID:

PMC3362237.

3. Gerritsen A, Molenaar IQ, Bollen TL, Nio CY, Dijkgraaf MG, van Santvoort HC, et al. Preoperative char-

acteristics of patients with presumed pancreatic cancer but ultimately benign disease: a multicenter

series of 344 pancreatoduodenectomies. Ann Surg Oncol. 2014; 21(12):3999–4006. https://doi.org/10.

1245/s10434-014-3810-7 PMID: 24871781.

4. Kinde I, Wu J, Papadopoulos N, Kinzler KW, Vogelstein B. Detection and quantification of rare muta-

tions with massively parallel sequencing. Proc Natl Acad Sci U S A. 2011; 108(23):9530–5. https://doi.

org/10.1073/pnas.1105422108 PMID: 21586637; PubMed Central PMCID: PMC3111315.

5. Sibinga Mulder B. Diagnostic Value of Targeted Next-Generation Sequencing in Patients with Sus-

pected Pancreatic of Periampullary Cancer. 2017.

PLOS ONE NGS integration into the diagnostic work-up of pancreatic cancer care

PLOS ONE | https://doi.org/10.1371/journal.pone.0280939 January 25, 2023 10 / 11

https://doi.org/10.1111/j.1477-2574.2012.00508.x
https://doi.org/10.1111/j.1477-2574.2012.00508.x
http://www.ncbi.nlm.nih.gov/pubmed/22954001
https://doi.org/10.1155/2012/317167
http://www.ncbi.nlm.nih.gov/pubmed/22666633
https://doi.org/10.1245/s10434-014-3810-7
https://doi.org/10.1245/s10434-014-3810-7
http://www.ncbi.nlm.nih.gov/pubmed/24871781
https://doi.org/10.1073/pnas.1105422108
https://doi.org/10.1073/pnas.1105422108
http://www.ncbi.nlm.nih.gov/pubmed/21586637
https://doi.org/10.1371/journal.pone.0280939


6. Amato E, Molin MD, Mafficini A, Yu J, Malleo G, Rusev B, et al. Targeted next-generation sequencing of

cancer genes dissects the molecular profiles of intraductal papillary neoplasms of the pancreas. J

Pathol. 2014; 233(3):217–27. https://doi.org/10.1002/path.4344 PMID: 24604757; PubMed Central

PMCID: PMC4057302.

7. Sibinga Mulder BG, Mieog JSD, Farina Sarasqueta A, Handgraaf HJ, Vasen HFA, Swijnenburg RJ,

et al. Diagnostic value of targeted next-generation sequencing in patients with suspected pancreatic or

periampullary cancer. J Clin Pathol. 2018; 71(3):246–52. Epub 20170803. https://doi.org/10.1136/

jclinpath-2017-204607 PMID: 28775172.

8. Larson BK, Tuli R, Jamil LH, Lo SK, Deng N, Hendifar AE. Utility of Endoscopic Ultrasound-Guided

Biopsy for Next-Generation Sequencing of Pancreatic Exocrine Malignancies. Pancreas. 2018; 47

(8):990–5. Epub 2018/07/22. https://doi.org/10.1097/MPA.0000000000001117 PMID: 30028448.

9. Nikas IP, Mountzios G, Sydney GI, Ioakim KJ, Won JK, Papageorgis P. Evaluating Pancreatic and Bili-

ary Neoplasms with Small Biopsy-Based Next Generation Sequencing (NGS): Doing More with Less.

Cancers (Basel). 2022; 14(2). Epub 20220113. https://doi.org/10.3390/cancers14020397 PMID:

35053560; PubMed Central PMCID: PMC8773813.

10. Volckmar AL, Leichsenring J, Kirchner M, Christopoulos P, Neumann O, Budczies J, et al. Combined

targeted DNA and RNA sequencing of advanced NSCLC in routine molecular diagnostics: Analysis of

the first 3,000 Heidelberg cases. Int J Cancer. 2019. Epub 2019/01/18. https://doi.org/10.1002/ijc.

32133 PMID: 30653256.

11. Singhi AD, McGrath K, Brand RE, Khalid A, Zeh HJ, Chennat JS, et al. Preoperative next-generation

sequencing of pancreatic cyst fluid is highly accurate in cyst classification and detection of advanced

neoplasia. Gut. 2018; 67(12):2131–41. Epub 2017/10/04. https://doi.org/10.1136/gutjnl-2016-313586

PMID: 28970292; PubMed Central PMCID: PMC6241612.

12. Rosenbaum MW, Jones M, Dudley JC, Le LP, Iafrate AJ, Pitman MB. Next-generation sequencing

adds value to the preoperative diagnosis of pancreatic cysts. Cancer Cytopathol. 2017; 125(1):41–7.

Epub 2016/09/21. https://doi.org/10.1002/cncy.21775 PMID: 27647802.

13. Volckmar AL, Endris V, Gaida MM, Leichsenring J, Stogbauer F, Allgauer M, et al. Next generation

sequencing of the cellular and liquid fraction of pancreatic cyst fluid supports discrimination of IPMN

from pseudocysts and reveals cases with multiple mutated driver clones: First findings from the pro-

spective ZYSTEUS biomarker study. Genes Chromosomes Cancer. 2019; 58(1):3–11. Epub 2018/09/

20. https://doi.org/10.1002/gcc.22682 PMID: 30230086.

14. Suenaga M, Yu J, Shindo K, Tamura K, Almario JA, Zaykoski C, et al. Pancreatic Juice Mutation Con-

centrations Can Help Predict the Grade of Dysplasia in Patients Undergoing Pancreatic Surveillance.

Clin Cancer Res. 2018; 24(12):2963–74. Epub 2018/01/06. https://doi.org/10.1158/1078-0432.CCR-

17-2463 PMID: 29301828.

PLOS ONE NGS integration into the diagnostic work-up of pancreatic cancer care

PLOS ONE | https://doi.org/10.1371/journal.pone.0280939 January 25, 2023 11 / 11

https://doi.org/10.1002/path.4344
http://www.ncbi.nlm.nih.gov/pubmed/24604757
https://doi.org/10.1136/jclinpath-2017-204607
https://doi.org/10.1136/jclinpath-2017-204607
http://www.ncbi.nlm.nih.gov/pubmed/28775172
https://doi.org/10.1097/MPA.0000000000001117
http://www.ncbi.nlm.nih.gov/pubmed/30028448
https://doi.org/10.3390/cancers14020397
http://www.ncbi.nlm.nih.gov/pubmed/35053560
https://doi.org/10.1002/ijc.32133
https://doi.org/10.1002/ijc.32133
http://www.ncbi.nlm.nih.gov/pubmed/30653256
https://doi.org/10.1136/gutjnl-2016-313586
http://www.ncbi.nlm.nih.gov/pubmed/28970292
https://doi.org/10.1002/cncy.21775
http://www.ncbi.nlm.nih.gov/pubmed/27647802
https://doi.org/10.1002/gcc.22682
http://www.ncbi.nlm.nih.gov/pubmed/30230086
https://doi.org/10.1158/1078-0432.CCR-17-2463
https://doi.org/10.1158/1078-0432.CCR-17-2463
http://www.ncbi.nlm.nih.gov/pubmed/29301828
https://doi.org/10.1371/journal.pone.0280939

