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Objective: We report the development and validation of a combined
DNA/RNA next-generation sequencing (NGS) platform to improve the
evaluation of pancreatic cysts.
Background and Aims: Despite a multidisciplinary approach, pancreatic
cyst classification, such as a cystic precursor neoplasm, and the detection
of high-grade dysplasia and early adenocarcinoma (advanced neoplasia)
can be challenging. NGS of preoperative pancreatic cyst fluid improves
the clinical evaluation of pancreatic cysts, but the recent identification of
novel genomic alterations necessitates the creation of a comprehensive
panel and the development of a genomic classifier to integrate the
complex molecular results.
Methods: An updated and unique 74-gene DNA/RNA-targeted NGS
panel (PancreaSeq Genomic Classifier) was created to evaluate 5
classes of genomic alterations to include gene mutations (e.g., KRAS,
GNAS, etc.), gene fusions and gene expression. Further, CEA mRNA
(CEACAM5) was integrated into the assay using RT-qPCR. Separate
multi-institutional cohorts for training (n= 108) and validation (n= 77)
were tested, and diagnostic performance was compared to clinical,
imaging, cytopathologic, and guideline data.
Results: Upon creation of a genomic classifier system, PancreaSeq GC
yielded a 95% sensitivity and 100% specificity for a cystic precursor
neoplasm, and the sensitivity and specificity for advanced neoplasia were
82% and 100%, respectively. Associated symptoms, cyst size, duct dila-
tation, a mural nodule, increasing cyst size, and malignant cytopathology
had lower sensitivities (41–59%) and lower specificities (56–96%) for
advanced neoplasia. This test also increased the sensitivity of current
pancreatic cyst guidelines (IAP/Fukuoka and AGA) by > 10% and
maintained their inherent specificity.
Conclusions: PancreaSeqGCwas not only accurate in predicting pancreatic
cyst type and advanced neoplasia but also improved the sensitivity of
current pancreatic cyst guidelines.

Keywords: intraductal oncocytic papillary neoplasm, intraductal papil-
lary mucinous neoplasm, mucinous cystic neoplasm, pancreatic ductal
adenocarcinoma, pancreatic neuroendocrine tumor, serous cystadenoma,
pseudocyst

(Ann Surg 2023;278:e789–e797)

P ancreatic cysts are a diverse group of lesions with protean
clinical, imaging, and pathologic features. Broadly, cysts

can be subdivided into non-neoplastic and neoplastic cysts.1

Non-neoplastic cysts include pseudocysts, retention cysts, and
others that can arise due to chronic pancreatitis. The remaining
cysts are neoplastic and consist of cystic neoplasms without
malignant potential, noninvasive cystic precursors to invasive
pancreatic ductal adenocarcinoma (PDAC), malignant cystic
neoplasms, and cystic degeneration of solid malignancies.
Serous cystadenomas (SCAs) are neoplastic cysts and, while
they can grow to be large, these neoplasms have no malignant
potential. In contrast, IPMNs, MCNs, and intraductal onco-
cytic papillary neoplasms (IOPNs) are noninvasive cystic
neoplasms that may progress to invasive PDAC, and hence
referred to as “cystic precursor neoplasms”.2 Due to their
histologic features, IOPNs are universally regarded to harbor
at least high-grade dysplasia. Cystic pancreatic neuroendocrine
tumors (cPanNETs) are malignant cystic neoplasms, whereas
solid pancreatic malignancies can also present as cystic lesions
(eg, PDAC).

Considering the wide array of entities, it is not surprising
that the frequent detection of a cyst by imaging represents a
clinical conundrum. In the preoperative setting, classifying a cyst
can be difficult. Many neoplastic cysts, such as IPMNs and SCAs,

and even non-neoplastic cysts, can clinically mimic one another.
This issue is more challenging when attempting to identify high-
grade dysplasia and early PDAC (advanced neoplasia) arising in
an IPMN/MCN. As a result, consensus- and evidence-based
guidelines have been developed to improve the evaluation of
pancreatic cysts.3–6 However, current guidelines, such as those by
the American Gastroenterology Association (AGA) and the
International Association of Pancreatology (IAP/Fukuoka),
demonstrate suboptimal sensitivity and specificity for detecting
advanced neoplasia.7,8

To address these limitations, targeted DNA-based next-
generation sequencing (NGS) of pancreatic cyst fluid was devel-
oped and validated in the retrospective and prospective clinical
settings.9–13 Studies have shown that mutations in KRAS/GNAS
and VHL achieve a high specificity for IPMNs/MCNs and SCAs,
respectively.14–16 Furthermore, genomic alterations in “high-
risk” genes, such as TP53, SMAD4, PIK3CA, and PTEN, are
associated with advanced neoplasia.9–12,17 There are, however,
numerous shortcomings associated with the sensitivity of this
targeted DNA-based approach. For instance, class 2 and class 3
BRAF mutations alterations have been described as a unique
feature of IPMNs. Similarly, recurrent gene fusions (GFs), such as
those involving BRAF and PRKACA/B were discovered to be
frequently associated with IPMNs and IOPNs, respectively.2,18,19

To our knowledge, none of the aforementioned genomic alter-
ations including the assessment of GF are evaluable with current,
clinically available gene panels for pancreatic cyst fluid testing.18

Moreover, the estimation of mutant allele frequencies (AFs) for
individual genes and identification of copy number alterations
(CNAs) should be of consideration when determining advanced
neoplasia.10,18,20 Hence, an updated version of DNA-based NGS
panels, such as PancreaSeq, is required.10,18 The aims of this study
were to: (1) develop a DNA/RNA-based NGS panel (PancreaSeq
Genomic Classifier) for the evaluation of endoscopic ultrasound-
fine needle aspiration (EUS-FNA) cyst fluid, (2) create a genomic
classifier to simplify the data analysis and reporting of cystic
precursor neoplasms and associated advanced neoplasia, and
(3) validate PancreaSeq GC to determine its diagnostic perfor-
mance in comparison to clinical and imaging parameters for the
assessment of pancreatic cysts.

MATERIALS AND METHODS

Study Population
Study approval was obtained from the University of

Pittsburgh Institutional Review Board (IRB# STUDY19070069).
EUS-FNA pancreatic cyst fluid specimens for training and vali-
dation were taken from the specimen archives of the Molecular
and Genomic Pathology (MGP) laboratory at the University of
PittsburghMedical Center (UPMC) between 2012 and 2019. Since
2006, pancreatic cyst fluid specimens have been submitted to
the UPMC MGP laboratory from multiple institutions for
routine clinical care in the assessment of a pancreatic cyst
(Fig. 1).2,7,10,14,15 Cross-referencing surgical resection pathology
follow-up that was submitted from participating institutions,
pancreatic cyst fluid specimens with sufficient nucleic acids were
identified and in total consisted of 185 specimens with confirmed
diagnostic pathology (Supplementary Table 1, Supplemental
Digital Content 1, http://links.lww.com/SLA/E858). The speci-
mens were further subdivided into training (n= 108) and vali-
dation (n= 77) cohorts (see Supplementary Data, Supplemental
Digital Content 1, http://links.lww.com/SLA/E858 for statistical
considerations). Patient data included demographics, clinical
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presentation, EUS findings, CEA levels if available, cytopatho-
logic diagnoses, and diagnostic surgical diagnoses.21 IPMNs,
MCNs, and IOPNs were defined as cystic precursor neoplasms,
whereas an IPMN, MCN, and IOPN with high-grade dysplasia
and/or an associated invasive adenocarcinoma were categorized as
advanced neoplasia.

PancreaSeq GC and Data Analysis
Nucleic acids were isolated from EUS-FNA pancreatic

cyst fluid specimens that were collected into a DNA/RNA
preservation solution. DNA and mRNA were isolated using
the MagNA Pure Compact instrument (Roche). Extracted
DNA and RNA were quantitated on the Glomax Discover
using the QuantiFluor ONE dsDNA System and the Quanti-
Fluor RNA system, respectively (Promega). NGS libraries of
genes summarized within the Supplementary Data, Supple-
mental Digital Content 1, http://links.lww.com/SLA/E858 were
created from 10 ng of DNA and 10 ng of RNA using the Ion
AmpliSeq Library kit PLUS and Ion Xpress Barcode Adapters
as previously described.22,23 These 74 genes include those
implicated in pancreatic cysts and associated neoplasms and
include “hot-spot” mutations, such as KRAS, GNAS, etc.,
copy number alterations/loss of heterozygosity, GFs, gene
expression alterations (GEAs; KRT7, KRT20, and PGK1) and
CHGA RNA expression. The libraries were normalized for
template preparationon the Ion Chef and sequenced on an Ion
S5 System according to the manufacturer’s instructions
(Thermo Fisher Scientific). The Torrent Suite Software v5.12
(Thermo Fisher Scientific) and an in-house developed software
Variant Explorer v2 were used for data analysis and

interpretation. In parallel, one-step quantitative reverse tran-
scription PCR (RT-qPCR) for CEACAM5 was performed.

CEACAM5 mRNA Expression by RT-qPCR
Primers and probes for the CEACAM5 gene and the

GUSB housekeeping control gene were designed and validated
in-house to measure mRNA expression of these genes. One-
step quantitative reverse transcription PCR (RT-qPCR) was
performed using TaqMan One-step RT to Ct Master Mix kit
and run on the ABI7500 real-time PCR instrument according
to manufacturer’s instructions (Applied Biosystems). Relative
quantity of CEACAM5 in Gene Expression Units (GEU) was
calculated according to the 2−ΔΔCt method.24 Additional
details are provided within the Supplementary Data, Supple-
mental Digital Content 1, http://links.lww.com/SLA/E858
section.

PancreaSeq GC Data Analysis
For the prediction of a cystic precursor neoplasm, each

detected genomic alteration was annotated to receive a value
(0–3) based on the strength of its association with a specific cystic
precursor neoplasm. A Genomic Classifier (GC) score for cystic
precursor neoplasms was calculated as a sum of the following
individual values: GC cystic precursor neoplasm score = xKRAS,
GNAS,RNF43,BRAF,PRKACA&PRKACB + xCEACAM5 + xKRT7/20,
x = weighted value, 0 to 3. In parallel, CHGA expression is
performed for each sample and evaluated for the presence of a
neuroendocrine tumor in samples that did not meet a cutoff for a
cystic precursor neoplasm. A CHGA value of > 50% was
deemed as positive result. For the prediction of advanced

FIGURE 1. A pancreatic cyst that was evaluated by PancreaSeq GC. A and B, An incidentally identified 1.2 cm cyst (white
arrowhead, pancreatic cyst) that communicated with the pancreatic duct and clinically suspicious for a branch-duct IPMN without
concerning imaging features. C, Cytopathology of EUS-FNA pancreatic cyst fluid detected atypical ductal cells in a background of
debris. Upon surgical resection, D, the macroscopic (yellow arrowhead, pancreatic cyst) and E, microscopic findings were con-
sistent with an IPMN involving the side-branch. F, In addition, high-grade dysplasia was identified within the IPMN; however, no
definitive invasive adenocarcinoma was seen. PancreaSeq GC has a cystic precursor score of 6 and a risk score of 5 (Supplementary
Table 1, Supplemental Digital Content 1, http://links.lww.com/SLA/E858, Case 28).
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neoplasia arising from a cystic precursor neoplasm, a similar GC
score was developed with each identified genomic alteration
receiving a value (0–3) based on its reported association with
high-grade dysplasia and PDAC.2,7,10,14,15,19,25–28 A risk score
for advanced neoplasia for PancreaSeq GC was calculated as
follows: GC risk score = xSNV/indel + xAF + xCNA/LOH + xGF +
xGEA); x = weighted value, 0 to 3; SNV/indel [single nucleotide
variant/small insertions and deletions, AF, CNA/LOH (loss of
heterozygosity), GFs, and GEAs are indicators of genomic
alteration type]. Weighted values and scoring were calculated
using bioinformatic algorithms using the aforementioned in-
house developed Variant Explorer v2 software. Additional
details are provided within the Supplementary Data, Supple-
mental Digital Content 1, http://links.lww.com/SLA/E858
section.

Statistical Analysis
Empirical sensitivity, specificity, positive predictive value

(PPV), and negative predictive value (NPV) with 95% Wilson
confidence intervals were calculated for each diagnostic parameter.
The true positive fraction (sensitivity) and the false positive fraction
(1-specificity) were plotted against the false positive rate in receiver-
operative characteristic curves. The area under the curve (AUC)
was computed by the trapezoidal method by the method of
DeLong.29 All statistical analyses were performed using the SPSS
Statistical software, V.28 (IBM), and statistical significance was
defined as a P value of <0.05.

RESULTS

Establishing a Genomic Classifier for Cystic Precursor
Neoplasms

The PancreaSeq GC was trained with 108 preoperative
EUS-FNA pancreatic cyst fluid specimens that correspond to
72 cystic precursor neoplasms and 36 other neoplastic and

non-neoplastic pancreatic cysts (Fig. 2). All 108 specimens
were sufficient for targeted DNA/RNA-based next-generation
sequencing and identified genomic alterations consisted of: KRAS
(44%), GNAS (32%), TP53 (19%), SMAD4 (14%), RNF43 (9%),
BRAF (6%), PIK3CA (6%), VHL (6%), MEN1 (4%), CTNNB1
(3%), PTEN (2%), and PRKACA/B (2%). Genomic alterations in
the MAPK genes (KRAS and BRAF) and GNAS had a sensitivity
and a specificity of 81% and 100% for a cystic precursor neoplasm
(Table 1). In the absence of MAPK/GNAS mutations, VHL
alterations were identified in 2 of 3 (66%) serous cystadenomas.
Further, MEN1 alterations that did not co-occur with mutations
in MAPK/GNAS were present in 3 of 10 (30%) cPanNETs. Gene
expression analysis revealed elevated CHGA mRNA in all 10
(100%) cPanNETs and one pseudocyst.

RT-qPCR for CEACAM5 was able to be performed for
94 (87%) cases and ranged from 0 to 140,400 gene expression
units (GEU). A cutoff of > 200 GEU was calculated to separate
cystic precursor neoplasms from other cystic lesions of the
pancreas with the highest sensitivity and highest specificity
(Supplementary Figure 1, Supplemental Digital Content 1,
http://links.lww.com/SLA/E858). The sensitivity and specificity
of CEACAM5 for a cystic precursor neoplasm were 80% and
97%, respectively, and yielded an AUC of 0.924. Conventional
CEA testing data was available for 83 patients and, at a cutoff of
≥ 192 ng/mL, CEA had a sensitivity of 69% and a specificity of
79% for a cystic precursor neoplasm, and yielded an AUC
of 0.818.

Integrating the presence versus absence of specific genomic
alterations, gene expression (eg, CHGA for exclusion), and ele-
vated CEACAM5, a cystic precursor score was developed to
separate IPMNs, MCNs, and IOPNs from other pancreatic
cysts. This scoring system (0 to 6) had a discriminating cutoff of
3 as a marker of a cystic precursor neoplasm that attained the
highest sensitivity and highest specificity with an AUC of 0.946.
Using this cutoff, the sensitivity, specificity, PPV, and NPV of
PancreaSeq GC for an IPMN, MCN, or IOPN was 90%, 100%,

FIGURE 2. An oncoplot of 108 pancreatic cyst fluid specimens that were used for PancreaSeq GC training and includes cyst type,
associated clinical features, and DNA/RNA-based sequencing results. At the bottom is a summary of genomic alterations involving
MAPK gene, GNAS, and/or RNF43 alterations; cystic precursor score; summary genomic alterations involving TP53, SMAD4, mTOR
genes, and CTNNB1; and risk score.
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100%, and 84%, respectively (Supplementary Figure 2A, Sup-
plemental Digital Content 1, http://links.lww.com/SLA/E858).

Establishing a Genomic Classifier for Risk of
Advanced Neoplasia

Among the 72 cystic precursor neoplasms within the
training cohort, 38 cases harbored advanced neoplasia. In com-
bination with MAPK/GNAS mutations, genomic alterations
in TP53, SMAD4, CTNNB1, and/or mTOR genes (PIK3CA,
PTEN, and AKT1) had a sensitivity of 71% and a specificity of
97% for advanced neoplasia. Integrating mutant AF, LOH/CNA,
gene fusions, and gene expression alterations, a risk score for
advanced neoplasia was created (0 to 7) with a discriminating
cutoff of 4 for advanced neoplasia that attained the highest sen-
sitivity and highest specificity with an AUC of 0.955. Based on this
cutoff, the sensitivity, specificity, PPV, and NPV of PancreaSeq
GC for advanced neoplasia were 84%, 97%, 84%, and 92%,
respectively (Supplementary Figure 2B, Supplemental Digital
Content 1, http://links.lww.com/SLA/E858). In comparison,
clinical symptoms, cyst size of > 3.0 cm, main pancreatic duct
dilatation, a mural nodule on EUS, and increasing cyst size were
all associated with lower sensitivities and lower specificities for
advanced neoplasia. Similarly, a cytopathologic diagnosis of at
least suspicious for adenocarcinoma had a lower sensitivity, but
the specificity was higher at 99%.

Validating the PancreaSeq Genomic Classifier
The genomic classifiers for cystic precursor neoplasms and

risk of advanced neoplasia were validated on an independent set
of 77 preoperative EUS-FNA pancreatic cyst fluid specimens
(Fig. 3). A PancreaSeq GC score of ≥ 3 for cystic precursor
neoplasms had a sensitivity, specificity, PPV, and NPV for an
IPMN, MCN, or IOPN was 95%, 100%, 100%, and 86%,
respectively (Table 2 and Supplementary Figure 3A, Supple-
mental Digital Content 1, http://links.lww.com/SLA/E858).
Alone, conventional CEA testing of ≥ 192 ng/mL demonstrated
a high specificity of 100%, but a low sensitivity of 65% for pre-
dicting a cystic precursor neoplasm. Based on a PancreaSeq
GC risk score of ≥ 4, the sensitivity, specificity, PPV, and NPV
for advanced neoplasia were 82%, 100%, 100%, and 91%,
respectively (Supplementary Figure 3B, Supplemental Digital
Content 1, http://links.lww.com/SLA/E858). Analogous to the
training cohort, clinical symptoms, cyst size of > 3.0 cm, main
pancreatic duct dilatation, a mural nodule on EUS, and
increasing cyst size were all associated with lower sensitivities
and lower specificities for advanced neoplasia. A cytopathologic
diagnosis of at least suspicious for adenocarcinoma also had a
lower sensitivity and a lower specificity than PancreaSeq GC.
The diagnostic performance of PancreaSeq GC and other
modalities for the combined training and validation cohorts are
summarized in Supplementary Table 2, Supplemental Digital
Content 1, http://links.lww.com/SLA/E858 and was superior in

TABLE 1. Diagnostic Performance of PancreaSeq GC Testing and Other Modalities Based on a Training Cohort of 108 Surgically
Confirmed Pancreatic Cysts

Parameter Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI)

IPMN
MAPK/GNAS mutations 90% (0.78–0.96) 86% (0.73–0.94) 88% (0.76–0.95) 88% (0.75–0.95)
Elevated CEA (n= 83)* 71% (0.55–0.84) 68% (0.52–0.81) 70% (0.54–0.82) 70% (0.53–0.83)
Elevated CEACAM5 (n= 94)* 92% (0.80–0.97) 84% (0.69–0.93) 87% (0.74–0.94) 90% (0.76–0.97)
Cystic precursor score (≥3) 98% (0.93–1.00) 82% (0.69–0.91) 86% (0.75–0.93) 98% (0.86–1.00)

IPMN with advanced neoplasia
MAPK/GNAS & TP53, SMAD4, CTNNB1 and/or mTOR gene

mutations
74% (0.55–0.87) 95% (0.86–0.98) 86% (0.67–0.97) 89% (0.79–0.94)

Associated clinical symptoms (n= 106)* 50% (0.32–0.68) 50% (0.38–0.62) 30% (0.19–0.45) 70% (0.56–0.81)
Index cyst size > 3.0 cm (n= 107)* 61% (0.42–0.77) 37% (0.26–0.49) 30% (0.20–0.42) 68% (0.51–0.81)
Main pancreatic duct dilatation (n= 106)* 50% (0.32–0.68) 73% (0.61–0.82) 44% (0.28–0.62) 77% (0.65–0.86)
Presence of a mural nodule (n= 106)* 16% (0.06–0.34) 84% (0.73–0.91) 29% (0.11–0.56) 70% (0.59–0.79)
Increasing index cyst size (n = 45)* 33% (0.13–0.61) 37% (0.21–0.56) 21% (0.08–0.43) 52% (0.30–0.74)
Malignant cytopathology (n= 106)† 24% (0.12–0.43) 99% (0.92–1.00) 89% (0.51–0.99) 74% (0.64–0.82)
Risk of advanced neoplasia score (≥4) 82% (0.65–0.93) 92% (0.83–0.97) 82% (0.65–0.93) 92% (0.83–0.97)

IPMN, MCN, and IOPN
MAPK/GNAS mutations 81% (0.69–0.89) 100% (0.88–1.00) 100% (0.92–1.00) 72% (0.58–0.83)
Elevated CEA (n= 83)* 69% (0.54–0.80) 79% (0.60–0.91) 86% (0.71–0.94) 58% (0.41–0.73)
Elevated CEACAM5 (n= 94)* 80% (0.68–0.89) 97% (0.80–1.00) 98% (0.89–1.00) 68% (0.52–0.81)
Cystic precursor score (≥3) 90% (0.80–0.96) 100% (0.88–1.00) 100% (0.93–1.00) 84% (0.69–0.93)

IPMN, MCN, and IOPN with advanced neoplasia
MAPK/GNAS & TP53, SMAD4, CTNNB1 and/or mTOR gene

mutations
71% (0.54–0.84) 97% (0.89–1.00) 93% (0.76–0.99) 86% (0.76–0.93)

Associated clinical symptoms (n= 106)* 47% (0.31–0.64) 49% (0.37–0.61) 32% (0.20–0.47) 64% (0.50–0.77)
Index cyst size > 3.0 cm (n= 107)* 65% (0.47–0.79) 39% (0.27–0.51) 36% (0.25–0.49) 68% (0.51–0.81)
Main pancreatic duct dilatation (n= 106)* 50% (0.33–0.67) 74% (0.62–0.84) 50% (0.33–0.67) 74% (0.62–0.84)
Presence of a mural nodule (n= 106)* 19% (0.08–0.37) 86% (0.75–0.93) 41% (0.19–0.67) 67% (0.57–0.77)
Increasing index cyst size (n= 45)* 41% (0.19–0.67) 39% (0.22–0.59) 29% (0.13–0.51) 52% (0.30–0.74)
Malignant cytopathology (n= 106)† 22% (0.10–0.39) 99% (0.91–1.00) 89% (0.51–0.99) 70% (0.60–0.79)
Risk of advanced neoplasia score (≥ 4) 84% (0.69–0.93) 97% (0.89–1.00) 94% (0.79–-0.99) 92% (0.83–0.97)

CEA indicates carcinoembryonic antigen; IOPN, intraductal oncocytic papillary neoplasm; IPMN, intraductal papillary mucinous neoplasm; LOH, loss of hetero-
zygosity; MCN, mucinous cystic neoplasm; NPV, negative predictive value; PPV, positive predictive value.

*n designates the number of patients with data available for analysis.
†Malignant cytopathology was defined as at least suspicious for adenocarcinoma.
CEA indicates carcinoembryonic antigen; IOPN, intraductal oncocytic papillary neoplasm; IPMN, intraductal papillary mucinous neoplasm; LOH, loss of hetero-

zygosity; MCN, mucinous cystic neoplasm; NPV, negative predictive value; PPV, positive predictive value.
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comparison to DNA-based testing alone as summarized in
Supplementary Table 3, Supplemental Digital Content 1, http://
links.lww.com/SLA/E858. Of note, although all adenocarcino-
mas associated with a cystic precursor neoplasm were all early-
stage carcinomas (pT1aN0 or pT1bN0), a separate analysis was
performed to evaluate the diagnostic performance of PancreaSeq
GC for high-grade dysplasia is a cystic precursor neoplasm and
summarized in Supplementary Table 4, Supplemental Digital
Content 1, http://links.lww.com/SLA/E858.

Evaluation of cPanNETs and Non-neoplastic
Pancreatic Cysts

In total, our study also included 24 cPanNET and 24 non-
neoplastic cysts. PancreaSeq GC (elevated CHGA) had 100%
sensitivity, 99% specificity, 96% PPV, and 100% NPV for a
diagnosis of a cPanNETs. A cytopathologic diagnosis of at least
suspicious for a neuroendocrine neoplasm had a lower sensitivity
of 83%, but 100% specificity for a cPanNET. The diagnostic
performance of PancreaSeq GC was also evaluated to determine
its ability to distinguish a non-neoplastic pancreatic cyst from a
neoplastic pancreatic cyst. A negative PancreaSeq GC that
denotes an absence of gene mutations, gene fusions, CNAs, and
GEAs had a sensitivity, specificity, PPV, and NPV of 95%, 95%,
69%, and 99%, respectively, for a non-neoplastic pancreatic cyst.

Comparison and Integration of PancreaSeq GC to
Current Pancreatic Cyst Guidelines

The clinicopathologic features of all patients with this study
are summarized in Supplementary Table 5, Supplemental Digital
Content 1, http://links.lww.com/SLA/E858 with respect to Pan-
creaSeq GC scores. Considering current pancreatic cyst guidelines
have primarily focused on detecting advanced neoplasia in

IPMNs, a subanalysis of only 107 resected IPMNs (training and
validation cohorts) revealed PancreaSeq GC attained a sensitivity
and a specificity of 81% and 98%, respectively, for advanced
neoplasia (Table 3). A comparison of criteria for surgical
management from the AGA guidelines and the IAP/Fukuoka
guidelines showed lower sensitivities (64% and 77%) and lower
specificities (66% and 40%). Incorporating PancreaSeq GC as
another criterion to the AGA guidelines and IAP/Fukuoka
guidelines increased the sensitivity to 91% and 95%, respectively.

In the prospective clinical setting, identifying IPMNs can be
challenging. Therefore, the AGA guidelines, the IAP/Fukuoka
guidelines, and PancreaSeq GC were evaluated for their ability to
identify IPMNs, MCNs, and IOPNs with advanced neoplasia
among the entire study cohort. The sensitivity and specificity of
the AGA guidelines were 62% and 79%, respectively, whereas the
IAP/Fukuoka guidelines yielded a sensitivity of 75% and a spe-
cificity of 60%. PancreaSeq GC alone had an 83% sensitivity and
99% specificity. Combining PancreaSeq GC to the AGA guide-
lines and the IAP/Fukuoka guidelines as another criterion
increased the sensitivities to 92% and 95%, respectively, whereas
the specificities were 79% and 60%, respectively.

DISCUSSION
The heterogeneous nature of pancreatic cysts necessitates

a multi-biomarker approach to the evaluation of pancreatic cyst
fluid. PancreaSeq GC was designed to improve upon current
molecular assays by incorporating a 74-gene panel to evaluate
the intricacies and the nuances of not only neoplastic cysts (eg,
mutant AF, gene fusions, CHGA, etc.), but also non-neoplastic
pancreatic cysts.2,10,19 Considering the complexities of this novel
panel, a genomic classifier was created for the detection of cystic

FIGURE 3. An oncoplot of 77 pancreatic cyst fluid specimens that were used for PancreaSeq GC validation and includes cyst type,
associated clinical features, and DNA/RNA-based sequencing results. At the bottom are the corresponding cystic precursor and risk
scores.

Nikiforova et al Annals of Surgery � Volume 278, Number 4, October 2023

e794 | www.annalsofsurgery.com Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc.

http://links.lww.com/SLA/E858
http://links.lww.com/SLA/E858
http://links.lww.com/SLA/E858
http://links.lww.com/SLA/E858


precursor neoplasms and their risk of advanced neoplasia. Using
a two-phase biomarker approach, PancreaSeq GC with a cystic
precursor score of ≥3 achieved 95% sensitivity, 100% specificity,
100% PPV, and 86% NPV for either an IPMN, MCN, or IOPN.
In addition, the sensitivity, specificity, PPV, and NPV for
advanced neoplasia using a PancreaSeq GC risk score of ≥ 4
were 82%, 100%, 100%, and 91%, respectively.

The discrimination between cystic precursor neoplasms
and other pancreatic cysts is challenging but imperative to
stratifying patients for appropriate surveillance protocols and
management options. This issue becomes more critical when
dispelling both patient and physician anxiety with regard to the
risk of an underlying PDAC, such as in the case of an SCA
mimicking an IPMN. Not surprisingly, the classification of
pancreatic cyst type requires a multimodal assessment of clinical
features, imaging findings, and pancreatic cyst fluid analysis.
Pancreatic cyst fluid testing for elevated CEA is one of the most
accurate assays to the diagnosis of a cystic precursor neoplasm,
such as an IPMN.30 Herein, an elevated CEA within the training
and validation cohorts showed sensitivities of 69% and 65%,
respectively, and specificities of 79% and 100%, respectively.
Similarly, a recent meta-analysis of 31 studies by Faias et al
found elevated CEA to be associated with a pooled sensitivity of
67% and a pooled specificity of 80% for IPMNs and MCNs.31

However, the authors noted significant inconsistencies in sensi-
tivity and specificity for CEA across studies. They attributed the
lack of reproducible performance due to the wide range of CEA

analyzers in clinical practice. Thus, to standardize CEA testing
and provide an integrative molecular analysis with the under-
standing that aspirated pancreatic cyst fluid is limited in volume,
PancreaSeq GC quantitatively measures CEACAM5, the cor-
responding mRNA for CEA, was superior to CEA, and had a
sensitivity and specificity of 91% and 89%, respectively. Fur-
thermore, the combination of CEACAM5 along with other
alterations that correspond to a PancreaSeq GC cystic precursor
score of ≥ 3 improved the sensitivity to 95% and specificity to
100%. Importantly, the NPV of PancreaSeq GC was 86%,
whereas CEA testing was only 39%.

Upon establishing a diagnosis of a cystic precursor neo-
plasm, equally problematic is determining the presence versus
absence of advance neoplasia. Several clinicopathologic features
suggestive of advanced neoplasia have been identified: large cyst
size (> 3.0 cm), symptoms related to duct obstruction, main
pancreatic duct dilatation, a mural nodule, and high-grade epi-
thelial atypia by cytopathology.3–6 Individually, however, these
parameters demonstrate suboptimal diagnostic performance in
either sensitivity, specificity, or both.10,32,33 Recently, numerous
studies have reported the association of genomic alterations in
TP53, SMAD4, CTNNB1, and the mTOR genes (“high-risk”
genes) with advanced neoplasia.7,10–12 But the presence of high-
risk genomic alterations in the absence of MAPK/GNAS
mutations can be found in SCAs and cPanNETs.10,34 These
findings therefore underscore the importance of defining pan-
creatic cyst type when evaluating for advanced neoplasia.

TABLE 2. Diagnostic Performance of PancreaSeq GC Testing and Other Modalities Based on Validation Cohort of 77 Surgically
Confirmed Pancreatic Cysts

Parameter Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI)

IPMN
MAPK/GNAS mutations 85% (0.72–0.93) 91% (0.71–0.99) 96% (0.85–0.99) 72% (0.53–0.87)
Elevated CEA (n= 49)* 66% (0.48–0.80) 79% (0.49–0.94) 89% (0.69–0.97) 48% (0.27–0.69)
Elevated CEACAM5 (n= 74)* 96% (0.85–0.99) 83% (0.61–0.94) 93% (0.81–0.98) 91% (0.68–0.98)
Cystic precursor score (≥ 3) 95% (0.84–0.99) 95% (0.74–1.00) 98% (0.89–1.00) 87% (0.65–0.97)

IPMN with advanced neoplasia
MAPK/GNAS & TP53, SMAD4, CTNNB1 and/or mTOR gene

mutations
80% (0.59–0.92) 98% (0.88–1.00) 95% (0.74–1.00) 91% (0.80–0.97)

Associated clinical symptoms (n= 73)* 40% (0.22–0.61) 75% (0.60–0.86) 46% (0.25–0.67) 71% (0.56–0.82)
Index cyst size > 3.0 cm (n= 75)* 52% (0.32–0.72) 54% (0.40–0.68) 36% (0.21–0.54) 69% (0.52–0.83)
Main pancreatic duct dilatation (n= 76)* 64% (0.43–0.81) 77% (0.62–0.87) 57% (0.37–0.75) 81% (0.67–0.91)
Presence of a mural nodule (n= 77)* 48% (0.28–0.68) 79% (0.65–0.89) 52% (0.31–0.73) 76% (0.62–0.86)
Increasing index cyst size (n= 37)* 50% (0.22–0.78) 64% (0.43–0.81) 40% (0.18–0.67) 73% (0.50–0.88)
Malignant cytopathology (n= 77)† 52% (0.32–0.72) 94% (0.83–0.99) 81% (0.54–0.95) 80% (0.68–0.89)
Risk of advanced neoplasia score (≥ 4) 80% (0.59–0.92) 96% (0.86–0.99) 91% (0.69–0.98) 91% (0.79–0.97)

IPMN, MCN, and IOPN
MAPK/GNAS mutations 81% (0.69–0.90) 100% (0.78–1.00) 100% (0.91–1.00) 62% (0.42–0.79)
Elevated CEA (n= 49)* 65% (0.48–0.80) 100% (0.63–1.00) 100% (0.84–1.00) 39% (0.21–0.61)
Elevated CEACAM5 (n= 74)* 91% (0.80–0.97) 89% (0.64–0.98) 96% (0.86–0.99) 76% (0.53–0.91)
Cystic precursor score (≥ 3) 95% (0.85–0.99) 100% (0.78–1.00) 100% (0.92–1.00) 86% (0.63–0.96)

IPMN, MCN, and IOPN with advanced neoplasia
MAPK/GNAS & TP53, SMAD4, CTNNB1 and/or mTOR gene

mutations
78% (0.57–0.91) 100% (0.91–1.00) 100% (0.81–1.00) 89% (0.78–0.96)

Associated clinical symptoms (n= 73)* 41% (0.23–0.61) 76% (0.61–0.87) 50% (0.29–0.71) 69% (0.54–0.81)
Index cyst size > 3.0 cm (n= 75)* 52% (0.32–0.71) 56% (0.41–0.70) 40% (0.24–0.58) 68% (0.51–0.81)
Main pancreatic duct dilatation (n= 76)* 59% (0.39–0.77) 76% (0.61–0.86) 57% (0.37–0.75) 77% (0.62–0.88)
Presence of a mural nodule (n= 77)* 48% (0.29–0.68) 80% (0.66–0.90) 57% (0.35–0.76) 74% (0.60–0.85)
Increasing index cyst size (n= 37)* 50% (0.24v0.76) 65% (0.43–0.83) 47% (0.22–0.73) 68% (0.45–0.85)
Malignant cytopathology (n= 77)† 52% (0.32–0.71) 96% (0.85–0.99) 88% (0.60–0.98) 79% (0.66–0.88)
Risk of advanced neoplasia score (≥ 4) 82% (0.61–0.93) 100% (0.91–1.00) 100% (0.82–1.00) 91% (0.79–0.97)

*n designates the number of patients with data available for analysis.
†Malignant cytopathology was defined as at least suspicious for adenocarcinoma.
CEA indicates carcinoembryonic antigen; IOPN, intraductal oncocytic papillary neoplasm; IPMN, intraductal papillary mucinous neoplasm; LOH, loss of hetero-

zygosity; MCN, mucinous cystic neoplasm; NPV, negative predictive value; PPV, positive predictive value.
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Furthermore, we previously reported the importance of mutant
AFs in the detection of advanced neoplasia arising from a cystic
precursor neoplasm.10 In rare instances, the mutant AF for
MAPK/GNAS alterations can be > 55% through either deletion
of the wild-type allele or copy number gain of the mutant allele.
This phenomenon is known as mutant allele-specific imbalance
or LOH and corresponds to the identification of advanced
neoplasia. Another point of consideration is the mutant AF for
TP53 and PIK3CA. In combination with MAPK/GNAS muta-
tions, TP53 and PIK3CA alterations have not only been
described in advanced neoplasia, but also low-grade dysplasia.
However, in the setting of low-grade dysplasia, the mutant AF
for TP53 and PIK3CA is at a low level as compared to MAPK/
GNAS mutations.

Considering the intricacies of interpreting concurrent
genomic alterations (eg, MAPK/GNAS with TP53) and mutant
AFs, the creation of a genomic classifier that integrates various
molecular permutations associated with advanced neoplasia
became necessary. Within the validation cohort, a PancreaSeq
GC risk score of ≥4 was superior in diagnostic performance as
compared to clinicopathologic features. Moreover, PancreaSeq
GC improved the sensitivity of the IAP/Fukuoka and AGA
guidelines. Nonetheless, the IAP/Fukuoka and the AGA guide-
lines were designed with the intent of evaluating IPMNs alone.
Within a subanalysis of the 107 surgically confirmed IPMNs
within this study, PancreaSeq GC continued to attain higher
sensitivity and higher specificity than either guideline. Fur-
thermore, the addition of PancreaSeq GC as a criterion
improved the sensitivities of each guideline by > 10%. Addi-
tional advantages of PancreaSeq GC are its ability to identify
cPanNETs and non-neoplastic cysts. In fact, PancreaSeq GC
attained a higher sensitivity for cPanNETs of 100% as compared
to cytopathologic evaluation of 83%. Similar to pancreatic cysts,

PanNETs are also increasing in incidence due to the frequent use
of abdominal imaging, and, thus, additional biomarkers are
required to aid in stratifying risk of distant metastasis.18,35–38

PancreaSeq GC may represent the foundation for which to build
prognostic biomarkers for PanNET patients.

There are several limitations to this study that should be
acknowledged. It is retrospective in design and because a surgical
diagnosis is required to assess test performance, the study suffers
from a surgical selection bias. However, all EUS-FNA pancre-
atic cyst fluid specimens were collected in real-time and as part of
clinical care. We also recognize the presence of a testing selection
bias as specimens used within this study were previously deemed
satisfactory for molecular analysis. The effect of a testing
selection bias is likely to be minimal considering our previously
reported failure rate of 2% to 7%.7,10,15 It is also important to
note that the sensitivity of MAPK/GNAS mutations with high-
risk gene alterations for advanced neoplasia was lower within the
training and validation cohorts than previously reported.10

Nucleic acid degradation may explain this discrepancy as
the specimens used were approximately 3 to 10 years old.
Prospective testing is therefore required to determine the true
diagnostic performance of PancreaSeq GC and is currently
underway. However, additional studies will be required to
ascertain the optimal approach for PancreaSeq GC testing and
how PancreaSeq GC should be incorporated into current and
future pancreatic cyst guidelines.

In summary, PancreaSeq GC is a DNA/RNA-based tar-
geted NGS panel for the evaluation of EUS-FNA pancreatic
cyst fluid to aid in the classification of pancreatic cyst type, such
as cystic precursor neoplasms, and the detection of advanced
neoplasia. Considering the large breadth of DNA and RNA
alterations associated with neoplastic and non-neoplastic pan-
creatic cysts, a genomic classifier to integrate the molecular

TABLE 3. Comparison of PancreaSeq GC Testing and Pancreatic Cyst Guideline Recommendations

Parameter Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI)

IPMN with advanced neoplasia among IPMNs only*
AGA guidelines 64% (0.49–0.75) 66% (0.51–0.78) 68% (0.54–0.80) 61% (0.47–0.74)
IAP/Fukuoka guidelines 77% (0.64–0.87) 40% (0.27–0.55) 60% (0.47–0.71) 61% (0.42–0.77)
PancreaSeq GC† 81% (0.68–0.90) 98% (0.88–1.00) 98% (0.87–1.00) 82% (0.69–0.90)
AGA guidelines OR PancreaSeq GC† 91% (0.80–0.97) 66% (0.51–0.78) 75% (0.63–0.85) 87% (0.71–0.95)
IAP/Fukuoka guidelines OR PancreaSeq GC† 95% (0.85–0.99) 40% (0.27–0.55) 64% (0.53–0.74) 87% (0.65–0.97)
AGA guidelines AND PancreaSeq GC† 53% (0.39–0.66) 98% (0.88–1.00) 97% (0.82–1.00) 65% (0.53–0.75)
IAP/Fukuoka guidelines AND PancreaSeq GC† 63% (0.49–0.75) 98% (0.88–1.00) 97% (0.84–1.00) 70% (0.58–0.80)

IPMN with advanced neoplasia among all pancreatic cysts‡
AGA guidelines 63% (0.49–0.75) 77% (0.69–0.84) 56% (0.43–0.68) 82% (0.73–0.88)
IAP/Fukuoka guidelines 77% (0.64–0.87) 59% (0.50–0.68) 47% (0.37–0.57) 85% (0.75–0.91)
PancreaSeq GC† 81% (0.68–0.90) 94% (0.88–0.98) 87% (0.74–0.94) 91% (0.85–0.95)
AGA guidelines OR PancreaSeq GC† 91% (0.80–0.97) 75% (0.66–0.82) 63% (0.51–0.73) 95% (0.88–0.98)
IAP/Fukuoka guidelines OR PancreaSeq GC† 95% (0.85–0.99) 57% (0.48–0.66) 51% (0.41–0.60) 96% (0.88–0.99)
AGA guidelines AND PancreaSeq GC† 53% (0.39–0.66) 97% (0.91–0.99) 88% (0.72–0.96) 82% (0.74–0.87)
IAP/Fukuoka guidelines AND PancreaSeq GC† 63% (0.49–0.75) 97% (0.91–0.99) 90% (0.75–0.97) 85% (0.78–0.90)

IPMN, MCN, and IOPN with advanced neoplasia among all pancreatic cysts‡
AGA guidelines 62% (0.49–0.74) 79% (0.70–0.85) 61% (0.48–0.73) 79% (0.71–0.86)
IAP/Fukuoka guidelines 75% (0.62–0.84) 60% (0.50–0.69) 50% (0.40–0.60) 81% (0.71–0.89)
PancreaSeq GC† 83% (0.71–0.91) 99% (0.95–1.00) 98% (0.89–1.00) 91% (0.85–0.95)
AGA guidelines OR PancreaSeq GC† 92% (0.82–0.97) 79% (0.70–0.86) 70% (0.59–0.79) 95% (0.88–0.98)
IAP/Fukuoka guidelines OR PancreaSeq GC† 95% (0.86–0.99) 60% (0.50–0.69) 56% (0.46–0.66) 96% (0.88–0.99)
AGA guidelines AND PancreaSeq GC† 52% (0.40–0.65) 99% (0.95–1.00) 97% (0.83–1.00) 80% (0.72–0.86)
IAP/Fukuoka guidelines AND PancreaSeq GC† 62% (0.49–0.74) 99% (0.95–1.00) 98% (0.85–1.00) 83% (0.75–0.89)

*Based on 107 surgically confirmed IPMNs (both training and validation study cohorts) with correlative clinical, imaging, and cytopathologic findings.
†Positive PancreaSeq GC testing was defined based on a risk of advanced neoplasia score of ≥4.
‡Based on 180 surgically confirmed pancreatic cysts (both training and validation study cohorts) with correlative clinical, imaging, and cytopathologic findings.
CEA indicates carcinoembryonic antigen; IOPN, intraductal oncocytic papillary neoplasm; IPMN, intraductal papillary mucinous neoplasm; LOH, loss of hetero-

zygosity; MCN, mucinous cystic neoplasm; NPV, negative predictive value; PPV, positive predictive value.
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results of PancreaSeq GC was required. Among 185 EUS-FNA
pancreatic cyst fluid specimens from multiple institutions, Pan-
creaSeq GC showed superior performance in the identification of
cystic precursor neoplasms and advanced neoplasia as compared
to standard clinical, imaging, cytopathologic, and ancillary fluid
parameters. Moreover, the addition of PancreaSeq GC
improved the diagnostic sensitivity of current pancreatic cyst
guidelines, such as the IAP/Fukuoka and AGA guidelines, while
maintaining their inherent diagnostic specificities.
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