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A B S T R A C T   

Pancreatic cancer is one of the deadliest malignancies. Therefore, there is an urgent need to detect pancreatic 
cancer in an earlier stage to improve outcomes. A variety of hereditary cancer syndromes have been associated 
with an increased risk of developing pancreatic cancer, and these individuals may benefit from surveillance 
programs. Surveillance programs have shown potential to improve outcomes, but have important risks such as 
overtreatment. In this review we will discuss the definitions and epidemiology of hereditary pancreatic cancer, 
recommendations for genetic testing and participation in surveillance. Important aspects are differences in 
surveillance strategies, target lesions, and potential benefits and harms of surveillance. Lastly we will highlight 
future directions for research and improvement of care for individuals at high-risk of pancreatic cancer.   

1. Introduction 

Pancreatic cancer incidence and mortality are rapidly increasing. 
Globally, the number of incidence cases has more than doubled from 
1990 to 2017 and pancreatic cancer is expected to be the second leading 
cause of cancer-related mortality in the United States in 2030 [1]. As 
only a minority of around 16% of patients present with a resectable 
tumour at time of presentation [2], there is an urgent need for detection 
and treatment of early lesions to improve outcomes. Widespread general 
population-based screening is currently not feasible due to the low 
overall incidence (5.7 per 100.000 person-years) and lack of accurate 
diagnostic tests [3,4]. However, it is estimated that up to 10% of cases 
arise in individuals with a strong family history or carriers of a germline 
mutation [5], referred to as high-risk individuals (HRI), for which sur-
veillance is recommended [6–8]. This review evaluates the definitions, 
criteria and epidemiology of hereditary pancreatic cancer, surveillance 
strategies and future directions. 

2. Definitions and epidemiology 

2.1. High-risk individuals and inherited cancer syndromes 

The average lifetime risk of pancreatic cancer in the general popu-
lation is approximately 1.5% [9]. There is consensus that individuals 
with a greater than 5% lifetime risk of pancreatic cancer, or a 5-fold 
increased relative risk, are considered HRI [10]. HRI can be divided as 
familial pancreatic cancer (FPC) or with a hereditary cancer syndrome, 
which have a varying population prevalence and pancreatic cancer risk 
(Table 1). Various germline mutations have been associated with 
development of pancreatic cancer, and specifically pancreatic ductal 
adenocarcinoma (PDAC), that develop in the exocrine tissue of the 
pancreas. PDAC encompasses 94% of pancreatic cancer [11]. Other 
more rare pancreatic malignancies such as (adeno)squamous carcinoma, 
colloid carcinoma and neuroendocrine tumours are beyond the scope of 
this review. 
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2.2. Familial pancreatic cancer 

Familial pancreatic cancer (FPC) is defined as a family clustering of 
pancreatic cancer with at least two first-degree relatives (FDR) without a 
known hereditary cancer syndrome (nonsyndromic FPC). The risk of 
pancreatic cancer increases with the number of affected family mem-
bers. Klein et al. [12] estimated that individuals with one FDR have a 4.6 
fold, two FDR a 6.4 and three FDR a 32.0-fold elevated risk. It is however 
important to consider the presence of germline mutations, as 29% of 
incident cases appeared to have a germline breast cancer susceptibility 
gene 2 (BRCA2) mutation. An early onset of pancreatic cancer in the 
family of a FPC kindred is associated with a higher risk of developing 
pancreatic cancer themselves. The estimated lifetime risk is around 15% 
for individuals with one or two FDR in which one of the family members 
was diagnosed before the age of 40 years [13]. 

2.3. Hereditary pancreatic cancer 

Approximately 50 forms of hereditary cancer syndromes are recor-
ded in humans [14]. Of these, a variety have been associated with 
development of pancreatic cancer (Table 1). Knudson’s “two-hit” hy-
pothesis [15], in which the first genetic hit is a consequence of a 
germline mutation of one allele and the second hit is a somatic deletion 
of another (loss-of-heterozygosity), is an appealing concept which has 
been demonstrated in all sorts of autosomal dominant inherited cancers, 
including pancreatic cancer [16]. Noteworthy, a recent study identified 
second hits in the tumor in only 44.4% of patients with germline variants 
[17]. These findings reaffirm that cancer syndromes are genetically 
complex diseases, each which distinct etiological pathways, and that 
loss-of-heterozygosity is not fully explanatory for all hereditary 
pancreatic syndromes. A thorough understanding of malignant pro-
gression in distinct germline mutations warrants further study. 

2.4. Familial adenomatous polyposis (APC) 

Familial adenomatous polyposis (FAP) is a rare hereditary, auto-
somal dominant syndrome resulting from inactivating mutations in the 
APC gene. Up to 25% of the APC mutations are de novo. [18] In absence 
of the APC tumor suppressor protein, cellular overgrowth will result in 
the formation of polyps in the gastrointestinal tract, primarily in the 
colorectum and duodenum. FAP has been associated with several 
extraintestinal cancers, including the brain, thyroid and the liver [19]. 

Epidemiological reports of FAP and pancreatic cancer are scarce, but 
patients with FAP appear to have an approximately 5-fold increased risk 
(relative risk 4.5; 95% CI, 1.2–11.4) relative to the general population 
[20]. Surveillance in APC has not been included in latest guidelines [6, 
21]. 

2.5. Ataxia-telangiectasia (ATM) 

Ataxia-telangiectasia (AT), also referred to as Louis-Bar syndrome is 
a rare (1/40,000 to 1/100,000 live births), autosomal recessive inheri-
ted disorder characterized by telangiectasia, immunodeficiency and 
central and peripheral neurodegeneration. Associated is an increased 
susceptibility for malignancies, particularly hematological cancers. The 
overall cancer risk is 60–180 times higher than the general population 
[22]. Roberts and colleagues published the first reports on the associa-
tion between pathogenic ATM mutations and pancreatic cancer [23]. 
One large study in 3,030 unselected pancreatic cancer cases found a 
prevalence of germline mutation in ATM in 2.3% [24]. Recent findings 
from a study among 130 AT kindreds estimated the cumulative risk of 
pancreatic cancer 9.5% (95% CI, 5.0%–14.0%) by age 80 years and a 
substantial relative risk of 6.5 (95% CI, 4.5–9.5) compared with non-
carriers [25]. 

2.6. Hereditary breast and ovarian cancer syndrome (BRCA1/2) 

The majority of women with inherited breast and/or ovarian cancers 
carry a pathogenic variant in breast cancer susceptibility gene 1 
(BRCA1) or BRCA2. BRCA proteins play a key role in DNA repair by 
promoting efficient and precise repair of double-strand breaks. The 
prevalence of deleterious BRCA mutations is relatively high 0.2%–0.3% 
in the general population, but even higher in specific subgroups, such as 
Ashkenazi Jewish women (2%) [26]. Germline mutations in BRCA1/2 
are found in patients with pancreatic cancer in 5%–9%. Carriers of 
BRCA2 mutations are at a higher lifetime risk of pancreatic cancer than 
BRCA1 variants, 3.0–7.0% and 2.2%–3.0%, respectively [27,28]. 

2.7. Hereditary melanoma (CDKN2A/p16) 

The cyclin-dependent kinase inhibitor 2A (CDKN2A) gene encodes 
for p16IKN4a and p14ARF tumour suppressor proteins. CDKN2A is the 
most commonly identified gene mutation in hereditary melanoma, also 
designated as familial atypical multiple melanoma mole (FAMMM) 

Table 1 
Epidemiology of germline mutations, associated cancer syndromes and risk of pancreatic cancer.  

Gene(s) Cancer syndrome Inheritance 
pattern 

Prevalence 
general 
population 

Associated cancers Relative risk 
for PC 

Lifetime risk 
for PC 

Ref. 

APC Familial Adenomatous 
Polyposis (FAP) 

Autosomal 
dominant 

1/10,000 Gastrointestinal, brain, thyroid, 
hepatic 

4.5  [19,98] 

ATM Ataxia-telangiectasia (AT) Autosomal 
recessive 

1/40,000–1/ 
100,000 

Lymphoma, acute leukemia, breast 6.5 9.5% [25,99] 

BRCA1 Hereditary Breast and Ovarian 
syndrome (HBOC) 

Autosomal 
dominant 

1/300-1/500 Breast, ovarian, prostate 2.3–3.0 2.2%–3.0% [26–28] 
BRCA2 3.5–10.0 3.0%–7.0% 
CDKN2A/ 

p16 
Familial Atypical Multiple 
Melanoma Mole (FAMMM) 
syndrome 

Autosomal 
dominant 

<1/1,000 Melanoma and non-melanoma skin, 
oropharynx, respiratory, respiratory 

13–47.8 19% [24,32, 
33] 

STK11/LKB1 Peutz-Jeghers syndrome (PJS) Autosomal 
dominant 

1/50,000–1/ 
200,000 

Colorectal, breast, small bowel, 
gastric 

132 11%–36% [35,37, 
38] 

MLH1/ 
MSH2/ 
MSH6 

Hereditary nonpolyposis 
colorectal cancer (Lynch 
syndrome) 

Autosomal 
dominant 

1/279-1/2,000 Gastrointestinal, endometrial, 
urological 

8.6 3.68% [39,41, 
100] 

PALB2 – Autosomal 
dominant 

1/500 Breast, ovarian 2.4 4% [44,45] 

TP53 Li-Fraumeni syndrome Autosomal 
dominant 

1/3,000–1/5,000 Breast, sarcoma, leukemia, 
adrenocortical, brain 

7.3 – [49,51] 

PRSS1/ 
SPINK1 

Hereditary pancreatitis Autosomal 
dominant (PRSS1) 

<1/100,000 – 69 7.2%– 
53.3% 

[55–57]  
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syndrome [29]. Carriers of a germline mutation have a strongly elevated 
lifetime risk of 70% for cutaneous melanoma [30]. Pathogenic muta-
tions in the CDKN2A variant that affect the p16INK4a protein 
(CDKN2A/p16) result in a high risk of developing PDAC. A study by 
Vasen et al., conducted in a large cohort of Dutch CDKN2A/p16 muta-
tion carriers (designated as “p16-Leiden”), demonstrated a cumulative 
incidence of 19% by the age of 70 [31]. The relative risk of PDAC with 
this specific CDKN2A/p16 mutation was estimated at 47.8 (95% CI, 
28.4–74.7) compared to the general population [32]. Germline muta-
tions are rarely found in the general population (<0.01%) [33]. Esti-
mations of the frequency of mutations in unselected pancreatic cancer 
probands vary between 0.3% and 4%, which appears to be strongly 
dependent on familial clustering in specific regions, and includes the 
presence of other genetic risk factors [34]. 

2.8. Peutz-Jeghers Syndrome (LKB1/STK11) 

Peutz-Jeghers Syndrome (PJS) is an autosomal dominant inherited 
syndrome characterized by mucocutaneous pigmentation, hamartoma-
tous polyposis in the gastrointestinal tract, and a strongly increased risk 
of both gastrointestinal and extra-intestinal malignancies. Germline 
mutations in the serine threonine kinase 11 gene (STK11, or LKB1 gene), 
responsible for a tumour suppressor protein, are the primary drivers of 
disease in PJS. PJS prevalence is rare, as estimates range from 1 in 
50,000 to 1 in 200,000 live births [35]. The reported lifetime risk re-
ported for any cancer is over 90% for individuals with PJS [36]. In-
dividuals with PJS are at a very high relative (RR 132) [37] and absolute 
risk (11%–36% lifetime risk) [35] of pancreatic cancer, which is highest 
of all hereditary cancer syndromes, and is characterized by a young age 
of onset (median 54 years) [36,38]. 

2.9. Lynch syndrome (MLH1/MSH2/MSH6) 

Lynch syndrome (LS) is the most common cause of hereditary colo-
rectal cancer with an estimated prevalence of 1/279 live births [39]. The 
underlying cause of are germline mutations in one of the four mismatch 
repair (MMR) genes: MLH1, MSH2, MSH6 and PSM2, which are auto-
somal dominant inherited. The most common extracolonic manifesta-
tion of LS is endometrial cancer. Several other cancer types, such as 
small bowel, stomach and upper urologic tract occur more frequently in 
LS than in the general population [40]. Several studies have also 
revealed an increased risk of pancreatic cancer [41,42]. The elevated 
risk appears mainly associated with MLH1 and MSH2 – which also 
constitute the highest proportion of LS – and to a lesser extent to MSH6 
[43]. Kastrinos et al. published the largest series of LS and pancreatic 
cancer risk, which included 6,342 individuals with 147 families. They 
found a cumulative incidence of 3.68% up to age of 70 years, which 
represents a 8.6-fold increase compared to the general population [41]. 

2.10. PALB2 

Partner and localizer of BRCA2 (PALB2) encodes a protein that in-
teracts with BRCA2. It is considered the third most important breast 
cancer gene after BRCA1 and BRCA2. Germline pathogenic variants of 
PALB2 carry a moderate risk for breast cancer (OR 3.83) [44], ovarian 
(RR 2.91) and pancreatic cancer (RR 2.37). The estimated cumulative 
risk for pancreatic cancer at 80 years is up to 4% [45]. This estimation is 
below the 5% threshold of high-risk, but expert assume that the risk 
increases in case of a FDR with pancreatic cancer. PALB2 mutations are 
rarely found in pancreatic cancer. Tischkowitz et al. [46] selected a 
cohort of 254 individuals with pancreatic cancer and found pathogenic 
PALB2 mutations in less than 1%. In a setting of familial pancreatic 
cancer, the PALB2 mutation prevalence is around 4% [47]. 

2.11. Li-Fraumeni syndrome (TP53) 

Germline variants in the tumor protein p53 gene (TP53) are the 
primary cause of Li-Fraumeni syndrome (LFS), which was first reported 
in 1969 [48]. The primary LFS spectrum includes soft tissue and bone 
sarcoma, breast cancer, leukemia, adrenocortical cancer and brain tu-
mours. It is an autosomal dominant disorder with a low prevalence in 
the general population (0.018%–0.028%) [49]. The lifetime risk of 
overall cancer in germline TP53 mutations is challenging to accurately 
ascertain due to different pathogenic variants, but is estimated to be at 
least 70% and up to 100% for female carriers, due to a large proportion 
of breast cancer [50]. PDAC risk appears to be 7-fold (RR 7.3, 95% CI 
2–19) increased, as compared to the general population [51]. 

2.12. Hereditary pancreatitis (PRSS1/SPINK1) 

Repetitive pancreatic injury, as is the case in hereditary pancreatitis, 
increases risk of malignancy. Hereditary pancreatitis is caused by mu-
tations in the protease, serine 1 (PRSS1) gene and the serine protease 
inhibitor Kazal 1 (SPINK1) gene. Up to 80% of patients with hereditary 
pancreatitis have pathogenic mutations in PRSS1, which are inherited in 
an autosomal dominant fashion. PRSS1 mutations lead to increased 
trypsinogen autoactivation in the pancreas, resulting into acute and 
chronic pancreatitis. Most patients develop symptoms before they are 20 
years old [52]. Hereditary pancreatitis is rare (<1/100,000) [53] and 
although hereditary pancreatitis accounts for a small proportion of all 
pancreatic cancer cases, patients are at high risk of pancreatic malig-
nancy (pooled RR of 69) [54]. Earlier estimates of lifetime risk ranged 
between 18.8% and 53.5% [55–57]. However, a more recent study in 
the United States from Shelton et al. [58] estimated a lower cumulative 
risk of 7.2%. This discrepancy may be explained by referral bias or lack 
of genetic testing to identify milder cases. 

3. Recommendations for genetic testing 

Genetic testing for hereditary cancer syndromes is useful to identify 
individuals at high risk of pancreatic cancer or other associated cancers, 
who could benefit from cancer surveillance [21]. However, due to the 
large variety of cancer syndromes associated with pancreatic cancer, 
identification of individuals eligible for genetic testing is complex. 
Family history, in combination with a patient’s personal history of 
cancer, is key to the identification of those individuals who have an 
inherited predisposition to malignancy. A three generation pedigree is 
the gold standard for autosomal inherited disorders, which should 
include tumour types and ages at diagnosis. Family history of cancer in 
first- and second degree relatives is most relevant. Factors that increase 
the likelihood of an hereditary component is an early age of onset of 
cancer, multiple affected relatives within the same family, and multiple 
primary tumours, specifically in certain organs such as the breast or 
colon. When obtaining family history, clinicians should be aware of any 
information regarding ethnicity that may be relevant to specific cancer 
syndromes of interest. For example, individuals from Ashkenazi Jewish 
ancestry have a higher population frequency of BRCA1/2 mutations 
than the general population. Results of a recent study showed that in a 
community setting in patients with a personal and/or family history of 
cancer (n = 8,239), genetic counseling and subsequent germline muta-
tion testing resulted in identification of pathogenic or likely pathogenic 
results in 15% of these individuals [59]. This highlights the importance 
of genetic counseling and genetic testing. 

The American Society of Clinical Oncology (ASCO) guideline rec-
ommends that genetic testing should be offered when (1) the individual 
has a personal or family history features suggestive of a genetic cancer 
susceptibility conditions, (2) the test can be adequately interpreted, and 
(3) the result has a clinical consequence for the patient or family 
members at risk of hereditary cancer [60]. In this perspective, an 
ongoing challenge will be how to advise patients in whom a 
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moderate-penetrance gene is identified in which the clinical implica-
tions of such a variant are not well understood and the overall increased 
lifetime risk of pancreatic cancer is modest. Examples of these are 
germline mutations APC, BRCA1 and PALB2, which pose a moderately 
increased risk for pancreatic cancer with an unclear benefit of pancreatic 
surveillance. A National Comprehensive Cancer Network (NCCN) 
guideline on genetic high-risk assessment recommends genetic coun-
seling and germline testing for all individuals diagnosed with PDAC – 
regardless of family history – or first-degree relatives, if it is impossible 
to test the individual who has pancreatic cancer [61]. The American 
Society of Clinical Oncology (ASCO) states that germline genetic testing 
may be discussed in patients with personal history of pancreatic cancer, 
even if family is unremarkable [62]. These statements are supported by 
findings of Lowery et al. [63], who performed germline testing in an 
unselected cohort of 615 patients with exocrine pancreatic neoplasms 
(of which 90.1% PDAC) and identified pathogenic germline mutations in 
19.8% (n = 122) patients. Notably, 41.8% of patients with pathogenic 
germline alterations did not meet current guidelines for genetic testing. 

4. Hereditary pancreatic cancer and mofidiable risk factors 

In addition to non-modifiable genetic factors, a variety of modifiable 
risk factors have been associated with pancreatic cancer in the general 
population. Cigarette smoking is considered the most important modi-
fiable risk factor for pancreatic cancer. A comprehensive systematic 
review and meta-analysis of 82 studies by Iodice et al. [64] estimated an 
overall risk of pancreatic cancer of 1.74 (95% CI, 1.61–1.87) and 1.2 
(95% CI 1.11–1.29), for current and former smokers, respectively. It is 
estimated that 11–32% of the pancreatic cancer incidence is attributable 
to smoking. Other associated modifiable risk factors include a high body 
mass index, low physical activity, heavy alcohol consumption and di-
etary factors, specifically a high red meat intake [65]. 
Gene-environment interaction appears to play a role in the development 
of pancreatic cancer in individuals with a genetic or familial suscepti-
bility. Evidence has suggested that there is an interaction between 
smoking and FPC [66]. In a nested case-control study including 251 FPC 
kindreds, smoking was a strong independent risk factor for development 
of pancreatic cancer (odds ratio (OR) 3.7; 95% CI 1.8–7.6). This asso-
ciation appears dose-dependent. Moreover, smokers developed pancre-
atic cancer one decade earlier than nonsmokers (59.6 vs. 69.1 years). In 
this study, diabetes was not a risk factor for pancreatic cancer, although 
it was associated with pancreatic dysplasia [67]. In hereditary pancre-
atitis, both alcohol and tobacco are independent risk factors for onset of 
chronic pancreatitis, triggers of exacerbations [68], and smoking 
increased risk of cancer [69]. Particularly carriers of germline mutations 
in CDKN2A/p16 appear to have an increased sensitivity to carcinogens 
in tobacco smoke. Studies found a strongly increased risk for pancreatic 
cancer (RR 43.8–80.8), but also for other associated malignancies, such 
as melanoma and oropharyngeal cancer [70]. These findings underline 
that active interventions for smoking cessation is crucial for high-risk 
individuals and should be an integral part of pancreatic surveillance 
programs. 

5. Pancreatic surveillance 

5.1. Individuals eligible for surveillance 

Early detection of pancreatic cancer is essential for improving out-
comes. However, since the incidence of pancreatic cancer in the general 
population is low, screening is not recommended for average risk in-
dividuals, but only for those at high risk of developing the disease [4]. In 
2013, the international Cancer of the Pancreas Screening (CAPS) con-
sortium agreed that to be a candidate for surveillance, any individual 
should have a lifetime risk of more than 5% (or 5-fold increased relative 
risk) [10]. In 2020, the CAPS consortium updated their recommenda-
tions [6] and the American Gastroenterological Association (AGA) 

published an expert review on pancreas surveillance in HRI [6,21]. 
Carriers of germline mutations in CDKN2A/p16 and STK11/LKB1 (PJS) 
– who are at highest risk of developing pancreatic cancer – should be 
offered pancreatic surveillance regardless of family history of pancreatic 
cancer, starting at age 40 years both for CDKN2A and PJS (CAPS 2019), 
or 10 years younger than the youngest affected blood relative (Table 2). 
For carriers of germline mutations in ATM, PALB2, MLH1/MSH2/MSH6 
(Lynch syndrome) surveillance is recommended in case of one or more 
FDR with pancreatic cancer. Criteria for BRCA2 carriers are at least one 
FDR, or at least two affected blood relatives of any degree with 
pancreatic cancer. In both the CAPS 2019 guideline and the AGA expert 
review, it is recommended that BRCA1 undergo surveillance, although 
in the latest CAPS consortium, no consensus was reached on family 
history criteria for BRCA1. The recommended starting age for surveil-
lance in ATM, PALB2, Lynch syndrome, BCRA1 and BRCA2 is 45 years or 
10 years younger than the youngest affected blood relative. In in-
dividuals with a familial clustering of pancreatic cancer, without a 
known germline mutation (FPC kindreds), surveillance is recommended 
for individuals who have at least one FDR with pancreatic cancer who in 
turn also has a FDR with pancreatic cancer, starting at age 50 or 10 years 
younger than the youngest affected blood relative. 

5.2. Targets for surveillance 

Small, early stage tumours and high-grade precursors are considered 
ideal target lesions for pancreatic surveillance. These lesions are almost 
always resectable and 5-year survival rates are reported up to 83.7% for 
stage 1A PDAC [71], and can reach up to 100% for high-grade precursor 
lesions [72]. Therefore, the latest CAPS 2019 guideline stated that the 
goal of surveillance is to detect and treat stage 1 pancreatic cancer, 
confined to the pancreas, resected with negative margins, and pancre-
atic cancer precursor lesions with high-grade dysplasia. The two most 
relevant precursor lesions in a high-risk setting are pancreatic 
intra-epithelial neoplasms (PanINs) and intraductal papillary mucinous 

Table 2 
Summary of pancreatic surveillance recommendations for HRI from the Inter-
national Cancer of the Pancreas Screening (CAPS) Consortium and the American 
Gastroenterological Association (AGA).   

CAPS 2019 [6] AGA 2020 [21] 

High-risk group Family 
criteria 

Starting agea Family 
criteria 

Starting 
agea 

FPC ≥1 FDR who 
in turn also 
has ≥1 FDR 

50 or 55b ≥2 affected 
relatives 

50      

APC (FAP) – – – – 
ATM (ataxia- 

teleangiectasia) 
≥1 FDR 45 or 50 ≥1 FDR 50 

BRCA1 (HBOC) ≥1 FDR 45 or 50 ≥1 FDR 50 
BRCA2 (HBOC) ≥1 FDR 45 or 50 ≥1 FDR 50 
CDKN2A/p16 

(hereditary 
melanoma) 

Regardless of 
family 
history 

40 Regardless 
of family 
history 

40 

STK11/LKB1 
(PJS) 

Regardless of 
family 
history 

40 Regardless 
of family 
history 

35 

MLH1/MSH2/ 
MSH6 (Lynch 
syndrome) 

≥1 FDR 45 or 50 ≥1 FDR 50 

PALB2 ≥1 FDR 45 or 50 ≥1 FDR 50 
TP53 (Li- 

Fraumeni) 
– – – – 

PRSS1/SPINK1 
(hereditary 
pancreatitis) 

– 40 or 20 years 
after the first 
pancreatitis 
attack 

Regardless 
of family 
history 

40  

a Or 10 years younger than the initial age of onset in the family. 
b Consensus as to when to start surveillance was not reached. 
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neoplasms (IPMNs) with high-grade dysplasia. 

5.2.1. PanIN 
The majority of PDAC arise from PanIN, therefore they are consid-

ered the most important precursor lesions for pancreatic malignancy. 
PanINs are defined as microscopic (<5 mm) papillary or flat, noninva-
sive epithelial lesions in the pancreatic duct. They are characterized by 
columnar-to-cuboidal cells with varying amounts of mucin and degrees 
of cytological and architectural atypia. PanINs are part of a multistep 
tumor progression model, in which genetic chances are observed in 
KRAS, CDKN2A/p16, TP53 and SMAD4 while progressing from low to 
high-grade dysplasia (Fig. 1) [73]. Low-grade PanIN previously 
encompassed three older definitions: PanIN-1A (flat), PanIN-1B (papil-
lary) and PanIN-2, which are low- and intermediate grade lesions, 
respectively. Thus, the term high-grade dysplasia is now only in used for 
most advanced dysplasia, also named “carcinoma in situ”, which is 
characterized by severe cytological and architectural atypia [74]. 
Although PanIN are microscopic lesions and are typically diagnosed on 
histopathological evaluation, they can be surrounded by multifocal 
lobular atrophy, which can serve as an indirect marker for neoplasia on 
imaging [75]. PanIN lesions are common in the pancreas. A histopath-
ological review of resected pancreata without PDAC identified PanIN in 
26% of patients, of these 8% harbored high-grade dysplasia. In contrast, 
high-grade PanIN was found in 40% of patients with PDAC [76]. Only a 
very small proportion of low-grade PanIN are expected to progress to 
PDAC, therefore only resection of high-grade PanIN are considered a 
success of surveillance. 

5.2.2. IPMN 
IPMN are grossly visible (>5 mm), noninvasive, epithelial neoplasms 

that are composed of mucin-producing columnar cells. They are usually 
found in the pancreatic head, but can be found throughout the entire 
length of the pancreas. Similar to PanIN, IPMN can harbor different 
grades of dysplasia, including low-grade, high-grade and invasive car-
cinoma. Morphologically, IPMNs can be classified in those that originate 
from the main pancreatic duct (MD-IPMN), one of the side branches (SB- 
IPMN), but can also involve both the main duct and side branches 
(mixed type; MT-IPMN). MD-IPMN have a much higher risk of pro-
gression to malignancy (61.6%), compared to SB-IPMN (25.5%) [77]. 
Up to 40% of BD-IPMN are multifocal, yet this has not proven to increase 
the risk of malignancy [78]. IPMN may become symptomatic and pro-
duce pancreatitis-like symptoms, such as abdominal pain, jaundice and 
weight loss. Several International, European and American guidelines 
have been developed regarding prediction of malignancy, surveillance, 
and management of IPMNs. Factors that require immediate surgery 
(‘high-risk stigmata’) include obstructive jaundice, an enhancing mural 

nodule ≥5 mm, and main pancreatic duct dilatation ≥10 mm ‘Worri-
some features’ – which are relative indications for surgery – are cysts ≥3 
cm, an enhancing mural nodule <5 mm, thickened/enhancing cyst 
walls, a main duct size of 5–9 mm, an abrupt change in pancreatic duct 
caliber with distal atrophy, lymphadenopathy, an increased serum 
CA19-9, and a cyst growth rate >5 mm in 2 years [79]. 

5.2.3. Relevance of precursor lesions in high-risk individuals 
Germline mutations in caretaker genes (genome stability and DNA 

repair) and gatekeeper genes (inhibition of cell growth and induction of 
apoptosis) predispose an individual to development of precursor lesions. 
This phenomena is most evident in germline APC mutations, responsible 
for FAP, which will result in the formation of numerous polyps in the 
colorectum and duodenum [19]. The type and malignant potential of 
precursor lesions in hereditary pancreatic cancer appears to vary among 
high-risk groups. Research groups from the Netherlands and Germany 
detected significantly more cystic lesions in a mixed cohort, primarily 
consisting of FPC, as compared to a group of CDKN2A/p16 mutation 
carriers (42% vs. 16%, respectively) [80]. Notably, the rate of PDAC was 
10 times higher in carriers of a CDKN2A/p16, which suggest a higher 
rate of malignant progression of precursor lesions (specifically cystic 
lesions) in these specific risk-carriers. A different study group found that 
pancreatic cysts detected in a mixed cohort of mutation carriers were 
significantly more likely to progress to malignancy than those in FPC 
kindreds (16% vs. 2%) [81]. Conversely, IPMN patients with a germline 
mutation associated with pancreatic cancer appeared to have more 
invasive PDAC compared to IPMN without these mutations [82]. 

Precursor lesions are also more prevalent in FPC kindreds without a 
known genetic syndrome. Fifty-one resected pancreatic cancers from 
patients with FPC were compared with 40 cases of sporadic pancreatic 
cancer. In these pancreata, the overall rate of concomitant (overall) 
PanIN was 2.75-fold (95% CI, 2.05–3.70) higher in familial compared 
with sporadic cases. Also, high-grade PanIN was more commonly 
observed in the familial vs. sporadic cases (4.20-fold; 95%CI, 
2.22–7.93). Furthermore, IPMN with high-grade dysplasia was only 
observed in familial cases [83]. Although PDAC is notorious for their 
high metastatic potential, it is estimated that it takes many years for 
precursor lesions to progress to a malignant clone [84]. This is encour-
aging from an early-detection perspective, as this would in potential 
provide a large window for surveillance programs to detect malignant 
precursor lesions and early stage PDAC. 

5.3. How to perform surveillance 

As recommended by current guidelines, most pancreatic surveillance 
programs perform imaging with magnetic resonance imaging (MRI), 

Fig. 1. Progression model for pancreatic cancer. The PanIN progression model shown here shows that accumulation of genetic and epigenetic alterations drives 
neoplastic progression in these precursor lesions from low-grade dysplasia (PanIN-1 and PanIN-2) to high-grade dysplasia (PanIN-3) to eventually invasive PDAC. 
Progressive telomere shortening creates genetic instability that facilitates tumor development. Reprinted from “Hackeng WM, Hruban RH, Offerhaus GJ, Brosens LA. 
“Surgical and molecular pathology of pancreatic neoplasms”. Diagn Pathol. 2016 Jun 7;11(1):47.” Copyright 2016 by the authors. Reprinted with permission. 
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endoscopic ultrasonography (EUS), or a combination of both [6,21,85]. 
Two recent meta-analysis found no relevant differences in the diagnostic 
yield of MRI or EUS, and it is currently unclear which of these modalities 
is superior in the detection of relevant lesions [85,86]. One comparative 
study of MRI and EUS in surveillance HRI found that whereas EUS was 
more sensitive for the detection of solid lesions, MRI was superior in the 
detection of cystic lesions [87]. This suggests that both modalities 
should be used complementary rather than interchangeable, which is 
supported by both CAPS and AGA guidelines, although no consensus 
exists on how to alternate MRI and EUS. An advantage of EUS is the 
possibility to perform tissue sampling through fine-needle aspiration 
(FNA) or biopsy (FNB). Disadvantages include the potential interob-
server variability [88], risks associated with the procedure and use of 
sedative agents [89]. Computed tomography can be used as a staging 
modality and assessment of resectability, but it has a low accuracy in 
detecting small lesions and comes with radiation exposure, which is 
undesirable in long-term participation in a surveillance program. 

In case of a normal pancreas or non-concerning abnormalities, 
follow-up imaging should be performed after 12 months. When con-
cerning abnormalities are found, not warranting immediate surgery, the 
surveillance interval should be shortened to 6 months for intermediate 
(e.g. cystic lesions ≥3 cm) and within 3 months for high-risk lesions (e.g. 
solid lesion <5 mm). EUS-guided tissue sampling should be considered 
to further characterize indeterminate or high-risk lesions. When there is 
a strong suspicion of malignancy (e.g. a solid lesion ≥10 mm, or a cystic 
lesion with an enhanced solid component), surgical resection should be 
performed [6,21]. Surveillance and management decisions should be 
performed by dedicated multidisciplinary teams in expert centers. 

5.4. Outcomes of surveillance 

Over the last two decades, several centers have reported on the yield 
and outcomes of their surveillance programs conducted in various high- 
risk populations with varying outcomes. A recent meta-analysis identi-
fied 1588 HRIs undergoing pancreatic surveillance in 16 studies. 6.8% of 
HRI underwent surgery and in approximately half (3.3%) a successful 
target of surveillance – defined as high-grade precursor lesions or PDAC 
(any stage) with R0 pathology – were diagnosed, with a similar yield of 
MRI and EUS. The lowest prevalence rate of successful target lesion 
detection during surveillance was found in FPC (3%; 95% CI, 2%–5%) 
and the highest in PJS (12.2%; 95% CI, 4%–32%) [90]. A prospective 
study performed in three European centers found that surveillance of 
CDKN2A/p16 mutation carriers was relatively successful, detecting 75% 
of PDACs at a resectable stage, with a 5-year survival rate of 24%. The 
benefit of surveillance in FPC was less evident, as only four out of the 
thirteen individuals who underwent surgical resections had high-risk 
lesions [31]. The questionable benefit of surveillance in FPC was also 
found in evaluation of a long-term surveillance study by Overbeek et al. 
[91], in which the cumulative incidence of PDAC was 0% in 201 
mutation-negative FPC kindreds, whereas the cumulative incidence was 
9.3% in mutation carriers. The most compelling evidence for a benefit of 
surveillance was demonstrated in a study from Johns Hopkins, in which 
the 3-year survival of 10 pancreatic cancer cases detected in surveillance 
of a mixed population (n = 354) of both FPC and genetic mutation 
carriers was 85%. In addition, 10 cases with high-grade precursor le-
sions (IPMN and/or PanIN) were identified who were all alive (4.1–14.7 
years) after surgical resection [72]. The largely varying outcomes of 
surveillance programs underline that continuous evaluation is essential. 
A key limitation in assessing the survival benefit of pancreatic surveil-
lance programs is the use of observational data in which lead time 
represents a potential source of bias. Lead time bias advances the time of 
diagnosis by screening, resulting in in an artificial addition of survival 
time. Only randomized controlled trials can completely control for this 
source of bias. It is however unlikely that such a trial will be conducted, 
because this would require a large number of participants and a long 
follow-up duration to accurately assess differences in survival. Besides, 

individuals will be unlikely to participate when informed about poten-
tial risks and benefits. As effects of lead-time are most prominent in short 
term survival, long-term (>10-year) follow-up studies are most likely to 
give a reliable appraisal of a true survival benefit of surveillance 
participation. 

5.5. Harms of surveillance 

Individuals participating in surveillance programs are at risk for 
several potential harms of screening. The limitations and potential 
should be discussed with individuals before initiating a screening pro-
gram. Some risks are directly related to some of the limitations of 
imaging-based surveillance, including the lacking discriminative capa-
bilities to distinguish low-grade from high-grade precursor lesions, and 
incidental findings, which may result in surgical resection of benign 
lesions. In addition, patients are at risk of surgical resection of malig-
nancies that are detected an advanced stage, which are likely to have 
limited or no survival benefit. De Mestier et al. [92] found that in 90 
high-risk patients operated on, 57.8% had lesions of no or low malignant 
potential, and thus surgery was inappropriate. Overtreatment is partic-
ularly troublesome as pancreatic resection is associated with consider-
able perioperative morbidity, exocrine and endocrine dysfunction. A 
meta-analysis found that after pancreaticoduodenectomy of lesions 
that appeared benign, new-onset diabetes occurred in 14.5% and 
exocrine pancreatic insufficiency in 25.2% of patients [93]. Another 
concern is that individuals with hereditary cancer syndromes may 
experience more psychological distress and a lower quality of life 
compared to the general population [94]. In addition to this, surveil-
lance participation itself may increase cancer-specific anxiety and gen-
eral distress. This is however not evident from current literature, as 
cancer worries may even decrease over time, without significantly 
increasing general anxiety or distress [95]. 

6. Future directions 

As screening for average-risk individuals is not feasible, there is 
globally increasing interest for enrichment of high-risk populations from 
the general population. A proposed framework is the ‘define, enrich, and 
find (DEF) approach’ [96]. The first sieve (define) is to identify a subset 
of individuals at higher risk than the average population risk. The sec-
ond sieve is to further enrich the high-risk cohort by application of 
biomarkers and non-invasive imaging. More invasive procedures such as 
EUS-guided biopsies are used in the last phase. 

Large quantities of routinely collected healthcare data should be 
used to define populations eligible for pancreatic surveillance, based on 
lifestyle, family history and genetic profile. In addition, physicians in 
general clinics should focus on obtaining a complete three-generation 
pedigree, to ensure adequate referral to genetic testing. To further 
enrich our high-risk populations, our efforts should focus on discovery of 
reliable biomarkers in blood, cystic fluid or pancreatic juice. These 
biomarkers should ideally distinguishing between low- and high-grade 
precursor lesions (risk-stratification), thereby reducing unnecessary in-
terventions, whilst detecting pancreatic cancer at the earliest stage 
possible. Novel approaches have focused on a variety of biomarkers, 
such as circulating tumor DNA, methylation biomarkers, miRNA and 
proteomics. Unfortunately, in clinical practice, to date, none of these 
markers have proven to be superior to the most commonly used 
pancreatic cancer biomarker, carbohydrate antigen 19-9 (CA19-9), 
which itself has too limited sensitivity and specificity to be applied in a 
surveillance setting. In general, single biomarkers have a limited diag-
nostic value due to the heterogeneity of patients and tumours. 
Combining different biomarkers in a panel is sensible to overcome this 
limitation. In parallel, there is a need to develop novel or improve our 
current imaging instruments. Artificial intelligence (AI), and specifically 
deep learning approaches, will likely have a major impact on radiology. 
As previously noted, it is estimated that it can take more than a decade 
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for precursor lesions to progress to a malignant clone [89]. In this 
extended time period, we can potentially benefit from AI-methodologies 
to detect and even characterize subtle changes, such as lobular changes 
in presence of PanIN and other characteristics associated with progres-
sion to malignancy. Committed collaboration in large, 
multi-institutional consortia like EUROPAC (European Registry of He-
reditary Pancreatitis and Familial Pancreatic Cancer), CAPS (Cancer of 
the Pancreas Screening) and PRECEDE (Pancreatic Cancer Early 
Detection) is essential to move the field of early detection forward. 
Large-scale longitudinal collections of clinical data and biospecimens 
will advance biomarker discovery and improve our understanding of 
disease progression. Additionally, these consortia are crucial for devel-
opment of guidelines for standardized clinical practice worldwide [97]. 

7. Summary 

It is estimated that up to 10% of PDAC cases arise in individuals with 
a strong family history or carriers of a germline mutation, referred to as 
HRIs. For these individuals, pancreatic surveillance is recommended. 
Genetic testing is useful to identify individuals at high risk of PDAC or 
other associated cancers, who could benefit from surveillance. Family 
history, in combination with a patient’s personal history of cancer, is key 
to the identification of those individuals who have an inherited predis-
position to malignancy. There is a large variety in the lifetime risk of 
PDAC between different cancer syndromes and the number of affected 
relatives in FPC, which determines the starting age and family criteria 
for surveillance participation. Surveillance aims to detect early stage 
PDAC and high-grade precursor lesions, of which the two most relevant 
are PanIN and IPMN. Although PanIN are considered the most important 
precursors, they are microscopic and therefore extremely challenging to 
detect on conventional imaging. Surveillance should be performed in 
multidisciplinary teams in expert centers, of which most programs 
perform imaging with MRI and/or EUS. Several studies have demon-
strated a potential survival benefit of surveillance, although this benefit 
is less certain in FPC. Potential harms of surveillance include the risk of 
false-positive findings and overtreatment; detection and treatment of 
lesions in an advanced stage, with a minimal survival benefit; and psy-
chological distress. Future efforts should, preferably in multi- 
institutional consortia, focus on further enrichment and stratification 
of high-risk populations by development of reliable biomarkers and 
novel imaging methodologies. 
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Practice points  

• A variety of hereditary cancer syndromes are associated with an 
increased risk for pancreatic cancer  

• Pancreatic surveillance should be offered to individuals at high-risk 
with the aim to detect and treat high-grade precursor lesions and 
early stage pancreatic cancer  

• Surveillance should preferably be performed by multidisciplinary 
teams in expert centers in a research setting  

• Surveillance should be performed using a combination of MRI and 
EUS  

• The potential benefits of surveillance should continuously be 
weighed against harms of overtreatment and psychological distress 

Research agenda  

• Further enrichment of high-risk populations is needed to ensure that 
pancreatic surveillance is offered to individuals who are at highest 
risk and are likely to benefit most  

• Discovery of novel biomarkers and further development of imaging 
methodologies are indicated to distinguish between low-grade and 
high-grade precursor lesions and detect pancreatic cancer at the 
earliest stage possible  

• Participation in large, multi-institutional consortia is essential to 
move the field of early pancreatic cancer detection forward 
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