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Abstract

Background Pancreatic cancer (PC) ranks sixth globally among cancer deaths, imposing a significant burden on
healthcare systems worldwide. Although diet is known to be a major risk factor, Although diet is a well-established
risk factor for PC, the precise dietary components linked to the disease remain inconclusive, with studies showing
varying results across different populations and regions. This study addresses this gap through a comprehensive
analysis of PC incidence trends from 1990 to 2021, with a specific focus on associations with age, dietary patterns, and
socio-demographic determinants.

Methods The data utilized in this study were obtained from the 2021 Global Burden of Disease (GBD) results
database, updated on May 16, 2024. Unlike traditional single-variable correlation analyses, a Bayesian generalized
linear model was applied to assess the association between food intake and disease incidence during the period
1990-2021. To account for variations related to year and region, these variables were incorporated as covariates in
the model, allowing for a more nuanced and comprehensive analysis of the background factors. Finally, the “BAPC”
package was employed to project age-standardized incidence rates of PC through the year 2051.

Results The global incidence of PC increased from 3.90 per 100,000 people (95% Cl: 3.69, 4.08) in 1990 to 6.44 per
100,000 (95% Cl: 5.86, 6.93) in 2021. The analysis revealed significant associations between PC incidence and the
intake of nuts, omega-3 fatty acids, polyunsaturated fatty acids (PUFA), trans fats, dietary sodium, and calcium. In
typical countries, higher intake of nuts and PUFA was associated with a reduced incidence of PC, while trans fats were
positively correlated with increased incidence. The age-standardized Bayesian Age-Period-Cohort (BAPC) prediction
indicates that the incidence rates of PC will show a downward trend after 2021.

Conclusions From 1990 to 2021, the global incidence of PC exhibited a rapid upward trend, suggesting an
increasing global healthcare burden. The findings of this study suggest that dietary lipid intake is significantly
associated with PC incidence at a global level. This finding underscores the importance of dietary fat composition,
particularly in the context of pancreatic cancer prevention, suggesting that individuals should pay attention to the
types and sources of fats in their diets to mitigate disease risk.
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Introduction

Pancreatic cancer (PC) is widely acknowledged as one
of the most lethal malignancies. Over the past 30 years,
the global incidence of PC has been 58.6 cases per mil-
lion people, accompanied by a mortality rate of 57.7 cases
per million [1, 2]. Of particular concern is the five-year
survival rate for PC, which is approximately 10%, the
lowest among major cancers [3]. Due to the asymptom-
atic nature of early-stage PC, it is often diagnosed at
advanced stages, underscoring the urgent need for effec-
tive preventive measures to reduce PC incidence [4, 5].
In addition to immutable genetic factors, modifiable risk
factors for PC include obesity, smoking, alcohol intake
and dietary characteristic [6—9]. Addressing these modi-
fiable risk factors is crucial for reducing the global inci-
dence of PC and improving public health. Although it is
established that PC incidence is closely related to dietary
factors, the specific types of diets associated with PC risk
remain inconclusive. A comprehensive analysis of global
dietary patterns and PC incidence data is essential to elu-
cidate these relationships and understand how dietary
characteristics influence PC trends over time [10-12].

The significant impact of diet on PC risk has garnered
substantial attention. A cohort study involving 50,045
adults aged 40 to 75 identified unsaturated fatty acids,
particularly monounsaturated fatty acids (MUFAs), as
protective dietary factors against PC [13]. Conversely,
a meta-analysis of 38 prospective cohort studies found
no significant association between omega-3 fatty acid
intake and PC incidence [14]. Additionally, numerous
reports have examined the effects of dietary factors such
as sugar-sweetened beverages, red meat, vegetables, and
fruits on PC incidence. Studies have shown that sugar-
sweetened beverages may increase PC risk, likely due to
their high glycemic index and the insulin surge they trig-
ger [15]. Similarly, high consumption of red meat, espe-
cially processed meats, is associated with an increased
risk of PC, possibly due to carcinogens like nitrosamines
[16, 17]. In contrast, vegetables and fruits, rich in antioxi-
dants and fiber, may reduce PC risk by lowering inflam-
mation and oxidative stress [18].

The current study hypothesizes that comprehensive
dietary patterns - particularly lipid-related components -
exert a more significant influence on global PC incidence
than isolated food types. This hypothesis is driven by
two critical gaps in existing literature: First, while prior
research has predominantly focused on individual dietary
elements, the synergistic effects of combined dietary
components remain unexplored, particularly regarding
lipid profiles as systemic metabolic regulators. Second,
most evidence derives from population-specific cohorts

lacking global representativeness, potentially obscuring
macro-level dietary-PC relationships shaped by regional
food cultures and economic development. Some existing
research relies predominantly on retrospective analyses
and meta-analyses. Prospective studies are considered
more suitable for investigating long-term health trends
and assessing the long-term effects of interventions, but
their results take longer to generate and are more suited
for collecting specific data, which can present chal-
lenges in data collection. In contrast, ecological studies
provide valuable insights at the population level, inte-
grating broader dietary patterns and offering a unique
perspective that complements the individual-level find-
ings of prospective cohort studies. Furthermore, there is
a lack of global big data comparisons on the relationship
between overall dietary types and PC incidence [19-22].
Therefore, a comprehensive study integrating the impact
of various dietary characteristics on PC incidence is
essential to address these controversies and inform the
development of effective healthcare policies.

The Global Burden of Disease (GBD), Injuries, and
Risk Factors Study 2021 leverages the latest epidemio-
logical data and advanced statistical techniques to con-
struct comprehensive health metrics with demographic
characteristics, facilitating an in-depth analysis of global
disease trends over time. Updated on May 16, 2024, with
data from 1990 to 2021 on disease burden, and again on
June 5, 2024, with updated dietary risk exposure data.
Data were extracted from the GBD 2021 database, and a
Bayesian generalized linear mixed model (BGLMM) was
developed to examine the association between dietary
characteristics and PC incidence at global and country-
specific levels, stratified by development status, during
the period 1990-2021. This methodology represents a
significant improvement over prior studies that primar-
ily utilized Spearman or Pearson correlation tests to
examine univariate relationships. By stratifying dietary
patterns across different income levels and geographic
regions—such as high-income nations, Mediterranean
diet-practicing regions, populations with predominantly
vegetarian diets, and areas with high fried food con-
sumption—our study provides a nuanced understanding
of dietary risk factors at a global scale.

Furthermore, representative countries were catego-
rized into distinct dietary pattern groups, including high-
income nations, Mediterranean diet-practicing regions,
populations with predominantly vegetarian diets, and
regions characterized by high fried food consumption.
The association between PC incidence and dominant
dietary profiles within these groups was subsequently
examined. Global maps were generated to visualize the
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spatial distribution of PC incidence rates and dietary pat-
terns, facilitating the analysis of worldwide disease-diet
correlations. Finally, the Bayesian Age-Period-Cohort
(BAPC) model was employed to project age-standardized
PC incidence rates, estimating potential trends through
the year 2051.

Methods and materials

Data sources

The data for this study were sourced from the 2021
Global Burden of Disease results database, updated on
May 16, 2024. The GBD database is a publicly accessi-
ble resource that systematically estimates the incidence,
prevalence, mortality, and risk factors of 369 diseases and
injuries across 204 countries and territories from 1990
to 2021. The incidence data for all diseases come from
36,916 data sources, including scientific literature, house-
hold survey data, epidemiological monitoring data, dis-
ease registry data, clinical informatics, and other sources.
The GBD study uses DisMod-MR 2.1 (Disease Modeling
Meta-Regression; version 2.1) for modeling incidence.
DisMod-MR 2.1 is a Bayesian disease modeling tool offi-
cially used by GBD to generate internally consistent esti-
mates of incidence, prevalence, remission, and mortality
by sex, location, year, and age group. The calculation of
these incidence rates not only relies on direct incidence
data but also incorporates related information derived
from other disease burden estimates, ensuring the reli-
ability and consistency of the model. The global pan-
creatic cancer incidence data from 1990 to 2021 can be
found in Table 1 [23].

The dietary data for the 15 food items were extracted
from the GBD 2021 Dietary Risk Exposure Estimates
1990-2021, which includes daily per capita intake (in
grams/day or energy/day) by country, age, and gender.
The selection of these 15 dietary factors adheres to the
criteria established by the GBD Study for choosing risk
factors. These criteria include the significance of the
risk factor to disease burden or public health policy, the
availability of sufficient data to estimate exposure levels,
the strength of epidemiological evidence supporting a
causal relationship between the risk factor and disease
outcomes, and the availability of data to quantify the
relationship between changes in exposure and health
outcomes. Additionally, the factors must have evidence
supporting their universal impact across different popu-
lations [24]. The food items analyzed were milk, nuts,
omega-3 fatty acids, PUFA, dietary sodium, red meat,
trans fats, vegetables, legumes, calcium, sugar-sweetened
beverages, processed meat, fruits, and dietary fiber. All
kinds of dietary data were included in the analysis [25].

Socio-demographic Index (SDI) data were obtained
from the GBD 2021 database (accessed May 16, 2024),
covering the period 1950-2021. Country-specific SDI

Page 5 of 17

values for 2021 were integrated with dietary datasets to
evaluate variations in dietary patterns stratified by SDI
quintiles [26].

Regarding missing data, all dietary data used in this
analysis were sourced from the GBD 2021 estimates,
which provide comprehensive datasets across a wide
range of countries and demographic groups. In cases
where specific data were missing for particular coun-
tries or years, the GBD model uses a robust interpolation
method based on available data from neighboring years
or similar regions, ensuring the estimates are internally
consistent and complete. Therefore, while some regional
variations may exist, the dataset is designed to minimize
missing data and provide reliable estimates across all
included countries and territories.

Covariates

The SDI is utilized as a comprehensive indicator of a
region’s economic development level, with higher val-
ues indicating more developed economies. The SDI is a
geometric mean of three components, each scaled from
0 to 1: the total fertility rate for women under 25 years
(TFU25), the average education level for individuals aged
15 and older (EDU15+), and the lag-distributed income
per capita (LDI). An SDI value of 0 represents the theo-
retically lowest level of development related to health,
while an SDI value of 1 represents the highest level.
Countries and regions were categorized based on their
SDI values into five groups: “Low SDI (0-0.466)", “Low-
middle SDI (0.467-0.619)", “Middle SDI (0.620-0.712)’,
“High-middle SDI (0.713-0.810)", and “High SDI (0.811-
1)” Each region’s SDI value was then merged with the
dietary intake data for the 15 food items. Missing values
due to discrepancies in country names or case inconsis-
tencies were manually corrected.

To align with dietary data, the same age range used
in the dietary burden data was applied to pancreatic
cancer incidence rates, dividing the population into 15
five-year age groups for individuals aged 25 and above:
“25-29 years’, “30-34 years’,... up to “90-94 years’, and
“95 +years”. The study period was from 1990 to 2021, and
gender categories included “male’; “female’, and “both”
Locations were selected as “all countries and territories’,
“Global’; and all SDI categories. All these variables were
incorporated as covariates in the model establishment.

GBD data processing and modeling process

Bayesian generalized linear model was established using
the Markov Chain Monte Carlo (MCMC) method based
on Bayesian theory. This model aimed to explore the rela-
tionship between pancreatic cancer incidence and the
daily per capita intake of 15 food items. Significant vari-
ables were selected to observe their intake proportions in
different countries and regions, allowing a comprehensive



Jiang et al. Lipids in Health and Disease (2025) 24:62

analysis of the relationship between incidence rates and
dietary intake variations in various environments. In
this model, the observed data were pancreatic cancer
incidence rates, and the explanatory variables were the
per capita intake of the 15 food items. The fixed effects
of the model included the impact of food intake on pan-
creatic cancer incidence, while year, SDI, age, and gender
were incorporated as random effects. This model fully
accounted for the influences of food, year, SDI, age, and
gender. Further analysis was conducted by grouping data
by SDI, year, and age.

The Bayesian Age-Period-Cohort (BAPC) model was
further applied to project sex-specific PC burden through
2051. The BAPC framework extends the conventional
Age-Period-Cohort (APC) model, incorporating Bayesian
inference to estimate age-, period-, and cohort-specific
effects on disease rates while accounting for population
demographic structures. Essentially, the APC model can
be understood as a log-linear Poisson model. The BAPC
model applies a second-order random walk with an
inverse gamma prior distribution to the age, period, and
cohort effects, under the assumption that the effects are
similar at adjacent time points. To approximate the mar-
ginal posterior distribution, the BAPC model employs
the integrated nested Laplace approximation.

Statistical analysis

All data were analyzed using R. Data cleaning and orga-
nization were performed with R packages such as “dplyr”
and “Tidyr” Model building was conducted using the
“MCMCglmm” and “lattice” packages. Data prediction
was carried out using the “BAPC” package, while map
data processing and visualization were done with the
“scatterpie’, “rgeos’;, and “rnaturalearth” packages. Data
visualization was achieved using packages including
“ggplot2’, “magrittr’, and “tidyverse”.

Results

Trends in global pancreatic cancer incidence from 1990 to
2021

Table 1 reveals the PC incidence rates by age, gender,
and SDI subgroups for the years 1990 and 2021. From a
temporal perspective, the global incidence rate of PC in
1990 was 3.90 (95% CI: 3.69-4.08) per 100,000 people,
increasing to 6.44 (95% CI: 5.86—-6.93) per 100,000 peo-
ple by 2021. Further analysis by SDI subgroups revealed
notable differences. In the High SDI group, the PC inci-
dence rate increased from 11.09 (95% CI: 10.49-11.45) in
1990 to 19.85 (95% CI: 17.71-21.18) in 2021. Conversely,
the Low SDI group saw a smaller increase from 0.58
(95% CI: 0.45-0.69) to 0.70 (95% CI: 0.58-0.84) over the
same period. Notably, the Low-middle SDI group (from
0.72 to 1.62 per 100,000), the Middle SDI group (from
1.88 to 4.23), and the High-middle SDI group (from 6.25

Page 6 of 17

to 11.37) all experienced more than a twofold increase
in incidence rates over the past three decades (Fig. 1A).
However, when compared to the incidence rates of all
ages, the changes in incidence rates after age standard-
ization are not significant, indicating that age compo-
sition has a substantial influence on incidence rates.
When examined by gender, the incidence number of PC
in males (from 110395.6 to 273617.1) was consistently
higher than that in females (from 97509.7 to 234915.6) in
both 1990 and 2021.

An age-stratified analysis reveals a strong correla-
tion between PC incidence and age. Whether it is 1990
or 2021, the incidence of PC in individuals aged 25-50
remains below 10 per 100,000 people. However, there is
a marked increase in incidence rates after the age of 50.
Among the very elderly population over 80 years old, the
incidence of PC exceeds 50 per 100,000 people (Table 1).
When further analyzed by SDI subgroups, similar trends
are observed. In all SDI categories, the incidence of PC
increases with age. This consistent pattern underscores
that the elderly population, particularly those over 80,
experience significantly higher incidence rates, often sur-
passing 50 per 100,000 people (Fig. 1B).

Dietary structure changes from 1990 to 2021

Further analysis of global dietary structure changes
requires examination through the lens of the SDI. Table 2
presents the levels of intake for milk, nuts, omega-3 fatty
acids, PUFAs, dietary sodium, red meat, trans fat, vege-
tables, legumes, legumes, calcium, sugar-sweetened bev-
erages, processed meat, fruits, and dietary fiber across
different SDI groups in 1990 and 2021. Across both
1990 and 2021, higher intakes of milk, fruits, vegetables,
omega-3 fatty acids, PUFA, red meat, and processed meat
were observed in High-middle SDI and High SDI groups.
Conversely, the intake levels of dietary sodium, legumes,
and trans fats were relatively similar across different SDI
groups. Notably, despite the promotion of healthy eat-
ing habits, the intake of processed meat and trans fats in
High-middle SDI and High SDI groups did not show an
increasing trend over time.

Temporal trends in the intake of 15 food items across
SDI quintiles (1990-2021) were visualized via line charts
to facilitate comparative analysis. The Bayesian general-
ized linear model outputs, including effect estimates and
credible intervals, are summarized in Table 2. Six dietary
components—nuts, omega-3 fatty acids, PUFA, trans fat,
dietary sodium, and calcium—demonstrated statistically
significant associations with PC incidence (P<0.05) and
are graphically emphasized in Fig. 1C. The intake levels of
the remaining foods are shown in Supplementary Fig. 1.
Moreover, the intake levels of the six aforementioned
food items across different age groups are displayed in
Fig. 1D. It is observed that the consumption of omega-3
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Fig. 1 Incidence rate of pancreatic cancer and changes in food intake based on year and age. A: Age-standardized incidence rate of pancreatic cancer in
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§ o8 |s fatty acids and trans fats slightly increases among older
288 |S . g age groups, while the intake of nuts is higher among
@ Ea Vo © young and middle-aged individuals. No significant age-
o related differences were noted for the remaining food
§ _ items.

g s R

4T 4 Relationship between dietary pattern and incidence rate
SRR o .

Figure 2 illustrates the global dietary structures and the
=) olwdsmda incidence of PC in 2021. In terms of new cases, ten coun-
§ % g g ; = < % tries and regions among 204 surveyed reported at least

o 10,000 new instances of PC, with China, the United
— Sl ?‘,‘: mo S States, Japan, Germany, and the Russian Federation rank-
% Rggerxce ing in the top five. These five nations accounted for 53%
3 of the global incidence of PC. Seventy-one countries had
E olobhc s da incidence rates above the global average, with Greenland
§ § % g § E 3 ; (15.21 per 100,000 people), Monaco (13.27 per 100,000),
‘ Uruguay (12.55 per 100,000), Finland (12.15 per 100,000),
b= é g 3 é 2 and the Czech Republic (11.73 per 100,000) among the
Q¥ voiw 18 countries where the incidence exceeds 10 per 100,000,
= mostly in high SDI countries. Regarding dietary struc-
® ot e ture, the intake of nuts was generally high across most
3 I § o R § 5 countries, yet the levels of unsaturated fats and trans fats
= Slmee I varied significantly among different nations. Figure 3 dis-
o plays the intake levels of diets across various countries,
% g with the cou‘ntry having the highest intake serving as a
o g 7 reference point and the rest scaled between 0 and 1. The
S 5 o S © average intake values for 15 types of food across all coun-
_ Nl—= - tries in 2021 can be found in Supplementary Table 1.
a S
§ % g Temporal trends in dietary characteristics and PC incidence
E o é oy rate in representative countries
5 § % T § ® In this study, to analyze the impact of dietary patterns
T = = on pancreatic cancer incidence across various countries,
& Countries representative of global dietary diversity—
g g including the United States, China, Japan, Iceland, India,
% g Israel, the Marshall Islands, and Mexico—were selected
8 § S E X for analysis. Comparative visualizations between dietary
N—= - = patterns and PC incidence rates were subsequently gen-
. erated. Bar graphs were created using age-standardized
§ ) incidence rates of pancreatic cancer from 1990 to 2021,
E ol i . % and line graPhs were plotted for six types of diets that
o) Qe 23 have a significant impact on pancreatic cancer, after
- i calculating age-standardized values. In Fig. 4, it is evi-
-ls ¥ N o dent that nut consumption in these eight representative
NS NN . .. .
Qe vwis countries has significantly increased over the past three
- \ o decades, yet the incidence trends of PC vary. Japan shows
5 3 § S rz & i § § a rapid increase, with the incidence rate per 100,000 ris-
R =|~Boo - = ing by over 50% in thirty years. The USA, China, India,
% and the Republic of the Marshall Islands exhibit slight
S increases, with growth not exceeding 20%. No significant
~ changes were observed in Israel and Iceland, where the
% . :§ - T%) rates have remained stable for nearly three decades. Over
" e 2o
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Fig. 2 Incidence of pancreatic cancer and intake of six associated foods worldwide in 2021. The color of each country on the map indicates its age-

standardized incidence rate of pancreatic cancer, while the pie chart within each country’s section shows the relative intake of six specific foods
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Fig. 3 Intake of all 15 types of food in different countries and regions in 2021, standardized to a scale of 0-
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Fig. 5 Age-standardized incidence rate projections for pancreatic cancer over the next 30 years. A-B: Projected incidence trends for males and females.

C: Combined line chart of projected incidence rates for both sexes

time, the intake of Omega-3 and PUFA has increased in
most countries, while trans fat intake has decreased.

Bayesian age-period-cohort model prediction

Directly comparing incidence rates across different time
periods or regions can be biased due to factors like popu-
lation aging or changes in population structure. By using
age-standardized incidence rates (ASR), these factors
can be accounted for, allowing for more accurate and fair
comparisons over time and across regions. To project
future trends, a BAPC model was developed, estimat-
ing age-standardized PC incidence rates for the period
2021-2050. Figure 5 presents the BAPC predictions
of age-standardized pancreatic cancer incidence rates,
separated by sex (male and female). The trends indicate
that from 2000 to 2020, the incidence of PC gradually
increased, peaking around 2020. Following this peak,
a steady decline in incidence is predicted, continuing
through 2051.

Although the overall number of PC cases may increase
in some countries due to population aging, the age-
standardized data suggest that, after 2020, the inci-
dence rates adjusted for age are expected to decline. This

indicates that the actual incidence within each age group
is decreasing, likely due to improvements in public health
interventions, changes in diet and lifestyle, and other fac-
tors. Age-standardized incidence rates were projected
using a reference population aged >45 years, with results
documented in Supplementary Fig. 2. Notably, although
male PC incidence rates consistently exceeded female
rates throughout the study period, both sexes demon-
strated parallel temporal trends—peaking in the early
2020s followed by a gradual decline. This suggests that,
despite the gender differences, the main influencing fac-
tors for PC (e.g., environmental and lifestyle factors) may
be similarly impactful for both sexes.

Discussion

According to estimates by the International Agency
for Research on Cancer (IARC), 2022 witnessed nearly
20 million new cancer cases globally, with about one in
five men or women expected to develop cancer during
their lifetime [27]. PC rank twelfth in incidence but sixth
in mortality, accounting for nearly 5% of all global can-
cer deaths, posing a significant barrier to increasing life
expectancy. Studies indicate that trends in the incidence
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and mortality rates of pancreatic cancer partially reflect
known risk factors: smoking, obesity, diabetes, and heavy
alcohol consumption [28-30]. Additionally, dietary
strategies remain a highly debated and focused area of
research. It is commonly believed that high intake of
animal-based foods and low consumption of calcium
supplements, whole grains, and dietary fiber are risk fac-
tors for various cancers, though this perspective has not
been widely accepted in the context of pancreatic tumors
[31-33].

It is important to note that merely tracking the number
of cases to understand the epidemiological characteristics
of a disease can be affected by changes in the population’s
age structure, which can hinder effective comparisons
between nations or regions. Age-standardized rates were
therefore employed to estimate the prevalence of PC
[34-36]. The analysis identified a previously unreported
phenomenon, indicating that fatty foods have a signifi-
cant impact on the incidence of PC. Based on posterior
mean estimates from the BGLMM, nuts, omega-3 fatty
acids, PUFAs, trans fats, calcium, and sodium were iden-
tified as the dietary components most strongly associated
with PC incidence (Table 2). Notably, most of these com-
ponents are lipids, suggesting that changes in dietary fat
composition may impact the incidence of PC. Further-
more, populations in countries or regions with a medium
or higher SDI tend to have greater access to animal prod-
ucts. This, combined with better diagnosis levels, con-
tributes to higher incidence rates of PC.

Extensive research has established a close link between
diet and the onset and progression of pancreatic can-
cer [37—-41]. Studies by Evan et al. have shown that the
ratio of unsaturated to saturated fatty acids in tumors
correlates strongly with cancer development, and mis-
matches between diet-induced tumor fatty acid desatu-
ration activity and the availability of specific fatty acid
types directly impact tumor growth [42]. Research indi-
cates that a lipid nuclear receptor known as peroxisome
proliferator-activated receptor delta (PPARY) is signifi-
cantly upregulated in pancreatic intraepithelial neopla-
sia (PanIN) tissues in both humans and mice. A high-fat
diet can activate PPARS in pancreatic epithelial cells,
significantly accelerating the progression from PanIN
to pancreatic ductal adenocarcinoma (PDAC) [43]. Fur-
thermore, the link between red meat consumption and
increased risk of various cancers has been substantiated
by numerous epidemiological studies. A case-control
study network conducted in Italy and Switzerland from
1991 to 2009 identified a direct correlation between daily
fats derived from meat consumption and PC [44], with
fats derived from meat posing a higher risk of inducing
pancreatic cancer than those from dairy products [45].

High-fat diets and Western dietary patterns are char-
acterized by a high content of omega-6 polyunsaturated
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fatty acids (w-6 PUFAs) and a low content of omega-3
polyunsaturated fatty acids (w-3 PUFAs). In contrast,
low-fat diets, such as the traditional Japanese diet, fea-
ture lower levels of w-6 PUFAs and higher levels of w-3
PUFAs. Compared to the Chinese diet, the American
diet has a higher intake of w-6 PUFAs, which may associ-
ated with a higher incidence of PC. Previous studies have
highlighted arachidonic acid (AA), a w-6 PUFA, has been
shown to stimulate the growth of COX-2-positive pan-
creatic cancer cells, with the mechanism being mediated
by COX-2 generated prostaglandin E2 (PGE2) binding to
EP2 and EP4 receptors [46]. In contrast, preclinical stud-
ies and animal experiments have demonstrated that diets
rich inw-3 PUFAs may be beneficial for the prevention of
pancreatic cancer [47, 48]. The mechanisms underlying
this phenomenon are not fully understood, but several
potential explanations have been proposed. One study,
through in vivo and in vitro experiments controlling
-3 PUFA intake, demonstrated a significant association
between increased levels of w-3 PUFAs and a marked
reduction in the phosphorylation and activation of AKT
and its downstream targets, pFOXO3a and pBAD. This
study highlighted the specific roles of eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) in this pro-
cess [49]. Additionally, another study found that diets
high in saturated fats accelerate early-stage pancreatic
carcinogenesis, partly by increasing gut permeability and
inducing metabolic endotoxemia. This process activates
the TLR4 receptors and proliferation signals in the pan-
creas. In contrast, diets high in -3 PUFAs inhibit the
upregulation of the TLR4/NF-kB/NOX1 signaling path-
way, a phenomenon that may be beneficial for restoring
colonic redox homeostasis and barrier function, allevi-
ating endotoxemia, and preventing the development of
pancreatic cancer [50].

From 1990 to 2005, the incidence rates of PC in Japan
remained relatively stable; however, after 2005, there
has been a consistent yearly increase. Japan, a country
with high fish consumption, has experienced a gradual
increase in »-3 PUFAs intake from 1990 to 2010, after
which the trend plateaued. A large-scale prospective
study in Japan demonstrated that higher consumption
of w-3 PUFAs and DHA, particularly among groups with
differing fish consumption patterns, was associated with
a lower risk of pancreatic cancer [51]. A significant asso-
ciation was observed between w-3 PUFA intake and PC
incidence (P<0.001). However, due to the heterogene-
ity in dietary patterns and the co-consumption of mul-
tiple food types, it remains unclear whether w-3 PUFAs
exert a direct causal effect on PC risk. Given the typi-
cal consumption of mixed diets—comprising proteins,
carbohydrates, and fats—the independent effect of w-3
PUFAs may be confounded by interactions with other
dietary components. Although a significant association
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was observed, it remains uncertain whether w-3 PUFAs
alone drive the observed changes in PC incidence. Nev-
ertheless, evidence suggests that w-3 PUFAs may play a
beneficial role in the treatment and prognosis of PC [52].

There are substantial differences in disease incidence
and dietary intake across countries, which could be
attributed to variations in research methodologies, such
as the use of food frequency questionnaires, differences
in cooking practices, and other lifestyle factors (e.g., exer-
cise) that were not accounted for. These methodological
discrepancies could result in incomplete or inconsistent
data collection regarding food intake. For example, while
several studies have suggested a protective role of nut
consumption against pancreatic cancer, the effects of
different types of nuts should be given more attention.
Among the various types of nuts, tree nuts have shown
a more significant ability to reduce cancer risk [53, 54].
Additionally, the roasting process may lead to the loss of
some beneficial components in nuts, particularly poly-
unsaturated fatty acids and sensitive antioxidants, such
as vitamin E. In contrast, raw nuts retain more of their
nutritional value, especially in terms of omega-3 fatty
acids and plant sterols.

According to the recently published Global Burden of
Disease Study 2021, there is a rapid increase in the inci-
dence of PC worldwide. This trend suggests that PC will
impose an increasingly substantial burden globally in the
future. The analysis revealed a notable surge in the inci-
dence of PC per 100,000 people, particularly in regions
classified as high-middle, middle, and low-middle SDI.
Conversely, in low SDI areas, where healthcare resources
are limited, there is likely a significant underdiagnosis of
PC cases. Age stratification shows that regardless of the
SDI category, the incidence of PC is generally lower in
individuals under 50, while rates are considerably higher
in those over 50. There are notable disparities in the inci-
dence among those aged 80 and above across different
SDI levels. For this oldest age group, except in low SDI
countries, detection rates are relatively high, yet the inci-
dence of PC sharply declines in the very elderly popula-
tions of low SDI regions. Moreover, compared to 1990,
the growth rates of PC in 2021 were higher in high-mid-
dle, middle, and low-middle SDI areas. Age-standardized
incidence rates (ASR) were applied in the prediction
model to account for variations in population age struc-
ture. Following adjustment for age-specific population
distributions, a gradual decline in PC incidence was
observed. This suggests that, although the total number
of cases may increase, the incidence of the disease is rela-
tively decreasing within specific age groups. This trend
may reflect the impact of public health interventions,
improved lifestyle choices, and more effective diagnosis
and treatment methods.
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The Mediterranean dietary pattern, typically repre-
sentative of traditional eating habits in countries around
the Mediterranean Sea, derives approximately 40-50%
of its energy from carbohydrates (predominantly com-
plex types, such as whole grain bread), 10-20% from
proteins (mainly fish), and 30-40% from fats (primarily
-3 unsaturated fatty acids). Epidemiological studies on
cancer have noted that high adherence to the Mediterra-
nean diet can extend lifespan and reduce the risk of vari-
ous cancers, including breast, stomach, and liver cancer
[55]. However, conclusive evidence regarding its impact
on pancreatic cancer incidence remains elusive. A sig-
nificant association between elevated intake of PUFAs
and nuts and PC incidence was identified in this analysis;
however, confirmation through large-scale prospective
cohort studies is warranted.

The age-standardized incidence rates of pancreatic can-
cer and population projections was used to forecast the
incidence of pancreatic cancer in both males and females
from 2021 to 2051. The results indicated a downward
trend. Although age-standardization has accounted for
the influence of population structure, future changes in
overall population size and age distribution may still sig-
nificantly affect the predicted outcomes. As the popula-
tion ages, after excluding the influence of high incidence
rates in the elderly, the total number of new cases could
decrease. On the other hand, Currently, the global popu-
lation is still expanding, and the rising population base
may lead to an overall stable trend in disease prevalence,
despite an increase in incidence rates, due to shifts in
the age distribution. This effect becomes especially pro-
nounced when using age-standardized incidence rates.
If crude incidence rates were applied, projections would
indicate a sustained upward trend, particularly in coun-
tries experiencing or anticipating substantial population
aging. Additionally, the impact of the COVID-19 pan-
demic must also be considered. After 2019, there was a
slight decline in the incidence of pancreatic cancer, which
could be partially attributed to the higher mortality rates
among the elderly caused by the pandemic. This demo-
graphic shift may have reduced the number of elderly
individuals at risk of developing pancreatic cancer.

Study strengths and limitations

This study offers several methodological and concep-
tual advancements in understanding the global dietary
determinants of PC. First, leveraging the GBD 2021
dataset with updates through June 2024, we employed a
BGLMM to analyze associations between dietary charac-
teristics and PC incidence. This approach addresses the
limitations of traditional univariate correlation analyses
by simultaneously adjusting for demographic confound-
ers, spatial heterogeneity, and temporal trends. Second,
socioeconomic-driven stratification by development
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status and geographic dietary clusters (e.g., Mediterra-
nean regions) reveals macro-scale dietary risk patterns.
Third, the BAPC modeling projects temporal trends in
PC incidence through 2051, while geospatial visualization
delineates spatial patterns in 2021. This dual analytical
framework overcomes the unidimensional focus of prior
ecological studies. Finally, our use of the most recent
GBD dietary exposure metrics ensures alignment with
contemporary global nutritional transitions, enhancing
the relevance of findings for current public health policy
discussions.

Several limitations should be acknowledged. First,
the granularity of GBD data—collected at national or
regional levels—precludes subnational analyses (e.g.,
state- or county-level assessments). In populous coun-
tries, this may obscure critical heterogeneity, as individ-
ual states often exhibit demographic and dietary diversity
comparable to sovereign nations. Second, while Bayesian
regression tools standardize estimations across heteroge-
neous diagnostic settings, broader confidence intervals
persist in regions with underdeveloped cancer surveil-
lance systems due to incomplete incidence ascertain-
ment. Third, the ecological study design inherently limits
causal inference regarding individual-level dietary expo-
sures, though this approach remains optimal for detect-
ing population-level associations influenced by food
culture and economic development.

Future research should aim to minimize the impact of
these limitations by conducting multi-center cohort stud-
ies with large population samples. This can be supple-
mented with more sophisticated statistical methods, such
as stratified regression models, random forests, and other
machine learning techniques. Additionally, comparing
local or national survey data with global public health
databases could help create more refined dietary-disease
relationship models. Experimental studies that explore
different dietary patterns, such as animal models with
high-fat diets, or randomized controlled trials, could fur-
ther enhance the reliability of the findings.

Our analysis identifies modifiable dietary targets with
direct clinical implications: the protective association
of nut consumption and unsaturated fatty acids and the
hazardous effects of trans fats. These findings advocate
for integrating dietary into existing PC risk stratification
models, to prioritize high-risk individuals (e.g., those
with obesity, metabolic syndrome, or familial PC history)
for intensive surveillance programs. For clinical practice,
our data support recommending Mediterranean-style
dietary patterns—characterized by olive oil-based lipid
substitution and nut supplementation—as an effective
adjunct in PC prevention protocols.
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Conclusion

In summary, a rapid increase in the incidence of PC
has been observed globally, with rates exceeding 10 per
100,000 in many countries. Coupled with the growing
risk of aging populations, this suggests that PC may pose
an increasing burden on global healthcare systems in the
future. The findings suggest that the intake of nuts and
unsaturated fatty acids may be associated with a reduced
incidence of PC, whereas increased consumption of trans
fats may contribute to a potential rise in pancreatic can-
cer rates. These findings advocate for integrating dietary
biomarkers into existing PC risk stratification models for
intensive surveillance programs. Therefore, prevention of
PC, screening of high-risk populations, and appropriate
dietary recommendations represent a new and crucial
perspective for the future management and prevention
of PC, which is vital for reducing the healthcare burden
associated with this disease.
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