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Abstract

Background—Colorectal cancer (CRC), the third most common cancer in the United States, has
a natural history that usually encompasses several decades. Dietary components have been
implicated in the etiology of CRC, perhaps through their effect on inflammation.

Methods—We examined the ability of the dietary inflammatory index (DII) to predict CRC in
the lowa Women's Health Study. The DIl was computed based on dietary intake assessed by a
121-item food frequency questionnaire in this cohort of 34,703 women, aged 55-69 years, free of
any self-reported prior malignancy at enrollment in 1986. Incident CRC cases were identified
through linkage with the State Health Registry of lowa (a Surveillance, Epidemiology and End
Results program member). Cox proportional hazards regression was used to estimate hazard ratios
(HR). Through the end of 2010, 1636 incident CRCs were identified, including 1329 colon and
325 rectal cancers.

Results—Multivariable analysis, adjusting for BMI, smoking status, pack-years of smoking,
hormone replacement therapy, education, diabetes and total energy intake, revealed positive
associations between higher DIl and CRC risk (HR for Dl continuous: 1.07 per unit increase in DII
(corresponding to 0.5 standard deviation unit increase); 95%CI 1.01- 1.13; HR for Dllgyintijes:
Q5vsQ1=1.20; 95%CI 1.01- 1.43). HRs for DIl were similar for colon cancer and rectal cancer,
though not statistically significant for rectal cancer.

Conclusions—These results indicate that a pro-inflammatory diet, as indicated by higher DII
scores, was associated with higher risk of developing CRC.

Impact—Pro-inflammatory diets are associated with increased risk of CRC.
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Introduction

Inflammation is a result of the body's response to tissue insult or injury, or the presence of
inflammatory stimulants (1, 2). The acute inflammatory response represents an important
step in the process of wound healing and tissue regeneration that, under normal
circumstances, will lead to recovery within a few days (3, 4). Chronic inflammation is
known to be associated with common epithelial cancers, with colorectal (5-7) being the most
intensively studied. There is growing evidence that specific dietary components influence
both inflammation (8-10) and colorectal cancer (CRC) (11-13).

CRC is the third most common cancer among men and women in the United States.
Primarily because of improvements in screening that have resulted in primary prevention of
many cancers and detection at an earlier stage in others, the CRC death rate has decreased in
the past 20 years (14, 15). Research into the role of diet in inflammation and CRC suggests
that diet represents a complicated set of exposures which often interact, and whose
cumulative effect modifies both inflammatory responses and health outcomes.

Several dietary indices exist to assess diet quality, but none had focused on diet's effects on
inflammation until researchers at the University of South Carolina's Cancer Prevention and
Control Program developed the Dietary Inflammatory Index (DII). The DIl can be used in
diverse populations to assess the inflammatory potential of diet assessed by various dietary
assessment tools [e.g., 24 hour dietary recalls, food frequency questionnaires (FFQs) and
food records] (16-18). Thus far, the DIl has been successful in predicting inflammatory
markers [e.g., C-reactive protein (CRP) and interleukin-6 (1L-6)] in several studies including
the Seasonal Variation of Blood Cholesterol Levels Study (SEASONS) and the Buffalo
Cardio-Metabolic Police Stress Study (BCOPS) in the United States (17, 19), and in a study
of asthmatics in Australia (18). However, the DIl has not yet been applied to a population
with cancer outcomes. The purpose of this study is to examine the association between the
DIl and CRC in a large prospective cohort of post-menopausal women, the lowa Women's
Health Study (IWHS). Our working hypothesis is that a higher DII score (indicating a pro-
inflammatory diet) increases risk of incident CRC, including anatomic subtypes (i.e., colon
cancer and rectal cancer).

Materials and Methods

Full details regarding the IWHS design have been published elsewhere (20). In brief, 41,836
older women, ages 55-69 years, were enrolled in 1986. Incident cancer cases and deaths
were identified through annual linkage with the State Health Registry of lowa (a
Surveillance, Epidemiology and End Results program member) and the National Death
Index. Emigration from lowa was less than 1% annually, resulting in nearly complete
follow-up of cancer incidence (21). Women with self-reported history of cancer prior to
baseline, except non-melanoma skin cancer (n=3,830); or extreme energy intake (< 600 kcal
or = 5000 kcal per day) or incomplete dietary data (=30 items blank) on the food frequency
questionnaire (n=3,096) were excluded from the present study, yielding a sample consisting
of 35,216 study participants (exclusions were not mutually exclusive). After further
exclusion for missing covariates, data from 34,703 women were included in the analysis.
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Dietary intake data were collected using a FFQ at baseline. This 121-item FFQ was adapted
from the 126-item instrument developed by Willett and colleagues (22). Questions related to
supplements were part of this FFQ. FFQ-derived dietary data were used to calculate DII
scores for all participants.

The DIl is based on literature published through 2010 linking diet to inflammation.
Developing the DIl involved screening /6000 scientific articles published from 1950-2010
on diet and six inflammatory markers [i.e., CRP, interleukin (IL)-18, IL-4, IL-6, IL-10, and
tumor necrosis factor (TNF)-a]. Of these, nearly 2000 articles from cell culture and
laboratory animal experiments, and cross-sectional, longitudinal and intervention trials in
humans were reviewed and scored. Finally, 11 data sets were obtained from around the
world to which individual dietary intakes could be compared to determine the final DII
score. Individual intakes of food parameters on which the DIl is based are then compared to
a world standard database. A complete description of the detailing development of the DIl is
available elsewhere (16, 23). Briefly, to calculate DII for the participants of this study, the
dietary data were first linked to the world database that provided a robust estimate of a mean
and standard deviation for each parameter (16). This was achieved by subtracting the
“standard global mean” from the intake reported via the FFQ and dividing this value by the
standard deviation (both calculated from the world database) to get ‘z’ scores. To minimize
the effect of “right skewing”, these ‘z” scores were then converted to a centered percentile
score. The centered percentile score for each food parameter for each individual was then
multiplied by the respective food parameter effect score (inflammatory potential for each
food parameter), which was derived from the literature review, in order to obtain a food
parameter-specific DIl score for an individual. All of the food parameter-specific DIl scores
were then summed to create the overall DIl score for each participant in the study (16). A
description of validation work, including both dietary recalls and a structured questionnaire
similar to an FFQ, also is available (17).

The DIl was calculated from foods and supplements and from foods only. The foods-only
DIl was based on 37 parameters available in the IWHS FFQ. DIl attributable to supplements
only was calculated by creating a new variable that presents the difference between the food
+ supplements DIl and the food-only DII. If the difference is zero, then either the woman
did not take a vitamin supplement, or the associated nutrient (e.g., calcium) was either not
part of the DIl or it had a negligible effect on DII. If the nutrient is considered anti-
inflammatory, then the difference variable should be negative (as virtually all supplements
in the calculated DII are anti-inflammatory) and represent a supplement user. Supplements
commonly used in this study were calcium (46%), multivitamin (33%), vitamin C (12%
seasonally, 17% monthly), and vitamin E (15%).

Associations with DIl of demographics, lifestyle factors, self-reported diabetes mellitus, and
anthropometric characteristics were examined using general linear models or x2 tests (see
Table 1 for specific variables). The distribution of 30 different food groups was examined
across quintiles of DIl to characterize low (anti-inflammatory) vs high (pro-inflammatory)
DIl in terms of food intake.
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Both food + supplements DIl and the food-only DIl were analyzed both as continuous
variables and by quintiles of exposure in relation to CRC outcome variables For analyses
examining the effect of supplement use alone, the reference category represents non-
supplement users; categories 1-3 represent tertiles of the supplement-associated DIl among
supplement users. Category 1 represents women with the greatest contribution from
supplements to the DII score. Outcome variables included CRC overall and both colon
(ICD-0O codes-(18.0-18.9)) and rectum (ICD-O codes-19.9 and 20.9) subsites. Proximal and
distal colon cancers defined by codes 18.0 to 18.5 and 18.6 to 18.7, respectively, also were
examined.

Person-years of exposure time were accumulated from baseline until first CRC diagnosis,
move from lowa, death, or administrative censoring on 12/31/2010. Hazard ratios and 95%
confidence intervals (HR; 95% CI) were estimated using Cox proportional hazards
regression models, adjusting only for age in the crude model and additionally adjusting for
body mass index [BMI = weight (kg)/weight (m)2], smoking status, pack-years of smoking,
education, hormone replacement therapy (HRT) use, total energy intake and history of
diabetes in another. The covariates were chosen a priori, as they previously were shown to
be strong risk factors for CRC in this cohort. Further adjustment for alcohol intake and
physical activity did not substantially change the results; therefore, these variables were not
included in the final model. A linear test for trend was conducted by including the median
value for each DII quintile as a continuous term into the regression model (and for tertiles in
the supplements-only analyses). The assumption of proportional hazards was tested by
adding to the model an interaction term between follow-up time and DII; there was no
evidence that these assumptions were violated.

Finally, to examine whether adjustment for aspirin and other nonsteroidal anti-inflammatory
drugs (NSAIDs) use affects a DII-CRC association, we conducted a sensitivity analysis for
the CRC outcome by including only those women who replied to the 1992 follow-up
questionnaire about the use of aspirin and other NSAIDs (N=26,152 still at risk and 998
CRC cases; NSAIDs use was not queried at baseline) and adjusting for ever use of these
medications. For this analysis, all cancer cases diagnosed before 1992 were excluded, and
the analytical cohort was followed from the time of the 1992 survey until the end of follow-
up. Statistical tests were performed using SAS® 9.3, (SAS Institute Inc., Cary, NC); all
statistical tests were two-sided and p<0.05 was considered statistically significant.

The food + supplements DIl had a mean (SD) value of —0.87 (SD= +2.02), while the food-
only DIl mean was -0.06 (SD= +1.94). The food + supplements DIl was positively
correlated with the food-only DI (r=0.82); however, it was inversely correlated with DI
from supplements only (r=-0.25).

Decreasing trends were observed for energy and dietary fiber intake across DII quintiles
(Table 1.). Increasing trends were observed across quintiles of DI for percent energy from
fat and proportion of women with BMI =30 kg/m2, current smokers and those reporting low
levels of physical activity. Table 2 describes the distribution of servings of 30 food groups
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across DIl quintiles, with percentage difference between quintiles 5 and 1. The food groups
that showed the greatest reduction (=60%) from quintile 1 to quintile 5 are vegetables other
than green leafy vegetables or potatoes (65%), low-fat dairy (63%), green leafy vegetables
(62%), fish/seafood (62%), nuts (61%), fruits (61%) and whole grains (60%); and the food
groups that showed greatest increase (= 20%) were butter (56%), beer (37%), coffee (36%),
fried food (29%) and liquor (24%). Food groups that differed little (< 5%) across DI
quintiles include refined grains, nitrate-processed meat, high-fat dairy, and chocolate.

During the follow-up period (mean + SD = 19.6 + 7.0 years), 1636 incident CRCs were
identified, including 1329 colon and 325 rectal cancer cases. Of the 1329 colon cancer cases,
903 were proximal colon and 388 were distal colon. When analyses were carried out using
continuous DII, a 1-unit increment in DIl (corresponding to a 0.5 standard deviation
increase) showed significant positive associations with risk of overall CRC after adjusting
for age (HR=1.09; 95%CI 1.03 - 1.14). After additional adjustment for BMI, smoking status,
pack-years of smoking, education, HRT use, total energy intake and history of diabetes, the
HR was slightly attenuated (1.07; 95%CI 1.01 - 1.13). In a sensitivity analysis restricted to
responders to the 1992 follow-up questionnaire, additional adjustment for the use of aspirin
or other NSAIDs did not materially alter the results (HR¢ontinuous=1-10; 95%CI 1.03 - 1.19;
HRgquintile 5vs 1=1.31; 95%CI 1.05 - 1.63). In addition, the DII-CRC association was stronger
among women who did not use aspirin or any other NSAIDs (30% of all women).
Compared to the first quintile, the HRs were 1.39 (95%CI 1.03 - 1.14); 1.37 (95%Cl 1.03 -
1.14); 1.62 (0.98 - 2.67); and 2.02 (95%Cl, 1.21 - 3.39) (p-trend= 0.008) for the second,
third, fourth and fifth quintile, respectively.

For analysis focusing on specific anatomic subsites, a significant positive association was
observed with colon cancer after age adjustment (HR=1.08; 95%CI 1.02 - 1.13), with slight
attenuation observed after additional adjustment for other variables (HR=1.05; 95%CI 0.99 -
1.12). For rectal cancer, HRs for DIl were of similar magnitude as for colon cancer, but did
not achieve statistical significance, consistent with the smaller number of cases (Table 3).

Analysis with DIl expressed as quintiles revealed significantly higher risk for women in the
fifth quintile compared to women in the first quintile for overall CRC (HR=1.20; 95%CI
1.01 - 1.43, p-trend=0.03). Effect sizes were similar for colon and rectal cancers analyzed
separately, though did not reach statistical significance (Table 3). Additional analyses were
carried out with subtypes of colon cancer. The DII as a continuous variable showed a
statistically significant association with proximal colon cancer (HR=1.08; 95%CI 1.02-
1.16) in the crude model adjusted for age, but this was attenuated and no longer statistically
significant with additional adjustment for other covariates (HR=1.06; 95%CI 0.98 - 1.14).
Similar to colon cancer, the risk of proximal colon cancer increased across the DIl quintiles
(p-trend = 0.01). Similar associations between the continuous DIl and distal colon cancer
were observed (HRage-adjusted:]--Oe; 95% CI 0.96-1.18; HRmultivariable adjustment:1-05; 95%
Cl1 0.93 - 1.18), though there was no evidence for a linear trend across DIl quintiles (p-trend
=0.33).

When analyses were carried out with DIl from food groups only there was minimal change
in the effect size of the association for colorectal cancer (HR ¢ontinuous=1.07; 95%ClI
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1.01-1.15; HR guintile 5vs1=1.16; 95%CI 0.95-1.42) and for cancer subtypes (Table 4.). When
analyses were carried out with DIl from supplements only (i.e., obtained subtracting the
food-only DII from the food + supplements DII) women in category 2 appeared to have
lower risk of CRC (HR category 2vs4=0.84; 95%CI 0.73-0.98) than women in category 3

(HR category 3vs4=0.89; 95%Cl 0.77-1.03), suggesting a non-linear relationship in which an
increasing benefit from the supplement is observed at moderate doses. However, there was
no apparent benefit for more heavily exposed women (i.e., for in category 1

(HR category 1vs4=0.94; 95%Cl 0.82-1.09) (Table 4).

Discussion

In this large, population-based, prospective cohort study of older women, consuming a more
pro-inflammatory diet, as reflected in higher DIl scores, was associated with increased risk
of CRC. Results were suggestive of a positive association between the DIl and colon (both
proximal and distal) and rectal cancers separately, after adjustment for multiple covariates.

In support of the asserted pro-inflammatory effect of higher DII, the DII-CRC association
was accentuated among women who did not use aspirin or other NSAIDs (30% of all
women). This was hypothesized a priori because NSAIDs exert a stronger anti-
inflammatory effect than what might be expected through a moderately anti-inflammatory
diet (characterized by low DII). Therefore, an unbiased estimate of the true impact of anti-
inflammatory diet may be seen by restricting to non-NSAIDs users. Anti-inflammatory diet
may confer protection against CRC among non-users of NSAIDs and therefore may be
promising as a new approach for CRC prevention, especially in people who cannot tolerate
NSAIDs.

The DII, which is based on evidence available in the biomedical literature, is different from
other dietary indices, virtually all of which fall into three main categories: 1. Those derived
from specific dietary prescriptions based on some external standard [e.g., Healthy Eating
Index (HEI) which was derived from the adherence to the United States Dietary guidelines
(24)]; 2. Those derived empirically from findings within particular study populations [e.qg.,
computing a pattern using principal component analysis (PCA)(13)] or 3. Those that link to
particular cultural patterns of dietary intake (e.g., the Mediterranean diet score (25)).
Previously, studies have been conducted to examine various dietary patterns and indices in
relation to CRC in women (13, 26). In a study conducted in the NIH-AARP cohort,
significant associations were observed between CRC incidence and the HEI-2005, but not
the Alternate HEI or Mediterranean diet scores after adjustment for multiple confounders
(26). A case-control study conducted by Miller et al., compared HEI-2005 and PCA-derived
patterns of dietary intake and their association with CRC (13). The results showed
significant associations between low HEI-2005 scores and a dietary pattern high in meat,
potatoes, and refined grains and CRC risk among women (12). There are areas of substantial
overlap in the diets that characterize these different dietary patterns; however, there also are
differences among dietary pattern scores. Which food groups contribute to prediction of
CRC in one score but not in another is a topic for further investigation.
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Previous studies also have examined the effect of specific food items, such as red meat (12,
27), and nutrients, such as folate (28) and zinc (29), and their association with CRC. A
limitation of this approach is that these whole foods or nutrients are usually consumed with
other food items and nutrients; thus, dietary intercorrelations may attenuate or accentuate the
actual effects of the whole food or nutrient under study. A very high correlation between
nutrients and among foods can result in instability in risk estimation due to multicollinearity
and possible loss of statistical power. In formulating the DI (16, 23), an entirely different
approach was taken by focusing on the functional effects of foods and nutrients. As such, it
relies on careful review and scoring of the medical literature in specific relation to
inflammation. Also, in contrast to more culture-bound indices, it standardizes individuals'
dietary intakes of pro- and anti-inflammatory food constituents to world referent values for
easy comparison across populations.

One of the possible mechanisms for the positive association of the DIl with CRC in IWHS
might be through the effect of pro-inflammatory diet on insulin resistance through
increasing systemic inflammation (30, 31). Consumption of food items such as meat and
butter have been shown to increase systemic inflammation by increasing levels of high-
sensitivity CRP, E-selectin and soluble vascular cell adhesion molecule-1 (30) which then
are responsible for increasing insulin resistance (31). Increasing insulin resistance is
associated with CRC by increasing circulating levels of insulin, triglycerides, and non-
esterified fatty acids (32, 33) which promote excessive proliferation of colonic epithelial
cells and exposes them to reactive oxygen species, thereby increasing risk of CRC. Another
theory suggests the role of diet on local inflammation and oxidation in the colon; local
inflammation and oxidative stress as a result of activation of the COX-2 enzyme in colonic
epithelial cells results in focal proliferation and mutagenesis (34). As mentioned previously,
there are various dietary factors which have different effects on inflammation; for example,
red meat consumption increases inflammation and green leafy vegetables reduce
inflammation (32, 33). Supporting our findings, previous work in the IWHS examining diet
and CRC has shown significant inverse associations between anti-inflammatory food
parameters such as vitamin D (35), magnesium (36), and vitamin E (37) intake and colon
cancer and between catechins and rectal cancer (38). A significant positive association was
observed between sugar, meat and fat intake and colon cancer (39).

We observed reduced levels of mean fiber and energy intake in quintile 5 compared to
quintilel, this could be because people with lower DII scores consume higher amounts of
food in general; this overall higher intake would encompass many anti-inflammatory dietary
components that also would contribute to higher overall energy intake. We found that the
addition of micronutrients from supplements to the DIl scoring had an impact on the mean
DIl, though did not materially change effect estimates of the DIl with colorectal cancer. We
also observed inconsistent associations with CRC when the supplements-associated DIl was
considered (i.e., the difference between the food + supplements DIl and the food-only DII
shown in Table 4).

Previous published results with DIl include the SEASONS study, where we tested DIl with
two dietary assessment tools, the 24 HR recall and 7-Day Dietary Record (7DDR). For the
24HR recall we had information on 44 of the 45 food parameters and for 7DDR we had
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information on 28 of the 45 food parameters. We observed a significant association between
DIl and CRP (> 3mg/l) for both tools; (1-point increase in score was associated with an
increased odds of elevated hs-CRP using either dietary assessment method (OR: 1.08; 95%
Cl 1.01, 1.16 for 24HR and OR: 1.10; 95% CI 1.02, 1.19 for 7TDDR)(17). In an Australian
study we calculated DIl from FFQ and we had information on 25 food parameters, where we
observed for every unit increase in DIl score the odds of being asthmatic increased by 70%
(OR: 1.70, CI: 1.03, 2.14, p=0.020). Also in that study, logIL-6 was significantly positively
associated with DII (8= 0.13, 95% CI: 0.05, 0.21; p=0.002) (18).

Strengths of the present study include: large sample size, prospective data collection with
extended follow-up, near-complete case ascertainment, ability to adjust for multiple
potential confounding factors, and consideration of CRC risks overall and by anatomic
subsite. One recognized limitation is that dietary data were collected by a single FFQ at
baseline. However, adult dietary patterns appear to remain relatively stable over time
(40-45) and there was no specific dietary intervention applied to participants during the
course of the study. Also, evidence from other studies suggests that modest changes in diet
over adulthood may have a minimal effect on estimated CRC risk (11).

In conclusion, older women who consumed a more pro-inflammatory diet were at increased
risk of CRC compared to women who consumed a more anti-inflammatory diet. Our results
provide further evidence for the benefits of a diet high in vegetables and fruits, nuts, low-fat
dairy, fish, and whole grains and low in fried foods, processed meats, refined grains, and
alcohol. The logical next steps would be to use DIl to predict incidence of other
inflammation-related cancers, cardiovascular diseases and to examine effects on mortality
among women. The results from the current study are restricted to women, so using DIl in
studies with men would help to discern the generalizability of DIl across the sexes. It also
would be interesting to compare the results of DIl with other indices with CRC and other
cancers as outcomes.
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