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Abstract 

Background

Alcohol is a known carcinogen, yet the evidence for an association with pancreatic 

cancer risk is considered as limited or inconclusive by international expert panels. 

We examined the association between alcohol intake and pancreatic cancer risk in a 

large consortium of prospective studies.

Methods and findings

Population-based individual-level data was pooled from 30 cohorts across four 

continents, including Asia, Australia, Europe, and North America. A total of 2,494,432 

participants without cancer at baseline (62% women, 84% European ancestries, 70% 

alcohol drinkers [alcohol intake ≥ 0.1 g/day], 47% never smokers) were recruited 

between 1980 and 2013 at the median age of 57 years and 10,067 incident pancre-

atic cancer cases were recorded. In age- and sex-stratified Cox proportional hazards 
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models adjusted for smoking history, diabetes status, body mass index, height, edu-

cation, race and ethnicity, and physical activity, pancreatic cancer hazard ratios (HR) 

and 95% confidence intervals (CI) were estimated for categories of alcohol intake 

and in continuous for a 10 g/day increase. Potential heterogeneity by sex, smoking 

status, geographic regions, and type of alcoholic beverage was investigated. Alcohol 

intake was positively associated with pancreatic cancer risk, with HR
30-to-<60 g/day

 and 

HR
≥60 g/day

 equal to 1.12 (95% CI [1.03,1.21]) and 1.32 (95% CI [1.18,1.47]), respec-

tively, compared to intake of 0.1 to <5 g/day. A 10 g/day increment of alcohol intake 

was associated with a 3% increased pancreatic cancer risk overall (HR: 1.03; 95% CI 

[1.02,1.04]; p
value

 < 0.001) and among never smokers (HR: 1.03; 95% CI [1.01,1.06]; 

p
value

 = 0.006), with no evidence of heterogeneity by sex (p
heterogeneity

 = 0.274) or 

smoking status (p
heterogeneity

 = 0.624). Associations were consistent in Europe–Aus-

tralia (HR
10 g/day

 = 1.03, 95% CI [1.00,1.05]; p
value

 = 0.042) and North America (HR
10 g/

day
 = 1.03, 95% CI [1.02,1.05]; p

value
 < 0.001), while no association was observed 

in cohorts from Asia (HR
10 g/day

 = 1.00, 95% CI [0.96,1.03]; p
value

 = 0.800; p
heterogene-

ity
 = 0.003). Positive associations with pancreatic cancer risk were found for alcohol 

intake from beer (HR
10 g/day

 = 1.02, 95% CI [1.00,1.04]; p
value

 = 0.015) and spirits/liquor 

(HR
10 g/day

 = 1.04, 95% CI [1.03,1.06]; p
value

 < 0.001), but not wine (HR
10 g/day

 = 1.00, 

95% CI [0.98,1.03]; p
value

 = 0.827). The differential associations across geographic 

regions and types of alcoholic beverages might reflect differences in drinking habits 

and deserve more investigations.

Conclusions

Findings from this large-scale pooled analysis support a modest positive association 

between alcohol intake and pancreatic cancer risk, irrespective of sex and smoking 

status. Associations were particularly evident for baseline alcohol intake of at least 

15 g/day in women and 30 g/day in men.

Author summary

Why was this study done?

• Alcohol consumption is a known carcinogen, yet the evidence for its association 
with the risk of pancreatic cancer was evaluated as inconclusive by international 
experts’ panels

• Previous prospective investigations suggested a harmful role of alcohol in rela-
tion to pancreatic cancer development, particularly for alcohol intakes greater 
than 30 g/day, corresponding to daily intake of about 2 standard drinks of either 
beer, wine or liquors/spirits
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responsibility of the authors and does not 
necessarily represent the official views of the 
National Cancer Institute or the National 
Institutes of Health. European Investigation into 
Cancer and Nutrition (EPIC): The coordination 
of EPIC is financially supported by International 
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• The evaluation of the association among never smokers, women and alcohol 
subtypes was limited by the size of previous studies

• In this work, we leveraged data from a large international consortium of prospec-
tive studies to comprehensively examine the association between alcohol intake 
assessed at recruitment and pancreatic cancer risk

What did the researchers do and find?

• Individual-level data from 30 cohorts from four continents were pooled and 
harmonized. About 2 million participants were included, and 10,067 developed 
pancreatic cancer over a median follow-up time of 16 years

• Each 10 g/day increase in alcohol intake was associated with a 3% increase 
in pancreatic cancer risk. In women, compared to weak intake (0.1–5 g/day), 
alcohol intake of 15–30 g/day was associated with a 12% increased risk, while 
in men alcohol intake of 30–60 and more than 60 g/day were associated with a 
15% and 36% increased risk, respectively

• Sensitivity analyses indicated absence of heterogeneity by sex and smoking 
status, whereas evaluations by geographic region and alcohol subtypes showed 
null associations among participants from Asian cohorts and for alcohol intake 
from wine

What do these findings mean?

• These findings support a modest positive association of alcohol intake with 
pancreatic cancer risk, irrespective of sex and smoking status. Associations were 
apparent for alcohol intake of at least 15 g/day in women and 30 g/day in men

• This observational study examined alcohol intake evaluated at a single time 
point during mid-to-late adulthood and included a limited number of Asian 
cohorts. Further research is needed to evaluate the role of lifetime alcohol 
consumption on pancreatic cancer risk as well as the impact of specific drinking 
patterns, including binge drinking.

Introduction

Over the last decade pancreatic cancer has emerged as a major public health 
concern. Although ranked as the 12th most common cancer, it is often diagnosed at 
advanced stages and is highly fatal [1]. In 2022, pancreatic cancer accounted for 5% 
of cancer-related deaths worldwide [1]. Its incidence and mortality rates were 4–5 
times higher in Europe, North America, Australia/New Zealand and Eastern Asia than 
in other regions, and no substantial improvement in survival has been observed in 
recent years [1–3]. Due to population growth, ageing and changes in the prevalence 
of potentially relevant lifestyle factors worldwide, the pancreatic cancer burden is 
expected to continue to rise [4]. While several risk factors for pancreatic cancer have 
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been identified, including tobacco smoking, excess body fatness, chronic pancreatitis 
and diabetes mellitus [5,6], its aetiology remains poorly understood.

Although alcohol consumption was classified as a group 1-carcinogen by the Inter-
national Agency for Research on Cancer (IARC), the evidence for an association with 
pancreatic cancer was judged to be sparse and inconsistent. Similarly, international 
expert panels from the World Cancer Research Fund/American Institute for Cancer 
Research considered the evidence of an association to be only suggestive [6,7]. 
As case–control studies are widely subject to recall bias [8–10], evaluation of the 
evidence from individual studies using a prospective design was prioritized. A prior 
evaluation of observational prospective data from 14 cohorts in the Pooling Project of 
Prospective Studies of Diet and Cancer (DCPP), showed a positive association, with 
an estimated 22% increased pancreatic cancer risk among participants with alcohol 
intake of at least 30 g of ethanol per day (g/day) (equivalent to 2 United-States [US] 
standard alcoholic drinks/day) as compared to non-drinkers [11]. However, since 
alcohol is often used jointly with tobacco, it has been suggested that the association 
could be confounded by smoking habits [7]. Large-scale American, European and 
Japanese cohorts showed limited heterogeneity of the alcohol and pancreatic cancer 
risk association by smoking status, while the relationships among never smokers 
were inconsistent [11–15], likely due to the small number of pancreatic cancer cases. 
In addition, previous findings showed inconsistent associations by type of alcoholic 
beverages [9,11,12,14] and across geographic regions [10,16,17].

In this study, we extended the prior analyses in the DCPP [11] and examined the 
association between alcohol consumption and pancreatic cancer risk in 30 pro-
spective cohort studies spanning four continents. Individual-level data were pooled 
to evaluate the overall association, as well as by sex, smoking status, geographic 
region, and alcohol intake from specific beverage types.

Materials and methods

Study sample

A total of 30 prospective studies were included from the Pooling Project on Alcohol 
and Cancer (PPAC), an international consortium conducted within the DCPP (Table 
1). The following inclusion criteria were pre-established by the DCPP to maximize the 
quality and the comparability across studies [18]: (1) prospective design, (2) at least 
one publication on diet and cancer, (3) long-term comprehensive dietary assessment 
method sufficient to calculate intakes of most nutrients including total energy, and 
(4) validation study of the dietary assessment method used in the study or a closely 
related instrument. Additional inclusion criteria for this project were that (5) alcohol 
intake in grams of ethanol per day was assessed, (6) that sex-specific sub-cohorts 
had over 10% alcohol drinkers (alcohol intake ≥ 0.1 g/day) at recruitment and (7) a 
minimum of 50 incident pancreatic cancer cases were documented during follow-up. 
Twenty-six cohorts were identified meeting the inclusion criteria and agreed to partic-
ipate in the project. As part of the PPAC, four additional cohort studies were included 
that did not meet the inclusion criteria (2) to (4), but met the remaining inclusion 
criteria [19–21].
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(NHS II): NHSII was supported by the National 
Institutes of Health (U01 CA176726 and U01 
HL145386). The study protocol was approved 
by the institutional review boards of the 
Brigham and Women’s Hospital and Harvard 
T.H. Chan School of Public Health, and those of 
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participating registries as required. The authors 
would like to acknowledge the contribution to 
this study from central cancer registries 
supported through the Centers for Disease 
Control and Prevention’s National Program of 
Cancer Registries (NPCR) and/or the National 
Cancer Institute’s Surveillance, Epidemiology, 
and End Results (SEER) Program. Central 
registries may also be supported by state 
agencies, universities, and cancer centers. 
Participating central cancer registries include 
the following: Alabama, Alaska, Arizona, 
Arkansas, California, Delaware, Colorado, 
Connecticut, Florida, Georgia, Hawaii, Idaho, 
Indiana, Iowa, Kentucky, Louisiana, Maine, 
Maryland, Massachusetts, Michigan, 
Mississippi, Montana, Nebraska, Nevada, New 
Hampshire, New Jersey, New Mexico, New York, 
North Carolina, North Dakota, Ohio, Oklahoma, 
Oregon, Pennsylvania, Puerto Rico, Rhode 
Island, Seattle SEER Registry, South Carolina, 
Tennessee, Texas, Utah, Virginia, West Virginia, 
Wyoming. The content is solely the responsibil-
ity of the authors and does not necessarily 
represent the official views of the National 
Institutes of Health. NIH-AARP Diet and Health 
Study (NIH-AARP): NIH-AARP was supported 
by the Intramural Research Program, Division 
of Cancer Epidemiology and Genetics of the 
US. Cancer incidence data from the Atlanta 
metropolitan area were collected by the Georgia 
Center for Cancer Statistics, Department of 
Epidemiology, Rollins School of Public Health, 
Emory University, Atlanta, Georgia. Cancer 
incidence data from California were collected by 
the California Cancer Registry, California 
Department of Public Health’s Cancer 
Surveillance and Research Branch, Sacramento, 
California. Cancer incidence data from the 
Detroit metropolitan area were collected by the 
Michigan Cancer Surveillance Program, 
Community Health Administration, Lansing, 
Michigan. The Florida cancer incidence data 
used in this report were collected by the Florida 
Cancer Data System (Miami, Florida) under 
contract with the Florida Department of Health, 
Tallahassee, Florida. The views expressed 
herein are solely those of the authors and do 
not necessarily reflect those of the FCDC or 
FDOH. Cancer incidence data from Louisiana 
were collected by the Louisiana Tumor Registry, 
Louisiana State University Health Sciences 
Center School of Public Health, New Orleans, 
Louisiana. Cancer incidence data from New 
Jersey were collected by the New Jersey State 
Cancer Registry, The Rutgers Cancer Institute 

Ethic statement

Individual-level data from participating cohorts to the DCPP were centralized and 
harmonized at the Harvard T.H. Chan School of Public Health [11,12,14,15,19–43]. 
Details on harmonization are described in sections on exposure assessment, out-
come assessment, and statistical analysis. Institutional review board approvals 
were received for each cohort, the consortium and participating cancer registries as 
required board (Table B in S1 File), and participants provided formal written informed 
consent before they completed questionnaires at baseline. Participants or the public 
were not involved in the design and the conduct of this study.

Exposure assessment

The primary exposure of interest was self-reported alcohol intake in grams of ethanol 
per day. Data on alcohol intake and the baseline risk factors have been harmonized 
in the 30 studies. Most studies assessed alcohol intake using a food frequency ques-
tionnaire (FFQ) or a diet history that was tailored for their particular study and was 
designed to be comprehensive enough to estimate energy intake over a long period of 
time, generally the past year [18]. For the four cohorts that did not collect comprehen-
sive dietary data, alcohol intake was estimated using a lifestyle questionnaire. Daily 
amount of alcohol in grams of ethanol was calculated from the baseline study-specific 
questionnaires based on the frequency of consumption, the number of drinks and the 
alcohol content of the alcoholic beverages consumed. All studies had a measure of 
total alcohol intake at enrolment calculated as the sum of the  beverage-specific intakes, 
namely beer, wine and spirits/liquor. Information on the type of alcoholic beverage was 
not available in the New York State Cohort (NYSC), thus only total alcohol intake was 
used from this cohort. Measurement of alcohol intake by self-reported questionnaire 
was validated and correlation between the FFQ/diet history and 24-hour dietary recall 
measurements ranged from 0.74 to 0.99 [44–53].

For the 30 studies, the baseline non-dietary risk factor data included age at alcohol 
assessment, year of baseline questionnaire, sex, country, smoking habits, weight, 
height, race, ethnicity, education, physical activity, and prevalent diabetes (of any 
type).

Outcome assessment

First primary incident pancreatic cancer cases, defined by the International Clas-
sification of Diseases (ICD) code 157 (9th edition [54]) or C25 (10th edition [55]), 
were ascertained by self-report with subsequent medical record review [42], cancer 
registry linkage [31,32,34,35,38,39,56], or both approaches [27–29,33]. Some studies 
additionally obtained information from death registries [27,28,32–35,38,39,42]. We 
excluded endocrine (ICD-9 code 157.4 and ICD-10 code C25.4) and lymphoprolifer-
ative tumours (ICD-Oncology 3rd edition [57] codes: 9251, 9560, 9590, 9591, 9680, 
9691, 9695, 9950). The final data included 10,067 invasive pancreatic cancer cases, 
from which 9,668 cases (96%) were histologically confirmed (with ICD-O codes other 
than 9990, 9999).
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of New Jersey, New Brunswick, New Jersey. 
Netherlands Cohort Study (NLCS): The NLCS 
was supported by grants from the Dutch 
Cancer Society and World Cancer Research 
Fund. New York State Cohort (NYSC): No 
source of funding to declare. Prostate, Lung, 
Colorectal, and Ovarian Cancer Screening Trial 
(PLCO): PLCO was supported by the Intramural 
Research Program of the Division of Cancer 
Epidemiology and Genetics, and contracts from 
the Division of Cancer Prevention, National 
Cancer Institute (NCI), NIH, DHHS. Cancer 
incidence data have been provided by the 
Colorado Central Cancer Registry, District of 
Columbia Cancer Registry, Georgia Cancer 
Registry, Hawaii Cancer Registry, Cancer Data 
Registry of Idaho, Minnesota Cancer 
Surveillance System, Missouri Cancer Registry, 
Nevada Central Cancer Registry, Pennsylvania 
Cancer Registry, Texas Cancer Registry, Virginia 
Cancer Registry, and Wisconsin Cancer 
Reporting System. All are supported in part by 
funds from the Center for Disease Control and 
Prevention, National Program for Central 
Registries, local states or by the National 
Cancer Institute, Surveillance, Epidemiology, 
and End Results program. The results reported 
here, and the conclusions derived are the sole 
responsibility of the authors. Singapore Chinese 
Health Study (SCHS): SCHS was supported by 
the National Institutes of Health (NIH) of the 
United States (grants # R01 CA144034 and 
UM1 CA182876; PI: J-M.Y.) and the Singapore 
Ministry of Health’s National Medical Research 
Council under its Strategic Cohorts Funding 
(SCHS; PI: W-P.K). Shanghai Cohort Study 
(SCS): SCS was supported by the National 
Institutes of Health (NIH) of the United States 
(grants # R01 CA144034 and UM1 CA182876; 
PI: J-M.Y.) Swedish Mammography Cohort 
(SMC): SMC is part of the Swedish 
Infrastructure for Medical Population-based 
Life-course and Environmental Research 
(SIMPLER), which receives funding through the 
Swedish Research Council under the grant no 
2017-00644 and 2021-00160. Shanghai Men's 
Health Study (SMHS): SMHS is supported by 
National Institutes of Health (NIH) of the United 
States (grant UM1CA173640). Swedish 
National March Cohort (SNMC): No source of 
funding to declare. VITamins and Lifestyle 
Study (VITAL): No source of funding to declare. 
Women’s Health Initiative (WHI): The WHI 
program is funded by the National Cancer 
Heart, Lung, and Blood Institute, National 
Institutes of Health, U.S. Department of Health 

Statistical analysis

In addition to applying predefined exclusions for each cohort, we excluded partici-
pants with a prior cancer diagnosis other than non-melanoma skin cancer at baseline, 
loge-transformed energy intakes beyond three standard deviations of the study- and 
sex-specific loge-transformed mean energy intake (for all cohorts with comprehensive 
dietary data), with missing data on alcohol intake, or alcohol intakes exceeding 200 g/
day. The Netherlands Cohort Study (NLCS) was analysed as a case-cohort study per 
its study design [56].

The association between alcohol intake and pancreatic cancer risk was evaluated 
using multivariable Cox proportional hazards models on aggregated individual-level 
data from each study into a unique dataset, to estimate hazard ratios (HR) and 95% 
confidence intervals (CI). The primary time scale variable was the follow-up time in 
years from age at baseline until the age at cancer diagnosis (only participants for 
whom pancreatic cancer was their first primary cancer were included as cases), 
death, or administrative end of follow-up, whichever occurred first. The baseline 
hazard was stratified by age at recruitment (in 1-year categories), year of baseline 
questionnaire completion (in 1-calendar-year categories), study, country (in the Euro-
pean Prospective Investigation into Cancer and Nutrition [EPIC] cohort), and sex (in 
models combining men and women).

Alcohol intake was modelled in categories as: <0.1, 0.1 to <5, 5 to  <15, 15 to  <30, 
30 to <60 and ≥60 g/day and in continuous for a 10 g/day increase. The category 0.1 
to < 5 g/day was used as the reference category as non-drinkers at baseline (<0.1 g/
day) may include former drinkers. In women, the two highest categories of alcohol 
intake were collapsed into a  ≥30 g/day group (owing to 49 cases in the ≥60 g/day 
category). The covariates were categorized similarly across studies. Models were 
adjusted for smoking status (never, former, current, unknown: 2%), smoking duration 
in past and current smokers (in years, coded as 0 for never smokers and missing 
[17%]), smoking intensity in current smokers (in number of cigarettes/day, coded as 
0 for never and former smokers and missing [3%]), time since smoking cessation in 
past smokers (in years, coded as 0 for never and current smokers and missing [4%]), 
prevalent diabetes status (yes, no, unknown: 6%), body mass index (BMI, continu-
ous, kg/m2, unknown: 4%), height (continuous, centimetres, unknown: 1%), education 
level (<high school, high school, >high school, unknown: 6%), self-identified race 
and ethnicity (African American, Asian, White, Hispanic, Other, unknown: 3%), and 
physical activity (low, medium, high, unknown: 17%). Missing values for covariates 
were modelled with missing indicator variables. Participants from European studies 
that did not collect information about race or ethnicity were assigned to the “White” 
category. Analyses on the continuous scale were further adjusted for an indicator 
variable for alcohol drinking status (0: non-drinkers [<0.1 g/day], 1: drinkers [≥0.1 g/
day]) to express alcohol intake in continuous among drinkers. The inclusion of energy 
intake did not alter the magnitude of the HR estimates and was not included in the 
final multivariable models.

Tests for statistical significance of pancreatic cancer HRs related to alcohol intake 
in categories were performed with p-values (p

Wald
) comparing the Wald test statistics 
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to a X2 distribution with degrees of freedom equal to the number of alcohol categories 
minus one, not including the category of non-drinkers (<0.1 g/day). P-values for trend 
(p

trend
) were obtained in models including alcohol intake as a continuous variable, also 

including the indicator for alcohol drinking status.
To assess potential departures from linearity in the association between alcohol 

intake and pancreatic cancer risk, multivariable adjusted restricted cubic spline mod-
els [58] were fitted with four internal knots placed at 5, 15, 30, and 60 g/day using 
2.5 g/day as the reference, after excluding participants with alcohol intake greater 
than 100 g/day (resulted in exclusion of 5% of sex-combined participants). Models 
included the same list of covariates as detailed earlier for alcohol intake modelled in 
continuous. Nonlinearity was evaluated by comparing the difference in log-likelihood 
of models with linear term and fractional polynomials to a X2 distribution with two 
degrees of freedoms.

We evaluated heterogeneity in the alcohol intake and pancreatic cancer risk asso-
ciation by study, sex, smoking status (never, former, current smokers), geographic 
region (Europe-Australia, North America, Asia), BMI (18.5 to <25, 25 to  <30, ≥30 kg/
m²]), prevalent diabetes status (yes, no), education level (≤high school, >high school), 
multi-vitamin use (yes, no, in North American cohorts), and follow-up time (<2, 2 to 
<5, 5 to <10, ≥10 years). Models included alcohol intake (in continuous), a categori-
cal variable for the candidate effect modifier, and an interaction term between alcohol 
intake and the effect modifier. P-values for heterogeneity were obtained by compar-
ing the log-likelihood of models with and without the interaction terms to a X2 distribu-
tion with degrees of freedom equal to the number of categories of the effect modifier 
minus one. Participants with missing values on the candidate effect modifier were 
excluded in models evaluating that modifier and models were adjusted as previously 
described for alcohol intake modelled in continuous. In analyses by geographical 
region, the Australian cohort (Melbourne Collaborative Cohort Study [MCCS]) was 
combined with European cohorts as participants were mostly White and reported 
similar alcohol intake as European cohorts. Proportional hazards (PH) assumption 
was evaluated introducing a continuous time dependent variable modelled as the 
interaction between the log-transformed follow-up time and alcohol intake. The PH 
assumption was not rejected (p-value = 0.758).

The associations between alcohol intake from different alcoholic beverages (beer, 
wine and spirits/liquors) and pancreatic cancer risk were assessed in separate mod-
els, using the following categories: <0.1 g/day, 0.1 to <3 (reference), 3 to <10, 10 to 
<20, 20 to <40 and ≥40 g/day. These models were further adjusted for the sum of the 
alcohol intake from alcoholic beverages other than the one under evaluation.

Sensitivity analyses were performed to assess the robustness of the findings. To eval-
uate the effect of different adjustments of smoking variables on pancreatic cancer HRs 
related to alcohol, different models were compared: (1) no smoking covariates (only age, 
year of questionnaire return, and country [for EPIC only] were included as stratification 
variables), (2) adjustment for smoking status, (3) further adjustment for smoking duration, 
smoking intensity, and time since smoking cessation, (4) further adjustment for other 
covariates. To assess potential reverse causation, the association between alcohol use 



PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004590 May 20, 2025 9 / 25

Ta
b

le
 1

. 
C

h
ar

ac
te

ri
st

ic
s 

o
f 

th
e 

co
h

o
rt

 s
tu

d
ie

s 
in

 t
h

e 
p

o
o

le
d

 a
n

al
ys

is
 o

f 
al

co
h

o
l i

n
ta

ke
 a

n
d

 p
an

cr
ea

ti
c 

ca
n

ce
r 

ri
sk

.

S
tu

d
y†

C
o

u
n

tr
y/

C
o

n
ti

n
en

t
To

ta
l 

n
u

m
b

er
 o

f 
p

ar
ti

ci
p

an
ts

‡

Y
ea

r 
o

f 
b

as
el

in
e 

q
u

es
ti

o
n

n
ai

re
A

g
e 

at
 

b
as

el
in

e 
(y

ea
rs

)§

W
o

m
en

§
D

ri
n

ke
rs

§,
¶

A
lc

o
h

o
l i

n
ta

ke
 

am
o

n
g

 d
ri

n
ke

rs
 

(g
/d

ay
)§

N
ev

er
 

sm
o

ke
rs

§,
#

F
o

llo
w

-u
p

 
(y

ea
rs

)§

N
u

m
b

er
 

ca
se

s
A

g
e 

at
 

d
ia

g
n

o
si

s 
(y

ea
rs

)§

A
T

B
C

F
in

la
nd

26
,8

15
19

85
–1

98
8

57
 (

51
, 6

5)
0 

(0
%

)
23

,7
68

 (
89

%
)

13
.0

 (
1.

6,
 4

5.
7)

0 
(0

%
)*

16
.0

 (
4.

4,
 2

8.
0)

34
2

72
 (

62
, 8

0)

B
C

D
D

P
U

S
A

42
,1

40
19

87
–1

98
9

60
 (

51
, 7

2)
42

,1
40

 (
10

0%
)

20
,5

87
 (

49
%

)
3.

5 
(0

.4
, 2

0.
1)

23
,7

36
 (

56
%

)
10

.3
 (

9.
2,

 1
0.

9)
54

68
 (

57
, 8

3)

C
A

R
E

T
U

S
A

16
,4

67
19

85
–1

99
4

57
 (

50
, 6

6)
5,

99
8 

(3
6%

)
10

,6
90

 (
65

%
)

10
.6

 (
1.

0,
 5

5.
2)

11
0 

(1
%

)
19

.4
 (

5.
1,

 2
3.

6)
16

7
72

 (
62

, 8
1)

C
L

U
E

 II
U

S
A

7,
81

2
19

89
52

 (
30

, 7
1)

7,
81

2 
(1

00
%

)&
2,

54
3 

(3
3%

)
2.

6 
(0

.9
, 1

6.
5)

4,
92

4 
(6

3%
)

17
.6

 (
7.

2,
 2

3.
5)

50
71

 (
63

, 8
7)

C
N

B
S

S
C

an
ad

a
48

,7
78

19
80

–1
98

5
48

 (
41

, 5
6)

48
,7

78
 (

10
0%

)
37

,3
74

 (
77

%
)

6.
6 

(1
.0

, 2
7.

7)
24

,6
59

 (
51

%
)

22
.1

 (
16

.9
, 2

4.
4)

19
8

66
 (

54
, 7

5)

C
O

S
M

S
w

ed
en

45
,2

19
19

98
59

 (
48

, 7
4)

0 
(0

%
)

41
,4

11
 (

92
%

)
9.

0 
(1

.6
, 2

3.
6)

16
,1

39
 (

36
%

)
19

.0
 (

5.
0,

 1
9.

0)
20

6
72

 (
62

, 8
1)

C
P

S
 II

U
S

A
14

0,
49

1
19

92
–1

99
3

63
 (

55
, 7

1)
74

,6
03

 (
53

%
)

82
,1

33
 (

58
%

)
6.

7 
(0

.9
, 3

5.
7)

62
,1

94
 (

44
%

)
19

.8
 (

5.
6,

 2
1.

4)
62

3
74

 (
65

, 8
3)

C
T

S
U

S
A

99
,7

41
19

95
–1

99
9

51
 (

34
, 7

2)
99

,7
41

 (
10

0%
)

64
,1

82
 (

64
%

)
7.

5 
(3

.2
, 2

2.
2)

66
,9

77
 (

67
%

)
20

.0
 (

8.
0,

 2
0.

1)
42

5
76

 (
60

, 8
6)

E
P

IC
E

ur
op

e♦
45

6,
02

1
19

91
–2

00
1

51
 (

39
, 6

3)
32

2,
94

5 
(7

1%
)

38
9,

67
0 

(8
5%

)
6.

9 
(0

.7
, 3

4.
3)

22
1,

90
4 

(4
9%

)
17

.1
 (

9.
9,

 2
0.

2)
1,

29
8

67
 (

55
, 7

7)

G
S

E
ng

la
nd

10
4,

71
3

20
03

–2
01

3
47

 (
28

, 6
4)

10
4,

71
3 

(1
00

%
)

82
,7

62
 (

79
%

)
14

.0
 (

5.
0,

 3
6.

0)
67

,3
80

 (
64

%
)

9.
0 

(6
.0

, 1
0.

0)
56

68
 (

54
, 7

6)

H
P

F
S

U
S

A
47

,7
66

19
86

–1
98

7
54

 (
42

, 6
8)

0 
(0

%
)

36
,4

58
 (

76
%

)
9.

6 
(1

.8
, 3

6.
9)

21
,3

08
 (

45
%

)
25

.9
 (

7.
4,

 3
0.

7)
29

7
72

 (
60

, 8
4)

IW
H

S
U

S
A

34
,5

78
19

86
61

 (
56

, 6
8)

34
,5

78
 (

10
0%

)
15

,5
85

 (
45

%
)

3.
4 

(0
.9

, 2
1.

3)
22

,3
89

 (
65

%
)

21
.8

 (
6.

2,
 2

7.
9)

30
7

77
 (

66
, 8

8)

JP
H

C
 I

Ja
pa

n
39

,0
32

19
95

55
 (

46
, 6

3)
20

,7
92

 (
53

%
)

17
,4

18
 (

45
%

)
23

.0
 (

1.
6,

 7
2.

0)
26

,0
51

 (
67

%
)

18
.0

 (
9.

0,
 1

8.
0)

22
5

68
 (

59
, 7

7)

JP
H

C
 II

Ja
pa

n
49

,1
83

19
98

–1
99

9
59

 (
47

, 7
1)

26
,0

44
 (

53
%

)
21

,1
77

 (
43

%
)

23
.0

 (
1.

6,
 7

4.
6)

29
,3

44
 (

60
%

)
15

.0
 (

7.
0,

 1
5.

0)
24

4
73

 (
60

, 8
2)

M
C

C
S

A
us

tr
al

ia
36

,0
85

19
90

–1
99

4
54

 (
42

, 6
6)

21
,8

77
 (

61
%

)
22

,0
62

 (
61

%
)

12
.7

 (
1.

1,
 4

3.
9)

21
,2

95
 (

59
%

)
20

.4
 (

9.
6,

 2
2.

5)
13

2
75

 (
61

, 8
4)

M
E

C
U

S
A

36
,8

21
19

93
–1

99
7

57
 (

47
, 7

1)
19

,6
92

 (
53

%
)

23
,6

53
 (

64
%

)
9.

7 
(0

.9
, 4

7.
6)

14
,3

21
 (

39
%

)
18

.6
 (

5.
6,

 2
0.

3)
20

1
72

 (
62

, 8
2)

N
H

S
U

S
A

68
,4

47
19

86
–1

98
7

53
 (

43
, 6

3)
68

,4
47

 (
10

0%
)

44
,0

03
 (

64
%

)
4.

7 
(0

.9
, 2

7.
5)

30
,1

31
 (

44
%

)
28

.5
 (

10
.2

, 2
8.

9)
48

6
72

 (
61

, 8
2)

N
H

S
 II

U
S

A
93

,0
88

19
91

–1
99

3
36

 (
30

, 4
2)

93
,0

88
 (

10
0%

)
53

,2
06

 (
57

%
)

2.
8 

(0
.9

, 1
2.

5)
61

,0
16

 (
66

%
)

22
.0

 (
21

.0
, 2

2.
0)

65
53

 (
45

, 6
0)

N
IH

-A
A

R
P

U
S

A
49

0,
72

2
19

95
–1

99
7

62
 (

54
, 6

8)
19

9,
26

7 
(4

1%
)

36
8,

23
0 

(7
5%

)
4.

5 
(0

.5
, 3

7.
3)

17
3,

04
5 

(3
5%

)
15

.5
 (

3.
7,

 1
5.

8)
2,

69
4

72
 (

63
, 7

9)

N
L

C
S

N
L

12
0,

85
2∞

19
86

61
 (

56
, 6

7)
62

,5
73

 (
52

%
)

–∞
 (

77
%

)
8.

7 
(0

.9
, 3

2.
1)

–∞
 (

35
%

)
17

.3
 (

4.
0,

 1
7.

3)
23

6
62

 (
56

, 6
8)

N
Y

S
C

U
S

A
30

,3
35

19
80

60
 (

47
, 7

4)
0 

(0
%

)&
26

,9
74

 (
89

%
)

4.
8 

(0
.2

, 3
4.

2)
8,

45
2 

(2
8%

)
7.

5 
(5

.5
, 7

.8
)

92
69

 (
58

, 8
1)

P
L

C
O

U
S

A
10

1,
30

8
19

93
–2

00
1

65
 (

58
, 7

4)
52

,2
10

 (
52

%
)

73
,3

76
 (

72
%

)
4.

1 
(0

.6
, 2

8.
6)

48
,4

56
 (

48
%

)
9.

2 
(4

.5
, 1

0.
6)

37
5

73
 (

64
, 8

1)

S
C

H
S

S
in

ga
po

re
27

,1
75

19
93

–1
99

9
56

 (
46

, 6
8)

0 
(0

%
)&

8,
54

9 
(3

1%
)

4.
4 

(0
.4

, 2
8.

1)
11

,4
82

 (
42

%
)

14
.3

 (
5.

7,
 1

7.
2)

68
69

 (
57

, 7
9)

S
C

S
C

hi
na

16
,3

39
19

86
–1

98
9

55
 (

47
, 6

2)
0 

(0
%

)
6,

92
1 

(4
2%

)
21

.5
 (

4.
2,

 6
4.

5)
7,

02
9 

(4
3%

)
25

.1
 (

8.
3,

 2
9.

2)
16

0
71

 (
62

, 8
2)

S
M

C
S

w
ed

en
34

,9
82

19
97

60
 (

51
, 7

6)
34

,9
82

 (
10

0%
)

28
,6

95
 (

82
%

)
3.

2 
(0

.4
, 1

0.
2)

18
,6

41
 (

53
%

)
19

.3
 (

6.
8,

 1
9.

3)
16

4
74

 (
64

, 8
4)

S
M

H
S

C
hi

na
61

,0
65

20
01

–2
00

6
53

 (
43

, 7
0)

0 
(0

%
)

19
,7

60
 (

32
%

)
26

.0
 (

8.
9,

 6
9.

8)
18

,5
92

 (
30

%
)

12
.2

 (
8.

6,
 1

4.
2)

20
7

70
 (

54
, 8

0)

S
N

M
C

S
w

ed
en

25
,0

49
19

97
50

 (
27

, 6
9)

25
,0

49
 (

10
0%

)&
21

,7
45

 (
87

%
)

6.
3 

(0
.8

, 2
3.

1)
15

,3
96

 (
61

%
)

19
.2

 (
10

.6
, 1

9.
2)

62
70

 (
58

, 8
2)

V
IT

A
L

U
S

A
60

,3
24

20
00

–2
00

2
60

 (
52

, 7
2)

30
,1

56
 (

50
%

)
38

,8
17

 (
64

%
)

6.
8 

(0
.8

, 3
2.

5)
28

,8
57

 (
48

%
)

9.
9 

(3
.9

, 1
0.

9)
19

0
71

 (
62

, 7
9)

W
H

I
U

S
A

85
,5

45
19

92
–1

99
5

63
 (

53
, 7

3)
85

,5
45

 (
10

0%
)

49
,5

09
 (

58
%

)
4.

6 
(0

.8
, 2

3.
6)

43
,1

30
 (

50
%

)
18

.5
 (

7.
0,

 2
0.

9)
38

6
75

 (
64

, 8
5)

(C
on

tin
ue
d)



PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004590 May 20, 2025 10 / 25

S
tu

d
y†

C
o

u
n

tr
y/

C
o

n
ti

n
en

t
To

ta
l 

n
u

m
b

er
 o

f 
p

ar
ti

ci
p

an
ts

‡

Y
ea

r 
o

f 
b

as
el

in
e 

q
u

es
ti

o
n

n
ai

re
A

g
e 

at
 

b
as

el
in

e 
(y

ea
rs

)§

W
o

m
en

§
D

ri
n

ke
rs

§,
¶

A
lc

o
h

o
l i

n
ta

ke
 

am
o

n
g

 d
ri

n
ke

rs
 

(g
/d

ay
)§

N
ev

er
 

sm
o

ke
rs

§,
#

F
o

llo
w

-u
p

 
(y

ea
rs

)§

N
u

m
b

er
 

ca
se

s
A

g
e 

at
 

d
ia

g
n

o
si

s 
(y

ea
rs

)§

W
L

H
S

S
w

ed
en

47
,5

39
19

91
–1

99
2

40
 (

32
, 4

8)
47

,5
39

 (
10

0%
)

40
,6

68
 (

86
%

)
2.

9 
(0

.5
, 9

.0
)

19
,3

37
 (

41
%

)
21

.3
 (

20
.4

, 2
1.

3)
57

60
 (

50
, 6

9)

To
ta

l
2,

49
4,

43
2

19
80

–2
01

3
57

 (
40

, 6
9)

1,
52

8,
56

9 
(6

2%
)

–∞
 (

70
%

)
6.

6 
(0

.8
, 3

4.
3)

–∞
 (

47
%

)
15

.6
 (

6.
0,

 2
1.

6)
10

,0
67

71
 (

60
, 8

1)
† S

tu
dy

 a
bb

re
vi

at
io

ns
: A

T
B

C
: A

lp
ha

-T
oc

op
he

ro
l B

et
a-

C
ar

ot
en

e 
C

an
ce

r 
P

re
ve

nt
io

n 
S

tu
dy

 [2
7]

; B
C

D
D

P
: B

re
as

t C
an

ce
r 

D
et

ec
tio

n 
D

em
on

st
ra

tio
n 

P
ro

je
ct

 F
ol

lo
w

-U
p 

S
tu

dy
 [2

8]
; 

C
A

R
E

T:
 B

et
a-

C
ar

ot
en

e 
an

d 
R

et
in

ol
 E

ffi
ca

cy
 T

ria
l [

29
]; 

C
LU

E
 II

: C
am

pa
ig

n 
ag

ai
ns

t C
an

ce
r 

an
d 

H
ea

rt
 D

is
ea

se
 [3

0]
; C

N
B

S
S

: C
an

ad
ia

n 
N

at
io

na
l B

re
as

t S
cr

ee
ni

ng
 S

tu
dy

 [3
1]

; 
C

O
S

M
: C

oh
or

t o
f S

w
ed

is
h 

M
en

 [3
2]

; C
P

S
 II

: C
an

ce
r 

P
re

ve
nt

io
n 

S
tu

dy
 II

 N
ut

rit
io

n 
C

oh
or

t [
33

]; 
C

T
S

: C
al

ifo
rn

ia
 T

ea
ch

er
s 

S
tu

dy
 [3

4]
; E

P
IC

: E
ur

op
ea

n 
P

ro
sp

ec
tiv

e 
In

ve
st

ig
a-

tio
n 

in
to

 C
an

ce
r 

an
d 

N
ut

rit
io

n 
[1

4]
; G

S
: G

en
er

at
io

ns
 S

tu
dy

 [1
9]

; H
P

F
S

: H
ea

lth
 P

ro
fe

ss
io

na
ls

 F
ol

lo
w

-u
p 

S
tu

dy
 [4

2]
; I

W
H

S
: I

ow
a 

W
om

en
’s

 H
ea

lth
 S

tu
dy

 [3
5]

; J
P

H
C

 I:
 J

ap
an

 
P

ub
lic

 H
ea

lth
 C

en
te

r-
ba

se
d 

P
ro

sp
ec

tiv
e 

S
tu

dy
 I 

[1
5]

; J
P

H
C

 II
: J

ap
an

 P
ub

lic
 H

ea
lth

 C
en

te
r-

ba
se

d 
P

ro
sp

ec
tiv

e 
S

tu
dy

 II
 [1

5]
; M

C
C

S
: M

el
bo

ur
ne

 C
ol

la
bo

ra
tiv

e 
C

oh
or

t S
tu

dy
 

[3
6]

; M
E

C
: M

ul
tie

th
ni

c 
C

oh
or

t S
tu

dy
 [3

7]
; N

H
S

: N
ur

se
s’

 H
ea

lth
 S

tu
dy

 [4
2]

; N
H

S
 II

: N
ur

se
s’

 H
ea

lth
 S

tu
dy

 II
 [4

2]
; N

IH
-A

A
R

P
: N

IH
-A

A
R

P
 D

ie
t a

nd
 H

ea
lth

 S
tu

dy
 [1

2]
;  

N
L:

 T
he

 N
et

he
rla

nd
s 

N
LC

S
: t

he
 N

et
he

rla
nd

s 
C

oh
or

t S
tu

dy
 [4

3]
; N

Y
S

C
: N

ew
 Y

or
k 

S
ta

te
 C

oh
or

t [
38

]; 
P

LC
O

: P
ro

st
at

e,
 L

un
g,

 C
ol

or
ec

ta
l, 

an
d 

O
va

ria
n 

C
an

ce
r 

S
cr

ee
ni

ng
 T

ria
l 

[4
0]

; S
C

H
S

: S
in

ga
po

re
 C

hi
ne

se
 H

ea
lth

 S
tu

dy
 [2

2]
; S

C
S

: S
ha

ng
ha

i C
oh

or
t S

tu
dy

 [2
0]

; S
M

C
: S

w
ed

is
h 

M
am

m
og

ra
ph

y 
C

oh
or

t [
32

]; 
S

M
H

S
: S

ha
ng

ha
i M

en
’s

 H
ea

lth
 S

tu
dy

 [2
4]

; 
S

N
M

C
: S

w
ed

is
h 

N
at

io
na

l M
ar

ch
 C

oh
or

t [
21

]; 
V

IT
A

L:
 V

IT
am

in
s 

an
d 

Li
fe

st
yl

e 
S

tu
dy

: C
oh

or
t S

tu
dy

 o
f D

ie
ta

ry
 S

up
pl

em
en

ts
 a

nd
 C

an
ce

r 
R

is
k 

[2
5]

; W
H

I: 
W

om
en

’s
 H

ea
lth

 In
iti

a-
tiv

e 
[2

6]
; W

LH
S

: W
om

en
’s

 L
ife

st
yl

e 
an

d 
H

ea
lth

 S
tu

dy
 [4

1]
.

‡ C
oh

or
t s

iz
e 

re
fle

ct
s 

th
e 

si
ze

 a
fte

r 
ap

pl
ic

at
io

n 
of

 s
tu

dy
-s

pe
ci

fic
 e

xc
lu

si
on

 c
rit

er
ia

 a
nd

 fu
rt

he
r 

ex
cl

us
io

n 
of

 p
ar

tic
ip

an
ts

 w
ith

 e
ne

rg
y 

in
ta

ke
s 

be
yo

nd
 3

 s
ta

nd
ar

d-
de

vi
at

io
ns

 o
f 

th
ei

r 
lo

g e-
tr

an
sf

or
m

ed
 s

tu
dy

-s
pe

ci
fic

 m
ea

n 
en

er
gy

 in
ta

ke
 (

ex
ce

pt
 fo

r 
th

e 
fo

ur
 c

oh
or

ts
 w

ith
ou

t d
ie

ta
ry

 a
ss

es
sm

en
t)

, h
is

to
ry

 o
f c

an
ce

r 
di

ag
no

si
s 

at
 b

as
el

in
e 

(e
xc

ep
t f

or
 n

on
m

el
-

an
om

a 
sk

in
 c

an
ce

r)
, m

is
si

ng
 d

at
a 

on
 a

lc
oh

ol
 in

ta
ke

, o
r 

al
co

ho
l i

nt
ak

es
 e

xc
ee

di
ng

 2
00

 g
/d

ay
. T

he
 N

et
he

rla
nd

s 
C

oh
or

t S
tu

dy
 w

as
 a

na
ly

se
d 

as
 a

 c
as

e-
co

ho
rt

 s
tu

dy
, a

nd
 th

e 
ab

ov
e 

ex
cl

us
io

ns
 w

er
e 

no
t a

pp
lie

d 
to

 it
s 

ba
se

lin
e 

co
ho

rt
 s

iz
e.

§ M
ed

ia
n 

(1
0t

h,
 9

0t
h 

pe
rc

en
til

es
) 

fo
r 

co
nt

in
uo

us
 v

ar
ia

bl
es

, n
um

be
r 

an
d 

pr
op

or
tio

n 
of

 c
oh

or
t f

or
 c

at
eg

or
ic

al
 v

ar
ia

bl
es

.
¶ D

rin
ke

rs
 a

re
 p

ar
tic

ip
an

ts
 w

ith
 a

 to
ta

l a
lc

oh
ol

 in
ta

ke
 ≥

 0
.1

 g
/d

ay
 a

t b
as

el
in

e.
# N

ev
er

 s
m

ok
er

s 
ar

e 
pa

rt
ic

ip
an

ts
 w

ho
 r

ep
or

te
d 

ha
vi

ng
 n

ev
er

 s
m

ok
ed

 a
t b

as
el

in
e;

 a
nd

 M
en

 in
 C

LU
E

 II
 a

nd
 S

N
M

C
 w

er
e 

no
t i

nc
lu

de
d 

be
ca

us
e 

th
e 

nu
m

be
r 

of
 p

an
cr

ea
tic

 c
an

ce
r 

ca
se

s 
w

as
 lo

w
er

 th
an

 5
0.

 W
om

en
 in

 N
Y

S
C

 w
er

e 
no

t i
nc

lu
de

d 
be

ca
us

e 
th

e 
nu

m
be

r 
of

 p
an

cr
ea

tic
 c

an
ce

r 
ca

se
s 

w
as

 lo
w

er
 th

an
 5

0.
 W

om
en

 in
 S

C
H

S
 w

er
e 

no
t i

nc
lu

de
d 

be
-

ca
us

e 
th

e 
pr

ev
al

en
ce

 o
f d

rin
ki

ng
 a

t b
as

el
in

e 
w

as
 lo

w
er

 th
an

 1
0%

.
* In

 A
T

B
C

 o
nl

y 
cu

rr
en

t s
m

ok
er

s 
w

er
e 

re
cr

ui
te

d.
∞
N

LC
S

 w
as

 a
na

ly
se

d 
as

 a
 c

as
e-

co
ho

rt
 s

tu
dy

. D
at

a 
ar

e 
on

ly
 a

va
ila

bl
e 

fo
r 

th
e 

su
bc

oh
or

t a
nd

 p
an

cr
ea

tic
 c

an
ce

r 
ca

se
s.

 T
he

re
fo

re
, t

he
 n

um
be

r 
of

 p
ar

tic
ip

an
ts

 w
as

 n
ot

 p
re

se
nt

-
ed

 a
nd

 th
e 

pe
rc

en
ta

ge
s 

ar
e 

re
pr

es
en

ta
tiv

e 
of

 th
e 

su
bc

oh
or

t.
♦ E

P
IC

 in
cl

ud
ed

 p
ar

tic
ip

an
ts

 fr
om

 9
 E

ur
op

ea
n 

co
un

tr
ie

s:
 D

en
m

ar
k,

 F
ra

nc
e,

 G
er

m
an

y,
 It

al
y,

 th
e 

N
et

he
rla

nd
s,

 N
or

w
ay

, S
pa

in
, S

w
ed

en
, a

nd
 U

ni
te

d 
K

in
gd

om
.

ht
tp

s:
//d

oi
.o

rg
/1

0.
13

71
/jo

ur
na

l.p
m

ed
.1

00
45

90
.t0

01

Ta
b

le
 1

. 
(C

on
tin

ue
d)

https://doi.org/10.1371/journal.pmed.1004590.t001


PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004590 May 20, 2025 11 / 25

Ta
b

le
 2

. 
P

ar
ti

ci
p

an
t 

ch
ar

ac
te

ri
st

ic
s 

b
y 

ca
te

g
o

ry
 o

f 
al

co
h

o
l i

n
ta

ke
 b

y 
se

x†.

A
lc

o
h

o
l i

n
ta

ke
 (

g
/d

ay
)

To
ta

l

<
0.

1
0.

1 
to

 <
5

5 
to

 <
15

15
 t

o
 <

30
30

 t
o

 <
60

60
+

W
O

M
E

N

 
P

ar
ti

ci
p

an
ts

n 
(%

)
47

3,
23

9 
(3

2%
)

49
6,

79
3 

(3
4%

)
30

4,
57

7 
(2

1%
)

12
5,

70
6 

(9
%

)
57

,4
04

 (
4%

)
10

,1
87

 (
1%

)
1,

46
7,

90
6 

(1
00

%
)

 
P

er
so

n
-Y

ea
rs

N
7,

43
7,

17
6

7,
96

9,
11

9
4,

79
3,

66
8

1,
82

6,
46

9
82

7,
77

3
13

9,
83

9
22

,9
94

,0
44

 
F

o
llo

w
-u

p
 d

u
ra

ti
o

n
Y

ea
rs

16
.2

 (
6.

5,
 2

2.
0)

16
.5

 (
7.

6,
 2

2.
0)

17
.2

 (
6.

3,
 2

1.
8)

15
.6

 (
6.

0,
 2

1.
3)

15
.6

 (
6.

0,
 2

1.
4)

15
.4

 (
5.

8,
 2

1.
0)

16
.4

 (
6.

6,
 2

2.
0)

 
N

u
m

b
er

 o
f 

P
C

 c
as

es
n 

(%
)

1,
82

7 
(3

5%
)

1,
74

9 
(3

4%
)

88
4 

(1
7%

)
43

8 
(8

%
)

22
0 

(4
%

)
49

 (
1%

)
5,

16
7 

(1
00

%
)

 
A

lc
o

h
o

l i
n

ta
ke

g/
da

y
0 

(0
, 0

)
1.

6 
(0

.4
, 3

.9
)

8.
6 

(5
.5

, 1
3.

2)
19

.8
 (

15
.6

, 2
7.

0)
36

.9
 (

31
.0

, 5
1.

4)
72

.8
 (

62
.0

, 1
18

.3
)

1.
7 

(0
.0

, 1
8.

1)

 
A

g
e 

at
 b

as
el

in
e

Y
ea

rs
57

 (
39

, 6
9)

55
 (

37
, 6

8)
53

 (
35

, 6
7)

54
 (

37
, 6

7)
54

 (
39

, 6
6)

56
 (

42
, 6

7)
55

 (
37

, 6
8)

 
N

ev
er

 s
m

o
ke

rs
n 

(%
)

31
7,

16
4 

(6
7%

)
26

7,
83

6 
(5

4%
)

15
4,

26
5 

(5
1%

)
55

,5
30

 (
44

%
)

19
,4

37
 (

34
%

)
2,

64
4 

(2
6%

)
81

6,
87

6 
(5

6%
)

 
D

ia
b

et
es

n 
(%

)
31

,6
93

 (
7%

)
15

,0
79

 (
3%

)
4,

67
4 

(2
%

)
1,

78
5 

(1
%

)
92

9 
(2

%
)

22
5 

(2
%

)
54

,3
85

 (
4%

)

 
H

ei
g

h
t

m
1.

6 
(1

.5
, 1

.7
)

1.
6 

(1
.5

, 1
.7

)
1.

6 
(1

.6
, 1

.7
)

1.
6 

(1
.6

, 1
.7

)
1.

6 
(1

.6
, 1

.7
)

1.
6 

(1
.6

, 1
.7

)
1.

6 
(1

.5
, 1

.7
)

 
B

o
d

y 
m

as
s 

in
d

ex
kg

/m
²

25
.0

 (
20

.5
, 3

3.
5)

24
.6

 (
20

.4
, 3

1.
8)

23
.8

 (
20

.2
, 2

9.
9)

23
.8

 (
20

.2
, 2

9.
4)

23
.9

 (
20

.3
, 2

9.
9)

24
.4

 (
20

.3
, 3

1.
0)

24
.6

 (
20

.4
, 3

1.
8)

 
E

d
u

ca
ti

o
n

 le
ve

l ≥
 h

ig
h

 s
ch

o
o

l
n 

(%
)

35
7,

24
3 

(7
5%

)
40

1,
06

5 
(8

1%
)

25
5,

93
4 

(8
4%

)
10

8,
36

2 
(8

6%
)

50
,3

93
 (

88
%

)
8,

89
2 

(8
7%

)
1,

18
1,

88
9 

(8
1%

)

 
P

h
ys

ic
al

 a
ct

iv
it

y 
le

ve
l ≥

 m
ed

iu
m

n 
(%

)
23

0,
09

0 
(4

9%
)

27
2,

02
5 

(5
5%

)
14

9,
63

0 
(4

9%
)

53
,0

82
 (

42
%

)
24

,1
04

 (
42

%
)

4,
32

3 
(4

2%
)

73
3,

25
4 

(5
0%

)

 
G

eo
g

ra
p

h
ic

al
 r

eg
io

n

 
 

E
u

ro
p

e
n 

(%
)

96
,3

53
 (

20
%

)
19

4,
85

8 
(3

9%
)

15
1,

35
7 

(5
0%

)
62

,6
77

 (
50

%
)

28
,2

44
 (

49
%

)
3,

64
9 

(3
6%

)
53

7,
13

8 
(3

7%
)

 
 

N
o

rt
h

 A
m

er
ic

a
n 

(%
)

33
8,

31
7 

(7
1%

)
29

7,
51

7 
(6

0%
)

15
1,

04
0 

(5
0%

)
62

,0
45

 (
49

%
)

28
,6

84
 (

50
%

)
6,

32
9 

(6
2%

)
88

3,
93

2 
(6

0%
)

 
 

A
si

a-
P

ac
if

ic
n 

(%
)

38
,5

69
 (

8%
)

4,
41

8 
(1

%
)

2,
18

0 
(1

%
)

98
4 

(1
%

)
47

6 
(1

%
)

20
9 

(2
%

)
46

,8
36

 (
3%

)

 
R

ac
e

 
 

E
u

ro
p

ea
n

 d
es

ce
n

t
n 

(%
)

37
7,

14
1 

(8
0%

)
44

9,
32

0 
(9

0%
)

27
7,

61
1 

(9
1%

)
11

4,
59

8 
(9

1%
)

52
,1

61
 (

91
%

)
8,

96
7 

(8
8%

)
1,

27
9,

79
8 

(8
7%

)

 
 

A
fr

ic
an

 d
es

ce
n

t
n 

(%
)

14
,9

37
 (

3%
)

8,
71

4 
(2

%
)

2,
75

1 
(1

%
)

84
2 

(1
%

)
45

4 
(1

%
)

17
5 

(2
%

)
27

,8
73

 (
2%

)

 
 

H
is

p
an

ic
 d

es
ce

n
t

n 
(%

)
6,

33
5 

(1
%

)
5,

01
3 

(1
%

)
2,

46
6 

(1
%

)
62

9 
(1

%
)

21
5 

(0
%

)
55

 (
1%

)
14

,7
13

 (
1%

)

 
 

A
si

an
 d

es
ce

n
t

n 
(%

)
48

,3
89

 (
10

%
)

7,
99

2 
(2

%
)

3,
59

5 
(1

%
)

1,
34

6 
(1

%
)

58
5 

(1
%

)
22

2 
(2

%
)

62
,1

29
 (

4%
)

 
 

O
th

er
/u

n
kn

o
w

n
n 

(%
)

26
,4

37
 (

6%
)

25
,7

54
 (

5%
)

18
,1

54
 (

6%
)

8,
29

1 
(7

%
)

3,
98

9 
(7

%
)

76
8 

(8
%

)
83

,3
93

 (
6%

)

M
E

N

 
P

ar
ti

ci
p

an
ts

n 
(%

)
22

9,
29

3 
(2

5%
)

22
6,

89
7 

(2
5%

)
18

1,
95

3 
(2

0%
)

13
2,

30
3 

(1
5%

)
93

,3
45

 (
10

%
)

45
,7

32
 (

5%
)

90
9,

52
3 

(1
00

%
)

 
P

er
so

n
-Y

ea
rs

N
2,

99
3,

14
8

2,
95

5,
69

6
2,

55
4,

29
7

1,
81

3,
72

8
1,

29
0,

70
8

59
2,

02
1

12
,1

99
,5

98

 
F

o
llo

w
-u

p
 d

u
ra

ti
o

n
Y

ea
rs

13
.1

 (
4.

4,
 2

0.
8)

15
.0

 (
4.

4,
 1

9.
8)

15
.5

 (
5.

1,
 2

0.
9)

15
.0

 (
5.

1,
 2

0.
2)

15
.0

 (
5.

1,
 2

0.
3)

14
.9

 (
4.

3,
 1

9.
0)

14
.7

 (
4.

7,
 2

0.
3)

 
N

u
m

b
er

 o
f 

P
C

 c
as

es
n 

(%
)

1,
20

4 
(2

5%
)

1,
15

2 
(2

4%
)

92
2 

(1
9%

)
71

2 
(1

5%
)

57
6 

(1
2%

)
33

4 
(7

%
)

4,
90

0 
(1

00
%

)

 
A

lc
o

h
o

l i
n

ta
ke

g/
da

y
0 

(0
, 0

)
2.

0 
(1

.8
, 0

.5
)

9.
5 

(9
.4

, 5
.7

)
21

.3
 (

21
.0

, 1
6.

0)
42

.4
 (

41
.2

, 3
2.

2)
89

.0
 (

80
.3

, 6
3.

3)
4.

9 
(0

, 4
1.

8)

 
A

g
e 

at
 b

as
el

in
e

Y
ea

rs
60

 (
47

, 7
0)

60
 (

49
, 6

9)
59

 (
46

, 6
9)

59
 (

46
, 6

9)
58

 (
46

, 6
8)

59
 (

47
, 6

8)
59

 (
47

, 6
9)

 
N

ev
er

 s
m

o
ke

rs
n 

(%
)

89
,8

72
 (

39
%

)
81

,8
17

 (
36

%
)

58
,4

13
 (

32
%

)
34

,5
19

 (
26

%
)

18
,8

93
 (

20
%

)
7,

26
3 

(1
6%

)
29

0,
77

7 
(3

2%
)

 
D

ia
b

et
es

n 
(%

)
24

,5
20

 (
11

%
)

17
,5

41
 (

8%
)

8,
14

6 
(4

%
)

5,
14

7 
(4

%
)

3,
82

5 
(4

%
)

2,
36

0 
(5

%
)

61
,5

39
 (

7%
)

 
H

ei
g

h
t

m
1.

7 
(1

.6
, 1

.8
)

1.
8 

(1
.7

, 1
.9

)
1.

8 
(1

.7
, 1

.9
)

1.
8 

(1
.7

, 1
.9

)
1.

8 
(1

.6
, 1

.9
)

1.
8 

(1
.6

, 1
.9

)
1.

8 
(1

.7
, 1

.9
)

 
B

o
d

y 
m

as
s 

in
d

ex
kg

/m
²

25
.1

 (
20

.9
, 3

1.
1)

26
.1

 (
22

.3
, 3

2)
25

.8
 (

22
.1

, 3
0.

8)
25

.7
 (

22
, 3

0.
6)

25
.8

 (
21

.8
, 3

0.
8)

25
.9

 (
21

.6
, 3

1.
4)

25
.8

 (
21

.8
, 3

1.
2)

 
E

d
u

ca
ti

o
n

 le
ve

l ≥
 h

ig
h

 s
ch

o
o

l
n 

(%
)

15
7,

20
5 

(6
9%

)
17

9,
47

2 
(7

9%
)

13
7,

55
4 

(7
6%

)
98

,8
23

 (
75

%
)

66
,1

83
 (

71
%

)
30

,8
59

 (
67

%
)

67
0,

09
6 

(7
4%

)

 
P

h
ys

ic
al

 a
ct

iv
it

y 
le

ve
l ≥

 m
ed

iu
m

n 
(%

)
10

2,
36

4 
(4

5%
)

12
1,

53
7 

(5
4%

)
10

2,
97

5 
(5

7%
)

74
,3

81
 (

56
%

)
50

,3
28

 (
54

%
)

24
,9

21
 (

54
%

)
47

6,
50

6 
(5

2%
)

 
G

eo
g

ra
p

h
ic

al
 r

eg
io

n

 
 

E
u

ro
p

e
n 

(%
)

16
,1

44
 (

7%
)

47
,4

92
 (

21
%

)
62

,0
16

 (
34

%
)

42
,1

45
 (

32
%

)
29

,3
07

 (
31

%
)

9,
94

5 
(2

2%
)

20
7,

04
9 

(2
3%

)

 
 

N
o

rt
h

 A
m

er
ic

a
n 

(%
)

13
2,

74
9 

(5
8%

)
16

9,
26

6 
(7

5%
)

10
7,

96
4 

(5
9%

)
73

,5
81

 (
56

%
)

47
,6

25
 (

51
%

)
25

,3
31

 (
55

%
)

55
6,

51
6 

(6
1%

)

 
 

A
si

a-
P

ac
if

ic
n 

(%
)

80
,4

00
 (

35
%

)
10

,1
39

 (
4%

)
11

,9
73

 (
7%

)
16

,5
77

 (
13

%
)

16
,4

13
 (

18
%

)
10

,4
56

 (
23

%
)

14
5,

95
8 

(1
6%

)

(C
on

tin
ue
d)



PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004590 May 20, 2025 12 / 25

A
lc

o
h

o
l i

n
ta

ke
 (

g
/d

ay
)

To
ta

l

<
0.

1
0.

1 
to

 <
5

5 
to

 <
15

15
 t

o
 <

30
30

 t
o

 <
60

60
+

 
R

ac
e

 
 

E
u

ro
p

ea
n

 d
es

ce
n

t
n 

(%
)

13
7,

92
1 

(6
0%

)
20

4,
65

4 
(9

0%
)

16
3,

75
7 

(9
0%

)
11

2,
18

6 
(8

5%
)

74
,8

71
 (

80
%

)
34

,1
52

 (
75

%
)

72
7,

54
1 

(8
0%

)

 
 

A
fr

ic
an

 d
es

ce
n

t
n 

(%
)

3,
82

2 
(2

%
)

3,
68

8 
(2

%
)

1,
87

5 
(1

%
)

1,
06

5 
(1

%
)

65
3 

(1
%

)
40

8 
(1

%
)

11
,5

11
 (

1%
)

 
 

H
is

p
an

ic
 d

es
ce

n
t

n 
(%

)
1,

50
6 

(1
%

)
2,

66
3 

(1
%

)
1,

44
3 

(1
%

)
84

1 
(1

%
)

46
1 

(0
%

)
26

9 
(1

%
)

7,
18

3 
(1

%
)

 
 

A
si

an
 d

es
ce

n
t

n 
(%

)
83

,1
69

 (
36

%
)

13
,0

46
 (

6%
)

13
,0

42
 (

7%
)

17
,2

30
 (

13
%

)
16

,7
28

 (
18

%
)

10
,5

94
 (

23
%

)
15

3,
80

9 
(1

7%
)

 
 

O
th

er
/u

n
kn

o
w

n
n 

(%
)

2,
87

5 
(1

%
)

2,
84

6 
(1

%
)

1,
83

6 
(1

%
)

98
1 

(1
%

)
63

2 
(1

%
)

30
9 

(1
%

)
9,

47
9 

(1
%

)

A
bb

re
vi

at
io

ns
: P

C
 =

 p
an

cr
ea

tic
 c

an
ce

r.
† M

ed
ia

n 
an

d 
10

th
–9

0t
h 

pe
rc

en
til

e 
ra

ng
e 

fo
r 

co
nt

in
uo

us
 v

ar
ia

bl
es

; n
um

be
rs

 a
nd

 s
ex

-s
pe

ci
fic

 p
er

ce
nt

ag
e 

fo
r 

ca
te

go
ric

al
 v

ar
ia

bl
es

.

ht
tp

s:
//d

oi
.o

rg
/1

0.
13

71
/jo

ur
na

l.p
m

ed
.1

00
45

90
.t0

02

Ta
b

le
 2

. 
(C

on
tin

ue
d)

https://doi.org/10.1371/journal.pmed.1004590.t002


PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004590 May 20, 2025 13 / 25

and pancreatic cancer risk was re-evaluated after excluding the first 2 years of follow-up. The association was also re-examined 
after restricting the case definition to histologically confirmed pancreatic cancer cases. Among cohorts with information about 
past drinking (Cohort of Swedish Men [COSM], EPIC, Health Professionals Follow-up Study [HPFS], Melbourne Collaborative 
Cohort Study [MCCS], Nurses’ Health Study [NHS], Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial [PLCO], 
and Swedish Mammography Cohort [SMC]), the association between alcohol intake and pancreatic cancer risk was evaluated 
after separating out former drinkers from never drinkers in the baseline non-drinkers category.

Statistical tests were two-sided with nominal level of statistical significance set to 5%. Analyses were performed using 
SAS version 9.4 (SAS Institute, Cary, NC, USA). No specific study protocol is available. After data harmonization, a statis-
tical analysis plan was developed jointly between scientists at IARC and at the Harvard T.H. Chan School of Public Health 
(File A in S1 File). This study is reported as per the Strengthening the Reporting of Observational Studies in Epidemiology 
(STROBE) guideline (S1 Checklist).

Results

The total study sample consisted of 2,494,432 participants (62% women, 70% alcohol drinkers, 47% never smokers, 64% 
alcohol drinkers among never smokers) in 30 studies, recruited between 1980 and 2013 with a median age of 57 years 
(Table 1). Within a median follow-up time of 15.6 years (10th–90th percentile range: 6.0 to 21.6 years across studies), 
10,067 incident pancreatic cancer cases were diagnosed (51% women). Study participants were from North America 
(60%), Europe/Australia (32%) and Asia (8%) (Table 2). Participants with the highest alcohol intake were less likely to be 
never smokers. Median alcohol intake at recruitment among drinkers was twice as high in men (10.7 g/day) as in women 
(5.0 g/day) (Table A in S1 File). Cohorts from Asia (77% men) displayed the lowest percentage of alcohol drinkers (38%) 
and the highest median alcohol intake among drinkers (23 g/day).

We observed a statistically significant positive association between alcohol intake and pancreatic cancer risk (Fig 1). 
In women, HRs comparing alcohol intake of 5 to <15, 15 to <30 and ≥30 g/day to the reference category (0.1 to <5 g/day) 
were 0.91 (95% CI [0.84,0.99]), 1.12 (95% CI [1.00,1.25]) and 1.13 (95% CI [0.99,1.29]), respectively, with HR for a 10 g/
day increment in alcohol intake (HR

10 g/day
) equal to 1.03 (95% CI [1.01,1.06]). In men, HRs comparing alcohol intake of 5 

to <15, 15 to <30, 30 to <60 and ≥60 g/day to the reference category were equal to 0.99 (95% CI [0.91, 1.08]), 1.02 (95% 
CI [0.92, 1.12]), 1.15 (95% CI [1.04, 1.28]) and 1.36 (95% CI [1.20, 1.55]), respectively, and HR

10 g/day
 was equal to 1.03 

(95% CI [1.02,1.04]). Among women, the HR comparing non-drinkers (<0.1 g/day) to the reference category (0.1 to <5 g/
day) showed no significant association (HR = 0.97, 95% CI [0.90, 1.04]) while among men a significant positive associa-
tion was observed (HR = 1.10, 95% CI [1.01, 1.20]). In sex-combined analysis, HRs comparing alcohol intake of 30 to <60 
and ≥60 g/day to the reference category were equal to 1.12 (95% CI [1.03, 1.21]) and 1.32 (95% CI [1.18, 1.47]), respec-
tively. The overall pancreatic cancer HR

10 g/day
 was 1.03 (95% CI [1.02,1.04]). There was no evidence of heterogeneity by 

sex (p
sex

 = 0.27, Fig 1) or study (p
study

 = 0.40, Fig A in S1 File).
The association between alcohol intake and pancreatic cancer risk was not different by smoking status (Fig 2). The 

HR
10 g/day

 were 1.03 (95% CI [1.01, 1.06]) in never smokers (including 3,801 cases), 1.02 (95% CI [1.00,1.04]) in former 
smokers (3,490 cases) and 1.03 (95% CI [1.01, 1.04]) in current smokers (2,573 cases), with p-value for heterogeneity by 
smoking status equal to 0.624.

There was no evidence of effect modification of the total alcohol intake and pancreatic cancer risk association by BMI, 
prevalent diabetes, education, and multi-vitamin use with p-values for heterogeneity equal to 0.149, 0.608, 0.284, and 
0.986, respectively (Fig C in S1 File). There was significant heterogeneity by follow-up time with attenuated HR

10 g/day
 esti-

mates in the 0–2 and 5–10 years follow-up ranges (p
heterogeneity

 < 0.001, Fig C in S1 File).
Positive associations of alcohol intake and pancreatic cancer risk were observed in Europe–Australia (HR

10 g/day
 = 1.03, 

95% CI [1.00, 1.05]) and North America (HR
10 g/day

 = 1.03, 95% CI [1.02, 1.05]), while no association was observed in Asia, 
the region with the fewest number of alcohol drinkers in our analyses (p-value for heterogeneity by region = 0.003, Fig 3).
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Examination of alcohol intake from different alcoholic beverages showed positive associations with pancreatic cancer 
risk for alcohol intake from beer and spirits/liquor with HR

10 g/day
 estimates of 1.02 (95% CI [1.00, 1.04]) and 1.04 (95% CI 

[1.03, 1.06]), respectively, but not from wine (HR
10 g/day

 = 1.00, 95% CI [0.98, 1.03], Fig 4). Associations did not differ by sex 
or smoking status for alcohol intake from all three beverages (Fig D in S1 File). Pancreatic cancer HR estimates for alco-
hol intake from wine differed by geographic region (Europe/Australia: HR

10 g/day
 = 1.00, 95% CI [0.96, 1.04];  North-America: 

HR
10 g/day

 = 1.04, 95% CI [1.00, 1.07]; Asia: HR
10 g/day

 = 0.85 95% CI [0.77, 0.94]; p
region

 < 0.001). Associations with alco-
hol intake from spirits/liquors differed by geographic region (Europe/Australia: HR

10 g/day
 = 1.09, 95% CI [1.03, 1.14]; 

North-America: HR
10 g/day

 = 1.05, 95% CI [1.03, 1.07]; Asia: HR
10 g/day

 = 1.00, 95% CI [0.97, 1.04]; p
region

 = 0.023).

Fig 1. Association between alcohol intake and the risk of pancreatic cancer, overall and by sex. Abbreviations: HR: hazard ratio, CI: confidence 
interval; 1 Cox proportional hazard models were adjusted for smoking status, smoking duration, smoking intensity, time since smoking cessation, dia-
betes status, body mass index, height, education, race and ethnicity, and physical activity. Analyses in continuous were further adjusted for an indicator 
variable for alcohol drinking status. Models were stratified by age at baseline, year of baseline questionnaire completion, study, country (in EPIC [59]), 
and sex (overall models only); 2 P-value for the Wald test statistics compared with a X2 distribution with degrees of freedom equal to the number of 
alcohol intake categories minus one, not including the category of non-drinkers (<0.1 g/day); 3 P-value for alcohol consumption modelled as a continuous 
variable for a 10 g/day increase, with inclusion in the model of an indicator variable expressing the alcohol drinking status; 4 Heterogeneity across stud-
ies was tested by adding interaction terms between alcohol intake modeled in continuous and each study level, then comparing the Wald test statistics 
for significance to a X2 distribution with the number of degrees of freedom equal to the number of studies minus one, in a model including an indicator 
variable expressing the alcohol drinking status; 5 Heterogeneity by sex was tested by adding interaction terms between alcohol intake modelled in con-
tinuous and sex, then comparing the Wald test statistics for significance to a X2 distribution with one degree of freedom, in a model including an indicator 
variable expressing the alcohol drinking status. The alcohol and pancreatic cancer dose–response relationship using restricted cubic splines among par-
ticipants with alcohol intake lower than 100 g/day showed no departure from linearity, neither overall (p

nonlinearity
 = 0.345) nor in women (p

nonlinearity
 = 0.355) 

or men (p
nonlinearity

 = 0.633) (Fig B in S1 File).

https://doi.org/10.1371/journal.pmed.1004590.g001

https://doi.org/10.1371/journal.pmed.1004590.g001
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Sensitivity analyses examining HR estimates in models with different levels of adjustment showed attenuation of 
HR

10 g/day
 from 1.04 to 1.03 after adjusting for smoking status versus no adjustment (model 2 versus model 1), while 

further adjustment for smoking duration, intensity, time since smoking cessation (model 3) and other covariates 

Fig 2. Association between alcohol intake and the risk of pancreatic cancer by smoking status (never, former, current smoker). Abbreviations: 
HR: hazard ratio, CI: confidence interval; 1 ATBC recruited only current smokers; 2 Cox proportional hazard models were adjusted for smoking duration, 
smoking intensity, time since smoking cessation, diabetes status, body mass index, height, education, race and ethnicity and physical activity. Analyses 
in continuous were further adjusted for an indicator variable for alcohol drinking status. Models were stratified by age at baseline, year of baseline ques-
tionnaire completion, study, country (in EPIC [59]) and sex. Models included interaction terms between alcohol intake and smoking status, keeping the 
0.1 to  <5 g/day category as reference, while participants without information on their smoking status were excluded; 3 P-value for the Wald test statistics 
compared with a X2 distribution with four degrees of freedom, not including the category of non-drinkers (<0.1 g/day); 4 P-value for alcohol consumption 
modelled in continuous, in a model including an indicator variable expressing alcohol drinking status; 5 Heterogeneity by smoking was tested comparing 
the Wald test statistics for interaction between alcohol intake and smoking level to a X2 distribution, with either four degrees of freedom not including the 
category of non-drinkers (<0.1 g/day) for analyses in categories, or one degree of freedom in a model including an indicator variable expressing alcohol 
drinking status for analyses in continuous.

https://doi.org/10.1371/journal.pmed.1004590.g002

https://doi.org/10.1371/journal.pmed.1004590.g002
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Fig 3. Association between alcohol intake and the risk of pancreatic cancer by geographic region (Europe/Australia, North America, Asia). 
Abbreviations: HR: hazard ratio, CI: confidence interval; 1 Geographic region was coded as Europe (ATBC, COSM, GS, EPIC, MCCS, NLCS, SMC, 
SNMC and WLHS), North America (BCDDP, CARET, CLUEII, CNBSS, CPSII, CTS, HPFS, IWHS, MEC, NHS, NHSII, NIH-AARP, NYSC, PLCO, VITAL, 
and WHI) and Asia (JPHCI, JPHCII, SCHS, SCS and SMHS); 2 Cox proportional hazard models were adjusted for smoking status, smoking duration, 
smoking intensity, time since smoking cessation, diabetes status, body mass index, height, education, race and ethnicity, and physical activity. Analy-
ses in continuous were further adjusted for an indicator variable for alcohol drinking status. Models were stratified by age at baseline, year of baseline 
questionnaire completion, study, and country (in EPIC [59]) and sex; 3 For analyses in categories, p-value compared the Wald test statistics with a X2 
distribution with degrees of freedom equal to the number of alcohol intake categories minus one, not including the category of non-drinkers (<0.1 g/day). 
In continuous analyses, it was the p-value for alcohol consumption in continuous in a model including an indicator variable expressing alcohol drinking 
status; 4 Heterogeneity across studies within each geographic region was tested adding interaction terms between alcohol intake modelled in continu-
ous and each study level, then comparing the Wald test statistics for significance to a X2 distribution with the number of degrees of freedom equal to the 
number of studies minus one, in a model including an indicator variable expressing alcohol drinking status; 5 Heterogeneity by sex within each geo-
graphic region was tested adding interaction terms between alcohol intake in continuous and sex, then comparing the Wald test statistics for significance 
to a X2 distribution with one degree of freedom in a model including an indicator variable expressing alcohol drinking status; 6 Heterogeneity by geo-
graphic region was tested adding interaction terms between alcohol intake in continuous and geographic region, then comparing the Wald test statistics 
for significance to a X2 distribution with two degrees of freedom in a model including an indicator variable expressing alcohol drinking status.

https://doi.org/10.1371/journal.pmed.1004590.g003

https://doi.org/10.1371/journal.pmed.1004590.g003
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Fig 4. Association between alcohol intake from different alcoholic beverages and the risk of pancreatic cancer. Abbreviations: HR: hazard ratio, 
CI: confidence interval; 1 Information on type of alcoholic beverages was not available in NYSC; 2 Cox proportional hazard models were adjusted for 
alcohol intake from the other type of beverage than the one under evaluation, smoking status, smoking duration, smoking intensity, time since smoking 
cessation, diabetes status, body mass index, height, education, race and ethnicity, and physical activity. Analyses in continuous were further adjusted for 
an indicator variable for alcohol drinking status based on total alcohol intake. Models were stratified by age at baseline, year of baseline questionnaire 
completion, cohort and country (in EPIC [59]) and sex; 3 For analyses in categories, p

Wald
 compared the Wald test statistics with a X2 distribution with 

degrees of freedom equal to the number of the given type of beverage categories minus one, not including the category of non-drinkers (<0.1 g/day); 4 In 
continuous analyses, p

trend
 was the p-value for the given type of beverage modelled as a continuous variable for a 10 g/day increase, in a model includ-

ing an indicator variable expressing alcohol drinking status; 5 Heterogeneity across studies for a given type of beverage was tested adding interaction 
terms between the given type of beverage modeled in continuous and each study level, then comparing the Wald test statistics for significance to a X2 
distribution with the number of degrees of freedom equal to the number of studies minus one, in a model including an indicator variable expressing alco-
hol drinking status; 6 Heterogeneity by geographic region for a given type of beverage was tested adding interaction terms between the type of beverage 
and geographic region, then comparing the Wald test statistics for significance to a X2 distribution with two degrees of freedom, in a model including an 
indicator variable expressing alcohol drinking status; 7 Heterogeneity by sex for each type of alcoholic beverage was tested adding interaction terms 
between alcohol intake and sex, then comparing the Wald test statistics for significance to a X2 distribution with one degree of freedom, in a model 
including an indicator variable expressing alcohol drinking status.

https://doi.org/10.1371/journal.pmed.1004590.g004

https://doi.org/10.1371/journal.pmed.1004590.g004
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(model 4) showed marginal further attenuation (HRs
10 g/day

 = 1.03 Fig E in S1 File). HRs were also unchanged after 
excluding the first 2 years of follow-up (HR

10 g/day
 = 1.03, 95% CI [1.02, 1.04]), or after restricting the case definition 

to histologically confirmed cases (N = 9,668 cases; HR
10 g/day

 = 1.03, 95% CI [1.02, 1.04]). In cohorts where informa-
tion about past drinking status was available (n = 7), there was no association between never or former drinking and 
pancreatic cancer risk when compared to the category of 0.1–5 g/day in women (HR

never
 = 0.93, 95% CI [0.79, 1.09]; 

HR
Former

 = 0.98, 95% CI [0.81, 1.18]), or in men (HR
never

 = 0.96, 95% CI [0.73, 1.26]; HR
Former

 = 1.09, 95% CI [0,88, 
1.35]) (Fig F in S1 File).

Discussion

In a large-scale consortium of prospective cohorts, we observed a modest positive association between alcohol intake 
and pancreatic cancer risk, in both men and women, after controlling for a comprehensive list of potential confounding 
factors, including detailed information on smoking habits. Positive associations of similar magnitude were found in never, 
past, and current smokers.

In two previous meta-analyses that combined data from 18 and 21 cohorts (with 10 and 16 cohorts overlapping with 
our analysis, respectively) [10,17], a positive association with pancreatic cancer risk was reported for alcohol intake 
greater than 45 g/day, when compared to non-drinkers. In our previous study in DCPP based on 14 cohorts including 
2,187 pancreatic cancer cases, there was a positive association with pancreatic cancer risk with alcohol intake of at least 
30 g/day, as compared to non-drinkers [11]. In the current study that included more than four times the number of cases, 
compared to light drinkers, a significant modest positive association was observed for alcohol intakes of 30 g/day or more 
in men and 15 g/day or more in women; the association was stronger with alcohol intake of 60 g/day or more. Positive 
associations were observed in cohorts from Europe–Australia and North America, while a null association was observed 
in cohorts from Asia (representing 8% of the study population). No heterogeneity by geographic region was documented 
in previous meta-analyses [10,16,17], where few Asian cohorts were included as well [17].

Alcohol metabolism is controlled by enzymatic reactions in which alcohol dehydrogenase (ADH) converts ethanol into 
acetaldehyde, and aldehyde dehydrogenase (ALDH) converts acetaldehyde into acetate. The efficiency of these pro-
cesses depends on variants of the ADH and ALDH genes [60,61]. Compared to Whites, Asian populations have a higher 
prevalence of genes encoding for the fast ADH metabolizer and slow ALDH metabolizer, which naturally leads to acetal-
dehyde accumulation in the bloodstream [62,63]. Carriers of these genotypes experience flushing reactions in response 
to alcohol ingestion and tend to drink less alcohol or abstain [15,64]. In our study, genetic data was not available. 
Asian populations were under-represented, with 5 cohorts out of 30 and a total of 904 incident pancreatic cancer cases 
included. These figures, together with the large proportion of non-drinkers, particularly among Asian women, might explain 
the null association observed in Asian cohorts. A larger proportion of participants in the Asian cohorts were non-drinkers 
at baseline (62% overall, 82% in women, 55% in men) compared to other region (15% in Europe/Australia and 33% in 
North America), while the median alcohol intake among male drinkers from Asian cohorts was higher than among drinkers 
from other regions (Table A in S1 File). These figures are consistent with previous observations from other Asian cohorts 
[65,66].

Several mechanisms of carcinogenesis have been suggested for alcohol intake (as ethanol), including the promotion of 
inflammation, microbiome dysbiosis, production of reactive oxygen species (ROS), lipid peroxidation, and DNA damage 
[61]. These mechanisms were suggested to cause pancreatic acinar cells injury, activate pancreatic stellate cells, and 
trigger pancreas fibrosis in in vitro models [67,68]. In a recent observational study that related alcohol intake to untargeted 
metabolites in EPIC and ATBC, 2-hydroxy-3-methylbutyric acid, a product of branched amino-acid metabolism correlated 
with alcohol intake, was positively associated with pancreatic cancer risk, suggesting the existence of a candidate molec-
ular pathway involving fatty acyls in the alcohol related carcinogenesis of the pancreas [69]. In addition, alcohol con-
sumption is strongly correlated with smoking habits, an established risk factor for pancreatic cancer [5]. In our study, HR 
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estimates were similar in never, past, and current smokers, suggesting the effect of alcohol on pancreas carcinogenesis 
could be independent of smoking behaviour. To our knowledge, these results are novel and shed light on inconclusive 
findings from previous large studies conducted in North-America, Europe and Asia [11–15].

Analyses by alcoholic beverages showed that pancreatic cancer risk was positively associated with alcohol intake from 
beer and spirits/liquor, while no association was observed with alcohol intake from wine. This is in line with some previous 
studies [9,12–14,17], but not with the previous DCPP evaluation [11] where no associations were found when alcohol 
intakes were evaluated separately by beverage type, although the highest category examined in those analyses was 
smaller (≥5 g/day), owing to the smaller number of cases. In our current analysis, risk was only notably higher for alcohol 
intakes from beer and from spirits/liquor of at least 20 g/day.

In this study participants drinking 0.1 to 5 g/day at baseline were chosen as the reference category throughout our 
evaluation, rather than using alcohol non-drinkers. Still, an unknown proportion of participants who reported low or 
no alcohol intake at baseline may have reduced or quit alcohol drinking before study enrolment, possibly as a result 
of chronic conditions like chronic pancreatitis [70–72], a strong risk factor for pancreatic cancer, which was not avail-
able in our study. If the reason for reducing alcohol consumption was a strong risk factor for pancreatic cancer (as is 
chronic pancreatitis), this would lead to reverse causation. To mitigate potential bias in the evaluated associations, 
HR estimates were evaluated excluding the first 2 years of follow-up, and findings were materially unchanged.

A major strength of this study was the size and the wide range of alcohol intake in the study population that was 
recruited from different geographic regions worldwide. By including more than 10,000 pancreatic cancer cases from inves-
tigations conducted in North America, Europe, Australia, and Asia, the study had greater statistical power than previous 
evaluations. Participating cohorts provided detailed information on pancreatic tumours, and exposure data were collected 
prior to cancer diagnosis. Study-specific alcohol intake, relevant covariates and information about pancreatic cancer cases 
were harmonized across studies to reduce potential sources of heterogeneity between studies. Models were adjusted for 
several potential confounders. This framework enabled a comprehensive examination of the association between alcohol 
intake and pancreatic cancer risk overall, as well as by sex, smoking status, education level, geographic region, and type 
of alcoholic beverages.

The study also had limitations. Although, pooling individual-level data enabled adjustment for a comprehensive list of 
confounders, we cannot rule out potential bias from unmeasured confounders. Self-reported alcohol intake is prone to 
systematic measurement error, as participants may under-report their alcohol intake, especially among heavy drinkers. 
It may result in overestimated HRs and biased associations [73], although questionnaire-based alcohol assessments 
showed high validity to address recall bias in many cohorts of our consortium [44–53]. Additionally, alcohol intake 
evaluated in this study expressed participants’ average intake in grams of ethanol per day over the year preceding 
baseline, and did not account for alcohol intakes earlier in life, for example during early-adulthood [74]. However, in 
a previous study based on the EPIC cohort, baseline and lifetime alcohol intake showed similar positive associations 
with pancreatic cancer risk [14]. In addition, the present study did not evaluate the impact of specific drinking patterns, 
for example characterised by large amounts over short durations (binge drinking), due to lack of specific information. 
Future studies leveraging longitudinal assessments of alcohol intake from early to mid-adulthood [74] may provide 
insights on into the impact of alcohol drinking at different ages on pancreatic cancer risk. Finally, although data from 30 
cohorts were pooled in this study, further collaborative efforts are needed to provide more comprehensive evaluations 
of the  alcohol-PC association for specific tumor subtypes, and in geographic regions that were not included or under-
represented in this study.

Findings from this large consortium of prospective studies support a modest positive association between alcohol 
intake and pancreatic cancer risk, irrespective of smoking status and sex. Associations were particularly evident for base-
line alcohol intake of at least 15 g/day in women and 30 g/day in men. These results will inform future experts’ evaluations 
on the epidemiological evidence of the carcinogenicity of alcohol intake.
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Patients and public involvement

Participants or the public were not involved in the design and the conduct of this study. However, these findings will have 
a strong translational component. They will inform general practitioners in their daily advice to the general public. More 
oriented dissemination activities, involving the general population and cancer patients, could be organised to emphasise 
the importance of reducing or quitting alcohol consumption for cancer prevention.
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