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Abstract:

Keywords:

Early detection and diagnosis of pancreatic cancer (pancreatic ductal adenocarcinoma, PDAC) offers the best
option for effective treatment and prolonged survival. Image-based screening programs are useful in early
detection of pancreatic cancers in high-risk individuals (HRI) defined by strong family history and/or path-
ogenic variants (PV) in hereditary cancer syndrome (HCS) genes associated with an increased risk for PDAC
development. However, this only applies in about 10% of people who eventually develop pancreatic cancer.
An additional 15% of PDACs are associated with a pancreatic cystic neoplasms. Thus, the majority (~75%)
of patients diagnosed with PDAC are not candidates for surveillance under an existing framework. Based on
growing evidence we believe that early detection is also possible in what we call Complex High-Risk Individ-
uals (HRI-C) through frequent, time-limited image-based screening. These HRI-C are identified by combining
multiple clinical and genetic risk factors alongside early markers of pancreatic cancer (e.g. family history,
past medical history, social history, and multiple genetic factors in individuals with worrisome individual or
combinations of biomarkers of occult pancreatic cancer in older individuals (>50 years) such as new onset
diabetes (NOD), new idiopathic acute or chronic pancreatitis, maldigestion with exocrine pancreatic insuffi-
ciency (EPI), abnormal liver injury test (especially biliary), unexplained weight loss and typical cancer-asso-
ciated pain patterns). Here we propose a potentially cost-effective clinical decision pathway aimed at improv-
ing early detection, diagnosis and outcomes of this large group of individuals at risk for developing PDAC.
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1. Introduction

Pancreatic cancer (pancreatic ductal adenocarcinoma,
PDAC) remains a recalcitrant cancer with 5-year survival at
~13%. Typically, pancreatic cancers are detected after they
have metastasized (stage 1V), and traditional chemother-
apy appears to extend life by weeks to months rather than
years. Indeed, the poor outcome with standard treatment
(< 50% five-year survival) resulted in congress calling on
the National Cancer Institute (NCI) to develop scientific
framework to assist in making progress against the deadli-
est cancers (i.e. PDAC). PDAC screening is not recom-
mended in the general population due to its low incidence;
however, it is reasonable to consider surveillance of the
pancreas in those individuals at increased risk for develop-
ing this malignancy. The following current key points re-
garding a high-risk individual (HRI) should be considered:

o Detection of PDAC at an early stage is possible
though image-based screening of HRL.(2 3)

e About 10% of patients with PDAC meet HRI crite-
ria based on family history or hereditary cancer
syndrome (HCS) pathogenic variant (PV) gene mu-
tations associated with increased risk for develop-
ing a PDAC.(¥

e It is estimated that ~15% of PDACs arise from a
cystic lesion, typically an Intraductal Papillary Mu-
cinous Neoplasm (IPMN).(3)

e Early clinical biomarkers of PDAC are non-specific.
These include new-onset diabetes mellitus
(NOD)(®), acute pancreatitis (AP), chronic pancre-
atitis (CP), unexplained weight loss, jaundice or
unexplained liver function/injury test (LFT, espe-
cially biliary), new abdominal pain and/or maldi-
gestion (e.g. exocrine pancreatic insufficiency, EPI)
and others. But the positive predictive value (PPV)
for PDAC is very low, especially in low-risk groups
such as those under the age of 50 years.(7.8)

e The only FDA-approved biomarker for PDAC is CA
19-9, which was approved for monitoring treat-
ment response and not early detection. CA 19-9’s
use for early detection is limited in part because of
suboptimal performance characteristics related to
population-based cutoff values that are useless in
some individuals because of underlying genetic
variants that change normal expression levels.(®. 10)

This article is for providers caring for adult patients with
risks and/or symptoms of possible pancreatic cancer. It has
two major sections. First, a detailed review of the evidence
for classifying patients as high-risk individuals (HRI). Sec-
ond, a proposed clinical workflow for triaging an individ-
ual into screening tests (HRI-C) or standard care based on
combined clinical biomarkers of PDAC set within the con-
text of epidemiological risk factors and genetic risk factors.
The goal is to facilitate the rapid detection of PDAC by
screening patients who are HRI-C (i.e. do not fit Familial or
HCS criteria).
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2. Risk factors versus Biomarkers

The terms risk factors and biomarkers have specific
meanings that are important for patient evaluation. A risk
factor is something that increases the chance of developing
a disease. In contrast, a biomarker is an objective, quantifi-
able characteristics of biological processes that has clinical,
imaging or laboratory-defined statistical ranges of normal
and abnormal that may indicate disease. This is important
since, in the context of pancreatic cancer oncogenesis AP,
CP and DM can be risk factors OR biomarkers, depending
on the time of disorder onset relative to PDAC evaluation.

The pancreas has three cell types with different func-
tions. The islet cells make insulin, the acinar cells make
pancreatic digestive enzymes (zymogens) and the duct
cells secrete bicarbonate-rich fluid to deliver the zymogens
to the intestines for nutrient digestion. Injury, inflamma-
tion and/or stress causes dysfunction resulting in diabetes
mellitus, acute and chronic pancreatitis, atrophy and exo-
crine pancreatic insufficiency (EPI). The etiology is critical.
Pancreatic neoplasms, including IPMN and PDAC cause in-
jury, inflammation and duct obstruction with EPI, and in
some cases a paraneoplastic syndrome with diabetes (see
below). In the case of PDAC, AP, CP, EPI and DM are consid-
ered non-specific “biomarkers” of cancer. On the other
hand, since inflammation is a major driver of oncogenesis,
a history of AP, CP, EPI and DM are considered “risk factors”
for PDAC.

As discussed below, the rapid growth and metastasis of
PDAC suggest that the more time that elapses after the sud-
den onset of AP, CP, EPI and/or DM (e.g. > 2-3 years), the
less likely it is that these clinical disorders are caused by
pancreatic cancer, and more likely that they are caused by
something else. However, because it is critical to make an
early diagnosis of PDAC, it becomes imperative to deter-
mine the etiology of AP, CP, EPI and/or DM as soon as pos-
sible after their sudden development in at-risk patients
(e.g. age >50 years). The discussion below and final clinical
decision pathway is used to illustrate our approach.

3. Screening adults for PDAC

Population-based improvement in survival of colorectal
cancer (CRC) and breast cancer (BC) have been achieved
using age- and sex-based screening programs such as co-
lonoscopy for early CRC detection and mammography for
BC.(1.12) This is not possible for PDAC because early pre-
neoplastic lesions are difficult to detect, highly sensitive
and specific biomarkers are not yet available, the incidence
of PDAC is low compared to CRC and BC in women, and the
time frame between a detectable lesion and metastatic dis-
ease is short. Furthermore, obtaining tissue samples for
pathologic diagnosis is more challenging because of the lo-
cation of the pancreas and risk of triggering acute pancre-
atitis (AP). Thus, widespread screening for average risk in-
dividuals is neither feasible or effective, since the invasive
follow-up procedures, cost, and anxiety for false positive
signals is substantial.(13)


https://deainfo.nci.nih.gov/advisory/ctac/workgroup/pc/pdacframework.pdf
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4. Surveillance for PDAC based on Family His-
tory and known highly pathogenic variants

Unlike population-based screening, targeted surveil-
lance of subpopulations at increased risk for pancreatic
cancer can be efficacious. This approach is based on a med-
ical genetics approach to pathogenic mutations with late,
variable penetrance that run in families. Studies from the
United States and Europe have shown that systematic, pe-
riodic image-based surveillance of HRI is feasible and that
the outcome of incident PDAC (or pre-PDAC lesions) is
markedly improved compared to PDAC survival in the gen-
eral population.(2 3. 14 15) Furthermore, several consensus
recommendation have been published that support this
approach, although the exact level of risk that specific PV
confer and the details of an individual’s HCS pedigree are
not always certain.(* 16-18) HRIs can also be defined by hav-
ing one or more first-degree relatives (FDR) with PDAC (es-
pecially with onset less than 50 years of age(19.20)) (See Por-
ter(9 Figure 1 hyperlink) for increased PDAC based on
number of FDR and age <50y). Family members of heredi-
tary cancer kindreds where the pathogenic variant is
known and where there is a high lifetime probability of
PDAC (e.g. >5%) are also defined as HRI and should be con-
sidered for a surveillance program. Note that additional
genetic risk factors are also inherited, indicating that over-
all risk is not defined by one pathogenic variant, and that
family history is also important.

5. Image-based Screening

The purpose of using image-based screening for the
early detection of PDAC is that a tissue diagnosis is re-
quired before treatment begins and high-quality imaging
informs the endoscopist or radiologist on where to biopsy.
Two modalities of image-based screening are typically
used: magnetic resonance imaging (MRI) and endoscopic
ultrasound (EUS).(21. 22) The frequency is typically annual
beginning at age 40-50 years for HRI, or 10 years before the
youngest PDAC case among FDRs. The modality depends
on the expertise of the center and may utilize alternating
techniques for annual screening. Due to radiation expo-
sure, most centers avoid CT scans. Further, it is recom-
mended that pancreatic surveillance for selected high-risk
individuals to detect early pancreatic cancer and its high-
grade precursors should be performed in a research setting
by multidisciplinary teams in centers with appropriate ex-
pertise.(16)

6. Monitoring of pancreatic cystic lesions

Guidelines currently exist for the management of IPMNs
and cystic lesion. (23-26) These criteria will not be reviewed
here. They include high-risk features that are typically bi-
omarkers of developing PDAC or other pancreatic cancers.
Thus they markedly increase the likelihood of cancer when
found in the context of multiple underlying risk factors.
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7. Experimental Screening Methods

Long standing CP is a significant risk factor for PDAC, and
especially for patients with hereditary pancreatitis (PRSS1
gain-of-function mutations@7). Refraining from smoking is
the best recommendation for reducing the risk of PDAC(28.
29), but there are currently no proven ways to screen for
early PDAC in these patients because of the fibrosis and al-
tered morphology of the diseased pancreas.3%

There are many new technologies that use serum or
urine biomarkers to aid in the early detection of occult pan-
creatic cancers.(31.32) Most of these are not FDA approved
and many include CA19-9 (see Brezgyte(32) Table 2 hyper-
link) and below (Section 11). Examples include: CA19-9
with an additional panels of serum proteins33), urine pro-
tein biomarkers LYVE1l and REG1BGY), circulating mi-
croRNAGY, microRNA in exomes(%), and other liquid bi-
opsy techniques (including circulating tumor cells, small
extracellular vesicles, and tumor DNAG®) such as multi-
plexed glycan immunofluorescence to detect circulating
PDAC cells in serum.(7) Many of these show promise. Inclu-
sion of these patients in clinical studies is encouraged.

8. Surveillance for PDAC in individuals with
complex high-risk scores (HRI-C)

Systematic surveillance protocols for PDAC must be lim-
ited to high-risk individuals. Major determinates include
the current risk, likelihood that they will develop PDAC
within a specific time frame and the cost-effectiveness of
the testing protocol (e.g. cost of testing per quality-ad-
justed life year, QALY). Although cost-effectiveness models
may be subject to bias, it is generally agreed that image-
based surveillance of HRI for PDAC is cost-effective.(38-40)
However, as demonstrated in a recent study of HRI with
CDKN2A-p16-Leiden mutations, the lifetime risk of PDAC
for example needed to be >10% in a lifetime.(*1) In contrast,
overall risk of PDAC based on polygenic risk scores (PRS)
and/or lifestyle risk and/or medical condition risk does
not reach these levels of risk alone, and additional risk fac-
tors such as biomarkers of an occult PDAC must be consid-
ered.

9. Biomarkers of an occult PDAC.

New onset biomarkers of pancreatic injury, inflamma-
tion or duct obstruction are non-specific biomarkers of
pancreatic cancer and other etiologies. Indeed, clinicians
have known for decades that a variety of clinical signs and
symptoms often precede the diagnosis of PDAC. These
clinical signs are typically associated with a tumor block-
ing the main pancreatic duct and/or common bile duct
(e.g. double-duct sign) as well as down-stream effects of
blocked duct systems. A summary of biomarkers of occult
PDAC is given in List 1. Of note, a large deep machine
learning study of the Netherlands and US Veterans con-
firmed clinical features traditionally linked to an occult
PDAC developing 1, 2, and 3 years before PDAC is diag-
nosed (Table 5 hyperlink), supporting their use as bi-
omarkers.#2)


https://pmc.ncbi.nlm.nih.gov/articles/PMC9745433/figure/djac167-F1/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8198035/table/cancers-13-02722-t002/
https://pmc.ncbi.nlm.nih.gov/articles/PMC10202814/figure/Fig5/
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The problem with this list is that most of the signs and
symptoms are non-specific; they are often abnormal due
to medical disorders other than PDAC. Each factor has a dif-
ferential diagnosis. However, these clinical features are oc-
casionally biomarkers of PDAC and confer moderate to
high likelihood of PDAC within individuals with overall
high risk for PDAC. We will use NOD to demonstrate the
challenges and use of these nonspecific biomarkers.

New onset diabetes (NOD)

Diabetes is the most common metabolic disorder among
Americans, affecting 11.6% of the U.S. population (CDC
Statistics link). Recently there has been great interest in the

List 1. New Onset Clinical signs and symptoms of and
occult PDAC.

A. Pancreatic mass effects.

Acute pancreatitis; AP (if within 1-2 years*)
Duct dilatation*

Cystic lesions (>3 cm*)

Chronic pancreatitis; CP (if within 1-2 years*)
Pancreatic atrophy

Exocrine pancreatic insufficiency (EPI) +/- stea-
torrhea (e.g. from duct obstruction*)

B. Biliary obstruction
e Enlarged gallbladder (Courvoisier's sign*)
e Elevated liver function (injury) test (LFTs)
e  Obstructive jaundice* - (may have dark colored
urine and clay-colored stools)

C. Other common signs
e Diabetes mellitus; NOD (without strong family
history or obesity and with weigh loss*)
e Unexplained weight loss (>10% of body
weight*)
e New onset, unexplained pain (may radiate to
the back)
Loss of appetite
Nausea and vomiting
Gastric outlet obstruction
Depression
Deep venous thrombosis
e Others
* Represents high-risk biomarkers (OR > 2)

relationship between NOD in older individuals as an early
indicator of an occult PDAC. The initial observation was
that 40% of patients with PDAC have diabetes*3) with
about half of the diabetes cases having progressive fasting
hyperglycemia and/or diabetes 30 to 36 months prior to
the PDAC diagnosis.(®43) The observation was incorporated
into the Enriching New-onset Diabetes for Pancreatic

Cancer (ENDPAC) score to stratify patients into high-risk
and low-risk of having cancer. The model included new
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onset hyperglycemia and diabetes (NOD), plus age and un-
explained weight loss.(”) Other studies confirm the obser-
vation, but among patients in other populations with NOD,
less than 2% had PDAC.(44 45)

Cost effectiveness research has been done using NOD
plus ENDPAC score with a 1-time CT scan (no surveillance).
This approach was cost-effective in patients >50 years of
age with 3-year risk of PDAC of >0.5% ($65,076 / QALY)(“6),
or at 66 years of age with risk of 0.5% ($290,123 / QALY)
or a risk of 5% ($5,407 / QALY)*?) - summarized in
Wang.(*9) Note that it was not NOD alone, but NOD in pa-
tients stratified into high-risk subgroups.

10. Time dependence of biomarker-associated
PDAC Risk

The level of risk of new onset signs and symptoms is not
persistent and increases (e.g. initial severity of diabetes)
then diminishes over time with the duration of NOD diabe-
tes (chart)(® reaching a population-risk level after 2-3
years. For AP, risk of PDAC after first AP attack approaches
that of age-matched controls with time (chart).*9 Quanti-
tatively, the relative risk of PDAC after AP (in older age
groups(9) is ~19x for years 0-2, ~2.5x to 3.5X in years 2-
5,and then ~1x at >5 years in two large studies(#%51), while
slightly higher for each category in another study of US vet-
erans.(52) In the latter study, after an AP episode, about
1.5% of patients were diagnosed to have PDAC.(52) One rea-
son is that if the sign or symptom is due to PDAC, then the
cancer will likely declare itself within the 1-, 2-, or 3-year
timeline. If not, the signal is more likely a false positive and
unlikely due to PDAC. For chronic pancreatitis, the hazard
ratio (HR) of PDAC was the highest within the first 2 years
of the diagnosis of chronic pancreatitis (HR 103.59; 95%
Cl: 69.25-154.98) and declined substantially thereafter
(HR 4.29; 95% CI: 1.97-9.33).59 Thus, CP remains among
the highest non-genetic risk factor for PDAC.

11. CA19-9 as a more specific biomarker of PDAC

CA19-9 is a specific domain of a normal human glyco-
protein expressed on the surface of some epithelial cells.
However, it is shed in large amounts from PDAC cells and
can be measured in the blood as a biomarker of pancreatic
cancer.(% 19) It has been the only FDA approved biomarker
for monitoring PDAC progression for years. However, the
use for early detection of PDAC is challenging since many
people have genetic variants in genes associated with
CA19-9 synthesis (FUT2, FUT3) that leads to very little
CA19-9 production resulting in a false negative test, while
others release it in abnormally high amounts leading to
false positive interpretation. For a detailed expert review
see Whitcomb et al (SMART-MD Journal of Precision Medi-

cine - hyperlink).(10)



https://www.cdc.gov/diabetes/php/data-research/?CDC_AAref_Val=https://www.cdc.gov/diabetes/data/statistics-report/index.html
https://www.cdc.gov/diabetes/php/data-research/?CDC_AAref_Val=https://www.cdc.gov/diabetes/data/statistics-report/index.html
https://pmc.ncbi.nlm.nih.gov/articles/PMC11355429/figure/life-14-00980-f004/
https://pmc.ncbi.nlm.nih.gov/articles/PMC10825454/figure/F1/
https://smart-md.org/index.php/jpm/article/view/1
https://smart-md.org/index.php/jpm/article/view/1
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Table 1. Epidemiology risk of PDAC.
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Risk factor Relative Risk (95% CI) References
Age Peak ~ 69Y SEER data
Sex Similar (M>W) SEER data
Ancestry Similar (B>W) SEER data
Family history 1.7-1.8 1
Smoking 1.5-2.2 1
“Gastritis”* 1.2-1.7 1,53
Alcohol consumption (heavy) 1.1-1.5 1

Acute pancreatitis (>2 y prior)* 1.57-2.61 49,51, 54
Chronic pancreatitis (>2 y prior) 2.7-5.1 1,53
Diabetes Mellitus (>3 y prior) 1.4-2.2 1
Obesity** 1.2-1.5 53,55
High red meat / fat diet 1.1-1.5 1

High fruits and vegetables 0.5-1.0 1

Representative relative risk values are from Maisonneuve and Lowenfels.!) *Gastritis is used here to represent both H.
pylori infection and PPI use(®3). The risk of AP is from Kirkegard®!), and similar to Munigala®®® and Jeong®® **The risk of
PDAC in patients with high body mass index may be associated with increased chronic inflammation (measured by c reac-

tive protein, CRP) rather than adipose mass. (53:59

12. Defining HRI-C within Patients with New On-
set, Non-Specific Biomarkers of PDAC

The likelihood of PDAC within 1 to 3 years of evaluation
of non-specific biomarkers (List 1) is highly dependent on
their overall (absolute) risk for PDAC (high pretest proba-
bility). This includes both epidemiology-assessed risks and
genetic risks.

Epidemiology-defined risk of PDAC

Epidemiology studies have clearly identified and quanti-
fied multiple risk factors summarized on Table 1.( 48, 53)
The relationship between age, sex, and ancestry likelihood
for an individual to develop PDAC can be estimated from a
U.S.A. population using SEER data from the NCI. Multiple
cohort studies, populations-based studies and meta-analy-
sis provide relative risk for the other factors in Table 1.
Note that AP, CP and DM can be risk factors (Table 1) and
biomarkers (List 1) depending on the timing and underly-
ing etiology. Pancreatic injury any time in a lifetime (e.g.
AP) causes permeant immunological and epigenetic
changes to the pancreas. Tissue injury and inflammation
contributes to DNA damage, damage to acinar cells, ducts
and pancreatic islet cells (increasing the likelihood of post-
AP diabetes) and drives progression to CP.(56) Post-AP dia-
betes has a much higher risk of PDAC then DM alone or DM
prior to AP or CP.G7) The risk of recurrent AP (RAP) is
greater than AP, but for PDAC risk, the highest risk is CP
that develops without AP(58) suggesting that there may be
alternative pathways driving the CP to PDAC progression in
these cases (such as the desmoplastic response to PDAC be-
ing misinterpreted as fibrosis from CP).

Genetically defined risk of PDAC

Genetic risk falls into four general categories summa-
rized in List 2. The clinical pathway of individuals with
high-risk germline PV(s) has been defined by consensus
guidelines.(*17). Acquired (somatic) mutations are not con-
sidered here. They are critically important for the progres-
sive oncogenesis of PDAC, but currently require tissue col-
lection to detect. Tissue-based molecular diagnostic evalu-
ation can be invaluable, when indicated.(26 59

List 2. Types of Genetic Risk of PDAC

1) High-risk PV that causes HCS and have a >5% lifetime
risk of PDAC (Mendelian disease model).

2) Lower risk PV variants that may increase the risk of
PDAC but do not independently confer a lifetime risk
of PDAC of >5%.

3) Patients with a family history of PDAC but without
PDAC in FDRs. This type of familial history confers
moderately increased risk (OR 1.7-1.8).19

4) Polygenic risk scores (PRS) with dozens of genetic
factors that are associated with PDAC In genome
wide association studies (GWAS) are weighted and
combined to provide a PRS to classify risk compared
to others within a population.

The second, third and fourth type of genetic variant risk
are less well defined, but they are still very important as
significant complex risk factors for PDAC (discussed be-
low).


https://seer.cancer.gov/statfacts/html/pancreas.html
https://seer.cancer.gov/statfacts/html/pancreas.html
https://seer.cancer.gov/statfacts/html/pancreas.html
https://seer.cancer.gov/statfacts/html/pancreas.html
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13. Combining risk factors and biomarkers

A risk factor is something that increases the chance of
developing a disease (above). When multiple risk factors
occur together the overall risk reflects the sum or a multi-
ple of the independent factors (typically calculated as the
sum of the natural log of the relative risk or odds ratio of
the factors; i.e. nl(OR)).

New onset diabetes becomes more accurate in subsets with
additional risk factors for PDAC

NOD is a nonspecific potential biomarker of PDAC (dis-
cussed above). However, this biomarker becomes more
specific within the context of other risk factors such as age
and unintentional weight loss (ENDPAC Score(), or multi-
ple factors including age, body mass index, weight change,
smoking, diabetes (insulin use, oral hypoglycemics, metfor-
min), proton pump inhibitors (PPI), laboratory results
(HbA1c), Hb, total cholesterol, creatinine and alkaline
phosphatase(*5.60). In another study using the UK Biobank,
Sharma et al demonstrated that the probably of PDAC in
patients with NOD was significantly higher if they had a
high PRS for PDAC. These studies demonstrate the im-
portance of evaluating NOD in HRI (defined here by other
biomarkers and/or genetic PRS).(61)

Polygenic risk scores (PRS)

PRS are becoming more widely used as an understand-
ing of their development and utility are recognized. The
origin of the PRS comes from genome-wide association
studies (GWAS), where single nucleotide variants (SNVs)
are statistically associated with either cases or controls
(see NHGRI blog). For each case and control the sum of all
the risk alleles (with protection being inverse of risk) are
added together with the number of SNVs displayed on a lin-
ear scale, forming a bell curve distribution. However, not all
SNVs have the same damaging effects, so the patient’s score
is usually adjusted by an additional weighting factor for
each SNV diplotype. The mean or median values of the con-
trol and case curves are compared, allowing a relative risk
of the sum of SNV-associated values for each person to be
calculated. Since the median number of risks SNVs differs
depending on the number of SNVs included (and other fac-
tors), the results are often translated into quintiles (5
groups of low risk to high risk) or deciles (10 groups).

Based on the methods to build PRS, most of the SNVs are
common (i.e. found in GWAS framing haplotypes). Some
PRS may add additional, well established risk variants or
PVs. The number of SNVs used is also variable, and can in-
clude over a thousand SNVs, although adding multiple ex-
ceedingly rare SNVs adds minimal classification value.

For PDAC PRS we currently use the version developed by
Sharma(é)) (see Sharma discussion on PRS development).
However, better PRS are continually being developed since
there is variability in SNVs across different ancestries.(¢2)
and more extensive calibration with additional populations
is needed. When evaluated in the UK Biobank, patients with
high PDAC PRS scores (top 20t percentile) comprised over
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29% of PDAC cases, demonstrating the enrichment of PDAC
subjects in this versus 12.7% of PDAC patients in the low-
est 20t percentile) (Phil Greer MS, personal communica-
tions). Thus, PDAC PRS are useful as a risk classifier, but
does not predict PDAC since only about 1% of individuals
will develop PDAC in their lifetime.

14. Clinical Decision Support Pathway

Figure 1 A clinical decision pathway including the current
consensus approach to identifying family history-based
HRI for pancreatic cancer screening (top left) and a new
complex risk and biomarker-based approach recom-
mended by the authors (bottom, gray).

Box 1. Routine care includes a careful family history and
assessment of risk factors or cancers such as PDAC. If the
patient has a family history cancer (see text; with or with-
out pathogenic germline genetic variants) then see Box 1
to determine if they are a HRI. If the patient is not a family-
based HRI then routine care includes an annual general
evaluation (Box 6).

Box 2. The initial step to identify HRI is to take a detailed
family history (see text). If the patient has a high-risk fam-
ily history, then they should be referred to a genetic coun-
selor for germline sequencing of high-risk variants (Box 3).
If not, then go to Box 6.

Box 3. Genetic counselors are professionals who are
trained in Medical Genetics (not Precision Medicine). They
are skilled at evaluating an individual’s family tree to deter-
mine if the patient meets genetic testing guidelines and to
counsel the patient and family. This may include advising
the patient on social and ethical issues associated with ge-
netic testing (informed consent) and ordering germline
DNA testing if indicated.

Box 4. Genetic counselors and medial geneticist help inter-
pret family histories and DNA sequence to determine if
there are pathogenic variants (i.e. disease causing). Genetic
counselors also help patients cope with a diagnosis of a life-
changing genetic disease. If the patient does not meet HRI
criteria, then go to Box 6. If an individual meets criteria for
HRI then they should be counseled on the option to enter
an annual, image-based surveillance program (Box 5). We
recommend that they be referred to a center that special-
izes in early detection of PDAC for annual image-based test-
ing (see text).

Box 5. Interpretation of pancreatic images requires a spe-
cific skillset, and non-expert radiologist may miss PDACs
that are detectable on some cross-sectional images.(¢3) Ex-
pert centers are experienced at evaluating images and in-
terpreting other subtle factors, and may have ongoing re-
search projects with the ability to offer additional bi-
omarkers or liquid biopsies for early detection of PDAC.
They typically have multidisciplinary teams to rapidly con-
firm a PDAC diagnosis and initiate treatment rapidly (yel-
low ellipse). If no neoplasm detected, repeat in 1 year.
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Figure 1. Clinical decision support pathway for PDAC screening. Pathway to Standard Consensus Approach to identify HRI is
at the top (triggered by patient family history), and the evidence-based HRI-C is at the bottom (grey, based on age and clinical
risk factors). HRI-C pathway begins with patients > 50 years of age with history-based risk of PDAC (box 6) and emerging, non-
specific clinical features that includes an occult PDAC in the differential diagnosis (Box 7). Red boxes, referral for special test-
ing; purple box; Special diagnostic testing ordered by the managing physician that include genetic risk factors. Dashed lines

represent conditional pathways.
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Box 6. Routine care includes cancer screening for eligible
patients. For PDAC, an age >50 years is a population-based
risk factor where risk begins increasing significantly. Risk
factor associated with PDAC include family history (not
meeting HRI criteria), smoking, heavy alcohol drinking, re-
mote (>2 year) history of pancreatitis and diabetes melli-
tus, hepatitis B (in China)®3) and others (Table 1). If the
individual has significant risk factors, then go to Box 7. If
not, then return to Routine Care (Box 1).

Box 7. If the patient has multiple risk factors for PDAC (Box
6), then they should be assessed for non-specific bi-
omarkers of PDAC (List 1). If no clinical signs of PDAC are
present (e.g. NOD) then the risk of PDAC within the next
year is <0.5% (go to Box 1). It there are new onset, non-
specific biomarkers of an occult PDAC, go to Box 8.

Box 8. If the patient has multiple epidemiologic risk plus
new onset non-specific biomarkers of PDAC, and the pro-
jected 1-year likelihood of PDAC is >1%, then consider a
one-time pancreas-protocol CT scan as a screening test
(see text). If the risk unknown or if the screening CT is neg-
ative, then we recommend proceeding to Box 9.

Box 9. This step represents a structured analysis of all
available data with and integrated risk assessment. It is
critical that all relevant information is included in the assess-
ment in order to calculate an accurate absolute risk assess-
ment. Here, additional generic analysis is included through
a polygenic risk score (PRS). In addition, genetic analysis of
the FUT2/FUT3 genotypes should be done to determine
predicted cut-off levels for CA19-9 and CEA. As a clinically
useful example, The SNaP-Shot: Pancreatic Cancer Bi-
omarker and Risk report (Ariel Precision Medicine, Pitts-
burgh, PA) automatically calculates these risks factors and
biomarkers to give the likelihood of PDAC within the next
year and calculates normal limits of CA19-9 and CEA.

Box 10. The decision on whether a patient is designated a
complex high-risk individual (HRI-C) and sent for image-
based screening depends on the likelihood of pancreatic
cancer within the next 1 year and a cost-effectiveness anal-
ysis. For example, a practice or institution may set the
threshold for screening at 1%, 2% or 3% likelihood of
PDAC in the next 1, 2 or 3 years. The cost of screening indi-
viduals within populations with higher or lower predicted
incidents of PDAC is weighed against the QALY in the deci-
sion making process.(#% If the overall risk is below thresh-
old, then return to Box 1 (anticipating annual evaluation or
sooner if new symptoms develop). If the risk level reaches
threshold, then go to Box 11.

Box 11. This decision state is dynamic with likelihood of
PDAC changing over time based on PDAC biomarker trajec-
tory from the time of onset. The likelihood that AP is caused
by an occult PDAC, for example, drops exponentially with
time until the overall risk reaches population levels at
about 2 years past date of onset (see Ref 50, Fig 1; Ref 51
Fig 1; Ref 52, Fig 2b). In contrast, likelihood increases when
biomarkers of disease are progressing such as unexplained
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NOD, progressive weight loss, or increases of more specific
biomarkers of occult PDAC such as CA19-9 levels (see
SMART-MD.org SMART-MD Journal of Precision Medicine
1(1):14-27). Highest risk biomarkers include those linked
directly with pancreatic dysfunction in List 1A and 1B (See
also Placido, Tables 5B, 5D(42). If the specified threshold is
met then continue with image-based screening (Box 12). If
threshold is not reached then return to usual care (Box 1).

Box 12. HRI-C should be cared for at expert pancreas cen-
ters for image-based surveillance (see Box 5). However, the
interval follow-up should be shorter (e.g. 3-6 months) and
for 2 to 3 years, as the probability of an occult cancer as the
cause of worsening high-risk, non-specific biomarkers
without progression over 3 years is small (e.g. new AP, NOD
- see text). If imaging is sub-optimal (e.g. patients with
longstanding CP) consider liquid biopsy, multi-analyte pan-
els or other technology within a research context. If no
PDAC is detected return to Box 11 in 3-6 months to repeat
the high-risk biomarker tests and reevaluate PDAC likeli-
hood. If the likelihood of pancreatic cancer drops below
HRI-C threshold, then return to usual care (Box 1).

15. Discussion

Here we describe a clinically actionable decision sup-
port pathway for the early detection and diagnosis of PDAC
with anticipated downgrade in the stage at diagnosis and
better outcome. Each of the steps has strong supporting ev-
idence components, although prospective analysis of the
overall impact of integrating these steps that were de-
signed to maximize efficiency is still needed.

The key principles are that new onset potential bi-
omarkers of pancreatic cancer are non-specific in general,
but they are more specific in high-risk individuals (i.e. a
higher pretest probability). The relative risk of most clini-
cal features is low (e.g. OR <2, Table 1), but the effects are
generally additive. Inclusion of genetic risk factors into this
equation may increases the absolute risk significantly.

A key component of this approach is including genetic
risk factors to include innate risk into the pretest probabil-
ity equation. The traditional Medical Genetics approach of
searching for very high-risk PV in hereditary cancer fami-
lies is important because the innate risk is high enough to
justify image-based screening for pancreatic cancer. But
this approach only affects a small fraction of people who
develop PDAC. In a similar way, multiple genetic risk factors
(rather than one pathogenic variant) also increase the risk
of pancreatic cancer. While pathogenic variants are identi-
fied by studies of hereditary cancer families, the genetic
risk variants are more common and are identified in pan-
creatic cancer in genetic association studies. Although the
effect of any one variant is low, the more risk variants that
an individual harbors, the higher the overall risk of pancre-
atic cancer. A polygenic risk score (PRS) is the effect-ad-
justed sum of risk variants. This score is then compared to
the distribution of scores in control populations and pan-
creatic cancer populations to place the individual into a rel-
ative risk scale.
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The complex-risk HRI-C individuals differ from family
history-based HRI by three important features. First, the
screening is triggered by the new onset of nonspecific bi-
omarkers of pancreatic cancer in older individuals, espe-
cially new idiopathic AP, new CP without AP, new onset DM,
new onset maldigestion/exocrine pancreatic insufficiency,
unexplained weight loss and combinations of these bi-
omarkers. Second, the frequency of image-based screening
is increased to every 3-6 months, rather than yearly. Third,
the screening process ends with either detection of pancre-
atic cancer or a change in the biomarker trajectory over
time the diminishes the likelihood that the marker is ab-
normal due to pancreatic cancer.

In summary, effective management of PDAC will require
advances in multiple areas including: 1) expanding the
pool of high-risk individuals, 2) improvement in early de-
tection technologies including blood-based biomarker test
and advanced imaging, 3) diagnosing the cancer at an early
stage, and 4) improved therapies for all stages of PDAC.
Here, we provide evidence-based arguments for a practical
step-by-step clinical decision pathway to identify and man-
age a much larger fraction of individuals who will develop
pancreatic cancer by detecting these cancers at a much ear-
lier stage through image-based screening where therapy is
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