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Abstract 

Background  Pancreatic cancer (PC) is influenced by both genetic and lifestyle factors. However, further research 
is still needed to comprehensively clarify the relationships among lifestyle, genetic factors, their combined effect 
on PC, and how these associations might be age-dependent.

Methods  We included 340,631 participants from the UK Biobank. Three polygenic risk score (PRS) models for PC 
were applied, which were derived from the previous study and were categorized as low, intermediate, and high. Two 
healthy lifestyle scores (HLSs) were constructed using 9 lifestyle factors based on the World Cancer Research Fund/
American Institute of Cancer Research (WCRF/AICR) lifestyle score and the American Cancer Society (ACS) guidelines 
and were categorized as unfavorable, intermediate, and favorable. Data were analyzed using Cox proportional hazards 
models.

Results  There were 1,129 cases of incident PC during a median follow-up of 13.05 years. Higher PRS was significantly 
associated with an increased risk of PC (hazard ratio [HR], 1.58; 95% confidence intervals [CI], 1.47–1.71). Adhering 
to a favorable lifestyle was associated with a lower risk (HR, 0.48; 95% CI, 0.41–0.56). Participants with an unfavorable 
lifestyle and a high PRS had the highest risk of PC (HR, 2.84; 95% CI, 2.22–3.62). Additionally, when stratified by age, 
a favorable lifestyle was most pronounced associated with a lower risk of PC among participants aged ≤ 60 years (HR, 
0.35; 95% CI, 0.23–0.54). However, the absolute risk reduction was more pronounced among those aged > 70 years 
(ARR, 0.19%, 95% CI, 0.13%–0.26%). A high PRS was more strongly associated with PC among participants 
aged ≤ 60 years (HR, 1.89; 95% CI, 1.30–2.73). Furthermore, we observed a significant multiplicative interaction 
and several significant additive interactions.

Conclusions  A healthy lifestyle was associated with a lower risk of PC, regardless of the participants’ age, sex, 
or genetic risk. Importantly, our findings indicated the age-dependent association of lifestyle and genetic factors 
with PC, emphasizing the importance of early adoption for effective prevention and potentially providing invaluable 
guidance for setting the optimal age to start preventive measures.
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Background
Pancreatic cancer (PC) remains one of the deadliest can-
cers and has now overtaken breast cancer as the third 
leading cause of cancer-related deaths in the United 
States [1, 2]. Even more concerning is that PC is pre-
dicted to surpass colorectal cancer in 2040 and become 
the second-leading cause of cancer-related mortality, 
trailing only lung cancer [2]. To date, surgical resection 
remains the only treatment option with the potential to 
cure PC [3]. However, the vast majority of PC patients 
present with locally advanced disease or distant metas-
tasis, and only a small percentage of individuals with PC 
can receive radical surgical treatment [4, 5]. Therefore, 
exploring the contributing factors and identifying indi-
viduals who are at a high risk of developing PC may help 
with early diagnosis and prevention of PC and its associ-
ated challenges.

Both genetic and lifestyle factors have been identi-
fied as key contributors to the development of PC. Sev-
eral lifestyle factors, such as obesity, smoking and an 
unhealthy dietary pattern, have been positively associ-
ated with the risk of PC [6–9]. Given that lifestyle fac-
tors tend to coexist, researchers in several recent studies 
have reported associations between combinations of 
these factors and cancer risk, providing evidence to sup-
port the idea that an overall healthy lifestyle was associ-
ated with a reduction in cancer risk [10–12]. Individuals 
carrying pathogenic mutations in the PC susceptibility 
gene have a high risk of developing this type of cancer. 
Recent genome-wide association studies (GWASs) have 
been successful at identifying numerous single nucleotide 
polymorphisms (SNPs) associated with PC risk [13–16]. 
While individual variants may contribute only a lim-
ited amount to the heritable risk of PC, a polygenic risk 
score (PRS) has been shown to be effective in capturing 
the collective impact of multiple risk-associated variants. 
In a recent study performed on participants of the UK 
Biobank, it was reported that a higher PRS was associ-
ated with an increased risk of PC [17].

In previous studies, genetic and lifestyle factors were 
combined to estimate their association with cancers 
(e.g., breast cancer, lung cancer, thyroid cancer, colorec-
tal cancer, and gastric cancer), and it was discovered that 
an overall healthy lifestyle might attenuate the risk of 
cancer due to genetic factors [18–22]. A study explored 
the relationship between lifestyle, genetic factors, and 
their combined effects on PC [23]. Additionally, a recent 
study reported the age-dependent association of these 
risk factors with PC [24]. However, few comprehensively 

investigated the age-dependent relationship between a 
healthy lifestyle and PC risk or the combined influence 
of lifestyle and genetic factors in this context. Hence, we 
conducted a prospective study using the UK Biobank to 
examine the beneficial association of a healthy lifestyle 
on PC in a different context. Then we comprehensively 
assessed the age-dependent association of a healthy life-
style, genetic factors, and their combined effect with PC.

Methods
Study population
The UK Biobank was a large-scale prospective cohort 
study that involved recruiting approximately 500,000 
participants (aged 37–73 years) from 2006 to 2010, con-
taining in-depth genetic and health information for each 
participant. More information about the UK Biobank is 
described in detail elsewhere [25, 26].

Our analysis was restricted to individuals of white 
British descent (including British, Irish, White, White 
and Asian, and White and Black African), as GWASs 
reported so far have been largely confined to this popula-
tion. Out of a total of 502,412 participants, 161,781 were 
excluded from the cohort study, including 15,003 cases 
with missing genetic data, 206 cases with ambiguous 
sex information, 76,051 cases (national cancer registries 
[n = 44,727]; hospital inpatient [n = 31,324]) of prevalent 
cancer (diagnosed with cancer before enrollment), 22,977 
individuals of nonwhite British ancestry, 34 withdrew, 
and 47,510 cases (lifestyle factors [n = 45,264]; covari-
ate information [n = 2,246]) with missing lifestyle or 
covariate information (Additional file 1: Table S3). After 
excluding these factors, there were 340,631 participants 
in the study (Fig. 1).

The UK Biobank received ethics approval from the 
North West Multicenter Research Ethics Committee. 
All participants provided informed written consent, and 
they had the option to withdraw their personal data from 
the study at any time. The research was carried out uti-
lizing resources from the UK Biobank, with application 
number 85224. This study adhered to the Strengthening 
the Reporting of Observational Studies in Epidemiol-
ogy (STROBE) reporting guidelines (Additional file  2: 
Table S1).

Outcomes
Prevalent cancer and incident PC cases within the 
UK Biobank cohort were identified by national can-
cer registries and hospital inpatient records. Diagnoses 
were recorded using the International Classification of 
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Diseases-9 (ICD-9) and ICD-10 coding system (Addi-
tional file  1: Table  S1). To prevent bias from analyzing 
heterogeneous molecular subtypes, patients diagnosed 
with neuroendocrine tumors were excluded. Death was 
ascertained via linkage to death registries. We computed 
the follow-up time from the date of attendance to the first 
diagnosis date, date of death, or last registered follow-up 
(10/03/2022), whichever occurred first.

PRS calculation
We obtained genotype imputation data from the UK 
Biobank that are described in detail elsewhere [25, 26]. 
Briefly, blood samples were genotyped using either the 
Applied Biosystems UK BiLEVE Axiom Array by Affy-
metrix (807,411 markers) or the Applied Biosystems UK 
Biobank Axiom Array (825,927 markers). These arrays 
were highly compatible, as they shared 95% of the SNPs. 
These genotyping data were imputed using the UK 10 K 

and the 1000 Genomes Phase 3 reference panel and the 
Haplotype Reference Consortium (HRC) reference panel.

We applied three PRS models, namely PRS 54, PRS 
22, and PRS 32, to assess the genetic risk of participants. 
Derived from a UK Biobank population study, PRS 54 was 
developed by Sharma, integrating SNPs from previous 
studies including Nakatochi (5 SNPs), Galeotti (30 SNPs), 
Molina (33 SNPs), Jia (22 SNPs), and 10 SNPs associated 
with PC in a large pan-cancer study [17, 27–31]. PRS 
22 comprised 22 SNPs that were identified in previous 
GWAS studies conducted on populations of European 
descent (specifically, PanScan I-III and PanC4) [13, 16, 
24]. Compared to PRS 22, PRS 32 included an additional 
4 SNPs with suggestive associations and 6 SNPs that had 
not been replicated previously [13]. The SNP information 
for PRS 32 came from the GWAS Catalog (https://​www.​
ebi.​ac.​uk/​gwas/​publi​catio​ns/​29422​604). Detailed infor-
mation on the selected SNPs was available in Tables S4, 
S5 and S6 (Additional file 1: Tables S4, S5 and S6). Using 

Fig. 1  Flowchart for the selection of the analyzed study sample from the UK Biobank study

https://www.ebi.ac.uk/gwas/publications/29422604
https://www.ebi.ac.uk/gwas/publications/29422604
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a linkage disequilibrium (LD) clumping cutoff of r2 < 0.3 
and conditional analyses, we applied three PRSs accord-
ing to the SNP information in the above studies: PRS 54 
constructed with 44 SNPs (10 SNPs with strong linkage 
disequilibrium were removed); PRS 22, comprising 22 
SNPs; and PRS 32, consisting of 31 SNPs (1 SNP with 
strong linkage disequilibrium were removed). The effect 
size, P value, and risk allele for each SNP were sourced 
through the GWAS catalog and PubMed publications. 
Each SNP was recoded as 0, 1, or 2 according to the num-
ber of risk alleles. The weighted PRSs were generated 
using the PLINK “–score” command, which applies the 
following equation:

Where n is the number of SNPs in the model and β 
is the per-allele log odds ratio (OR) for PC associated 
with SNPn. PRSs were standardized to a mean of zero 
and standard deviation (SD) of 1 through the computa-
tion of Z score (PRS-mean/SD). We defined genetic risk 
in thirds: "low" (the lowest third of the PRS), "intermedi-
ate" (the second third), and "high" (the highest third). We 
used the intermediate PRS to represent the normal peo-
ple and as a reference for the entire study.

Healthy lifestyle scores (HLSs)
We created HLSs primarily based on the World Cancer 
Research Fund/American Institute of Cancer Research 
(WCRF/AICR) lifestyle score and the American Can-
cer Society (ACS) Guidelines on Nutrition and Physical 
Activity for Cancer Prevention [32–34]. In this study, 
HLSs were generated using only five of the WCRF/AICR 
recommendations and one additional recommenda-
tion (smoking status) as the UK Biobank did not have a 
complete record of the cancer prevention recommenda-
tions of the WCRF/AICR on lifestyle factors. Nine life-
style factors were used in constructing the HLSs: body 
mass index (BMI), waist circumference (WC), physical 
activity, sedentary time (time spent engaging in seden-
tary activity: driving, watching TV, computer using), fruit 
and vegetable intake, whole grain intake, red meat intake 
and processed meat intake, alcohol intake frequency, and 
smoking. Given the significant baseline characteristics of 
lifestyle differences between males and females, the asso-
ciation between different lifestyles and PC might be influ-
enced by sex (Additional file 1: Table S8). Therefore, we 
created two HLSs: an unweighted HLS and a sex-specific 
weighted HLS (Additional file 1: Table S7 and S9).

Unweighted HLS was created as recommended by 
the WCRF/AICR and ACS guidelines (Additional file  1: 
Table  S7). BMI, WC, physical activity, sedentary time, 
fruit and vegetable intake, whole grain intake, red meat 
and processed meat intake, alcohol intake frequency, and 

PRS = β1 × SNP1 + β2 × SNP2 + · · · + βn × SNPn

smoking were each assigned a score ranging from 0 to 
0.5 (or 0 to 1), with the highest value of 0.5 (or 1) repre-
senting the healthiest behavior category. The unweighted 
HLS was then constructed by summing the scores for the 
nine lifestyle factors. The unweighted HLS ranged from 
0 to 6 and was analyzed in this study according to 3 cat-
egories: unfavorable (≤ 2.75), intermediate (2.75, 3.75), 
and favorable (≥ 3.75), based on the tertile distribution of 
the unweighted HLS in all participants. To capture each 
lifestyle behavior at a more detailed spectrum, we created 
a sex-specific weighted healthy lifestyle score (Additional 
file 1: Table S9). The weighted HLS was derived based on 
β coefficients of each lifestyle factor in the Cox propor-
tional hazards regression model (stratified by sex) with 
all 9 lifestyle factors and adjustment for age (continuous), 
education level, socioeconomic status, and the first 5 
principal components of ancestry [35, 36]. The weighted 
HLS was analyzed in this study according to three cat-
egories: unfavorable (≥ -0.893), intermediate (-1.165, 
-0.893), and favorable (≤ -1.165) for males and unfavora-
ble (≥ -1.107), intermediate (-1.355, -1.107), and favorable 
(≤ -1.107) for females, based on the tertile distribution 
of the weighted HLS in all participants. As a result, two 
HLSs (unweighted and weighted) were created.

Covariate definition
The researchers used a touchscreen questionnaire and 
interview to collect information on other covariates, 
including age, sex, education level, and socioeconomic 
status (Additional file  1: Table  S2). Education level was 
categorized as college or university, upper secondary, 
lower secondary, vocational, or other. We utilized the 
Townsend deprivation index, which analyzes information 
on social class, employment, car availability, and hous-
ing, to evaluate the socioeconomic status of participants 
in the UK Biobank. They were then categorized as low 
(highest quintile), middle (quintiles 2 to 4), or high (low-
est quintile).

Statistical analyses
To compare categorical features, we employed the chi-
square test, while the t-test was used for normally distrib-
uted continuous variables and the Mann‒Whitney U test 
for nonnormally distributed continuous variables. Num-
bers and percentages were used to report categorical var-
iables, means (SD) for normally distributed continuous 
variables, and medians (IQR) for nonnormally distrib-
uted continuous variables. The predictive performance 
of PRSs and HLSs was quantified using receiver operat-
ing characteristic curves (ROC) and the area under the 
curve (AUC) metric. Z tests were used to compare AUCs 
between different PRSs using a paired design.
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Cox proportional hazards models were used to assess 
the HRs and 95% CIs of PC in relation to PRS and life-
style factors and the interaction between lifestyle and 
PRS on the risk of PC. P value for trend was determined 
by using the categorical variables as continuous. The pro-
portional hazards assumptions for the Cox model were 
verified using the Schoenfeld residuals method. Models 
were adjusted for age (continuous), sex, socioeconomic 
status, education level, and the first 5 principal compo-
nents of ancestry. Stratified analyses of the PRS were 
performed (unfavorable lifestyle as reference). Absolute 
risk was calculated as the percentage of incident PC cases 
occurring in a given group. To test the additive interac-
tion of risk factors, we used Cox proportional hazards 
regression models as previously described and estimated 
the relative excess risk due to interaction (RERI) and its 
95% CI. Additionally, we calculated the multiplicative 
interaction by modeling the multiplicative term between 
PRS and lifestyle in the model. To assess the age-depend-
ent association of lifestyle, PRS, and their combined 
effect with PC, we re-categorized participants based on 
their age at enrollment and follow-up duration into three 
age groups: ≤ 60, 61–70, and > 70 years, and recalculated 
the follow-up time for each age group. Furthermore, we 
divided the participants into two groups based on sex to 
assess whether the association between HLS, PRS, and 
PC is influenced by sex.

To test the robustness of our results, we conducted 
a series of sensitivity analyses as follows: (1) repeated 
the analyses in a sample excluding participants who 
were diagnosed with PC within the 2 years of follow-up 
and those who died within 2  years of baseline; and (2) 
assessed the competing risk analysis using the subdistri-
bution method proposed by Fine and Gray (setting the 
cancer cases or deaths as the competing event).

All statistical analyses were conducted using R software 
version 4.2.1 and SPSS v 26.0. All P value < 0.05 (two-
sided) was considered significant.

Results
Baseline characteristics of the study population
Of the 340,631 participants included in our study, there 
were 175,197 females and 165,434 males. The base-
line characteristics of the included participants are 
presented in Table  1 and Table  S10 (Additional file  1: 
Table S10). The median age was 57 (IQR, 50–63) years. 
During a median follow-up of 13.05 (IQR, 12.33–13.74) 
years (4,363,430 person-years), there were 1,129 cases 
of incident PC with an incidence rate of 25.87 per 
100,000 person-years in the total population. Compared 
to participants with an unfavorable lifestyle, those with 
intermediate and favorable lifestyles tended to have 
higher levels of education and higher socioeconomic 

status (Table  1). Compared with participants without 
PC, those who developed incident PC were more likely 
to be older, male, excessive alcohol drinkers, smokers, 
physically inactive, and to have an unfavorable lifestyle, 
lower educational attainment and socioeconomic status 
(Additional file 1: Table S10). In addition, we observed 
significant differences in demographic characteristics 
and lifestyle factors between males and females (Addi-
tional file 1: Table S8). Compared to females, males had 
a more unfavorable BMI, longer sedentary time, lower 
vegetable and fruit intake, higher red and processed 
meat intake, greater alcohol consumption, and were 
more likely to smoke.

PRSs and HLSs
We applied three PRSs to predict the risk of PC. Density 
plots of the resulting scores showed that for each PRS 
model, there was a clear shift in the PRS distribution 
toward higher scores in the PC cases compared with the 
PC-free controls (Additional file 1: Fig. S1). Furthermore, 
we applied ROC curves and AUC metrics to evaluate the 
power of the PRSs (Additional file 1: Fig. S1). The ROC 
curves for PRS 54 demonstrated the best performance, 
significantly outperforming PRS 22 (PRS 54: 61.6%; 95% 
CI, 60.0%–63.2%; PRS 22: 60.2%; 95% CI, 58.6%–61.8%; 
P = 0.02007). Although the difference from PRS 32 was 
not significant, a slight improvement in the AUC was still 
observed (PRS 54: 61.6%; 95% CI, 60.0%–63.2%; PRS 32: 
60.7%; 95% CI, 59.1%–62.2%; P = 0.1142). Combining the 
performance results and estimate, PRS 54 (hereinafter 
referred to as PRS) was used in the subsequent assess-
ment. In addition, we also applied two HLSs to assess 
the risk of PC. To evaluate the predictive power of these 
HLSs, we used ROC curves and AUC metrics (Additional 
file  1: Fig. S1). The weighted HLS demonstrated better 
performance (P = 0.00018), with an AUC of 60.5% (95% 
CI, 58.9%–62.1%), compared to the unweighted HLS 
which had an AUC of 58.1% (95% CI, 56.5%–59.7%). In 
order to more fully evaluate the relationship between life-
style and PC, both HLSs were considered throughout the 
whole analysis.

Association between genetic risk and PC
We found that the PRS as a continuous variable was asso-
ciated with an increased risk of PC (HR, 1.58; 95% CI, 
1.47–1.71). In comparison to those with an intermediate 
PRS, participants with a low PRS had a 41% reduction 
in the risk of PC (95% CI, 0.50–0.70), while participants 
with a high PRS had a 1.51-fold increased risk of PC (95% 
CI, 1.32–1.73) (Table 2). Figure 2a shows the cumulative 
risk of PC in each genetic risk group during follow-up.
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Association between lifestyle and PC
As shown in Table  2, after adjustment for covariates in 
model 2, adherence to a healthier lifestyle was associ-
ated with a lower risk of PC (intermediate vs. unfavora-
ble HR, 0.66; 95% CI, 0.58–0.76; favorable vs. unfavorable 
HR, 0.48; 95% CI, 0.41–0.56) in contrast to those with an 
unfavorable lifestyle. Similar results were observed for an 
unweighted HLS. Figure 2b and 2c show the cumulative 
risk of PC in the unweighted and weighted HLS groups 
during follow-up. In multi-adjusted Cox regression mod-
els, six of the nine lifestyle factors we examined were 
associated with a lower risk of PC. Specifically, favorable 
BMI, waist circumference, sedentary time, grain intake, 
moderate alcohol consumption, and not smoking were 
associated with a lower risk of PC (Additional file  1: 
Table S11).

Combined association of genetic risk, lifestyle, and PC
The combined analysis of the PRS and lifestyle and the 
risk of PC is presented in Fig. 3. In the combined analysis, 
compared to participants with a favorable lifestyle and 
an intermediate PRS, the HRs of PC were 1.16 (95% CI, 

0.87–1.54) and 1.85 (95% CI, 1.43–2.41) in those with an 
intermediate and unfavorable lifestyle plus intermediate 
PRS and 1.93 (95% CI, 1.50–2.50) and 2.84 (95% CI, 2.22–
3.62) for those with an intermediate and unfavorable 
lifestyle plus high PRS, respectively (Fig.  3b; Additional 
file  1: Table  S12). Participants with a favorable lifestyle 
and low PRS had a 47% reduction in the risk of PC (95% 
CI, 0.37–0.76), compared to those with a favorable life-
style and intermediate PRS. These results did not change 
significantly when using an unweighted HLS (Fig.  3a; 
Additional file 1: Table S13). Fig. S2 shows the cumulative 
risk of PC by the joint effect of lifestyle and PRS during 
follow-up. Furthermore, we analyzed the combined asso-
ciations between genetic risk and healthy lifestyle com-
ponents and the risk of PC (Additional file 1: Table S14).

Interaction association of genetic risk, lifestyle, and PC
Table 3 displays the association between lifestyle and PC 
in the PRS-stratified analysis with unfavorable lifestyle as 
the reference. We observed that adopting a healthier life-
style was associated with a lower risk of PC, regardless 
of genetic risk. In the low, intermediate, and high PRS 

Table 1  Baseline characteristics of participants in the UK Biobank (N = 340,631)

Abbreviations: PC Pancreatic cancer, PRS Polygenic risk score

No. (%)

Characteristics Weighted healthy lifestyle score Unweighted healthy lifestyle score

Unfavorable Intermediate Favorable Unfavorable Intermediate Favorable

(N = 113,431) (N = 113,858) (N = 113,342) (N = 116,605) (N = 102,246) (N = 121,780)

PC

  No 112,905 (99.5) 113,497 (99.7) 113,100 (99.8) 116,096 (99.6) 101,907 (99.7) 121,499 (99.8)

  Yes 526 (0.5) 361 (0.3) 242 (0.2) 509 (0.4) 339 (0.3) 281 (0.2)

Age, median (IQR), year 57 (50–63) 58 (50–63) 56 (49–62) 58 (50–63) 57 (50–63) 56 (49–62)

Sex

   Female 58,355 (51.4) 58,607 (51.5) 58,235 (51.3) 44,499 (38.2) 53,212 (52.0) 77,486 (63.6)

   Male 55,076 (48.6) 55,251 (48.5) 55,107 (48.6) 72,106 (61.8) 49,034 (48.0) 44,294 (36.4)

Education level

  College or University 31,371 (27.7) 39,433 (34.6) 48,797 (43.1) 34,789 (29.8) 35,529 (34.7) 49,283 (40.5)

  Upper secondary 13,128 (11.6) 13,940 (12.2) 14,080 (12.4) 13,998 (12.0) 12,243 (12.0) 14,907 (12.2)

  Lower secondary 33,978 (30.0) 31,126 (27.3) 27,468 (24.2) 33,626 (28.8) 28,155 (27.5) 30,791 (25.3)

  Vocational 8,615 (7.6) 7,496 (6.6) 6,187 (5.5) 9,252 (7.9) 6,623 (6.5) 6,423 (5.3)

  Other 26,339 (23.2) 21,863 (19.2) 16,810 (14.8) 24,940 (21.4) 19,696 (19.3) 20,376 (16.7)

Socioeconomic status

  Low 28,469 (25.1) 20,473 (18.0) 19,187 (16.9) 26,114 (22.4) 19,494 (19.1) 22,521 (18.5)

  Middle 65,294 (57.6) 69,446 (61.0) 69,548 (61.4) 68,529 (58.8) 61,707 (60.4) 74,052 (60.8)

  High 19,668 (17.3) 23,939 (21.0) 24,607 (21.7) 21,962 (18.8) 21,045 (20.6) 25,207 (20.7)

PRS

  Low 37,640 (33.2) 38,161 (33.5) 37,724 (33.3) 38,792 (33.3) 34,148 (33.4) 40,585 (33.3)

  Intermediate 37,798 (33.3) 37,958 (33.3) 37,815 (33.4) 38,773 (33.3) 34,203 (33.5) 40,595 (33.3)

  High 37,993 (33.5) 37,739 (33.1) 37,803 (33.4) 39,040 (33.5) 33,895 (33.2) 40,600 (33.3)
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Fig. 2  Cumulative risk of PC according to PRS and HLSs. Cumulative risk of PC during follow-up according to PRS (a), unweighted healthy lifestyle 
score (b), and weighted healthy lifestyle score (c)
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groups, the HRs of favorable lifestyle were 0.49 (95% CI, 
0.35–0.70), 0.55 (95% CI, 0.43–0.72), and 0.44 (95% CI, 
0.35–0.55), respectively, compared with unfavorable life-
style. Additionally, we assessed the absolute risk reduc-
tion for participants adhering to a healthy lifestyle across 
different genetic backgrounds over the full follow-up 
period (Additional file 1: Table S15). Compared to those 
who did not adhere to a healthy lifestyle, participants 
who adhered to a healthy lifestyle had an absolute risk 
reduction of 0.14% (95% CI, 0.08% to 0.20%), 0.21% (95% 

CI, 0.13%-0.30%), and 0.39% (95% CI, 0.29%-0.49%) in the 
low, intermediate, and high PRS categories, respectively. 
Similar results were shown with unweighted HLS.

To further describe the relationship of genetic and life-
style factors with the risk of PC, we conducted additional 
analyses on their multiplicative and additive interactions. 
While we did not observe a multiplicative interaction 
between lifestyles and the PRS, we observed a positive 
additive interaction for participants with a high PRS and 
an unfavorable weighted healthy lifestyle (RERI: 0.71; 95% 

Fig. 3  The combined effect of PRS and HLSs on the risk of incident PC. a The combined effect of unweighted healthy lifestyle score and PRS; b The 
combined effect of weighted healthy lifestyle score and PRS. The model was adjusted for age (continuous), sex, education level, socioeconomic 
status, and the first 5 principal components of ancestry
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Table 3  Associations of lifestyle components with incident PC according to PRS stratified analysisa

Abbreviations: PC Pancreatic cancer, PRS Polygenic risk score, BMI Body mass index, HR Hazard ratio, NA not applicable
a Model was adjusted for age (continuous), sex, education level, socioeconomic status, and the first 5 principal components of ancestry

Characteristics PRS P value for 
interaction

Low Intermediate High

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

BMI (kg/m2) 0.827

  Unfavorable 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA

  Intermediate 0.74 (0.54–1.01) 0.058 0.78 (0.61–1.01) 0.053 0.88 (0.72–1.07) 0.192

  Favorable 0.61 (0.42–0.87) 0.007 0.73 (0.55–0.96) 0.025 0.70 (0.56–0.89) 0.003

Waist circumference (cm) 0.965

  Unfavorable 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA

  Intermediate 0.88 (0.63–1.23) 0.454 0.81 (0.62–1.04) 0.102 0.78 (0.63–0.96) 0.018

  Favorable 0.78 (0.57–1.07) 0.126 0.74 (0.58–0.95) 0.018 0.66 (0.54–0.81)  < 0.001

Physical activity 10 + min (days/week) 0.461

  Unfavorable 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA

  Intermediate 0.95 (0.62–1.46) 0.805 0.96 (0.69–1.33) 0.788 0.88 (0.66–1.16) 0.351

  Favorable 0.78 (0.50–1.21) 0.268 0.80 (0.57–1.12) 0.198 0.94 (0.71–1.23) 0.643

Sedentary time (hours/day) 0.153

  Unfavorable 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA

  Intermediate 0.65 (0.48–0.88) 0.006 0.89 (0.71–1.12) 0.329 0.85 (0.71–1.02) 0.075

  Favorable 0.67 (0.43–1.05) 0.078 1.03 (0.76–1.41) 0.838 0.61 (0.46–0.82) 0.001

Total fruit and vegetable intake 0.369

  Unfavorable 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA

  Intermediate 1.04 (0.76–1.43) 0.809 0.75 (0.59–0.95) 0.019 0.97 (0.79–1.18) 0.750

  Favorable 0.97 (0.68–1.39) 0.867 0.79 (0.61–1.04) 0.088 0.90 (0.72–1.13) 0.354

Whole grains intake 0.924

  Unfavorable 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA

  Intermediate 0.75 (0.53–1.05) 0.095 0.90 (0.69–1.18) 0.433 0.89 (0.72–1.11) 0.317

  Favorable 0.75 (0.52–1.09) 0.133 0.83 (0.62–1.12) 0.222 0.85 (0.67–1.08) 0.186

Red meat and processed meat intake 0.718

  Unfavorable 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA

  Intermediate 0.88 (0.64–1.20) 0.409 1.04 (0.82–1.31) 0.752 1.10 (0.90–1.33) 0.349

  Favorable 0.84 (0.59–1.19) 0.323 0.80 (0.60–1.06) 0.120 0.93 (0.74–1.16) 0.512

Alcohol intake frequency 0.457

  Unfavorable 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA

  Intermediate 0.98 (0.71–1.37) 0.924 0.95 (0.74–1.22) 0.677 0.76 (0.62–0.93) 0.008

  Favorable 0.97 (0.66–1.42) 0.864 0.92 (0.69–1.24) 0.600 0.88 (0.69–1.11) 0.263

Smoking 0.568

  Unfavorable 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA

  Intermediate 0.49 (0.33–0.73)  < 0.001 0.66 (0.47–0.92) 0.013 0.53 (0.41–0.68)  < 0.001

  Favorable 0.45 (0.30–0.66)  < 0.001 0.62 (0.44–0.85) 0.004 0.42 (0.33–0.54)  < 0.001

Unweighted healthy lifestyle score 0.645

  Unfavorable 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA

  Intermediate 0.93 (0.68–1.26) 0.626 0.72 (0.56–0.92) 0.008 0.82 (0.68–1.01) 0.058

  Favorable 0.57 (0.40–0.81) 0.002 0.59 (0.46–0.77)  < 0.001 0.62 (0.50–0.76)  < 0.001

Weighted healthy lifestyle score 0.679

  Unfavorable 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA

  Intermediate 0.70 (0.52–0.95) 0.022 0.63 (0.50–0.81)  < 0.001 0.68 (0.56–0.82)  < 0.001

  Favorable 0.49 (0.35–0.70)  < 0.001 0.55 (0.43–0.72)  < 0.001 0.44 (0.35–0.55)  < 0.001
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CI, 0.21–1.22), compared to those with an intermediate 
PRS and favorable lifestyle. The additive association is 
presented in Table S21 (Additional file 1: Table S21), with 
a favorable lifestyle and a low PRS (or a favorable lifestyle 
and an intermediate PRS) as the reference. In our analy-
sis, we identified positive additive interactions between 
PRS and various lifestyle components, specifically waist 
circumference, sedentary time, and smoking.

The age‑dependent association of genetic and lifestyle 
factors with PC
To assess whether the association of lifestyle and 
genetic factors with PC risk was influenced by age, we 
further conducted stratified analyses by age groups. 
In the dataset re-categorized by age and follow-up 
duration, there were 150 cases aged ≤ 60  years (inci-
dence rate, 8.56 per 100,000 person-years), 474 cases 
aged 61–70  years (incidence rate, 28.90 per 100,000 
person-years), and 505 cases aged > 70  years (inci-
dence rate, 52.07 per 100,000 person-years). Figure  4 
displays the associations between HLSs and PRS with 
the risk of PC in different age subgroups. Among par-
ticipants aged ≤ 60 years, the association between PRS 
and PC risk was most pronounced (HR, 1.89, 95% CI, 
1.30–2.73), with lesser associations identified in older 
participants (Fig. 4a). In addition, we found that favora-
ble weighted HLS were more strongly associated with 
a reduced risk of PC at younger ages, with lesser asso-
ciations identified in older participants. Among par-
ticipants with favorable versus unfavorable lifestyle, the 
HRs for PC were 0.35 (95% CI, 0.23–0.54) among those 
aged ≤ 60  years and 0.52 (95% CI, 0.41–0.65) among 
those aged > 70  years (Fig.  4c). Similar results were 
observed for unweighted HLS (Fig.  4b and Additional 
file 1: Table S16). When examining specific lifestyle fac-
tors, we found consistent results for BMI, waist circum-
ference, sedentary time, red meat and processed meat 
intake, alcohol intake frequency, and smoking (Addi-
tional file 1: Table S17). We next examined whether the 
combined effects of HLSs and PRS would have differ-
ential associations with PC risk by age. The strongest 
association of the combined effects with PC risk was 
noted among participants aged ≤ 60  years (HR, 6.69; 
95% CI, 2.99–14.93), with lesser associations identi-
fied in older participants (Additional file 1: Table S16). 
When comparing participants with a favorable lifestyle 
versus those with an unfavorable lifestyle, the abso-
lute risk reduction was 0.07% (95% CI, 0.04%–0.10%) 
in those aged ≤ 60, 0.12% (95% CI, 0.08%–0.16%) in 
those aged 61–70, and 0.19% (95% CI, 0.13%–0.26%) in 
those aged > 70 (Additional file  1: Table  S20). Further-
more, we used ROC curves to predict the PC among 
participants in different age groups (Additional file  1: 

Fig. S3). The PRS showed the highest AUC in partici-
pants aged ≤ 60 (AUC, 62.3%; 95% CI, 59.8%–64.9%), 
and both the unweighted HLS and weighted HLS had 
the highest AUC in participants aged ≤ 60 (unweighted 
HLS AUC, 60.2%; 95% CI, 57.6%–62.8%; weighted HLS 
AUC, 62.5%; 95% CI, 59.9%–65.1%).

To further understand the relationship between PC 
risk factors and age, we evaluated the interactions among 
genetic risk, lifestyle, and age (Additional file 1: Table S16 
and Table  S22). We observed a significant multiplica-
tive interaction between age and the combined effect 
of weighted HLS and PRS on the risk of PC (P = 0.010). 
Furthermore, there were significant additive interactions 
involving age with the PRS, age with HLSs, and age with 
the combined effect of the HLSs and the PRS.

Stratified analysis by sex
When stratified by sex, the association between PRS and 
PC risk was stronger in females (HR 1.55; 95% CI, 1.26–
1.91). However, the protective association of weighted 
HLS against PC was slightly stronger for males (HR 0.46; 
95% CI, 0.38–0.57). In the combined analysis, male par-
ticipants with an unfavorable lifestyle and high PRS pre-
sented the highest risk of developing PC. In comparison 
to participants with a favorable lifestyle and an interme-
diate PRS, the HRs for PC were 2.95 (95% CI, 2.15–4.06) 
in males and 2.66 (95% CI, 1.82–3.89) in females, both 
having an unfavorable lifestyle and high PRS (Additional 
file 1: Table S18). The absolute risk reduction was 0.18% 
(95% CI, 0.12%–0.24%) for females and 0.33% (95% CI, 
0.25%–0.40%) for males, when comparing participants 
with a favorable lifestyle to those with an unfavorable 
lifestyle (Additional file  1: Table  S20). When we further 
analyzed the association between individual lifestyle 
components and PC, we found that aside from BMI, WC, 
sedentary time, and smoking which were all related to 
PC, alcohol was associated with PC in males, while grains 
intake showed a relationship in females (Additional file 1: 
Table S19). We further analyzed the interactions between 
lifestyle or genetic factors, or their combined effects, 
with sex. No significant multiplicative interactions were 
observed. However, positive additive interactions were 
observed between PRS and sex, weighted HLS and sex, 
as well as between the combined effect of weighted HLS 
and PRS with sex (Additional file 1: Table S23).

Sensitivity analyses
Similar results were observed when we conducted the fol-
lowing assessments: (1) analyses excluding participants who 
died or developed incident PC within the first 2-year fol-
low-up period (Additional file 1: Table S24 and Table S25); 
and (2) repeated analyses using a competing risk regression 
model (Additional file 1: Table S26 and Table S27).
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Fig. 4  The effect of PRS and HLSs on the risk of incident PC, stratified by age groups. a PRS and PC according to age groups; b unweighted HLS 
and PC according to age groups; c weighted HLS and PC according to age groups. The model was adjusted for sex, education level, socioeconomic 
status, and the first 5 principal components of ancestry
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Discussion
In this large prospective study, we observed that both an 
unfavorable lifestyle and a high genetic risk were signifi-
cantly associated with higher PC risk. Notably, partici-
pants with a high genetic risk and an unfavorable lifestyle 
had the highest risk of incident PC. In addition, regard-
less of the participants’ age, sex, or genetic risk, main-
taining a healthy lifestyle is associated with a lower risk 
of pancreatic cancer. When conducting stratified analysis 
based on age at enrollment and follow-up duration, we 
found that the association between genetic factors and 
PC was strongest among participants aged ≤ 60. Further-
more, we observed an age-dependent association of a 
healthy lifestyle with PC. In terms of absolute risk reduc-
tion, the protective relationship was more pronounced 
in the elderly population (age > 70). However, when con-
sidering hazard ratio, the protective association was 
stronger in the younger group (age ≤ 60), with weaker 
associations noted among the older participants. When 
considering the combined effect of HLS and PRS, we 
observed the highest risk among young people (age ≤ 60). 
The association between PRS and PC risk was stronger in 
females; however, the protective association of weighted 
HLS against PC was slightly stronger for males, and the 
combined effect was most strongly associated with PC 
risk in males. We observed several significant additive 
interactions among PRS, HLS, age, and sex. Moreover, 
there was a significant multiplicative interaction between 
age and the combined effect of weighted HLS and PRS on 
the risk of PC.

GWAS has become a powerful, hypothesis-free way to 
identify common alleles that influence disease risk. While 
the influence of a single SNP on the genetic susceptibility 
to PC may be limited, the PRS has demonstrated efficacy 
in predicting the hereditary predisposition to PC [29]. 
The findings of this study were consistent with previ-
ous studies indicating that individuals with a higher PRS 
were significantly more susceptible to PC. These genetic 
variants associated with PC have been validated by pre-
vious GWASs and PRSs [13–17, 24]. There is mounting 
evidence suggesting that a healthy lifestyle is linked to 
a decreased risk of PC [6, 23], a conclusion that is cor-
roborated by our study. There were positive associations 
between unfavorable BMI, waist circumference, seden-
tary time, grain intake, smoking, and PC, which were also 
reported in the previous study [6, 7, 37–40]. In addition, 
we noted that smoking had the strongest association of all 
lifestyles with PC risk, which is in accordance with most 
earlier findings [38, 41, 42]. Smoking could act through 
several different mechanisms in the development of PC 
as smokers are exposed to a mixture of different carcino-
genic and toxic compounds, both organic and inorganic, 
such as polycyclic aromatic hydrocarbons, heterocyclic 

aromatic amines, metals, and even radioactive gas [43]. 
These factors contribute to KRAS mutation, which is 
the most prevalent alteration in PC progression [44, 45]. 
Compared to excessive alcohol consumption, moderate 
alcohol consumption appeared to be a protective fac-
tor against PC. However, the protective effect of never 
drinking alcohol against PC was not statistically signifi-
cant. The relationship between alcohol consumption and 
PC remains unclear and requires further research [6, 46, 
47]. Furthermore, null significance was found between 
physical activity, fruit and vegetable intake, red meat and 
processed meat intake, and PC. However, the association 
between these lifestyle factors and PC continues to be a 
subject of debate [48–52].

A previous study explored the association between 
lifestyle, PRS, and PC risk, revealing that a healthy life-
style is beneficially associated with PC, especially among 
those with higher genetic risk groups [23]. Additionally, 
a recent study reported the age-dependent association of 
these risk factors with PC [24]. However, few studies have 
comprehensively assessed the age-dependent relation-
ship between lifestyle, PRS, and their combined effect on 
PC. In our study, we found that adhering to a healthy life-
style was associated with a lower risk of PC, regardless of 
age. Moreover, an interesting phenomenon was observed, 
in terms of absolute risk reduction, the protective asso-
ciation was greater in the elderly population (age > 70). 
However, when considering hazard ratio, the protective 
association was more pronounced in the younger popu-
lation (age ≤ 60), with lesser associations identified in 
older participants. This could be due to the fact that the 
initial absolute risk is potentially higher in the elderly, 
whereas the younger population has a lower initial abso-
lute risk. In this study, it was observed that most cases 
of PC were diagnosed in older participants (aged > 60). 
When examining specific lifestyle factors, the results for 
BMI, waist circumference, sedentary time, intake of red 
and processed meat, frequency of alcohol intake, and 
smoking were consistent with previous findings [24]. Fur-
thermore, we observed the strongest association between 
genetic risk and PC among participants aged ≤ 60, with 
the association gradually weakening in older groups. 
This is consistent with previous views suggesting that the 
connection between genetic factors and PC diminishes 
with age [24]. Further ROC analysis revealed that the 
predictive ability of PRS was highest among participants 
aged ≤ 60, and the predictive capability of HLSs was high-
est among participants aged ≤ 60. When considering the 
combined effect of HLS and PRS, we found that the high-
est risk was among young individuals (age ≤ 60). These 
findings have several important implications. Firstly, we 
evaluated both HR and ARR of lifestyle in relation to PC 
across different age groups, which helps us gain a more 
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comprehensive understanding of the effects of lifestyle 
and allows for more precise risk assessment and decision-
making. Secondly, to facilitate disease prevention, inter-
ventions targeting modifiable overall lifestyle might need 
to be implemented at younger ages. This is because, in 
terms of HR, the protective association of a healthy life-
style appears to diminish as age increases. Lastly, future 
studies to investigate risk factors and prediction models 
for PC will need to consider age not only as a risk marker, 
but also as a stratification variable that may modify the 
association or predictive ability of other factors.

In this study, we observed a significant multiplica-
tive interaction between age and the combined effect 
of weighted HLS and PRS on the risk of PC. This sug-
gests that when a participant possesses both older age 
and an unhealthy lifestyle combined with a high genetic 
risk, their risk of developing PC is elevated to the high-
est level, exceeding the anticipated risk obtained from 
simply multiplying the effects of age with the combined 
effect of weighted HLS and PRS [53].In addition, we 
identified several significant additive interactions. These 
include the interaction of HLSs with PRS, age with PRS 
(or HLSs or the combined effect of HLSs and PRS), and 
sex with PRS (or weighted HLS or the combined effect of 
weighted HLS and PRS). The observed additive interac-
tions suggest that when combined, the two risk factors 
for PC may produce a more pronounced effect on the 
likelihood of developing PC than the mere sum of their 
individual effects [54]. It’s essential to assess interaction 
on the additive scale in studies within this field. This form 
of interaction provides an indication of the presence of 
biological interaction between risk factors and therefore 
has important etiological implications [54–56]. Two risk 
factors are said to have a biological interaction if both 
operate in the same pathway towards disease[56]. Fur-
thermore, understanding additive interactions holds sig-
nificant public health relevance, as it can pinpoint groups 
of individuals most likely to benefit from targeted inter-
ventions [55]. Specifically, in this study, older individuals, 
males, or those with a high genetic risk should pay more 
attention to maintaining a healthy lifestyle. Aging is inev-
itable, and both sex and genetic predisposition are innate 
and unchangeable. However, our lifestyle choices remain 
within our control and can be adjusted. The mechanisms 
underlying the interactions of these risk factors of PC are 
complex and not fully elucidated. The results need to be 
interpreted with caution, and further studies are needed.

Strengths and limitations
The strengths of our present study are based on the UK 
Biobank dataset. The UK Biobank is a large sample pro-
spective cohort study using standardized data collec-
tion protocols to reduce the risk of confounding bias. 

Additionally, we applied three PRSs and selected the one 
with the best performance. We also developed a sex-
specific weighted HLS based on prior research. In sub-
sequent analyses, the relationships of both HLSs with 
PC were taken into consideration. Furthermore, through 
additional stratified analyses, we were to explore the age-
dependent association of lifestyle, PRS, and their com-
bined effect with PC. To support our findings, we also 
performed a series of sensitivity analyses and competing 
risk model analyses.

There are several limitations in the current study. First, 
we were only able to measure lifestyle data for 502,412 
individuals at baseline, so we could not assess longitudi-
nal changes in lifestyle. Second, although we adjusted for 
known sources of bias, unmeasured confounding factors 
and reverse causation may still have influenced our find-
ings. Third, our study was limited to individuals of Euro-
pean descent, so caution is needed when generalizing our 
findings to other populations. Fourth, the UK Biobank 
participants are not representative of the broader UK 
population since they tend to be health-conscious and 
well-educated. Finally, due to the limited number and 
accuracy of cancer site codes, we were unable to perform 
subgroup analyses on specific anatomic sites of PC.

Conclusions
In this large prospective study, we discovered that both 
a high genetic predisposition and an unhealthy life-
style were significantly associated with higher PC risk. 
Adhering to a healthy lifestyle was associated with a 
lower risk of PC, regardless of the participants’ age, sex, 
or genetic risk. Importantly, our findings indicated the 
age-dependent association of lifestyle and genetic factors 
with PC. These results emphasize the pivotal importance 
of embracing a healthy lifestyle early on for effective pre-
vention of PC, and could be invaluable in setting the opti-
mal age to commence early preventive measures against 
PC.
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