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Smoking is an established risk factor for pancreatic cancer; however, detailed examination of the association
of smoking intensity, smoking duration, and cumulative smoking dose with pancreatic cancer is limited. The
authors analyzed pooled data from the international Pancreatic Cancer Cohort Consortium nested case-control
study (1,481 cases, 1,539 controls). Odds ratios and 95% conﬁdence intervals were calculated by using unconditional logistic regression. Smoking intensity effects were examined with an excess odds ratio model that
was linear in pack-years and exponential in cigarettes smoked per day and its square. When compared with
never smokers, current smokers had a signiﬁcantly elevated risk (odds ratio (OR) ¼ 1.77, 95% conﬁdence
interval (CI): 1.38, 2.26). Risk increased signiﬁcantly with greater intensity (30 cigarettes/day: OR ¼ 1.75,
95% CI: 1.27, 2.42), duration (50 years: OR ¼ 2.13, 95% CI: 1.25, 3.62), and cumulative smoking dose
(40 pack-years: OR ¼ 1.78, 95% CI: 1.35, 2.34). Risk more than 15 years after smoking cessation was similar
to that for never smokers. Estimates of excess odds ratio per pack-year declined with increasing intensity,
suggesting greater risk for total exposure delivered at lower intensity for longer duration than for higher intensity
for shorter duration. This ﬁnding and the decline in risk after smoking cessation suggest that smoking has a latestage effect on pancreatic carcinogenesis.
pancreas; pancreatic neoplasms; smoking; tobacco use cessation

Abbreviations: ATBC, Alpha-Tocopherol, Beta-Carotene Cancer Prevention; CI, conﬁdence interval; EPIC, European Prospective
Investigation into Cancer and Nutrition; OR, odds ratio; RR, relative risk.

Pancreatic adenocarcinoma is the fourth leading cause of
cancer mortality in the United States (1) and the fifth worldwide (2). There is no effective screening test for pancreatic
cancer; therefore, it is often diagnosed at an advanced stage,
contributing to a 5-year survival rate of less than 5% (3).
The incidence of pancreatic cancer is higher in men com-

pared with women and, in the United States, in African
Americans compared with Caucasians (3).
Cigarette smoking is a consistent risk factor for pancreatic cancer (4–7). History of diabetes, obesity, and family
history of pancreatic cancer are also risk factors (8–11).
Cigarette smoking may be responsible for approximately
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20% of pancreatic cancer cases (12). A recent meta-analysis
indicated that current cigarette smokers, compared with
never smokers, have about a 2-fold risk of pancreatic cancer
and that the risk increases incrementally with the number of
cigarettes smoked and the number of years of smoking (12).
The magnitude of the effects of the different dimensions of
smoking on pancreatic cancer risk varies because of small
study sizes and differences in design characteristics (12). In
particular, the level of risk associated with intensity, duration, and cumulative dose, and the change in risk with cigarette smoking cessation, need further elucidation to better
understand their influence on pancreatic cancer.
We pooled nested case-control samples from the Pancreatic Cancer Cohort Consortium. Our aims were to examine
the risk of pancreatic cancer in relation to cigarette smoking,
including evaluating the magnitude of effect of smoking
intensity, duration, pack-years, and cessation. With over
1,400 cases, this prospective analysis of pancreatic cancer
and smoking is one of the largest to date.
MATERIALS AND METHODS
Study population

The Pancreatic Cancer Cohort Consortium is an international initiative that includes investigators from 12 prospective epidemiologic cohorts and one case-control study to
identify genetic markers of susceptibility through a genome-wide association study and to investigate environmental and lifestyle risk factors for pancreatic cancer. For
this analysis, we included only prospective nested casecontrol studies that did not match controls to cases by smoking status.
Studies in the pooled analysis included the AlphaTocopherol, Beta-Carotene Cancer Prevention (ATBC) Study;
CLUE II; Cancer Prevention Study II; European Prospective
Investigation into Cancer and Nutrition (EPIC); New York
University Women’s Health Study; Prostate, Lung, Colorectal, Ovarian Cancer Screening Trial; Shanghai Men’s and
Women’s Health Study; and Women’s Health Initiative
(Table 1). The Nurses’ Health Study, Health Professionals
Follow-up Study, Women’s Health Study, and Physicians’
Health Study were excluded because cases and controls
were matched on smoking status (never, former, and current
cigarette smokers), and the Mayo Clinic study was excluded
because it was not prospective. Our final analytic set included 1,481 cases and 1,539 controls from 8 cohorts.
Case ascertainment and data collection

Cases of pancreatic cancer included all incident primary
pancreatic adenocarcinomas (International Classification of
Diseases for Oncology (ICD-O-3) codes C250–C259 or
C25.0–C25.3, C25.7–C25.9). We excluded endocrine pancreatic tumors (code C25.4, histology type, 8150, 8151,
8153, 8155, 8240, 8246) because the etiology of these cancers is thought to be different. Case ascertainment varied
between studies but included linking participants to cancer
registries, self- and next-of-kin report, and national death
indices. Most cases of pancreatic cancer were histologically

confirmed (ATBC, CLUE II, Cancer Prevention Study II,
EPIC, New York University Women’s Health Study,
Shanghai Men’s and Women’s Health Study, Women’s Health
Initiative) or confirmed through cancer registries (ATBC,
EPIC, Shanghai Men’s and Women’s Health Study), death
certificates (Cancer Prevention Study II, EPIC), or review of
medical records by medical personnel (ATBC; EPIC; Prostate, Lung, Colorectal Ovarian Cancer Screening Trial;
Shanghai Men’s and Women’s Health Study).
Controls were incidence density sampled with a 1-to-1
control-to-case ratio and were alive and free from pancreatic
cancer on the date the matched case was diagnosed. Controls were frequency selected to cases on calendar year of
birth (65 years), gender, race, and ethnicity. Each cohort
may have been matched additionally on other relevant factors such as age at baseline or age at blood draw (65 years),
date/time of blood draw, fasting blood draw, and length of
follow-up (Table 1).
In each of the 8 studies, data on cigarette smoking history,
demographics, and possible confounders were collected
through written questionnaires or in-person interviews. Detailed descriptions of data collection methods have been
published previously by the individual studies (13–22).
From each study, we obtained information on history of
cigarette smoking, sex, age, race, body mass index, family
history of pancreatic cancer, alcohol consumption, selfreported pancreatitis, and diabetes history. Individual data
sets were checked for consistency with previously published
results (21).
The Special Studies Institutional Review Board of the
National Cancer Institute approved the pooled Pancreatic
Cancer Cohort Consortium study. Informed consent was
obtained in each of the individual studies. Each study also
was approved by its local institutional review board.
Exposure deﬁnitions

We classified study participants as ever smokers if they
had ever smoked cigarettes (ATBC, CLUE II, EPIC, New
York University Women’s Health Study), if they had ever
smoked more than 100 cigarettes in a lifetime (Cancer Prevention Study II, Women’s Health Initiative), or if they had
ever smoked cigarettes for 6 months or longer (Prostate,
Lung, Colorectal, Ovarian Cancer Screening Trial; Shanghai Men’s and Women’s Health Study). Former smokers
were defined as those who had reported stopping smoking
on the most recent questionnaire prior to their diagnosis
(cases and matched controls), individually corrected for
the time elapsed between questionnaire administration and
diagnosis of pancreatic cancer.
For ever smokers, information was also collected on the
age at which they began smoking, current smoking habits,
and intensity and duration of smoking. Cumulative lifetime
exposure to cigarette smoking was computed by using
smoking intensity and duration (pack-years ¼ number of
packs smoked per day 3 number of years of smoking).
We categorized smoking-related variables into quartiles or
quintiles based on ever smokers only (intensity: <10, 10–
<20, 20–<25, 25–<30, 30; duration: 10, >10–20, >20–
40, >40–50, >50; pack-years: 10, >10–20, >20–30,
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Table 1. Characteristics of the 8 Cohort Studies Included in the Pooled Analysis of Cigarette Smoking and Pancreatic Cancer

Cohort

Center

Center
Location

Year(s) of
Data
Collectiona

Cases (n 5 1,481)
No. of Males/
No. of Females

Race, %

Controls (n 5 1,539)

Age Range,
Years

Total
No.

Matching
Factors

Data
Source

No.

Age at randomization
(1–5 years), baseline
blood draw (30 days)

Baseline

211

Race, gender, age

Baseline

83

National Cancer Institute and the
National Public Health Institute

Finland

1985–1988

210/0

100% Caucasian

57–85

210

CLUE II

John Hopkins Bloomberg
School of Public Health

United
States

1989

38/5

100% Caucasian

42–94

83

Cancer Prevention
Study II

American Cancer Society

United
States

1997

89/76

97.6% Caucasian,
0.8% African
American,
0.8% Asian,
0.8% other

64–90

165

Race, self-reported
ethnicity, gender, date
of birth (66 months),
DNA source (blood
or buccal), DNA sample
provided during the
same season and year

Most
recent

165

European Prospective
Investigation into
Cancer and Nutrition

International Agency for
Research on Cancer
and Imperial College
London

Europe

1992–2000
(varied by
center)

199/202

>98% Caucasian

37–84

401

Gender, center, age at
recruitment (61 month),
date of blood donation
(61 month), time of
blood draw (61 hour),
hours between blood draw
and last food or drink
intake (<3, 3–6, >6)

Baseline

438

New York University
Women’s Health
Study

New York University

United
States

1991–1994

0/8

89.5% Caucasian,
10.5% other

48–82

8

Age at enrollment
(66 months), date of
enrollment (63 months),
menopausal status at
enrollment, race/ethnicity

Most
recent

11

Prostate, Lung,
Colorectal,
Ovarian Cancer
Screening Trial

National Cancer Institute

United
States

1993–2001

154/99

91.1% Caucasian,
4.7% Asian,
3.2% African
American,
1.0% other

56–84

253

Race, gender, ethnicity,
center, frequency samples
by calendar year of birth
(5-year block), gender,
broad categories of race,
source of DNA (blood or
buccal cell), study arm,
study center; for intervention
arm, additionally stratiﬁed
sampled by age

Baseline

271

Shanghai Men’s and
Women’s Health
Study

Vanderbilt University

China

1996 (F),
2001 (M)

17/61

100% Asian

43–77

78

Race, ethnicity, gender, year
of birth (<2 years),
menopausal status at
baseline, date of sample
collection (<30 days), time
of sample collection
(AM/PM), time interval after
the last meal (<2 hours)

Baseline

79

Women’s Health
Initiative

Fred Hutchinson Cancer
Research Center

United
States

1992–1998

85.6% Caucasian,
7.5% African
American,
4.1% Asian,
1.8% other,
1.0% missing

53–88

283

Gender, center, race,
ethnicity, age at screening,
enrollment date, study
component, hysterectomy
status, menopausal status

Baseline

281

0/283

405

Abbreviations: F, female; M, male.
a
Except for the Cancer Prevention Study II and the New York University Women’s Health Study, year(s) smoking data used in this analysis were collected on the baseline questionnaire. For these 2 studies, earliest
year smoking data used in this analysis were collected; updated smoking data were also used.

Cigarette Smoke and Pancreatic Cancer

Alpha-Tocopherol,
Beta-Carotene
Cancer Prevention
Study

406 Lynch et al.

>30–40, >40; age (years) at start: <15, 15–<20, 20;
cessation: 1–<10, 10–<15, 15–<20, 20–<30, 30); never
smokers were used as the reference group.
Statistical analysis

We calculated odds ratios and 95% confidence intervals
for pancreatic cancer risk using unconditional logistic regression. We adjusted all models for sex, age (continuous),
race (Caucasian, African American, Asian, other, unknown), body mass index (weight (kg)/height (m)2), and
self-reported diabetes (yes, no, missing) because they are
putative risk factors for pancreatic cancer. We did not adjust
for family history of pancreatic cancer because not all cohorts obtained this information. We tested for trend among
ever smokers and treated the exposure variable as continuous in the model by entering the median value for each level
of the categorical variable among the controls. Tests for
trend were 2-sided and were based on the integer scores
for smoking cessation (0 for current smokers, from 1 for
shorter to as high as 5 for longer cessation time) and age
at which smoking started (23).
Heterogeneity in the risk estimates for our study was
assessed by using the Q and I2 statistics (24). We considered
statistically significant heterogeneity at the P ¼ 0.05 level of
association. I2 describes the percentage of variability in
point estimates due to heterogeneity rather than sampling
error. An I2 of 50% or more was considered to be notably
heterogeneous. To investigate whether one single study unduly influenced the pooled estimates, sensitivity analyses
also were conducted to compare pooled risk estimates after
systematically excluding each study in turn. Interaction was
tested by using a multiplicative risk model. We also calculated the attributable proportion of the disease explained by
smoking using a multivariate approach (25) (attributable
risk ¼ 1  (((1/never smoker odds ratio (OR)) 3 number
(n) of never smoker pancreatic cancer cases) þ ((1/former
smoker OR) 3 n former smoker cases) þ ((1/current smoker
OR) 3 n current smoker cases)/total n pancreatic cancer
cases)). We evaluated the effects of the delivery rate of
cigarette smoking; that is, for subjects with equal total
pack-years, particularly whether increasing number of
cigarettes per day and decreasing duration of smoking
results in greater, the same, or smaller risk of pancreatic
cancer. This step is accomplished by applying a recently
described 3-parameter model for the excess odds ratio
(26) of the form
ORðd; nÞ ¼ 1 þ bdgðnÞ;

ð1Þ

where d denotes total pack-years of smoking and n denotes
cigarettes smoked per day. The parameter b represents the
slope of a linear relationship between disease and total packyears, that is, the excess odds ratio per pack-year at g(n) ¼ 1,
whereas g(.) represents the modifying effect of cigarettes per
day on b. For each n, b g(n) thus defines a distinct linear
relationship for the odds ratios of pancreatic cancer by total
pack-years. After a preliminary assessment, we set g(n) ¼
exp{N1 n þ N2 n2}, where N1 and N2 are unknown parameters. This function differed from prior analyses (26, 27).

The ATBC study included only smokers. To fit model 1,
we therefore adjusted the ATBC study-specific intercept
parameter to reflect never smokers using the following procedure. In a mixed population, I ¼ IS¼1 P[S ¼ 1] þ IS¼0
P[S ¼ 0], where I is the disease incidence rate and S ¼ 1 or
0 denotes ever or never smoker, respectively. If RRsmk ¼
IS¼1/IS¼0 is the relative risk for ever smoked, then I ¼ IS¼1
(P[S ¼ 1] þ (1/RRsmk) P[S ¼ 0]). We assumed RRsmk ¼ 2
for pancreas cancer and P[S ¼ 1] ¼ 0.70 (27) and included
the logarithm of an offset value equal to P[S ¼ 1] þ (1/
RRsmk) P[S ¼ 0]) ¼ 0.85.
Odds ratio analyses were calculated by using the SAS
software program, version 9.1 (SAS Institute, Inc., Cary,
North Carolina). Model 1 was fit by using the Epicure
program (28).
RESULTS

Cases and controls were similar regarding all matched
variables (data not shown). Most study participants were
Caucasian, and 89% of the study population was older than
age 60 years. Ten percent of our participants were diabetic,
and cases and controls tended to be overweight, with a mean
body mass index of about 26 kg/m2. The average age at
pancreatic cancer onset was 69 years for cases who smoked
and 68 years for cases who did not smoke. Thirty-nine percent of the pancreatic cancer cases and 44% of the controls
never smoked (data not shown).
There was no interaction by sex; therefore, we present sexcombined results in this paper. Figure 1 (never vs. former
smokers) and Figure 2 (never vs. current smokers) show forest
plots for cigarette smoking and pancreatic cancer. Compared
with never smokers, current smokers had a statistically significant increased risk of pancreatic cancer (OR ¼ 1.77, 95%
confidence interval (CI): 1.38, 2.26), whereas former smokers
had a nonsignificant risk (OR ¼ 1.09, 95% CI: 0.91, 1.30). The
pooled estimates remained stable following the systematic exclusion of one study at a time (data not shown). We found no
significant heterogeneity in our study population (pooled estimate for former smokers: Q ¼ 6.7, P ¼ 0.35, I2 ¼ 10%; pooled
estimate for current smokers: Q ¼ 7.2, P ¼ 0.30, I2 ¼ 16%).
The population attributable risk for smoking (former and current) was 15% (attributable risk ¼ 1  (((1/1) 3 582) þ (1/
1.09146) 3 466) þ ((1/1.76450) 3 433)/1,481)).
For cigarette smokers, compared with never smokers,
pancreatic cancer risk increased significantly with increasing intensity, duration, and pack-years (Table 2). Smoking
intensity showed a significant risk in the highest exposure
category and a significant dose-response trend (30 cigarettes/day: OR ¼ 1.75, 95% CI: 1.27, 2.42; P-trend ¼ 0.03).
Compared with those for never smokers, the risk estimates
for smokers were elevated for the longest duration (>50
years: OR ¼ 2.13, 95% CI: 1.25, 3.62; P-trend <0.001)
and cumulative smoking dose (>40 pack-years: OR ¼
1.78, 95% CI: 1.35, 2.34; P-trend <0.001). Risk estimates
for former smokers who had quit smoking for less than 10
years were significantly increased (OR ¼ 2.19, 95% CI:
1.25, 3.83), whereas former smokers who had quit for less
than 15 years were at nonsignificant elevated risk compared
with never smokers (OR ¼ 1.24, 95% CI: 0.78, 1.98). The
Am J Epidemiol 2009;170:403–413
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Figure 1. Risk estimates for pancreatic cancer associated with cigarette smoking for former smokers, by study. Solid shapes represent odds
ratios; horizontal lines represent conﬁdence intervals. The magnitude of effect size and width of the conﬁdence intervals affect the size of the solid
shapes represented. CPS II, Cancer Prevention Study II; EPIC, European Prospective Investigation into Cancer and Nutrition; NYU–WHS,
New York University Women’s Health Study; PLCO, Prostate, Lung, Colorectal, Ovarian Cancer Screening Trial; SMWHS, Shanghai Men’s
and Women’s Health Study; WHI, Women’s Health Initiative. Conﬁdence intervals including the notation <- -, –> extend beyond the scale provided.
For NYU–WHS, odds ratio ¼ 0.46, 95% conﬁdence interval: 0.03, 7.37; for SMWHS, odds ratio ¼ 0.21, 95% conﬁdence interval: 0.02, 2.36.

risk was nonsignificant for those participants who had quit
smoking more than 15 years ago. When current smokers
were considered the referent group, risk estimates for former smokers who quit less than 10 years ago were nonsignificantly elevated (OR ¼ 1.24, 95% CI: 0.69, 2.22); odds
ratios were significantly reduced after more than 15 years of
quitting. When analyses were adjusted by smoking cessation, results were similar for smoking intensity (30 cigarettes/day: OR ¼ 2.22, 95% CI: 1.50, 3.26), duration (>50
years: OR ¼ 2.13, 95% CI: 1.25, 3.62), and pack-years (>40
pack-years: OR ¼ 1.96, 95% CI: 1.04, 2.75).
Age at start of smoking was not associated with pancreatic cancer. Patterns were the same and the risk estimate
increased when never smokers were compared with current
smokers only (>40 pack-years: OR ¼ 2.17, 95% CI: 1.49,
3.16). Using a multiplicative model for risk of pancreatic
cancer, we found no significant interaction between smoking and age, sex, body mass index, race, or diabetes (data
not shown).
For any given number of cigarettes per day, n, model 1
defines a distinct linear relation for the odds ratios of
pancreatic cancer by total pack-years with a slope given
by b g(n). We evaluated that assumption in Figure 3,
which displays odds ratios for pack-years of smoking
within categories of smoking intensity by considering
Am J Epidemiol 2009;170:403–413

never smokers as the reference. Odds ratios increased
with increasing pack-years within each category of intensity, and the associations between odds ratios and packyears were approximately linear. Within each category of
number of cigarettes per day, the slope of the linear estimates show the excess odds ratio per pack-year. The estimated excess odds ratio/pack-year with 95% confidence
interval generally decreases with increasing number of
cigarettes smoked per day (Figure 4, square symbols).
The risk patterns shown in Figure 4 were similar when
data were restricted to never smokers and to current and
recent former smokers.
When continuous pack-years and cigarettes per day
are used, the fitted model 1 (solid line) with pointwise
95% confidence interval (dotted line) (Figure 4) closely
fits the estimates. Although the smoking effects were
statistically significant (P < 0.001 for the test of b ¼
0, N1 ¼ 0, and N2 ¼ 0), variation of the pack-years effect
by cigarettes per day was only suggestive (P ¼ 0.16 for
the test of N1 ¼ 0 with N2 omitted, and P ¼ 0.35 for the
test of N1 ¼ 0 and N2 ¼ 0). The 95% confidence interval
for the fitted curve was wide, particularly at low smoking intensities, highlighting the uncertainty of the effects
in that range. To further investigate smoking cessation,
we used our model to evaluate the excess odds ratio/
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Figure 2. Risk estimates for pancreatic cancer associated with cigarette smoking for current smokers, by study. Solid shapes represent odds
ratios; horizontal lines represent conﬁdence intervals. The magnitude of effect size and width of the conﬁdence intervals affect the size of the solid
shapes represented. CPS II, Cancer Prevention Study II; EPIC, European Prospective Investigation into Cancer and Nutrition; NYU–WHS, New
York University Women’s Health Study; PLCO, Prostate, Lung, Colorectal, Ovarian Cancer Screening Trial; SMWHS, Shanghai Men’s and
Women’s Health Study; WHI, Women’s Health Initiative.

pack-year for current versus former smokers (data not
shown). The risks were lower for former smokers and
the excess odds ratio/pack-year varied by smoking status
(P ¼ 0.06), but there were too few former smokers with
detailed information (324 cases, 331 controls) to
estimate the excess odds ratio/pack-year curves with
precision.

DISCUSSION

Our findings support published literature showing that
current smokers, compared with never smokers, have about
an 80% increased risk of pancreatic cancer (12, 29). A recent meta-analysis on tobacco and pancreatic cancer risk
analyzed 82 published case-control and cohort studies between 1950 and 2007 (12). The authors of the meta-analysis
showed current smokers, compared with never smokers, to
have pooled risks of 1.70 (95% CI: 1.53, 1.90) and 1.77
(95% CI: 1.59, 1.97) (12) in cohort and case-control studies,
respectively, similar to our study’s risk estimates for current
smokers. Our risk estimate for former smokers, compared
with never smokers (OR ¼ 1.20, 95% CI: 1.11, 1.29), as
well as the magnitude of associations with increasing smoking intensity, duration, and pack-years, is consistent with
published findings (12).

Most studies suggest that smoking cessation reduces the
risk of pancreatic cancer, with the reduction in risk observed
10–15 years after cessation, and our findings are consistent
with the literature (12). The recent meta-analysis, which
utilized both case-control and cohort data and analyzed
smoking cessation in only 3 categories—<10 years, 10
years, and 20 years—compared with never smokers,
showed a nonsignificantly increased pancreatic cancer risk
for former smokers for a minimum of 10 years (RR ¼ 1.15,
95% CI: 0.95, 1.40) and a nonsignificant decreased pancreatic cancer risk for those who had quit for 20 or more years
(RR ¼ 0.96, 95% CI: 0.85, 1.09) (12). Regardless of the
reference group, in our prospective analysis, participants
who had quit smoking for more than 15 years were at similar
risk as never smokers.
We used an excess odds ratio model for pancreatic cancer
that is linear in pack-years and exponential in cigarettes
smoked per day and its square. The model isolated the intensity effects for fixed total pack-years, thus enabling the
comparison of odds ratios for total exposure delivered at low
intensity for long duration and at high intensity for short
duration (26, 27, 30, 31). We found that estimates for the
excess odds ratio per pack-year generally declined with increasing intensity, suggesting greater risk for a total exposure delivered at lower intensity than for an equivalent
exposure delivered at higher intensity. Patterns at lower
Am J Epidemiol 2009;170:403–413
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Table 2. Risk Estimates for Pancreatic Cancer Associated With
Cigarette Smoking in the Pooled Study Population, With Never
Smokers as the Reference Group
Smoking
Exposure

409

Table 2. Continued
Smoking
Exposure

No. of
Cases

No. of
Controls

ORa

95% CI

No. of
Cases

No. of
Controls

ORa

Never smoker

582

678

1.00

Referent

1–<10

40

20

2.19

1.25, 3.83

Ever smoker

899

861

1.24

1.06, 1.46

10–<15

40

37

1.24

0.78, 1.98

Current

433

362

1.77

1.38, 2.26

15–<20

36

47

0.91

0.58, 1.44

Former

466

499

1.09

0.91, 1.30

20–<30

81

104

0.91

0.66, 1.26

154

198

0.93

95% CI

Years since
quitting

Intensity,
cigarettes/day

30

<10

142

149

1.18

0.91, 1.55

10–<20

252

239

1.33

1.05, 1.67

20–<25

150

145

1.30

0.98, 1.72

25–<30

70

68

1.28

0.88, 1.88

121

84

1.75

30
Ptrend

1.27, 2.42

86

93

1.08

0.79, 1.49

>10–20

113

139

0.96

0.72, 1.27

>20–40

406

378

1.30

1.06, 1.60

>40–50

161

134

1.59

1.20, 2.11

39

24

2.13

1.25, 3.62

>50
Ptrend

<0.001

Pack-years
10

149

165

1.11

0.85, 1.43

>10–20

121

115

1.32

0.98, 1.77

>20–30

127

125

1.30

0.97, 1.75

>30–40

119

107

1.49

1.08, 2.03

>40

194

146

1.78

Ptrend

40

20

1.24

0.69, 2.22

10–<15

40

37

0.70

0.43, 1.16

15–<20

36

47

0.52

0.32, 0.85

20–<30

81

104

0.52

0.36, 0.75

154

198

0.53

Ptrend

0.39, 0.73
<0.001

Age at start,
yearsc
68

64

1.24

0.85, 1.79

15–<20

361

346

1.27

1.03, 1.56

20

410

381

1.28

<15

Ptrend

1.06, 1.56
0.97

Abbreviations: CI, conﬁdence interval; OR, odds ratio.
Models were adjusted for age, sex, study center, diabetes, body
mass index, and race.
b
Years since quitting using current smokers as the reference
group.
c
Data were missing for the CLUE II study.
a

1.35, 2.34
<0.001

Table continues

intensities are subject to increased variability because of
limited ranges for pack-years among light smokers. Although the exposure rate variation was not statistically significant, our findings are consistent with previous pancreatic
cancer findings from a case-control study that included
a large proportion of African-American cases and a cohort
study that utilized the ATBC cohort; both studies found
similar inverse intensity-exposure-rate patterns (27, 32).
Biologic mechanisms and biases in exposure assessment
due to the behavioral influences of nicotine dependency and
subsequent nicotine satiation could explain our inverse intensity patterns (26). For example, the intensity pattern noted
in our study may be due to underlying biologic processes,
such as the activation and detoxification of carcinogenic
compounds in cigarette smoke or DNA repair capacity
(26). However, patterns of the excess odds ratio/pack-year
by intensity of smoking may also reflect modulation of inhalation practices. For example, higher-intensity smokers
may inhale less, thereby ingesting relatively fewer carcinogens per cigarette smoked compared with less intense smokAm J Epidemiol 2009;170:403–413
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ers. This difference would result in reduced risks at higher
intensities (26). However, studies of other smoking-related
cancers have found no evidence of a relation between frequency or depth of inhalation and intensity after controlling
for total pack-years (26). Thus, although misclassification of
smoking intensity may impact the exposure rate pattern, it is
unlikely to fully explain the inverse exposure rate effect (30).
After adjustment for differences in risk with total packyears of smoking, we observed patterns of decreasing risk
with smoking intensity above 15–20 cigarettes per day. A
similar pattern has been observed for lung, bladder, oral cavity, kidney, and esophagus as well as pancreatic cancer (26,
27, 30, 31). Although smoking inhalation characteristics may
partially explain the smoking intensity patterns (30), the consistency of the results across diverse cancer sites may suggest
a common molecular mechanism in the development of
smoking-related diseases. Therefore, whereas molecular
mechanisms for how smoking could cause pancreatic cancer
are not well understood, studies looking at possible smokingrelated pathways in other tobacco-related cancers may
provide some insights. The main source of exposure to
tobacco-related carcinogens for pancreatic cancer is indirect
via the bloodstream or bile, so understanding tobacco-related
diseases with similar indirect exposure, such as kidney and
cervical cancer, may be more informative (12).
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Figure 3. Odds ratios for pancreatic cancer according to pack-years of cigarette smoking (black squares) and ﬁtted linear excess odds ratio (solid
line) within categories of number of cigarettes smoked per day in the Pancreatic Cancer Cohort Consortium: A) <10, B) 10–19, C) 20–24, D) 25–29,
E) 30–39, F) 40. All odds ratios were calculated relative to never smokers; horizontal bars represent 95% conﬁdence intervals.

This pooled analysis is one of the largest prospective
analyses examining the association between smoking and
pancreatic cancer, particularly noting the excess risk associated with total exposure delivered at lower intensity and
longer duration versus an equivalent exposure delivered at
higher intensity and shorter duration. Several additional
strengths and limitations should be mentioned when interpreting our findings. Our study includes participants primarily of European decent; therefore, our study results

Figure 4. Estimated excess odds ratio for pancreatic cancer per
pack-year of cigarette smoking (model denoted by the solid line) by
cigarettes smoked per day (black squares), with pointwise 95% conﬁdence intervals (dotted lines).

may be generalizable to other Caucasian populations. Furthermore, our findings are consistent with a recent metaanalysis of mostly Caucasian populations, including 65
studies from Australia, Canada, or the United States.
Selection bias is unlikely since controls were individually
matched to cases in each prospective study. There was
variation in questionnaire design and the assessment of
smoking exposure in the different studies, which could
result in exposure misclassification. Some, but not all cohorts in our analysis had repeated smoking measurements,
and individuals may have changed their smoking behavior
during follow-up. However, given that our risk estimates
for never, former, and current smokers and for smoking
duration, intensity, and pack-years were consistent with
the literature on pancreatic cancer and smoking (12), misclassification in our study appeared to be minimal. Furthermore, sensitivity analyses revealed that our pooled
estimates remained stable following systematic exclusion
of each study.
Not all cases of pancreatic cancer were histologically
confirmed, and central review of all cases by a study
pathologist was not feasible, so it is possible that some
disease misclassification could have occurred. However,
a review study on pancreatic cancer and smoking has
shown that risk estimates in studies in which fewer than
80% of the cases were histologically confirmed,
compared with those in which more than 80% of the cases
were histologically confirmed, differed by approximately
13% and were still statistically significantly associated
with pancreatic cancer (12). Therefore, disease misclassification is unlikely to have changed our results
significantly.
Am J Epidemiol 2009;170:403–413
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Using Pancreatic Cancer Cohort Consortium data, we
confirmed previous positive associations between smoking
and pancreatic cancer. Moreover, we complemented previous findings that describe an inverse exposure rate pattern
for pancreatic cancer and other smoking-related cancers,
suggesting commonality in the development of smokingrelated diseases. Because it is still unclear exactly when
quitting smoking decreases pancreatic cancer risk, this issue
should continue to be studied because it may provide insights into the prevention, behavior, and molecular mechanisms associated with pancreatic cancer risk. In the past,
there have been arguments about when smoking exhibits
its biologic effects, that is, earlier or later in the carcinogenic
process (4, 32). Our smoking cessation and intensity pattern
and duration data, coupled with existing studies, support
a late-stage mechanistic effect in pancreatic cancer development, although the minimum time required for the carcinogenic process to occur is still unknown, and more
research is needed to better explain how smoking can lead
to pancreatic cancer.
Fifteen percent of pancreatic cancer is explained by cigarette smoking in the Pancreatic Cancer Cohort Consortium
study, which is slightly less than previously reported (12).
Because smoking is an established pancreatic cancer risk
factor, smoking cessation continues to be an effective strategy for decreasing the burden of this disease.
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Recherche Médicale (INSERM) (France); German Cancer
Aid, German Cancer Research Center, Federal Ministry of
Education and Research (Germany); Danish Cancer Society (Denmark); Health Research Fund (FIS) of the Spanish
Ministry of Health, the participating regional governments
and institutions (Spain); Cancer Research UK, Medical
Research Council, Stroke Association, British Heart Foundation, Department of Health, Food Standards Agency, the
Wellcome Trust (United Kingdom); Greek Ministry of
Health and Social Solidarity, Hellenic Health Foundation
and Stavros Niarchos Foundation (Greece); Italian Association for Research on Cancer (AIRC) (Italy); Dutch Ministry of Public Health, Welfare and Sports, Dutch
Prevention Funds, LK Research Funds, Dutch ZON (Zorg
Onderzoek Nederland), World Cancer Research Fund
(WCRF) (the Netherlands); Swedish Cancer Society,
Swedish Scientific Council, Regional Government of
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et al. Type-II diabetes and pancreatic cancer: a meta-analysis
of 36 studies. Br J Cancer. 2005;92(11):2076–2083.
Silverman DT, Schiffman M, Everhart J, et al. Diabetes mellitus, other medical conditions and familial history of cancer as
risk factors for pancreatic cancer. Br J Cancer. 1999;80(11):
1830–1837.
Larsson SC, Orsini N, Wolk A. Body mass index and pancreatic cancer risk: a meta-analyis of prospective studies. Int J
Cancer. 2007;120(9):1993–1998.
Hart AR, Kennedy H, Harvey I. Pancreatic cancer: a review of
the evidence on causation. Clin Gastroenterol Hepatol. 2008;
6(3):275–282.
Iodice S, Gandini S, Maisonneuve P, et al. Tobacco and the risk
of pancreatic cancer: a review and meta-analysis. Langenbecks
Arch Surg. 2008;393(4):535–545.
The alpha-tocopherol, beta-carotene lung cancer prevention
study: design, methods, participant characteristics, and compliance. The ATBC Cancer Prevention Study Group. Ann
Epidemiol. 1994;4(1):1–10.
Huang HY, Alberg AJ, Norkus EP, et al. Prospective study
of antioxidant micronutrients in the blood and the risk of developing prostate cancer. Am J Epidemiol. 2003;157(4):
335–344.
Riboli E, Hunt KJ, Slimani N, et al. European Prospective
Investigation into Cancer and Nutrition (EPIC): study populations and data collection. Public Health Nutr. 2002;5(6B):
1113–1124.
Gohagan JK, Prorok PC, Hayes RB, et al. The Prostate, Lung,
Colorectal and Ovarian (PLCO) Cancer Screening Trial of the
National Cancer Institute: history, organization, and status.
Control Clin Trials. 2000;21(suppl):251S–272S.
Thomas DB, Gao DL, Ray RM, et al. Randomized trial of
breast self-examination in Shanghai: final results. J Natl
Cancer Inst. 2002;94(19):1445–1457.
Cai H, Zheng W, Xiang YB, et al. Dietary patterns and their
correlates among middle-aged and elderly Chinese men: a report from the Shanghai Men’s Health Study. Br J Nutr.
2007;98(5):1006–1013.
Am J Epidemiol 2009;170:403–413

Cigarette Smoke and Pancreatic Cancer

19. Design of the Women’s Health Initiative clinical trial and
observational study. The Women’s Health Initiative Study
Group. Control Clin Trials. 1998;19(1):61–109.
20. Buring JE, Hennekens CH. The Women’s Health Study:
rationale and background. J Myocardial Ischemia. 1992;10(4):
30–40.
21. Stolzenberg-Solomon RZ, Albanes D, Nieto FJ, et al. Pancreatic cancer risk and nutrition-related methyl-group availability indicators in male smokers. J Natl Cancer Inst. 1999;
91(6):535–541.
22. Calle EE, Rodriguez C, Jacobs EJ, et al. The American Cancer
Society Cancer Prevention Study II Nutrition Cohort—rationale, study design and baseline characteristics. Cancer. 2002;
94(9):2490–2501.
23. Zhou W, Heist RS, Liu G, et al. Smoking cessation before
diagnosis and survival in early stage non-small cell lung cancer patients. Lung Cancer. 2006;53(3):375–380.
24. Higgins JP, Thompson SG. Quantifying heterogeneity in
a meta-analysis. Stat Med. 2002;21(11):1539–1558.
25. Bruzzi P, Green SB, Byar DP, et al. Estimating the population
attributable risk for multiple risk factors using case-control
data. Am J Epidemiol. 1985;122(5):904–914.

Am J Epidemiol 2009;170:403–413

413

26. Lubin JH, Caporaso NE. Cigarette smoking and lung cancer:
modeling total exposure and intensity. Cancer Epidemiol
Biomarkers Prev. 2006;15(3):517–523.
27. Lubin JH, Virtamo J, Weinstein SJ, et al. Cigarette smoking
and cancer: intensity patterns in the Alpha-Tocopherol BetaCarotene Cancer Prevention Study in Finnish men. Am J
Epidemiol. 2008;167(8):970–975.
28. Preston DL, Lubin JH, Pierce DA, et al. Epicure User’s Guide.
Seattle, WA: HiroSoft International Corporation; 2006.
29. Tobacco Smoke and Involuntary Smoking. Lyon, France:
International Agency for Research on Cancer; 2004. IARC
Monographs on the Evaluation of Carcinogenic Risks to
Humans: Summary of Data Reported and Evaluation; vol 83.
30. Lubin JH, Caporaso N, Wichmann EH, et al. Cigarette
smoking and lung cancer: modeling effect modification of
total exposure and intensity. Epidemiology. 2007;18(5):
639–648.
31. Lubin JH, Alavanja MC, Caporaso N. Cigarette smoking and
cancer risk: modeling total exposure and intensity. Am J Epidemiol. 2007;166(4):479–489.
32. Schottenfeld D, Fraumeni JF. Cancer Epidemiology and Prevention. 3rd ed. New York, NY: Oxford University Press; 2006.

