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Abstract

Epidemiologic studies of pancreatic cancer risk have reported null or non-significant positive
associations for obesity, while associations for height have been null. Waist and hip circumference
have been evaluated infrequently.

A pooled analysis of 14 cohort studies on 846,340 individuals was conducted; 2,135 individuals
were diagnosed with pancreatic cancer during follow-up. Study-specific relative risks (RRs) and
95% confidence intervals (Cls) were calculated by Cox proportional hazards models, and then
pooled using a random effects model.

Compared to individuals with a body mass index (BMI) at baseline between 21-22.9kg/m?,
pancreatic cancer risk was 47% higher (95%CI:23-75%) among obese (BMI>30kg/m?2)
individuals. A positive association was observed for BMI in early adulthood (pooled multivariate
[MV]RR = 1.30, 95%CI=1.09-1.56 comparing BMI>25kg/m? to a BMI between 21-22.9kg/m?).
Compared to individuals who were not overweight in early adulthood (BMI<25kg/m?) and not
obese at baseline (BMI<30kg/m?), pancreatic cancer risk was 54% higher (95%CI1=24-93%) for
those who were overweight in early adulthood and obese at baseline. We observed a 40% higher
risk among individuals who had gained BMI >10kg/m? between BMI at baseline and younger
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ages compared to individuals whose BMI remained stable. Results were either similar or slightly
stronger among never smokers. A positive association was observed between waist to hip ratio
(WHR) and pancreatic cancer risk (pooled MVRR=1.35 comparing the highest versus lowest
quartile, 95%CI1=1.03-1.78).

BMI and WHR were positively associated with pancreatic cancer risk. Maintaining normal body
weight may offer a feasible approach to reducing morbidity and mortality from pancreatic cancer.
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Pancreatic Cancer; Anthropometry; Pooled Analysis

INTRODUCTION

Worldwide, pancreatic tumors cause significant morbidity and mortality as the 7t and 9th
most common cause of cancer death in males and females, respectivelyl. Pancreatic cancer
has few early symptoms, is usually diagnosed at late stages, and has a median survival of
only 6 monthsl. Thus, identifying modifiable factors may yield approaches to reducing the
morbidity and mortality due to this disease.

Obesity (body mass index (BMI) > 30 kg/m?) has been hypothesized to promote the
development of pancreatic cancer2: 3. Based on 23 cohort (summary relative risk
(RR)=1.14, 95%Cl=1.07-1.22 per 5kg/m? increase in BMI) and 15 case-control studies
(summary odds ratio (OR)=1.00, 95%C1=0.87-1.15 per 5kg/m? increase in BMI), a World
Cancer Research Fund (WCRF) and American Institute of Cancer Research (AICR) panel
determined that the evidence for a positive dose-response relationship for BMI was
convincing for pancreatic cancer2. However, not all studies included adjusted for smoking
habits, an important confounder for this association4 and moderate to high between-studies
heterogeneity was present2. Few studies have examined associations between BMI in early
adulthood or changes in BMI during adulthood and pancreatic cancer risk, results have
generally been non-significant or null5~14. However, a recent large case-control study by Li
et al 14 suggested that individuals who were obese (median = 59 yrs) had a younger age of
diagnosis of pancreatic cancer compared to overweight (median = 61 yrs) and normal weight
(median = 64 yrs) individuals (p<0.001).

Based on eight cohort studies (summary RR=1.11, CI1=1.05-1.17 per 5¢cm increase in height
with low heterogeneity) and ten case-control studies (summary OR=1.02, CI=0.96-1.07 per
5cm increase in height with moderate heterogeneity), the WCRF/AICR review concluded
that adult height and factors that increase adult height are probable causes of pancreatic
cancer, although the results were somewhat inconsistent. However, this working group
noted that evidence exists for a biological mechanism through the modification of growth
hormones, IGFs and sex hormone binding proteins2.

Although several studies assessed the association between BMI and pancreatic cancer risk,
and height and pancreatic cancer risk, fewer studies have examined the independent effect of
BMI at young ages, waist circumference, hip circumference or waist-to-hip ratio (WHR).
Thus, we investigated the association between anthropometric factors and pancreatic cancer
risk in a pooled analysis of 14 cohort studies9: 15725. We also considered whether these
associations differed by pancreatic cancer risk factors.
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MATERIALS AND METHODS

Population

A pooled analysis of the primary data from fourteen cohort studies9- 15725 was conducted
in The Pooling Project of Prospective Studies of Diet and Cancer (Pooling Project), an
international consortium. The current analysis used the same inclusion criteria and data set
that have been used for analyses of dietary factors and pancreatic cancer risk in the Pooling
Project26. To maximize the quality and comparability of the studies in the Pooling Project,
each eligible study (Table 1) had to meet the following pre-specified inclusion criteria: a
minimum of 50 incident pancreatic cancer cases, an assessment of usual diet, validation of
the dietary assessment tool or a closely related instrument and publication of any diet and
cancer association. Studies that met our inclusion criteria and agreed to participate sent their
primary data for analysis. Because many cancers appear to have hormonal antecedents and
because lifestyle factors may differ between women and men, studies including both women
and men were split into two studies for our pooled analyses: a cohort of women and a cohort
of men. This conservative approach, in which all estimates were calculated separately for
women and men in those studies including both genders, allowed for potential effect
modification by sex for every determinant of the outcome.

For the Pooling Project, we divided the person-time of the Nurses’ Health Study into two
segments corresponding to the 1980-1986 follow-up period (Part A) and follow-up
beginning in 1986 (Part B) to take advantage of the increased comprehensiveness of the
food-frequency questionnaire (FFQ) completed in 1986 compared to the FFQ completed in
1980. We excluded Part A because fewer than 50 pancreatic cancer cases were identified in
the Nurses’ Health Study between 1980 and 1986. For the Swedish Mammography Cohort,
we utilized 1997 as the baseline for the questionnaire data and the start of follow-up for the
cohort members who had no history of cancer in 1997 because the 1997 questionnaire
included information on smoking habits, an important pancreatic cancer risk factor4. The
methods for the Pooling Project have been described in detail elsewhere27.

Exposure Assessment

Within each study, information on height and weight was collected by self-report on the
baseline questionnaires in all cohorts except Melbourne Collaborative Cohort Study and
Alpha-Tocopherol Beta-Carotene Cancer Prevention Study which measured height and
weight. Weight during early adulthood (age 18 or 21 years) was also collected in 11 studies
(Table 1). Seven studies measured waist and/or hip circumference. Smoking habits were
ascertained in all studies. Thirteen studies ascertained physical activity; ten studies
ascertained diabetes status.

Outcome Assessment

Exclusions

Invasive pancreatic cancer28 was ascertained by self-report with subsequent medical record
review22, cancer registry linkage9' 15+ 17> 18+ 20r 21: 24, or both16' 19+ 23: 25. Some
studies additionally obtained information from death registries15717: 19- 20) 22» 23.

In addition to predefined study-specific exclusions, we excluded individuals with loge-
transformed energy intakes more than three standard deviations above or below the loge-
transformed mean energy intake of their respective cohort population. We also excluded
those with a prior cancer diagnosis other than non-melanoma skin cancer at baseline. In
addition, individuals with a BMI <14 kg/m? (n= 149 non-cases, n = 0 cases) or >50 kg/m?
(n=580 non-cases, n = 1 case) or with missing height or weight data (n=16,313 non-cases,
n=61 cases) were excluded.
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Statistical Analysis

Anthropometric measures were modeled continuously and categorically. For the categorical
analysis, BMI at baseline was modeled using cutpoints proposed by the World Health
Organization29. Due to lower average BMI values at younger ages, BMI in early adulthood
was modeled using slightly different categories. Waist circumference, hip circumference and
WHR were defined by sex-specific quartiles determined in an aggregated analysis, in which
all studies with the factor of interest were combined into a single data set. Based on the
height distribution among males and females, height was modeled categorically using
separate absolute cutpoints for each sex.

RRs and 95% confidence intervals (CI) were calculated by fitting Cox proportional hazards
models for each study. The models included stratification by age (years) at baseline and the
calendar year at start of follow-up, and treated follow-up time (days) as the time scale.
Multivariate relative risks (MVRR) were adjusted for smoking habits, personal history of
diabetes, alcohol intake, and energy intake. As personal history of diabetes may be in the
causal pathway between BMI and pancreatic cancer, we also conducted analyses removing
personal history of diabetes as a covariate. We also conducted separate analyses in which we
adjusted for smoking history using different categorizations of status, duration, and dose to
replace the categorization we used for the main multivariate models.

To test for a linear trend in pancreatic cancer risk with each anthropometric factor, a
continuous variable with values corresponding to the median value for each exposure
category was included in the model; the statistical significance of the coefficient for that
variable was evaluated using the Wald test.

Study-specific RRs, weighted by the inverse of the sum of their variance and the estimated
between-studies variance component, were pooled using a random effects model. Between-
studies heterogeneity was evaluated using the Q statistic and inconsistency was quantified
by the 12 statistic. We also evaluated whether BMI and height were linearly associated with
pancreatic cancer risk using a non-parametric regression analysis in an aggregated data set.
To test for non-linearity, the model fit including the linear plus any cubic spline terms
selected by a stepwise regression procedure was compared to the model fit with only the
linear term using the likelihood ratio test. To avoid excess influence from extreme heights,
these analyses were limited to individuals who were less than 2.0m in height (total number
excluded = 441 individuals; 0 cases).

To examine variation in RRs by physical activity, we assessed the statistical significance of
the cross-product term between the anthropometric factor and physical activity using a Wald
test. We used a meta-regression model to evaluate whether associations with anthropometric
factors varied by gender, smoking status, age at diagnosis and follow-up time as these are
nominal variables or can only be assessed fully between-studies. We conducted sensitivity
analyses excluding cases diagnosed during the first few years of follow-up to evaluate lag
effects(5 years) and to address the concerns of reverse causation(2 years), as anthropometric
factors(e.g., BMI) of cases that occurred close in time to the completion of the baseline
questionnaire might have changed due to prediagnostic disease symptoms. Separate analyses
were also conducted for adenocarcinomas, the most common pancreatic cancer subtype, in
those studies that had information on histology and among those studies having more than
10 adenocarcinoma cases.

Finally, censored linear regression models30 were used to examine the mean age of
diagnosis of pancreatic cancer continuously and by categories of BMI in early adulthood and
BMI at age at enrollment (baseline) using an aggregated dataset, controlling for study-
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specific differences in age at diagnosis. In this model, we adjusted for the covariates
presented in the main models. SAS software, version 9.1, was used.

The study population consisted of 314,585 men and 531,755 women among whom 1,019
men and 1,116 women developed pancreatic cancer (Table 1). Median BMI ranged from
23.6kg/m? to 27.0kg/m? across the studies.

Pancreatic cancer risk was increased by 47% among individuals with BMI>30kg/m? at
baseline vs BMI between 21-22.9kg/m? (Table 2, Figure 1a). Similar risk estimates were
observed for females and males. Comparing BMI >30kg/m? to BMI between 21-22.9kg/m?,
the results were also similar when we limited our analyses to adenocarcinomas (N¢ases =
1454; pooled MVRR=1.55, 95%CI=1.28-1.89), to individuals who were not diabetic (N¢ases
=1651; pooled MVRR=1.47, 95%CI=1.16-1.85) and to never smokers (N¢ases =748; pooled
MVRR=1.52, 95%CI=1.13-2.05). The association did not change substantially when
personal history of diabetes was excluded as a covariate. When we examined BMI >35kg/
m? compared to BMI between 21-22.9kg/m?2, we observed modestly stronger risk estimates
(pooled MVRR=1.55, 95%CI =1.19-2.03).

As suggested by the categorical analyses, the non-parametric regression analyses showed a
linear association between BMI at baseline and pancreatic cancer risk (p-value, test for non-
linearity > 0.10). The pooled MVRR for a 5kg/m? increment in BMI was 1.14
(95%CI1=1.07-1.21).

The BMI-pancreatic association was similar among the different models that adjusted for
smoking habits as: 1) smoking status (never, past, current), 2) smoking status and smoking
duration, 3) smoking status and amount smoked, 4) smoking status, smoking duration
among past smokers, and amount smoked among current smokers, or 5) smoking status and
smoking pack-years (data not shown).

BMI in early adulthood was also positively (Table 2, Figure 1b) and linearly (pooled
MVRR=1.20, 95%CI=1.10-1.30 for a BMI increment of 5kg/m?, p-value, test for non-
linearity > 0.10) associated with pancreatic cancer risk. The association between BMI in
early adulthood and pancreatic cancer risk was similar when the study population was
limited to non-diabetics (pooled MVRR=1.28, 95%CI=1.06-1.55), or when the case
definition was limited to adenocarcinomas (pooled MVRR=1.18, 95%CI1=0.95-1.47; p-
value, test for trend <0.01) comparing BM1>25 kg/m? to BMI between 21-22.9kg/m2. The
association between BMI in early adulthood and pancreatic cancer risk was stronger when
the study population was limited to never smokers (pooled MVRR=1.51, 95%CI=1.13-2.01)
for the same contrast. In analyses that mutually adjusted for BMI at baseline and BMI in
early adulthood, we found similar risk estimates for BMI in early adulthood (pooled
MVRR=1.21, 95%CI:1.04-1.45 comparing BMI>25kg/m? to BMI between 21-22.9kg/m?)
and BMI at baseline (pooled MVRR=1.46, 95%CI:1.17-1.81 comparing BMI1>30kg/m? to
BMI between 21-22.9kg/m?).

Pancreatic cancer risk was stronger among individuals who were overweight in early
adulthood (BM1=25kg/m?) and obese at baseline (BM1=30kg/m?) compared to individuals
with a BMI<25kg/m? in early adulthood and BMI<30kg/m? at baseline (pooled
MVRR=1.54, 95%CI=1.24-1.93) (Table 2). Results were stronger when the analysis was
limited to never smokers (pooled MVRR=1.93, 95%CI=1.31-2.85). When we categorized
the absolute difference of BMI at baseline and BMI at younger ages, we observed positive
associations among individuals who had lost 2kg/m? (MVRR=1.44, 95% CI=1.13-1.85),
and gained >10kg/m? (MVRR=1.40, 95%CIl=1.13-1.72), but no statistically significant
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associations for those who gained 2-<;5kg/m? or 5-<10kg/m?2, compared to individuals
whose BMI remained stable (BMI +/— 2kg/m?2). To examine whether preclinical disease was
related to the higher pancreatic cancer risk in those individuals who had lost 2kg/m? from
early adulthood to baseline, we excluded the first two years and the first five years from
follow-up; the estimates were similar to the overall results (pooled multivariate RR
removing 15t 2 years of follow-up = 1.47, 95% Cl=1.14-1.89; pooled multivariate RR
removing 1t 5 years of follow-up = 1.56, 95% CI1=0.94-2.58).

No statistically significant associations with pancreatic cancer risk were observed for waist
or hip circumference comparing the highest versus lowest quartile (Table 3). However, a
35% greater risk was observed among individuals in the highest versus lowest quartile of
WHR (n = 6 studies; p-value, test for heterogeneity due to sex = 0.90). As we only have 3
studies contributing to the male and 4 studies contributing to the female specific estimates,
we did not present the results for males and females, separately. However, the risk estimates,
although not statistically significant, were similar to the overall (combined) results. Results
were similar when we additionally adjusted for BMI at baseline.

Height was not associated with pancreatic cancer risk overall (Table 4) or among non-
diabetics or never smokers. The nonparametric regression analyses showed that the
association between height and pancreatic cancer risk was consistent with a linear (p-value,
test for non-linearity>0.10), but null, association for men (pooled MVRR=1.02,
959%C1=0.97-1.06) and women (pooled MVRR=1.00, 95%CI=0.95-1.06) for an increment
of 0.05m of height. Further, no association was observed when the outcome was limited to
adenocarcinomas of the pancreas (data not shown).

Overall, the associations of BMI at baseline(Table 5), BMI in early adulthood(Table 5), and
height (data not shown) with pancreatic cancer risk were not modified by lifestyle and
cohort characteristics. Although the interactions were not statistically significant, the
positive associations for BMI at baseline and in early adulthood appeared stronger in never
and past smokers than among current smokers. The association between BMI at baseline and
pancreatic cancer risk varied by physical activity level; a slightly stronger positive
association was observed in the high physical activity group (p-value, test for
interaction=0.02). In addition, results for BMI at baseline, BMI in early adulthood and
height were similar when we compared results from analyses limited to the first five years of
follow-up with those of five or more years of follow-up, excluded cases diagnosed during
the first two years of follow-up (data not shown), or stratified by the median age at diagnosis
of the cases (Table 5).

Using an aggregated dataset and controlling for study-specific differences in age at
diagnosis, we explored differences in mean age at diagnosis of pancreatic cancer
continuously and by categories of BMI in early adulthood and BMI at age of enroliment
(baseline). When examining BMI at age of enrollment as a continuous variable, mean age of
diagnosis of pancreatic cancer was significantly decreased by 0.11 years for each 1kg/m?
unit increase in BMI. In the categorical analysis, the mean age of diagnosis of pancreatic
cancer was decreased by 3.38 years when comparing >30kg/m? to <21kg/m2. Similarly,
after adjusting for BMI at age at enrollment, mean age of diagnosis of pancreatic cancer was
decreased significantly by 0.09 years for each 1kg/m? unit increase in BMI at early
adulthood, and 2.44 years when comparing >25 kg/m? to <18.5kg/m?.

DISCUSSION

In this pooled prospective analysis, a positive association was observed between BMI at
baseline, BMI in early adulthood, weight loss > 2kg/m? and weight gain > 10kg/m? during
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adulthood, and WHR and pancreatic cancer risk. Further, being obese and overweight at
baseline and early adulthood was associated with a slightly younger age of diagnosis of
pancreatic cancer. However, waist circumference, hip circumference, and height were
unrelated to pancreatic cancer risk.

Our results support the conclusion by a recent WCRF/AICR panel of a convincing positive
dose-response relationship between BMI and pancreatic cancer2; however, moderate to high
between-studies heterogeneity was present in that review. Some of the heterogeneity may
have been due to variation in how BMI was modeled across studies and the small number of
cases in some studies. In general, epidemiologic studies with smaller number of cases were
more likely to report null findings31. In two recent large cohort studies and one large case-
control not included in the review, positive associations, similar to those reported here, were
observed for BMI and pancreatic cancer risk14: 32 33.

In contrast to our results, BMI in early adulthood was not associated with pancreatic cancer
risk in four case-control studies5' 10" 11+ 12. When we examined change in BMI from
young adulthood to baseline, we observed a positive association for loss of >2kg/m? or gain
of >10kg/m2. Other studies that have examined change in adult weight or BMI, have
reported on % weight change or absolute weight or BMI change; results have been
inconsistent6’ 8+ 12+ 34. The results of these studies may have also differed from ours due to
the different characterization of the exposure, choice of covariates, small sample size, recall
bias, selection bias and use of proxy information.

Studies have shown that greater central adiposity compared to peripheral adiposity is more
strongly related to insulin resistance and diabetes35, two potential pancreatic cancer risk
factors4. Our analysis suggests that in addition to obesity, abdominal adiposity may be
independently associated with higher pancreatic cancer risk. Besides the studies in our
pooled analysis, three other pancreatic cancer studies have examined central adiposity33+ 36
37. In NIH-AARP Diet and Health Study33, waist circumference was positively associated
with pancreatic cancer risk in women, but not men, whereas no statistically significant
association was found for WHR33. In EPIC37 and the Asian Pacific Cohort Consortium36,
higher risk of pancreatic cancer was observed for higher waist circumference36' 37 and
WHR37.

We observed no association between height and pancreatic cancer risk, which is similar to
the majority of previously conducted studies2: 32: 38: 39. Only EPIC, not included in our
analysis, observed a positive association between height and pancreatic cancer risk37.

Similar to many previous studies conducted, the majority of participants in each of the
component studies were Caucasian. Thus, we did not have enough power to examine
differences by race and ethnicity. However, the studies included in our analysis comprise
populations from different geographic regions with different age ranges and education levels
which may be considered a strength, particularly if the results are consistent across studies.
One advantage of our study was that we were able to classify the main exposure and
covariates uniformly, thereby lessening potential sources of heterogeneity across studies.
However, height and weight were collected differently across studies; height and weight
were self-reported in 12 studies and measured in 2 studies. Even though studies have shown
that the under-stating of weight and over-stating of height can occur when comparing self-
reported to measured factors40: 41, most studies have shown that the correlation is high
between self-reported and measured height and weight42+ 43. Thus, rankings of height and
weight will be expected to be accurate even if there is systematic under- or over- reporting.
In addition, all studies collected information on important pancreatic cancer risk factors
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including age, alcohol intake and smoking habits, and the majority of studies collected
diabetes history.

Our pancreatic cancer case definition may also represent different subtypes of pancreatic
cancer, and individual subtypes may be associated with different etiologies. When we
limited the case definition for pancreatic cancer to adenocarcinomas, we observed similar
estimates for all anthropometric factors as those reported for all pancreatic cancers. Thus,
our conclusions are applicable at least to the largest group of pancreatic cancers.

In each component study, data on anthropometric factors were collected prior to cancer
diagnosis; thus, a cancer diagnosis would not have influenced the reporting of
anthropometry as may occur in a case-control study. However, individuals who were
diagnosed close in time to baseline may have already experienced changes in anthropometry
due to prediagnostic symptoms; in analyses where we excluded the first two and five years
of cases, the results were similar to the overall results. Due to the inclusion of 14 cohort
studies we had greater statistical power than individual studies to examine the association
between anthropometry and pancreatic cancer risk and to assess whether or not these
associations were modified by other pancreatic cancer risk factors.

Identifying modifiable risk factors for pancreatic cancer may help lessen the morbidity and
mortality from this highly fatal disease that has few known potentially modifiable risk
factors. We found positive associations between BMI at baseline, BMI in early adulthood,
and WHR and pancreatic cancer risk in this pooled analysis of 846,340 individuals. Waist
circumference, hip circumference, and height were not associated with pancreatic cancer
risk. These results are in accordance with the WCRF/AICR recommendation to maintain
body weight within the normal range2, as obesity — a potentially modifiable characteristic -
is linked to a number of cancers, as well as diabetes and cardiovascular disease44.

Appropriate Article Category. Epidemiology

Novelty

Although several studies assessed the association between BMI and pancreatic cancer
risk, and height and pancreatic cancer risk, fewer studies have examined BMI at young
ages, changes in adult BMI, waist and hip circumference, or waist-to-hip ratio in a
prospective design with high statistical power.

Impact of the paper

We prospectively assessed the association of anthropometric factors and pancreatic
cancer risk in The Pooling Project of Prospective Studies of Diet and Cancer. Our
analyses included 14 prospective cohort studies in which 2,135 incident pancreatic cancer
cases were identified. Overall, our findings suggest a positive association between BMI
at baseline, BMI at younger ages, waist to hip ratio and risk of pancreatic cancer.
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Female
Studies

Male
Studies

Figure.

Multivariate Adjusted Relative Risks and 95% Confidence Intervals for Pancreatic Cancer
According to BMI at Baseline (Figure a; BMI>30kg/m?) and BMI at Younger Ages (Figure
b; BMI >25kg/m?) compared to BMI between 21-22.9 kg/m? by Study

The black squares and horizontal lines correspond to the study-specific relative risks and
95% confidence intervals. The area of the black squares is proportional to the inverse of the
sum of the between-studies variance and the study-specific variance. The studies are ordered
within each sex strata according to their weight in calculating the pooled estimate. The
diamond represents the pooled multivariate relative risk and the 95% confidence interval.
The vertical dashed line represents the pooled multivariate relative risk.
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