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To identify when, from the standpoint of relative risk,
magnetic resonance (MR) imaging-based screening may
be effective in patients with a known or suspected genetic
predisposition to pancreatic cancer.

The authors developed a Markov model of pancreatic duc-
tal adenocarcinoma (PDAC). The model was calibrated to
National Cancer Institute Surveillance, Epidemiology, and
End Results registry data and informed by the literature.
A hypothetical screening strategy was evaluated in which
all population individuals underwent one-time MR imag-
ing screening at age 50 years. Screening outcomes for
individuals with an average risk for PDAC (“base case”)
were compared with those for individuals at an increased
risk to assess for differential benefits in populations with
a known or suspected genetic predisposition. Effects of
varying key inputs, including MR imaging performance,
surgical mortality, and screening age, were evaluated with
a sensitivity analysis.

In the base case, screening resulted in a small number of
cancer deaths averted (39 of 100000 men, 38 of 100000
women) and a net decrease in life expectancy (—3 days
for men, —4 days for women), which was driven by unnec-
essary pancreatic surgeries associated with false-positive
results. Life expectancy gains were achieved if an individ-
ual’s risk for PDAC exceeded 2.4 (men) or 2.7 (women)
times that of the general population. When relative risk
increased further, for example to 30 times that of the gen-
eral population, averted cancer deaths and life expectancy
gains increased substantially (1219 of 100000 men, life
expectancy gain: 65 days; 1204 of 100000 women, life ex-
pectancy gain: 71 days). In addition, results were sensitive
to MR imaging specificity and the surgical mortality rate.

Although PDAC screening with MR imaging for the entire
population is not effective, individuals with even modestly

increased risk may benefit.

©RSNA, 2014

Online supplemental material is available for this article.

Radiology: \'olume 275: Number 1—April 2015 = radiology.rsna.org

177

(=)
=
D
=
>
[
=]
m
wn
m
b=
==
Q
=
|
=
m
=
Hr
=
1
(=]
(3]
<
=
—
(-]
)
-
=
(1]
=
(]
m




Radiology

HEALTH POLICY AND PRACTICE: Targeted Screening of Individuals at High Risk for Pancreatic Cancer

Pandharipande et al

ancreatic cancer is the fourth

leading cause of cancer mortal-

ity in the United States and ac-
counted for 45220 cancer diagnoses
and 38460 deaths in 2013 (1). On the
basis of current epidemiologic trends,
it is expected to be the second lead-
ing cause of cancer mortality by 2030
(2). Incurable disease is seen in 80%
of patients at presentation, and most
patients die within a year of diagnosis
(1,3). The current 5-year relative sur-
vival rate is 6%, an improvement of
only three percentage points since 1975
(4). New approaches to the detection
and control of pancreatic cancer are
critically needed.

Pancreatic ductal adenocarcinoma
(PDAC), which accounts for 95% of all
pancreatic cancers, can be categorized
into two subtypes on the basis of pre-
sumed biologic pathways: solid and cys-
tic (4-6). Dominant precursors include
pancreatic intraepithelial neoplasia
(solid lesions) and intraductal papillary
mucinous neoplasms (IPMNs, cystic

Advances in Knowledge

® We projected that MR imaging
screening for pancreatic ductal
adenocarcinoma (PDAC) in aver-
age-risk individuals aged 50 years
would lead to a net decrease in life
expectancy (—3 days for men, —4
days for women) owing to unnec-
essary pancreatic surgeries associ-
ated with false-positive results.

B However, even individuals with a
modestly elevated risk for PDAC,
exceeding thresholds of 2.4
(men) or 2.7 (women) times that
of the general population, were
projected to incur life expectancy
gains from MR imaging
screening.

B Relative risks exceeding these
thresholds are common in indi-
viduals with a known or sus-
pected genetic predisposition for
PDAC; our results suggest that
many such individuals may ben-
efit from MR imaging screening,
predominantly with the detection
of cystic precursors and, to a
lesser extent, early PDAC.

lesions), but most are indolent and will
not progress to cancer (5,7). Although
pancreatic intraepithelial neoplasia is
not reliably seen at imaging, improve-
ments in cross-sectional imaging have
led to increased detection of IPMNs
(8-10). Notably, observational data also
indicate IPMNs to be a marker of ele-
vated whole-gland risk (11).

To date, evidence on PDAC screen-
ing draws largely from single-arm tri-
als in which magnetic resonance (MR)
imaging, endoscopic ultrasonography
(US), or computed tomography (CT)
have been used in individuals with a
known or suspected genetic predis-
position (12-23). A small number of
cancers have been detected relative to
a large number of precursor lesions,
the majority of which have been IPMNs
(12-23). Most patients who underwent
surgery in these trials did not have in-
vasive cancer (12-23).

From a population standpoint, these
findings can be difficult to interpret (24).
In settings of low disease prevalence,
even a modest number of false-positive
cases can lead to a low positive predic-
tive value. The acceptability of a low
positive predictive value is dependent
on what happens to individuals who test
positive. If a sufficient proportion of test-
positive patients undergo relatively high-
mortality procedures such as pancreatic
surgery, then a low positive predictive
value implies that screening may not
benefit many patients.

With increased PDAC risk—and
therefore disease prevalence—this bal-
ance may be tipped to favor screening.
Several patient populations are known
to be at increased risk for PDAC rela-
tive to the general population (Table 1)
owing to a family history or a known
genetic mutation (p16, BRCA 2, STK11/

Implication for Patient Care

B MR imaging screening of the
entire U.S. population for pan-
creatic cancer is not effective,
but individuals with even mod-
estly increased risk may benefit,
including those with a strong
family history or known heredi-
tary predisposition.

LKBI1, etc); these individuals are ex-
pected to account for approximately
10% of all PDAC cases (20,24-28).
However, our knowledge of the relation-
ship between PDAC risk and screening
benefits remains limited. Patient data
from recent trials provide important
insights (12-23,29), but restricted el-
igibility requirements, years of achiev-
able follow-up, and high costs limit the
extent to which even the best clinical
trials can explore this relationship.

In other cancer settings, disease
modeling methods have been used to
complement clinical trials, allowing for
broader interrogation of many factors
that influence the success of cancer
screening (30-37). In this study, we de-
veloped a mathematic model of PDAC
to evaluate pancreatic cancer screen-
ing in hypothetical populations. In the
model, patient cohorts were assigned
varied levels of risk for PDAC, ranging
from that of the general population (av-
erage risk) to a risk of 70 times that
of the general population. These risk-
stratified cohorts were developed to
span most populations with known or
suspected genetic predispositions (Table
1). In building the model, disparate data
sources were merged to fill gaps in evi-
dence, and factors governing test perfor-
mance, cancer biology, and population
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characteristics were integrated in ways
that are not possible with use of patient
studies alone. Our purpose was to iden-
tify when, from the standpoint of rela-
tive risk, MR imaging-based pancreatic
cancer screening may be effective in pa-
tients with a known or suspected genetic
predisposition to PDAC.

Materials and Methods

Model Overview

A Markov model was developed to sim-
ulate the natural history of PDAC and
evaluate effects of MR imaging screen-
ing (including MR cholangiopancrea-
tography) on population life expectancy
(Fig 1) (38-40). The model had two
pathways to PDAC: solid and cystic (4-
6). Patients in a hypothetical population
were at risk for developing a solid can-
cer or a low-risk cystic lesion. A low-
risk cystic lesion could progress to a
high-risk cystic lesion, which, in turn,
could progress to cancer.

In the solid pathway, screening al-
lowed for the potential detection of can-
cers and prompted surgery for those
that were localized. In the cystic path-
way, screening allowed for the potential
detection of low-risk cystic lesions, high-
risk cystic lesions, and cancers. Patients
with screening-detected high-risk cystic
lesions and localized cancers were tri-
aged to surgery; those with low-risk
lesions underwent annual surveillance
for 10 years and surgery in instances of
progression. We defined low-risk lesions
as cysts with low malignant potential on
the basis of imaging features and high-
risk lesions as those that warranted sur-
gery (13). In practice, suspicious cyst
features include a size of at least 3 cm,
mural nodules, wall thickening, and as-
sociated main duct dilatation or abrupt
caliber change (41). In the model, the
proportion of patients with cysts who
underwent subsequent pancreatic sur-
gery (five of 84 patients, 6%) in a single-
arm multimodal screening trial was used
as a proxy for the proportion of high-
risk cysts (Table 2) (15). Patients with
screening-detected advanced cancers
did not undergo surgery, in keeping with
standard clinical practices.

Table 1

Relative Risk and Lifetime Risk of PDAC in High-Risk Populations

Parameter Gene Relative Risk  Lifetime Risk (%)  Reference
Family history
One FDR with PC Unknown 2-4.5 6 24,28
Two FDRs with PC Unknown 6-6.4 8-12 24,25,27,28
=Three FDRs with PC Unknown 14-32 16-40 25-28
Hereditary syndromes
Breast or ovarian cancer BRCA1 2 1-3.6 25,26
Breast or ovarian cancer BRCA2 3.5-10 5 25,26,28
FAMMM P16 (CDKN2A) 13-47 10-17 20,24-26,28
Peutz-Jeghers syndrome  STK11/LKB1 132 30-60 24,26,28
HNPCC syndrome MLH1, MSH2, others 8.6 <5 20,28
Li-Fraumeni TP53 Unknown <5 20
Ataxia telangiectasia ATM Unknown <5 20
FAP APC 2-3 <5 20,28
Hereditary pancreatitis PRSS1, SPINK1 50-80 25-40 24-26,28
Cystic fibrosis CFTR 5 <5 20,28

Note.—Relative risks and lifetime risk estimates were obtained from Klein et al (27), Steinberg et al (24), Grover and Syngal (25),
Jimenez and Fernandez-del Castillo (26), Schneider et al (20), and Templeton and Brentnall (28). FAMMM = familial atypical
multiple mole melanoma syndrome, FAP = familial adenomatous polyposis, FDR = first-degree relative, HNPCC = hereditary
nonpolyposis colorectal cancer syndrome, PC = pancreatic cancer.
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Figure 1:  Simplified schematic of Markov state transition model. Model replicates solid (90%) and cystic
(10%) pathways to PDAC. In solid pathway, screening allowed for detection of localized cancers and prompt-
ed surgery. In cystic pathway, affected patients developed a low-risk cystic lesion, which could progress

to a high-risk cystic lesion or localized cancer. Patients with high-risk lesions and localized cancers were
triaged to surgery and those with low-risk lesions underwent imaging surveillance, with surgery performed in
instances of progression.
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Cancer states common to both path-
ways were subdivided according to stage
(historic Surveillance, Epidemiology, and
End Results stages: local, regional, dis-
tant, and unstaged) and as to whether
the cancer had been detected (Fig 1).
Causes of death included age-specific all-
cause mortality (48), pancreatic surgery
(42-47), and PDAC (3). Patients in all
states were subject to all-cause mortality
and, upon entering a cancer state, were
also subject to a PDAC-specific mortality
rate, which was dependent on stage and
detection status.

Each model simulation began with a
hypothetical cohort of 20-year-old indi-
viduals in the normal health state and
continued until an age of 99 years or
death. In each model cycle (cycle length,
1 year), an individual could remain in his
or her current health state or progress
to a new state on the basis of an annual
transition probability. Separate simula-
tions were run for each sex.

Parameters of the Natural History Model

Parameters within the model—and
those used to develop the model—can be
broadly categorized as follows: fixed in-
puts, calibration targets, and calibrated
parameters. Fixed inputs included rates
of all-cause mortality (age and sex spe-
cific) (48), surgical mortality (42-47),
and relative survival according to stage
for detected cancers (3) (Tables 2, 3).
Most transition probabilities in the
model, however, addressed “unob-
servable” events (eg, progression from
undetected regional to undetected dis-
tant PDAC) (Fig 1), a typical feature
of natural history models (50). These
probabilities were estimated with use
of a process known as calibration, in
which the model was run iteratively
to find parameter sets (solutions) that
produced model outputs that most
closely matched observed clinical or
epidemiologic data (calibration targets)
(50). Calibration targets included the
following: lifetime risk of developing
and dying from PDAC (49), PDAC stage
distribution (3), proportion of cancers
that develop via solid versus cystic
pathways (5), cyst prevalence (8), and
proportion of low-risk versus high-risk
cystic lesions (15) (Tables 2, 3).

Calibration Targets, Fixed Model Inputs, and Screening Performance: Estimates from
the Literature

Parameter Value (%)* Reference

Biologic pathway to PDAC
Cystic 10 5
Solid 90

Prevalence of imaging-detected cysts (IPMN)
Cyst prevalence 4.6t
High-risk lesions 6 (5/84) 15
Low-risk lesions 94

Surgical mortality rate 28 42-47

Screening test characteristics for MR imaging
Sensitivity 56 (5/9) 12,15,17,18,22, 21
Specificity 97 (739/760) 12,15,17,18, 21,22

Note.—The proportion of PDAC that develop via cystic versus solid pathways, cyst prevalence, and the proportion of low-risk
versus high-risk cystic lesions are calibration targets. The surgical mortality rate is a fixed input parameter.

* Numbers in parentheses are raw data.

T Reported imaging-detected prevalence was 2.6% (73 of 2832 cysts) (8); because assumed sensitivity for cyst identification
was 56%, presumed prevalence was 0.026/0.56 = 0.046 (or 4.6%). Importantly, the 4.6% value was used as a calibration target,
but in the calibrated model, cyst prevalence varied with age (see Materials and Methods and Appendix E1 [online] for details).
# Number of reported surgical cases in which a cyst was seen in a large multimodal screening study (15).

§ Range, 1%—6% (42—47); the 2% estimate weighted toward more favorable outcomes in patients with screening-detected
lesions. A range of 0%—10% was tested in sensitivity analysis.

Additional Calibration Targets and Fixed Model Inputs: Estimates from National
Cancer Institute Surveillance, Epidemiology, and End Results Data

Men Women
Pancreatic Cancer Stage 5-year Relative Stage 5-year Relative
Stage Distribution (%) Survival (%) Distribution (%) Survival (%)
Local 8 23 10 25
Regional 27 9 28 9
Distant 56 2 50 2
Unstaged 10 4 13 4

Note.—Data were obtained with the Surveillance, Epidemiology, and End Results registry (3). Stage distribution was a
calibration target, and survival rates were fixed model inputs. The lifetime risk of pancreatic cancer development was
1.52% for men and 1.50% for women. The lifetime risk of death from pancreatic cancer was 1.40% for men and 1.38% for
women. Both the lifetime risk of pancreatic cancer development and the lifetime risk of death from pancreatic cancer were
calculated with software (DevCan: Probability of Developing or Dying of Cancer software, version 6.7.0; Statistical Research
and Applications Branch, National Cancer Institute, 2013; http://surveillance.cancer.gov/devcan) (49) and are unadjusted
estimates. Estimates were decreased by 0.95 times these values to exclude non—-PDAC-related pancreatic cancer deaths
(Appendix E1 [online]). Lifetime risk estimates were calibration targets.

It is important to note that the pre-
specification of a given calibration tar-
get—for example, cyst prevalence—did
not imply that the final model produced
the same cyst prevalence for every age,
which would be clinically unrealistic.
Instead, cyst prevalence varied with age
in such a way that its drivers—namely,

the calibrated transition probabilities
that bracketed the pancreatic cyst
states in the model (Fig 1)—gener-
ated, as an output, the -calibration
target for cyst prevalence. The cali-
bration process is further described in
Appendix E1 (online), including appli-
cation of the x*> goodness-of-fit metric
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to compare model outputs to calibra-
tion targets.

Addressing Lead Time in the Model

In a calibrated natural history model such
as ours, detected cancer states typically
have higher cancer-specific mortality
rates than corresponding undetected
cancer states. This is plausible because
it is expected that, in the absence of
screening, detected cancers will have pro-
gressed further, on average, than asymp-
tomatic cancers. However, care must be
taken when imposing screening; it would
not be realistic for a positive screening
examination to increase a patient’s can-
cer mortality. To address this problem
in our model, patients with screening-
detected cancers were subject to cancer-
specific mortality rates of undetected
cancers until such time as the cancer
would have been detected in the absence
of screening. This ensured that, in the
absence of intervention, screening itself
would not affect cancer mortality. This
refinement was needed only for localized
cancers; screening was not expected to
meaningfully affect the time of detection
for regional and distant cancers.

MR Imaging Test Performance

A literature search was conducted to
identify studies about PDAC screen-
ing that used MR imaging as a first-line
screening modality. Data were pooled
from six patient studies to compute sen-
sitivity and specificity for model inputs
(sensitivity = 56% [five of nine patients|,
specificity = 97% [739 of 760 patients])
(Table 2) (12,15,17,18,21,22). Across
studies, patients were classified as hav-
ing true-positive findings if a screening-
detected cancer was resectable and stage
NOMO at surgery, as having false-negative
findings if advanced cancer was detected
after a normal screening examination,
and as having false-positive findings if a
detected abnormality led to surgery and
no cancer was found or if advised surgery
was declined without a known negative
consequence. All other cases were desig-
nated as true-negative with the following
exceptions: Patients found to have neu-
roendocrine tumors were excluded
from analysis (n = 2) because of their
rarity and uncertain clinical significance

(12,15), and patients in whom advanced
PDAC (or other advanced malignancy)
was discovered at screening were also ex-
cluded (n = 4) (21,22).

Notably, in our analysis, screening
MR imaging was considered a strategy
rather than an isolated test. In the six
screening studies mentioned earlier,
among cases that met the specified cri-
teria for being true-positive or false-pos-
itive at MR imaging, endoscopic US was
also reportedly performed before sur-
gery in most patients (22 of 26 patients,
85%)—concurrently or as a follow-up
test—in keeping with standard practices
for the evaluation of suspicious pancre-
atic findings at cross-sectional imaging
(12,15,17,18,21,22,51). Conversely,
endoscopic US likely spared some pa-
tients surgery for MR imaging-detected
abnormalities; such cases were consid-
ered “test negative” with our criteria
because further work-up of MR imaging
abnormalities did not prompt a recom-
mendation for surgery. However, on the
basis of the data reported in these six
studies, it was not possible to accurately
reconstruct the proportion of cases in
which the latter circumstance occurred
(12,15,17,18,21,22).

Implementation of PDAC Screening in the
Model

For the solid pathway, MR imaging
performance defined the probability
of misidentifying a patient with PDAC
as healthy or a healthy patient as one
with PDAC. For the cystic pathway,
the probability of misidentifying a pa-
tient with PDAC as healthy was applied
identically. However, precursor cystic
lesions could also be missed or misclas-
sified with imaging and progress to can-
cer in later years. Without more granu-
lar data available to inform this type of
misidentification, we applied the same
false-negative rate to the misidentifica-
tion of a high-risk cystic lesion as a low-
risk cystic lesion and to the misidentifi-
cation of localized cancer as a high-risk
cystic lesion. False-positive cases in the
cystic pathway were those in which a
low-risk cystic lesion was misidentified
as a high-risk lesion or cancer.

Patients with true- or false-positive
results (indicative of high-risk cystic

lesions or PDAC) were treated with sur-
gery and subject to surgical mortality
(42-47). Surgery on cysts was assumed
to be effective from a cancer control
standpoint; patients who survived sur-
gery returned to the normal health
state. Correct identification of patients
with localized cancer prevented them
from progressing to more advanced
stages before detection but did not nec-
essarily result in a cure. Patients were
subject to stage-specific survival derived
from the Surveillance, Epidemiology,
and End Results registry (5-year relative
survival rates of 23% and 25% for men
and women, respectively) (Table 3) (3).
Thus, the benefit of screening was a can-
cer downstaging effect.

Modeling Varied Risk: Designation of
Base-Case and High-Risk Populations

For the base-case analysis, one-time
MR imaging screening was conducted
in all individuals at age 50 years. Two
primary outcomes were projected:
PDAC deaths averted and life expec-
tancy gained. PDAC deaths averted
represented the difference in the pro-
portions of pancreatic cancer deaths
with—versus without—screening. Sec-
ondary outcomes included numbers of
cysts and cancers detected.

Central to our analysis was the
comparative evaluation of outcomes ac-
cording to an individual’s relative risk
for PDAC. In the model, an individual’s
risk for PDAC was varied from one (av-
erage risk) to 70 times that of the gen-
eral population, a range that incorpo-
rates most populations with increased
PDAC risk (Table 1) (20,24-28). To
vary an individual’'s risk for PDAC in
the model, lifetime risks of developing
and dying from PDAC were scaled to
match different relative risk levels (eg,
10 or 20 times that of the general popu-
lation). Model parameters were then
recalibrated to fit these new targets,
and screening effects were recomputed.
Notably, cyst prevalence was not a cal-
ibration target in the high-risk models
despite being a target for the average-
risk model. This allowed for a higher
cyst prevalence in high-risk compared
with average-risk populations, as is
consistent with the literature (13).
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Notably, in our analysis, in patients
with low- or high-risk cysts, elevated
risk for PDAC in other areas of the
pancreas (distinct from cysts) was gov-
erned by a patient’s underlying relative
risk for PDAC and was not conditional
on the presence of a cyst. In practice,
it has been observed that patients with
cystic precursors are at elevated risk for
PDAC in a separate area of the pancreas
(11). Our model design accounts for this
association because high-risk cohorts
are more likely to develop cysts. If such
patients were encountered in routine
clinical practice—alongside average-risk
individuals—the presence of a cystic
precursor would indicate a greater like-
lihood of being part of a high-risk popu-
lation and thus a greater likelihood of
cancer elsewhere in the pancreas. Put
another way, the precursor would be a
marker of elevated whole-gland risk.

Sensitivity Analysis

Given the Markov modeling methods
used, we evaluated additional sources
of input variability and uncertainty by
using deterministic univariate sensitiv-
ity analysis (38-40). Specifically, the
following key parameters were varied
in one-way deterministic analysis: age
at screening (40, 60, and 70 years), MR
imaging sensitivity (range, 0.25-1.0)
and specificity (range, 0.5-1.0), and
surgical mortality (range, 0%-10%).

Results corresponding to one-time MR
imaging screening in average-risk co-
horts are shown in Table 4. In the base
case, we found that PDAC screening at
age 50 years for 100000 average-risk
men would identify 2375 low-risk cysts,
159 high-risk cysts, and 56 cancers
(53 arising from the solid pathway and
three arising from the cystic pathway)
and result in 39 cancer deaths averted
(three from the solid pathway and 36
from the cystic pathway). We found
similar trends for women. For 100000
average-risk women of the same age,
PDAC screening would identify 2323
low-risk cysts, 146 high-risk cysts,
and 58 cancers (55 arising from the
solid pathway and two from the cystic

Table 4

Screening for PDAC in Average-Risk Individuals according to Age

Women

Men

Screening
at70y

Screening
ate0y

Screening
atb0y*

Screening
at40y

Screening
at70y

Screening
at60y

Screening

atb0y*

Screening
at40y

No Screening

No Screening

Parameter

2323 2839 3051

1659

2375 2797 2813

1723

0

Screening-detected low-risk

cysts (per 100000)
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range was used for each category). Relative risks for known hereditary syndromes that predispose to PDAC

are shown in Table 1.

pathway) and result in 38 cancer deaths
averted (three from the solid pathway,
35 from the cystic pathway). For both
sexes, screening at age 50 years result-
ed in a small loss in net life expectancy
(—3 days for men, —4 days for women)
because screening benefits were out-
weighed by surgical mortality risks
from false-positive diagnoses.

We found that as relative risk for
PDAC increases, health benefits from a
one-time MR imaging screening exam-
ination increase substantially (Fig 2).
Net life expectancy gains would be
achieved if an individual’s risk for
PDAC exceeded 2.4 (men) or 2.7
(women) times that of the general
population. For 50-year-old men with a
relative risk for PDAC that is 30 times
that of the general population, cancer
deaths averted would increase from 39
to 1219 per 100000 men (83 from the
solid pathway and 1136 from the cystic

pathway) and result in a life expectancy
gain of 65 days. In this population,
screening would help identify 21392
low-risk cysts, 1544 high-risk cysts,
and 1904 cancers (1800 arising from
the solid pathway and 104 from the
cystic pathway). Trends were similar
in women, with 1204 of 100000 cancer
deaths averted (90 from the solid path-
way, 1113 from the cystic pathway), 71
days gained, and 21038 low-risk cysts,
1435 high-risk cysts, and 1975 cancers
identified (1889 arising from the solid
pathway and 86 from the cystic path-
way). When relative risk further in-
creases to 70 times that of the general
population, the benefits of screening
increased to 2630 per 100000 cancer
deaths averted (206 from the solid
pathway, 2424 from the cystic pathway)
and 160 days gained in men. Screen-
ing this population would help identify
243539 low-risk cysts, 2082 high-risk

cysts, and 5379 cancers (5310 arising
from the solid pathway and 270 from
the cystic pathway). In women with the
same risk (70 times that of the general
population), trends were again similar:
2639 per 100000 cancer deaths averted
(251 from the solid pathway, 2388 from
the cystic pathway), 181 days gained,
and 24447 low-risk cysts, 1972 high-
risk cysts, and 6222 cancers identified
(5997 arising from the solid pathway
and 223 from the cystic pathway).

With the sensitivity analysis, when
varying the age at screening (Table 4),
we found that for both men and women,
screening individuals at age S50 years
would avert the greatest number of
PDAC deaths; however, screening at any
of these ages for individuals of average
risk continued to result in a loss of life
expectancy owing to the competing risks
of surgical mortality.

Our results were also sensitive to var-
iability in MR imaging specificity (Fig 3).
When screening 50-year-old men and
women with an average risk for the
tested range of 50%-100%, changes in
life expectancy varied from —94 days to
+2 days for men and from —110 days
to +2 days for women. Results were
less sensitive to variability in MR imag-
ing sensitivity. For the tested range of
25%-100%, corresponding changes in
life expectancy varied from —4 days to
—2 days for men and from —35 days to
—2 days for women.

Results were also sensitive to the
rate of surgical mortality (Fig 4). For
the tested range of 0%-10%, changes
in life expectancy varied from +2 days
to —27 days for men and from +3 days
to —31 days for women.

We developed a simulation model
of PDAC to evaluate when, from the
standpoint of individuals’ relative risk
for PDAC, MR imaging screening may
be effective. We found that one-time
MR imaging screening of average-risk
50-year-old individuals led to a net de-
crease in life expectancy owing to un-
necessary pancreatic surgeries incurred
as a result of false-positive results,
validating current recommendations
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Figure 3:  Graph shows effects of varied MR imaging specificity on life
expectancy gains from screening. With decreased specificity, life expectancy
losses from screening increase substantially owing to deaths from unnecessary
pancreatic surgeries (prompted by false-positive results). Note that, in the base

case, MR imaging specificity was 0.97.
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Figure 4:  Graph shows effects of varied surgical mortality rate on life
expectancy gains from screening. Increased rates of surgical mortality resulted
in increased life expectancy losses from screening, as would be expected. Note
that in the base case, surgical mortality was 2%.

against screening the general popula-
tion (14). However, we found that even
individuals with modestly elevated risk
exceeding thresholds of 2.4 (men) or
2.7 (women) times that of the general
population may incur life expectancy
gains from screening, an effect largely

attributable to the detection of cystic
precursors and, to a lesser extent, to
the detection of early PDAC. As relative
risk for PDAC increases to 30 times that
of the general population, as is expect-
ed in those with at least three affected
first-degree relatives, attributable life

expectancy gains are comparable to
those achieved from breast (52,53) and
colorectal (54) cancer screening. Addi-
tional populations with known heredi-
tary disorders who have an even higher
relative risk for PDAC, for example
those with hereditary pancreatitis (50—
80 times that of the general population)
(24-26,28) or Peutz-Jeghers syndrome
(132 times that of the general popula-
tion) (24,26,28), could achieve even
greater life expectancy gains from
screening. Our model results suggest
that many individuals at increased risk
for PDAC may benefit from MR imaging
screening.

This study contributes new informa-
tion to the field of PDAC screening by
introducing contemporary simulation
methods that are being used to develop
and analyze cancer policy models in
other organ systems (33,36,50,55,56).
Our model is calibrated to National
Cancer Institute Surveillance, Epide-
miology, and End Results data, thereby
leveraging high-quality data that are
representative of the U.S. population
to model pancreatic cancer. This ap-
proach is necessary for informing can-
cer control guidelines and health pol-
icy. In addition, the calibration process
provides a form of model validation be-
cause the model results are compared
with prespecified targets with revisions
to achieve a good model fit (49).

Few studies have been published
in which PDAC screening strategies
have been modeled (57). In 2003, Ru-
lyak and colleagues (57) performed a
cost-effectiveness analysis of endoscopic
US-based PDAC screening in high-risk
individuals and found screening to be
cost-effective beyond an endoscopic US
sensitivity of 84% and a 16% prevalence
of precursor dysplasia (14). Since that
time, substantial developments have oc-
curred on multiple fronts, specifically in
the classification and management of
precursor lesions (IPMNs and pancreatic
intraepithelial neoplasia), implementa-
tion and reporting of imaging-based
screening trials (including all six used
in our analysis), technical capabilities of
imaging, and computational methods for
disease simulation (12,14,15,17,18,21,
22,41,58,59). Our study brings new
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methods and evidence to this clinically
challenging problem, providing insights
into the relationship between cancer
risk and screening benefits.

More broadly, the evaluation of risk-
tailored screening strategies by means
of modeling research has the potential
to improve screening recommendations
across several cancer settings. Such ef-
forts have already led to the identifica-
tion of individuals most likely to benefit
from yearly CT for lung cancer screen-
ing, stratified according to age and pack-
years of smoking (30). Future cancer
screening models will likely be able to
integrate more granular—and more ac-
about individual
patient risk (hereditary and acquired)
and patient preferences than is read-
ily available today. The generation of
such information is a goal that is well
aligned with the National Cancer Insti-
tute’s Population-based Research Opti-
mizing Screening through Personalized
Regimens initiative (60). Data generated
from this initiative, when combined with
cancer models, will ultimately enable
further optimization of imaging-based
screening choices.

Several study limitations merit
mention. As with all modeling analyses,
ours is a simplification of reality. By
simplifying granular elements of a can-
cer’s natural history, model results can
be affected. In our model, this limita-
tion pertains most to our treatment
of precursor lesions. Data reported
on the natural history of precursor
lesions are sparse and susceptible to
verification bias because only lesions
that are sufficiently worrisome with
imaging or clinical criteria are removed
(10,11,14,15,41). Tt is difficult to know
the true proportion of low- and high-
risk cysts within modeled populations.
We used referral to surgery as a proxy
for a cyst’s high-risk nature; however,
unrelated factors such as an individual’s
surgical candidacy or risk tolerance may
confound such decisions (15). Further
data on the natural history of precursor
lesions, particularly in high-risk individ-
uals, are needed to inform screening
guidelines (14,61). Although the cystic
pathway accounts for the minority of
PDAC, cysts dominate the reason for

curate—information

positive screening (12,15,17,18,21,22);
therefore, how cysts are managed has a
substantial influence on the viability of
PDAC screening.

There are also limited available data
to inform the performance of MR im-
aging screening (or any imaging-based
screening) for PDAC. Although MR
imaging and CT are commonly used to
diagnose and stage PDAC after symp-
tomatic presentation, corresponding
data are not applicable to screening set-
tings. In the former, test performance
commonly pertains to lesion character-
ization, whereas in screening, test per-
formance pertains to lesion detection.
To address this obstacle, we categorized
findings of six screening studies to allow
for estimates of MR imaging sensitiv-
ity and specificity (12,15,17,18,21,22).
Simplifying assumptions were required
in this process, given heterogeneous
trial designs. In addition, disease-posi-
tive cases were limited in number across
studies (12,15,17,18,21,22). Neverthe-
less, MR imaging sensitivity influenced
our results much less than MR imaging
specificity, providing reassurance of the
stability of our results. Should MR imag-
ing emerge as a first-line tool for PDAC
screening, further standardization of
screening protocols, image interpre-
tation, and reporting language will be
essential, as will measures to decrease
interreader variability,
with other cancer screening settings.
Furthermore, the role of endoscopic US
as an adjunct screening modality will
need to be more clearly established. At
present, endoscopic US is commonly
performed to further evaluate pancre-
atic abnormalities encountered at MR
imaging and CT (51), but this practice
did not evolve in the context of cancer
screening. The conditional dependence
of MR imaging and endoscopic US in a
screening setting must be explicitly eval-
uated to determine how to use the com-
plementary performance attributes of
each to optimize patient outcomes.

In addition, we did not specifically
model competing effects on life expec-
tancy for each subpopulation of patients
at elevated risk for PDAC. Many genetic
mutations known to produce elevated
risk for PDAC are associated with the

commensurate

development of other malignancies. Ul-
timately, when considering the manage-
ment of specific populations, additional
competing risks must be considered to
prioritize clinical recommendations. In
addition, we did not account for pan-
creatic neuroendocrine tumors or extra-
pancreatic findings in our analysis owing
to limited data about their relevance to
the life expectancy of patients undergo-
ing PDAC screening.

Surgical mortality, an additional
competing source of death, is expected
to vary with multiple factors such as
institutional expertise, patient age, and
performance status; this type of de-
pendence was not explicitly modeled.
Moreover, published mortality rates
from pancreatic surgery vary, with most
series reporting values within 1%-6%
(42-47). We assumed a low mortality
rate within this range for our analysis
(2%) given that asymptomatic patients
with screening-detected cancers are
presumed to be healthier, in general,
than patients with symptom-detected
cancers. We addressed the uncertainty
of surgical mortality estimates by evalu-
ating the effects, on our results, of vary-
ing surgical mortality rates from 0% to
10% in sensitivity analysis (42-47).

Finally, many questions remain with
regard to what age to start and termi-
nate screening, what screening intervals
should be used, and which screening
strategies are optimal (14). For ex-
ample, it may be best to alternate MR
imaging and endoscopic US to leverage
the benefits of each. Furthermore, se-
rum biomarkers may be used alongside
imaging tests to enhance diagnostic
accuracy. Although known biomarkers
such as CA19-9 have not proved to be
effective for early detection, new and
evolving biomarkers—such as circulat-
ing tumor cells—demonstrate prom-
ise for early detection efforts (7,62).
Our model can be further developed to
evaluate a wide spectrum of possible
screening strategies and identify opti-
mized strategies that are tailored to in-
dividual patient risk. Furthermore, new
information about the natural history
and genetic risk of PDAC can be rapidly
incorporated into the model as it arises,
and endpoints of costs, disutility, and
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harms of overdiagnosis can be further
explored in future model iterations (63).
Ultimately, a cost-effectiveness analysis
in which long-term screening costs are
estimated from a lifetime perspective
will be necessary for understanding the
value of an MR imaging-based screening
approach.

In conclusion, we have developed a
disease simulation model of PDAC to
evaluate the effects of PDAC screening
across a spectrum of an individual’s risk
for PDAC. We found that MR imaging—
based screening of individuals with even
modestly elevated PDAC risk could in-
crease life expectancy by averting can-
cer deaths. Notably, individuals with a
known or suspected genetic predisposi-
tion account for only a small proportion
of PDAC, and potential life expectancy
gains remain tempered by the limited ef-
fectiveness of currently available screen-
ing technologies and therapies. Further
modeling initiatives in PDAC screening,
however, are warranted. Such initiatives
will complement evidence gained from
clinical trials, provide insights into requi-
site test performance characteristics for
emerging imaging technologies and se-
rum biomarkers, and ultimately inform
risk-stratified guidelines that may reduce
the burden of pancreatic cancer.
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