
Gastro Hep Advances 2023;2:979–989
ORIGINAL RESEARCH—CLINICAL
Predicting 10-Year Risk of Pancreatic Cancer Using a
Combined Genetic and Clinical Model

Gillian S. Dite,1 Erika Spaeth,2 Chi Kuen Wong,1 Nicholas M. Murphy,1 and
Richard Allman1
1Genetic Technologies Limited, Fitzroy, Victoria, Australia; and 2Phenogen Sciences Inc, Charlotte, North Carolina
Abbreviations used in this paper: AUC, area under the receiver operating
characteristic curve; BMI, body mass index; CI, confidence interval; E,
expected; NRI, net reclassification improvement; O, observed; OR, odds
ratio; PRS, polygenic risk score; SD, standard deviation; SIR, standardized
incidence ratio.

Most current article

Copyright © 2023 The Authors. Published by Elsevier Inc. on behalf of the
AGA Institute. This is an open access article under the CC BY-NC-ND li-

cense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
2772-5723

https://doi.org/10.1016/j.gastha.2023.05.008
BACKGROUND AND AIMS: Pancreatic cancer has the poorest
5-year survival rate of any major solid tumor, but when diag-
nosed at an early stage, survival rates improve. Population
screening is impractical because pancreatic cancer is rare with
a lifetime risk of 1.7%, but accurate risk stratification in the
general population could enable health care providers to focus
early detection strategies to at-risk individuals. Here, we vali-
date a combined risk prediction model that integrates a poly-
genic risk score and a clinical risk model. METHODS: Using the
UK Biobank, we conducted a prospective cohort study assess-
ing 10-year pancreatic cancer risks based on a polygenic risk
score, a clinical risk score, and a combined risk score. We
assessed the association, discrimination, calibration, cumulative
hazards, and standardized incidence ratios compared to pop-
ulation incidence rates for the risk scores. We also conducted
net reclassification analyses. RESULTS: While all of the risk
scores discriminated well between affected and unaffected
participants, the combined risk score – with a Harrell’s C-index
of 0.714 (95% confidence interval [CI] ¼ 0.698, 0.730) –
discriminated better than both the polygenic risk score (P ¼
.001) and the clinical risk score (P ¼ .02). In terms of calibration,
there was no problem with dispersion for the combined risk
score (b ¼ 0.952, 95% CI ¼ 0.865–1.039, P ¼ .3) and overall
there was a small overestimation of risk (a ¼ �0.089, 95%
CI ¼ �0.156 to �0.021, P ¼ .009). Participants in the top decile
of 10-year risk were at 1.413 (95% CI ¼ 1.242–1.607) times
population risk. CONCLUSION: The combined risk score was able
to identify individuals at substantially increased risk of pancreatic
cancer and to whom targeted screening could be useful.
Keywords: Pancreatic Cancer; Risk Prediction; Clinical Risk;
Polygenic Risk Score
Introduction

Pancreatic cancer has the poorest 5-year survival rate
of any major solid tumor, and incidence rates have

been on the rise over the last 20 years.1 When diagnosed
at an early stage, survival rates improve, highlighting the
importance of screening and early detection. Population
screening is not practical due to the low lifetime risk of
pancreatic cancer, which is about 1.7% for adults in the
Western world. Despite this, accurate risk stratification in
the general population could enable health care providers
to focus early detection strategies to at-risk individuals.
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Like many other solid tumor types, some pancreatic
cancers are associated with known highly and moderately
penetrant germline (likely) pathogenic variants; these may
represent between 4%–20% of pancreatic cancer cases.2,3

However, based on population-based studies of genome-
wide loci, the overall heritability of pancreatic cancer lies
somewhere between 21%–36%.3,4 Polygenic risk has been
identified as a component of this heritability and has been
investigated across multiple ethnic populations.5–9 While
the heritability of pancreatic cancer is important, the majority
of pancreatic cancer cases are sporadic and the risk factors
contributing to somatic events are largely associated with
environmental and clinical risk factors. Several diseases have
been found to be associated with an increased risk of
developing pancreatic cancer; several forms of pancreatitis,
primary sclerosing cholangitis, type 2 diabetes, and hepatitis
B viral infection are all associated with or considered a pre-
clinical manifestation of pancreatic cancer.10–13

Several clinical risk models have been created in an
attempt to stratify the general population of individuals
with European ancestry to strengthen the case for screening
at-risk individuals. These vary in discriminatory ability with
the area under the receiver operating characteritic curve
(AUC) ranging from 0.61 for the model by Klein et al,14 0.68
for the model by Appelbaum et al,15 0.72 for the model by
Kachuri et al,6 and 0.86 for the model by Hippisley-Cox
et al.16 Assessment of the improvement in discrimination
from adding a polygenic risk score (PRS) was undertaken by
Kachuri et al, with the AUC increasing to 0.74.6

In a disease where rapid progression from early to
advanced stage occurs within about 14 months,17 early
detection of pancreatic cancer can significantly affect
treatment options and survival rates. The application of a
risk stratification tool in the general population will allow
for selective screening of the most at-risk individuals.
Herein, we validate a combined risk prediction model that
integrates a PRS developed by Jia et al5 and a clinical risk
model developed by Klein et al14 to identify asymptomatic
at-risk individuals who could benefit from screening for
pancreatic cancer.
Materials and Methods
UK Biobank

The UK Biobank is a cohort of over 500,000 participants
who were recruited from England, Wales, and Scotland from
2006 to 2009.18–20 Phenotypic data was collected from par-
ticipants at a baseline assessment that involved completing a
touchscreen questionnaire followed by a face-to-face inter-
view, physical measurements, and biological sample collection
with a nurse. The blood, urine, and saliva samples have been
analyzed to provide extensive genomic and biomarker
data.18–20 All participants have been linked to cancer regis-
tries, death registries, and hospital records, while around 45%
of participants have been linked to primary care data.21

Despite the presence of a healthy volunteer selection bias in
the UK Biobank, the size of the resource and the variation in
exposure measures means that it is possible to generalize the
results of analyses of exposures and disease outcomes to other
populations.22

Eligibility
UK Biobank participants who had not withdrawn their

consent on 22 February 2022, whose gender identity was the
same as their sex at birth, who were aged 40–69 years at their
baseline assessment date, and who were of European ancestry
were initially eligible for this study. Participants were then
excluded from all analyses if they had pancreatic cancer diag-
nosed before their baseline assessment date, had no single-
nucleotide polymorphism (SNP) data available, or had died, or
been diagnosed with pancreatic cancer within the first 6 weeks
of follow-up. To ensure that the dataset did not have any pairs
of participants with closer than third-degree relatedness, we
used the ukb_gen_samples_to_remove function of the R package
ukbtools23,24 to identify related pairs and randomly chose one
to be removed. Details of the eligibility criteria and number of
participants eligible and dropped at each step are in Figure A1.
Data extraction
We used UK Biobank data field 21003 to determine age at

baseline assessment, UK Biobank data field 22006 to determine
European ancestry, and UK Biobank data fields 31 and 22001
to determine sex. A diagnosis of pancreatic cancer was based on
self-reported data (UK Biobank data field 20001 equal to 1026)
and linked cancer registry data (the first 3 characters of UK
Biobank data field 40006 [International Classification of Diseases,
Tenth Revision equal to C25 or the first 3 digits of UK Biobank
data field 40006 [International Classification of Diseases, Ninth
Revision equal to 157). Incident pancreatic cancers were those
for which the date of diagnosis (UK Biobank data field 40005)
was after the baseline assessment date (UK Biobank data field
53), while prevalent pancreatic cancers were those diagnosed on
or before the baseline assessment date (UK Biobank data fields
20007 or 40005 less than or equal to baseline assessment date).
We used linked death registry data (UK Biobank data fields
40000 [date of death] and 40007 [age at death]) to identify
participants who had died during the follow-up period.

We used Plink version 1.9.25,26 to extract the Jia et al5 panel
of 22 SNPs for pancreatic cancer from the UK Biobank’s SNP
imputation dataset. For the variables in the Klein et al14 clinical
model, body mass index (BMI) was taken from UK Biobank data
field 21001 (or 23104 if 21001 was not available), smoking
status was taken from UK Biobank data field 20116 and ABO
genotype was taken from UK Biobank data field 23165. Dia-
betes of over 3 years duration was identified if one or more of
the UK Biobank data fields for diabetes outcomes (130706,
130708, 130710, 130712, and 130714) had a valid date 3 or
more years before the baseline assessment date. For heavy
alcohol use (>3 drinks per day), UK Biobank data field 1558
was used to identify participants who reported less than daily
drinking (and were therefore, not heavy alcohol users), and UK
Biobank data fields 1568, 1578, 1588, 1598, and 1608 were
used for weekly red wine, champagne, beer/cider, spirits, and
fortified wine intake, respectively. Participants with a total over
the 5 categories of alcohol of more than 21 drinks per week
were heavy alcohol users, while those with a total of 21 drinks
or fewer per week were not.
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Relative PRS
We used estimates of the odds ratio (OR) per effect allele

and effect allele frequency from Jia et al5 (see Table A1) to
calculate a population-standardized PRS (as a relative risk) for
each participant.27,28 For each SNP in the panel of 22 SNPs for
pancreatic cancer in Jia et al5 (see Table A1), the unscaled
population average risk was calculated as m ¼ ð1� pÞ2þ
2pð1 � pÞORþ p2OR2, where OR was the odds ratio per effect
allele and p was the effect allele frequency. For each participant,
the adjusted risk (which has a population mean equal to 1) for
each of the 22 SNPs was calculated as ORN

m
, where N was the

participant’s number of effect alleles for the SNP. Any partici-
pants who were missing genotype data for 1 or more SNPs
were given an adjusted risk of 1 for each missing SNP. The final
PRS (snprisk) for each participant was the product of their
adjusted risks for the 22 SNPs.

Clinical relative risk score
The clinical relative risk score from Klein et al14 (clinrisk) is

calculated as:

clin xb ¼ 0:199� smoke 2þ0:788� smoke 3þ0:482

�diabetesþ 0:470� f hþ0:372�alcohol

� 0:094�bmi 1þ 0:077�bmi 3þ 0:231�bmi 4

þ 0:207�abo 2þ 0:399�abo 3þ 0:300�abo 4

þ 0:457�abo 5þ 0:365�abo 6þ 0:255�rs3790844

þ 0:166�rs401681þ 0:239�rs9543325

clinrisk ¼ eclin xb

The indicator variables (0¼ no; 1¼ yes) were as follows: smoke_2
for being a former smoker, smoke_3 for being a current smoker,
diabetes for having had a diagnosis of diabetes for longer than 3
years, fh for having a first-degree family history of pancreatic
cancer, alcohol for heavy alcohol use (>3 drinks per day),
bmi_1 for having a BMI < 18.5 kg/m2, bmi_3 for having a BMI
�25 and <30 kg/m2, bmi_4 for having a BMI �30 kg/m2, abo_2
for having AO as the ABO genotype, abo_3 for having AA, abo_4
for having BO, abo_5 for having BB, and abo_6 for having AB.
The SNPs were coded as the number of effect alleles (0, 1, or 2)
as follows: A was the effect allele for rs3790844, T was the
effect allele for rs401681, and C was the effect allele for
rs9543325.

Family history of pancreatic cancer was not available in the UK
Biobank and, therefore, was omitted from the clinical relative risk
calculation in this study. If a participant was missing information
on a clinical risk factor, we omitted that risk factor from their
relative risk calculation. The clinical relative risk score in this study
was centered by dividing by its mean in the analysis dataset:

clinrisk c ¼ clinrisk
3:420848

Combined relative risk score
For the calculation of the combined relative risk score in our

study, 3 SNPs (rs3790844, rs401681, and rs9543325) were not
included in the calculation of the clinical relative risk score
because they also appear in the relative PRS from Jia et al.5 The
abridged clinical risk score was centered by dividing by its mean:

abr clinrisk c ¼ abr clinrisk
1:628917

One SNP, rs505922, is used in both the relative PRS and the
determination of the ABO genotype for the clinical relative risk
score; therefore, rs505922 was omitted from the calculation of
the relative PRS (abr_snprisk) for the combined relative risk
score. The centered and abridged clinical relative risk score was
then multiplied by the abridged relative PRS to obtain the
combined relative risk score:

combined risk ¼ abr snprisk � abr clinrisk c

Absolute 10-year risk scores
We calculated absolute 10-year risk for each of the risk

scores (PRS, clinical risk score, and combined risk score) using
sex-specific, age-specific (in 5-year groups), and calendar year-
specific pancreatic cancer incidence rates for England29 as
population reference rates. We also used a competing mortality
adjustment using sex-specific, age-specific (in 5-year groups),
and calendar year-specific mortality rates for causes of death
other than pancreatic cancer.30,31

For the calculation of 10-year risk for each participant (aged
b years at their baseline assessment date), we first determined
their population incidence from birth to age b years (popincid)
and to age b þ 10 years (popincid10). For each relative risk
score (riskscore), we then calculated each participant’s cumu-
lative risk to age b years and age b þ 10 years as cumul ¼ 1�
e�riskscore�popincid and cumul10 ¼ 1� e�riskscore�popincid10,
respectively. For each participant, their expected survival in the
next 10 years was surv10 ¼ e�mort10, where mort10 was their
expected mortality in the next 10 years. The 10-year absolute
risk of pancreatic cancer was then calculated as absrisk10yr ¼
ðcumul10�cumulÞ�surv10

ð1�cumulÞ .

Statistical analysis
In our prospective cohort study, follow-up of each

participant began at their baseline assessment and ended at
the earliest of their date of completing 10 years of follow-up,
date of diagnosis of pancreatic cancer, date of death, or 31
July 2019 (to which linkage to cancer registries is complete).
We first assessed the standardized incidence ratio (SIR) of the
number of pancreatic cancers expected using sex-specific,
age-specific, and calendar year-specific population incidence
rates for England29 compared to the number observed during
the 10 years of follow-up, overall, by 10-year age group and
by sex.

We used Cox regression with age as the time axis to es-
timate the hazard ratio per standard deviation (SD) of
10-year risk for the PRS, the clinical risk score, and the
combined risk score. Harrell’s C-index was used to assess the
ability of the risk scores to distinguish between affected and
unaffected participants (ie the discrimination of the risk
scores). We then plotted Nelson–Aalen cumulative hazard
curves for the 3 risk scores stratified by quintile of 10-year
risk and extracted the cumulative hazards at 5-year in-
tervals from age 45–75 years.
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We evaluated calibration using logistic regression to esti-
mate coefficients for the log odds of the predicted 10-year risk
for each of the risk scores and tested whether the coefficients
were equal to 1.32,33 The estimated coefficient is a measure of
dispersion, where values < 1 indicate overdispersion, values >
1 indicate underdispersion, and values close to 1 indicate no
problem with dispersion. We then constrained the logistic
regression models to have a slope of 1 and used the intercept
term to assess overall calibration.33 To illustrate the calibration
of the models, we drew calibration plots for deciles of the 10-
year risks using the pmcalplot module in Stata.34,35

For each of the 10-year risk scores, we used cut points at
0.36% and 0.64% to define risk categories (<0.36% risk was
categorized as average-risk, �0.36% to <0.64% was catego-
rized as increased-risk and �0.64% was categorized as high-
risk). The cut-point at 0.36% (which is 1.8 times the median
10-year population risk of 0.2%) was based on the increased
risk threshold suggested by Permuth-Wey and Egan,36 while
the cut-point at 0.64% (3.2 times the median 10-year risk) was
based on National Comprehensive Cancer Network recom-
mendations37 for identifying individuals at high-risk. We
calculated the change in classification for cases and controls
separately and the net reclassification improvement38 (NRI) for
the combined risk score compared to both the PRS and the
clinical risk score. We used McNemar’s asymptotic test for
correlated proportions to test the null hypothesis that the NRI
or the classification change for cases and controls separately
were equal to 0.

To illustrate the ability of the combined model to stratify
pancreatic cancer risk, we calculated the SIR of the number of
cases expected using sex- and age-specific population inci-
dence rates for England29 and the number observed during
the 10 years of follow-up for each decile of 10-year risk and
using the cut-offs used in the NRI analysis. We used Stata
(version 17.0)34 for the analyses; all statistical tests were 2
sided and P values < .05 were considered nominally statisti-
cally significant.
Table 1. Hazard Ratio Per SD of Risk and Harrell’s C-Index
for the 10-y Risk of the PRS, the Clinical Risk Score, and the
Ethics approval
The UK Biobank has Research Tissue Bank approval (REC

#11/NW/0382) that covers analysis of data by approved re-
searchers. All participants provided written informed consent
to the UK Biobank before data collection began. This research
has been conducted using the UK Biobank resource under
application number 47401.
Combined Risk Score

Association
Hazard ratio per

SD of risk 95% CI P value

Polygenic risk score 1.328 1.263, 1.397 <.001

Clinical risk score 1.328 1.265, 1.394 <.001

Combined risk score 1.310 1.264, 1.357 <.001

Discrimination
Harrell’s
C-index 95% CI P valuea

Polygenic risk score 0.702 0.686, 0.717 <.001

Clinical risk score 0.703 0.687, 0.720 <.001

Combined risk score 0.714 0.698, 0.730 <.001

aP value for test that Harrell’s C-index ¼ 0.5.
Results
There were 376,462 participants (202,215 women and

174,247 men) in the final analysis dataset, 851 (399 women
and 452 men) of whom were diagnosed with incident
pancreatic cancer during the 10-year follow-up period.
Mean age at baseline assessment date was 62.0 years (SD ¼
6.2 years) for affected participants and 57.4 years (SD ¼ 7.9
years) for unaffected participants. Affected participants had
a mean age of 68.0 years (SD ¼ 6.6 years) at diagnosis and a
mean of 5.9 years (SD ¼ 2.9 years) of follow-up time until
their diagnosis. Unaffected participants had a mean of 9.7
years (SD ¼ 1.0 years) of follow-up time.
Overall, 343,216 (91.2%) participants had all 22 SNPs
genotyped and 31,795 (8.5%) were missing one SNP. For
the clinical risk score, 371,998 (98.8%) participants had no
missing variables and 4385 (1.2%) were missing one vari-
able (see Table A2). The mean relative risks were 0.98
(SD ¼ 0.51) for the PRS, 3.42 (SD ¼ 1.67) for the clinical risk
score before centering, 1.0 (SD ¼ 0.49) for the clinical risk
score after centering, and 1.00 (SD ¼ 0.66) for the combined
risk score. The characteristics of the unaffected and affected
participants for the risk factors in the clinical risk score are
given in Table A3.

When we compared the number of pancreatic cancers
seen during the 10 years of follow-up to the number ex-
pected using population incidence rates, there was evidence
that there were fewer pancreatic cancers seen in the UK
Biobank participants than expected (observed [O] ¼ 851,
expected [E] ¼ 1060.8, SIR ¼ 0.802, 95% CI ¼ 0.750–0.858,
P < .001). This was seen in the 50–59 years age group (O ¼
195, E ¼ 263.6, SIR ¼ 0.740, 95% CI ¼ 0.643–0.851, P <

.001 and the 60–69 years age group (O ¼ 604, E ¼ 740.2,
SIR ¼ 0.816, 95% CI ¼ 0.754–0.884, P < .001), but not in
the 40–49 years age group (O ¼ 52, E ¼ 57.0, SIR ¼ 0.913,
95% CI ¼ 0.696–1.198, P ¼ .5). When stratified by sex, there
were fewer pancreatic cancers than expected for both
women (O ¼ 399, E ¼ 493.9, SIR ¼ 0.808, 95% CI ¼
0.732–0.891) and men (O ¼ 425, E ¼ 566.9, SIR ¼ 0.797,
95% CI ¼ 0.727–0.874).

In affected participants, the mean 10-year risk was
0.383% (SD ¼ 0.250%) for the PRS, 0.390% (SD ¼ 0.244%)
for the clinical risk score, and 0.433% (SD ¼ 0.357%) for
the combined risk score. In unaffected participants the mean
10-year risk was 0.241% (SD ¼ 0.188%) for the PRS,
0.248% (SD ¼ 0.187%) for the clinical risk score, and
0.247% (SD ¼ 0.224%) for the combined risk score.
Figure A2A shows the distribution of the 10-year risk of
pancreatic cancer for the combined risk score for unaffected
and affected participants.

Table 1 shows the hazard ratio per SD and Harrell’s C-index
for the three 10-year risk scores. All of the risk scores were
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strongly associated with pancreatic cancer (all P < .001). In
terms of discrimination of affected and unaffected participants,
all of the risk scores discriminated well (all P < .001). The
combined risk score discriminated better than both the PRS
(z ¼ 3.18, P ¼ .001) and the clinical risk score (z ¼ 2.27, P ¼
.02).

The calibration plots in Figure 1 show good calibration
across almost all the deciles of risk for each of the three 10-
year risk scores. The logistic regression estimates for the log
odds of the predicted 10-year risks showed that there were
no problems with dispersion for any of the PRS (0.988, 95%
CI ¼ 0.889–1.087, P ¼ .8), clinical risk score (1.035, 95%
CI ¼ 0.925–1.145, P ¼ .5), or combined risk score (0.952,
95% CI ¼ 0.865–1.039, P ¼ .3). For the overall calibration
(with the slope constrained to 1), there was marginal evi-
dence of miscalibration for the PRS (�0.065, 95%
CI ¼ �0.132 to 0.002, P ¼ .06) and evidence of slight
overestimation of risks for the clinical risk score (�0.094,
95% CI ¼ �0.161 to �0.026, P ¼ .006), and the combined
risk score (�0.089, 95% CI ¼ �0.156 to �0.021, P ¼ .009).
Figure 1. Calibration plots for the 10-year risks of the (A) P
Figure 2 and Table A4 show the Nelson–Aalen cumula-
tive hazard functions for the three 10-year risk scores
stratified by quintile of risk. The cumulative hazard func-
tions for the quintiles of the PRS (Figure 2A) have similar
trajectories to age 65 years, after which the top and bottom
quintiles diverge. For the clinical risk score (Figure 2B), the
top quintile begins to diverge from the bottom quintile from
70 years of age, while for the combined risk score
(Figure 2C), the top quintile begins to diverge from the
bottom quintile from 60 years of age. By the age of 60 years,
the cumulative hazard for the top quintile of the combined
risk score (0.0023, 95% CI ¼ 0.0013–0.0041) was 3.8 times
that of the bottom quintile (0.0006, 95% CI ¼ 0.0040 to
0.0009). By the age of 75 years, the cumulative hazard for the
top quintile of the combined risk score (0.0092, 95% CI ¼
0.0082–0.0114) was 11.5 times that of the bottom quintile
(0.0008, 95% CI ¼ 0.0005–0.0014) and 1.8 times that of the
middle quintile (0.0051, 95% CI ¼ 0.0039–0.0066).

Classification tables for the 10-year risks for the PRS vs
the combined risk score and the clinical risk score vs the
RS, (B) clinical risk score, and (C) combined risk score.
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Figure 2. Nelson–Aalen cumulative hazard rates for quintiles of 10-year risk for the (A) PRS, (B) clinical risk score, and
(C) combined risk score.
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combined risk score are shown in Table 2. The combined
risk score improved the overall classification performance
compared to the PRS (NRI ¼ 0.066, 95% CI ¼ 0.035–0.098.
P < .001). This improvement was driven by a net im-
provement in the classification of affected participants of
0.080 (95% CI ¼ 0.049–0.111, P < .001). In unaffected
participants, there was a small net change to higher risk
categories of 0.014 (95% CI ¼ 0.012–0.015, P < .001).
Similarly, Table 2 shows that the 10-year combined risk
score improved overall classification performance com-
pared to the 10-year clinical risk score (NRI ¼ 0.060, 95%
CI ¼ 0.027–0.094. P < .001), which was driven by an
improvement in classification performance for affected
participants of 0.075 (95% CI ¼ 0.042–0.109, P < .001).
There was a net change to higher risk categories for unaf-
fected participants of 0.015 (95% CI ¼ 0.014–0.016, P <

.001).
Table 3 and Figure 3 show the SIRs and 95% CIs for

deciles of 10-year risk for the 3 risk scores compared to
population incidence rates. Participants in the top decile of
10-year risk for the combined risk score had a median risk
of 0.66%, were at 1.413 (95% CI ¼ 1.242–1.607) times
population risk and were at 4.5 times the risk of the
participants in the bottom decile. Participants in the first 8
deciles of 10-year combined risk score were at less than
population risk, while the ninth decile was at population
risk. Participants in the top decile of 10-year risk for the PRS
and the clinical risk score both had a median risk of 0.60%
and were at 1.273 (95% CI ¼ 1.114–1.455) and 1.303 (95%
CI ¼ 1.142–1.488) times population risk, respectively. When
we looked at the SIRs stratified by the risk thresholds used
in the NRI analysis in Table 2, the SIRs for the participants
in the high-risk category (�0.64%) were 1.511 (95% CI ¼
1.247–1.831) for the PRS, 1.493 (95% CI ¼ 1.225–1.820) for
the clinical risk score and 1.551 (95% CI ¼ 1.316–1.827) for
the combined risk score (Table 4 and Figure A3).
Discussion
Current pancreatic screening recommendations focus on

familial and genetic risk of disease,37 but only 4% of the
population have a family history of pancreatic cancer.39

There needs to be an improvement in clinical screening
criteria because the majority of adults ultimately diagnosed
with pancreatic cancer do not meet those selective criteria.



Table 2. Classification Tables for the 10-y Combined Risk Score Compared to the 10-y PRS and the 10-y Clinical Risk Score

Affected

Combined risk score category

Unaffected

Combined risk score category

Average Increased High Total Average Increased High Total

Combined vs polygenic risk score
Polygenic risk
score category

Average 401 72 11 484 Average 278,584 17,415 1827 297,826

Increased 43 162 58 263 Increased 18,305 35,593 9195 63,093

High 0 30 74 104 High 1 5058 9633 14,692

Total 444 264 143 851 Total 296,890 58,066 20,655 375,611

Combined vs clinical risk score
Clinical risk
score category

Average 376 86 7 469 Average 274,258 21,494 1270 297,022

Increased 67 154 63 284 Increased 22,181 32,216 9861 64,258

High 1 24 73 98 High 451 4356 9524 14,331

Total 444 264 143 851 Total 296,890 58,066 20,655 375,611

PRS, polygenic risk score; for each risk score, participants with a 10-y risk of <0.36% were categorized as being at average
risk, �0.36% and <0.64% were at increased risk and �0.64% were at high risk.

Table 3. Number of Cases Observed and Number of Cases Expected Using Population Incidence Rates, SIRs and 95% CIs
for Deciles of the 10-y Risk for the PRS, Clinical Risk Score, and Combined Risk Score

Risk score Observed Expected SIR 95% confidence interval

Polygenic 10-y risk score
Decile 1 (median ¼ 0.04%) 13 23.46 0.554 0.322, 0.954
Decile 2 (median ¼ 0.07%) 19 40.80 0.466 0.297, 0.730
Decile 3 (median ¼ 0.10%) 29 64.82 0.447 0.311, 0.644
Decile 4 (median ¼ 0.14%) 48 88.57 0.542 0.408, 0.719
Decile 5 (median ¼ 0.18%) 66 108.69 0.607 0.477, 0.773
Decile 6 (median ¼ 0.22%) 92 124.31 0.740 0.603, 0.908
Decile 7 (median ¼ 0.27%) 95 136.67 0.695 0.569, 0.850
Decile 8 (median ¼ 0.33%) 128 146.78 0.872 0.733, 1.037
Decile 9 (median ¼ 0.41%) 145 157.02 0.924 0.785, 1.087
Decile 10 (median ¼ 0.60%) 216 169.65 1.273 1.114, 1.455

Clinical 10-y risk score
Decile 1 (median ¼ 0.04%) 12 21.29 0.564 0.320, 0.993
Decile 2 (median ¼ 0.07%) 26 36.79 0.707 0.481, 1.038
Decile 3 (median ¼ 0.11%) 24 57.67 0.416 0.279, 0.621
Decile 4 (median ¼ 0.15%) 61 83.59 0.730 0.568, 0.938
Decile 5 (median ¼ 0.19%) 50 108.29 0.462 0.350, 0.609
Decile 6 (median ¼ 0.23%) 70 127.58 0.549 0.434, 0.694
Decile 7 (median ¼ 0.28%) 112 141.56 0.791 0.657, 0.952
Decile 8 (median ¼ 0.33%) 123 153.21 0.803 0.673, 0.958
Decile 9 (median ¼ 0.41%) 153 162.01 0.944 0.806, 1.107
Decile 10 (median ¼ 0.59%) 220 168.78 1.303 1.142, 1.488

Combined 10-y risk score
Decile 1 (median ¼ 0.03%) 9 24.45 0.368 0.192, 0.707
Decile 2 (median ¼ 0.06%) 16 43.31 0.369 0.226, 0.603
Decile 3 (median ¼ 0.10%) 36 67.69 0.532 0.384, 0.737
Decile 4 (median ¼ 0.13%) 50 91.13 0.549 0.416, 0.724
Decile 5 (median ¼ 0.17%) 58 109.93 0.528 0.408, 0.683
Decile 6 (median ¼ 0.21%) 78 124.61 0.626 0.501, 0.782
Decile 7 (median ¼ 0.26%) 96 135.44 0.709 0.580, 0.866
Decile 8 (median ¼ 0.33%) 117 145.41 0.805 0.671, 0.965
Decile 9 (median ¼ 0.43%) 159 154.59 1.029 0.881, 1.202
Decile 10 (median ¼ 0.66%) 232 164.22 1.413 1.242, 1.607

The SIR is the observed number of pancreatic cancer cases divided by the number expected using population incidence
rates.
SIR, standardized incidence ratio.
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Figure 3. SIRs and 95% CIs for deciles of 10-year risk for the
(A) PRS, (B) clinical risk score, and (C) combined risk score,
with the deciles placed on the x-axis at their median values.
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Historically, because the incidence of pancreatic cancer is so
low, creating, and validating population-based risk models
has been challenging. However, using almost 380,000 adults
aged 40–69 years in the UK Biobank, we identified 851
incident cases of pancreatic cancer over a 10-year period.
This has enabled us to rigorously validate a risk prediction
model that comprises a PRS developed by Jia et al5 and a
clinical risk model developed by Klein et al.14 We focused on
10-year risk in this manuscript because we had 10 years of
follow-up data available for analysis in the UK Biobank, but
the relative risk from the combined model can be used with
appropriate population incidence rates to calculate absolute
risk over any period (Figure A2A–D and Supplementary
Methods).

We first looked at the discrimination and calibration of
the clinical risk score, the PRS, and the combined risk score.
We found a small but statistically significant improvement
(due to the large sample size) in discrimination for the
combined risk score compared to the PRS and the clinical
risk score. The small overestimation of overall risk seen for
the 10-year risks for the clinical risk score and combined
risk score (and marginal evidence for the PRS) was statis-
tically significant and is consistent with the finding that the
UK Biobank had fewer cancers than expected using popu-
lation incidence rates. Therefore, there might not be an
overestimation of risk in a real-world clinical setting, but
it is better to overestimate risk than to underestimate
risk when it comes to preventive care. Interestingly, the
discriminatory performance of the component risk scores
was better in our study than in the original papers. For the
PRS, the original AUC was 0.639,5 whereas the Harrell’s C-
index in this study was 0.702. Similarly, for the clinical risk
score, the original AUC was 0.6114 and the Harrell’s C-index
in this study was 0.703.

Next, the advantage of using the combined risk score
became evident when we looked at the ability of the 3 risk
scores to stratify the population. Figure 2 (and Table A4)
highlights this stratification potential. Focusing on the top
and bottom quintiles of risk, the clinical model was able to
statistically significantly differentiate the cumulative haz-
ards by the age of 70 years, and the PRS model was able to
differentiate between the top and bottom quintiles of risk by
the age of 65. However, the combined model was able to
differentiate the cumulative hazards between the top and
bottom quintiles of risk by the age of 60. These data high-
light the benefit of a combined model over either model
independently.

We next looked at the ability of the 3 risk scores to
classify participants as being at average, increased, or high
risk. Because of clinical guidelines for screening that are
based on having a first-degree family history of pancreatic
cancer, we used a relative risk of 1.8 (which is the relative
risk associated with having a first-degree family history36)
to establish a clinically equivalent indicator of increased
risk. In the general population, the median 10-year risk
of pancreatic cancer is 0.2%; therefore the 10-year risk
cut-off to identify participants at increased risk was
0.36%. We used a relative risk of 3.2 (which is equivalent
to having a moderate penetrant [likely] pathogenic
variant37) to identify participants at high risk; therefore,
the 10-year risk cut-off to identify participants at high risk
was 0.64%.

Using these thresholds, we conducted a reclassification
analysis comparing the combined risk score with both the
PRS and the clinical risk score. In both cases, the combined
model improved net reclassification. While the combined
and clinical models performed similarly when reclassifying
participants at the increased risk threshold, notable reclas-
sification occurs at the high-risk threshold. The combined
model identified 17% of affected participants over the high-
risk threshold compared with 11% of affected participants
identified using the clinical risk score, representing a
50% improvement. This same change was observed in un-
affected participants, where 5.5% were identified above the
high-risk threshold with the combined risk score compared
with 3.8% for the clinical risk score.



Table 4. Number of Cases Observed and Number of Cases Expected Using Population Incidence Rates, SIRs and 95% CIs
for Participants at Average, Increased, and High Risk 10-y Risk for the PRS, Clinical Risk Score, and Combined Risk Score

Risk score Observed Expected SIR 95% confidence interval

Polygenic 10-y risk score
<0.36% 484 722.7 0.670 0.613, 0.732
�0.36% to <0.64% 263 269.24 0.977 0.866, 1.102
�0.64% 104 68.83 1.511 1.247, 1.831

Clinical 10-y risk score
<0.36% 469 714.52 0.656 0.560, 0.719
�0.36% to <0.64% 284 280.61 1.012 0.901, 1.137
�0.64% 98 65.63 1.493 1.225, 1.820

Combined 10-y risk score
<0.36% 444 726.62 0.611 0.557, 0.671
�0.36% to <0.64% 264 241.93 1.091 0.967, 1.231
�0.64% 143 92.22 1.551 1.316, 1.827

The SIR is the observed number of pancreatic cancer cases divided by the number expected using population incidence
rates.
SIR, standardized incidence ratio.
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In the UK Biobank, 1 in 442 adults aged 40–69 years
would need to be screened to identify one affected adult
over a 10-year period. Using the high-risk categories of
the combined risk score or the clinical risk score, 1 in 145
and 1 in 147, respectively, adults would need to be
screened. In these high-risk individuals (�0.64% 10-year
risk), the SIRs compared to population incidence rates
(Table 4) are all around 1.5, but as shown in Table 2, the
combined risk score was able to identify many more at-
risk individuals than either the PRS or the clinical risk
score. Of note, the comparison of the number needed to
screen makes the assumption that pancreatic risk
assessment is routinely done in primary care, which it is
not. The number needed to screen for the combined risk
model could be a significant improvement if the combined
model were applied and assessed in a real-world clinical
scenario.

Finally, when we looked at the SIRs compared to pop-
ulation incidence rates by decile of risk (Table 3 and
Figure 3), the combined risk score was better able to
identify participants at high risk than the PRS or the clinical
risk score alone. This was evident in terms of the SIR for the
top decile, which was 1.4 for the combined risk score and
1.3 for both of the other risk scores. In addition, the median
10-year risk for the top decile of the combined risk score
was 0.66%, which was higher than both the PRS (0.60%)
and the clinical risk score (0.59%).

A potential limitation of our study is the lack of
pancreatic cancer family history data in the UK Biobank.
While the inclusion of family history into the risk score may
have provided some additional benefit, less than 4% of the
general population have a family history of pancreatic can-
cer (and the population attributable fraction is only 3%),39

so the contribution to overall risk at a population level is
minor. Another limitation is that, while we observed an in-
crease in unaffected participants being reclassified to higher
categories in the NRI analysis rather than being reclassified
to lower categories, this might have been because there are
fewer pancreatic cancers observed in the UK Biobank than
expected using population incidence rates. In turn, this
might have contributed to the combined models’ over-
estimation of risk and misclassification of unaffected
participants.

The vast size of the UK Biobank has allowed us to un-
dertake a comprehensive analysis without being hindered
by small numbers when we stratified the analyses by
quintile of risk. Additionally, there was very little missing
data (Tables A2 and A3), and, therefore, we simply omitted
any missing risk factors from the participant’s relative risk
calculation. This meant that we were able to calculate risk
scores for all eligible UK Biobank participants. Future
studies will cross validate this model in separate datasets,
including those including participants of ethnically diverse
genetic ancestries.
Conclusion
While pancreatic cancer is rare, it is important to iden-

tify at-risk adults as early as possible to be able to screen
efficiently. Although the clinical and PRSs performed well
independently, the combined risk score had an advantage in
the number of high-risk individuals identified and the net
reclassification of affected and unaffected individuals
compared with both the PRS and the clinical risk score. The
combined risk score also had a clear advantage in the
stratification of cumulative hazards, differentiating the top
and bottom quintiles at an earlier age than the other risk
scores. Based on the analyses presented herein, the com-
bined genetic and clinical risk score was able to identify a
greater number of individuals at substantially increased risk
of pancreatic cancer. The combined model identifies high-
risk individuals who could benefit from existing and
emerging targeted screening techniques that could be used
more efficiently based on the number needed to screen,
thereby providing a net clinical benefit.



988 Dite et al Gastro Hep Advances Vol. 2, Iss. 7
We suggest that the use of an improved risk stratification
model at the general population level will increase the number
of at-risk adults who qualify for high-risk screening programs,
representing advancement for clinical practice. Using the
clinical risk model alone will miss about 45% of the at-risk
population (defined as being at least four-times average
risk) identified using the combined model. This means that the
opportunity to screen-detect approximately 45% more early
stage (presymptomatic) pancreatic cancers will be missed.

A risk-stratification tool paired, in a step-wise manner,
with existing or emerging pancreatic screening techniques
could lead to clinically significant downstaging of pancre-
atic cancer diagnoses. This is important because identi-
fying at-risk adults at early stage diagnosis where surgical
resection is still possible is associated with increased
survival rates.40,41

Supplementary Materials
Material associated with this article can be found in the

online version at https://doi.org/10.1016/j.gastha.2023.05.
008.
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