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Abstract

Background: Chronically higher inflammation, which may partly result from diet and lifestyle, is implicated in risk
for multiple chronic diseases. The dietary inflammatory index (DIl) and empirical dietary inflammatory pattern (EDIP),
developed to characterize dietary contributions to systemic inflammation, have several limitations. There are no scores
to characterize contributions of lifestyle to inflammation.

Objectives: To reflect dietary/lifestyle contributions to inflammation, we developed novel, inflammation biomarker
panel-weighted, dietary (DIS) and lifestyle (LIS) inflammation scores in a subset (n = 639) of the Reasons for Geographic
and Racial Differences in Stroke Study (REGARDS) cohort.

Methods: \We selected a priori 19 food groups and 4 lifestyle characteristics to comprise the DIS and LIS, respectively.
We calculated the components’ weights based on their strengths of association with an inflammation biomarker
score [comprising high-sensitivity C-reactive protein (hsCRP), IL-6, IL-8, and IL-10] using multivariable linear regression.
The sums of the weighted components constitute the scores, such that higher scores reflect, on balance, more
proinflammatory exposures. We calculated the DIS, LIS, DII, and EDIP with cross-sectional data from the remaining
REGARDS cohort ( n
8-component inflammation biomarker panel, and investigated their associations with circulating inflammation biomarker

= 14,210 with hsCRP measurements) and 2 other study populations with hsCRP and/or an

concentrations using multivariable logistic regression.

Results: In REGARDS, those in the highest relative to the lowest DIS, LIS, DIl, and EDIP quintiles had statistically
significant 1.66-, 4.29-, 1.566-, and 1.32-fold higher odds of a high hsCRP concentration (>3 mg/dL), respectively (all P-
trend < 0.001). Those in the highest relative to the lowest joint DIS/LIS quintile had a statistically significant 7.26-fold
higher odds of a high hsCRP concentration. Similar findings were noted in the other 2 validation populations.
Conclusion: Our results support that dietary and lifestyle exposures collectively contribute substantially to systemic

inflammation, and support the use of our novel DIS and LIS. J Nutr2019;149:2206-2218.
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Introduction

Deregulation of the inflammation response has been implicated
repeatedly in the etiology of chronic diseases that are leading
causes of death in the United States (1-4). Dietary and lifestyle
exposures likely contribute to higher chronic inflammation (5-
8). Consequently, reducing inflammation via dietary or lifestyle
interventions could help reduce risk for chronic diseases and
premature death (9, 10).

The contributions of most dietary/lifestyle exposures to
inflammation individually likely are relatively small, but
collectively may be substantial. To address this, 2 questionnaire-
based scores to represent aggregates of inflammation-related
dietary exposures were reported: the dietary inflammatory

index (DII) (11) and the empirical dietary inflammatory pattern
(EDIP) (12). The DII (11) is a summation of previously
reported effects/associations of selected dietary factors (mostly
micro- and macronutrients) on/with various inflammation
biomarkers. The EDIP (12) was developed through a data-
driven approach to identify food groups most associated with
plasma inflammation biomarkers in a subset of the Nurse’s
Health Study cohort. Limitations of these indices include
issues with reproducibility, generalizability, assumptions, and
for the DII, a heavy focus on nutrients. No reported index
addresses the collective contributions of lifestyle characteristics
to inflammation.

To address these issues, we developed and validated weighted
dietary- and lifestyle-inflammation scores based on FFQ and
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lifestyle questionnaire responses, by quantifying associations of
aggregates of food groups and of lifestyle exposures with a panel
of circulating biomarkers of systemic inflammation in a diverse
population. Our premise was that composing scores primarily
of whole foods (rather than nutrients), which contain thousands
of bioactive substances (13), and lifestyle exposures, and use
of a hypothesis-driven (rather than an agnostic, data-driven)
approach may be a more productive direction for epidemiologic
research on the roles of diet and lifestyle in inflammation and the
etiology of inflammation-related diseases. We also compared the
strengths of associations of our new inflammation scores with
biomarkers of inflammation to those for the DIl and EDIP in 3
study populations.

Methods

Study population and data collection for developing
the dietary inflammation score and lifestyle
inflammation score: Reasons for Geographic and
Racial Differences in Stroke Study

The Reasons for Geographic and Racial Differences in Stroke Study
(REGARDS) is a national, ongoing prospective cohort study that
recruited 30,239 participants aged >45 y in January 2003-October
2007, with oversampling of black individuals and residents in the
southeastern United States. Details on the objectives, study population,
recruitment, and exclusion criteria were described previously (14).
We developed the dietary inflammation score (DIS) and lifestyle
inflammation score (LIS) with use of a case-cohort sample nested
in REGARDS that had a panel of plasma inflammation biomarkers
measured at baseline (7 = 639) (15). Cases were those diagnosed
with incident ischemic stroke during follow-up. The cohort comparison
sample was randomly sampled from 20 strata to ensure sufficient
representation of individuals in each race, sex, and 10-y age group. We
incorporated sampling weights and stratum/cluster-specific estimates in
all case-cohort analyses described further below.

Dietary and supplemental vitamin/mineral intakes were assessed
with a self-administered, 109-food item, Block 98 FFQ (NutritionQuest)
that was validated in multiple diverse populations (16, 17). Pictures
were provided to assist respondents in identifying standard portion
sizes, and 9 possible frequency-of-consumption responses, ranging from
“never” to “every day” were given for each food item. Total daily energy
and nutrient intakes were calculated by summing energy and nutrients,
respectively, from all food sources.

Lifestyle information was obtained via a 30-45-min telephone
interview with use of lifestyle questionnaires similar to those used in
previous studies of cerebrovascular and cardiovascular disease (18,
19). The lifestyle questionnaire ascertained self-reported frequency
of physical activity intense enough to work up a sweat (20), how
many alcoholic drinks the respondent usually consumed, and cigarette
smoking status. At an in-home visit, height and weight without
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shoes were measured with a metal tape measure and balance scale,
respectively, and fasting venous blood samples were drawn.

Baseline circulating high-sensitivity C-reactive protein (hsCRP)
concentrations were measured in the entire cohort. Baseline circulating
IL-6, IL-8, and IL-10 concentrations were also measured in the
case-cohort. hsCRP was measured via a validated, high-sensitivity,
particle-enhanced, immunonephelometric assay in batches with a BNII
nephelometer (Dade Behring). The intra-assay CV ranged from 2.3%
to 4.4%, and interassay CVs ranged from 2.1% to 5.7%. IL-6 was
measured via an ultra-sensitive ELISA (Quantikine HS Human IL-6
Immunoassay; R&D Systems); the interassay CV range was 6.8-7.3%.
IL-10 was measured with the Milliplex MAP Human Cardiovascular
Disease Panel 3 (Millipore Corporation), run as a single-plex assay;
the interassay CV range was 8.3-12.1%. IL-8 was measured with the
Human Serum Adipokine Panel B LINCOplex Kit (Linco Research,
Inc.); the interassay CV range was 1.4-7.9% (21).

Validation study populations and data collection

We assessed the validity of the DIS and LIS in 3 populations: 2
with hsCRP measurements, including the remaining REGARDS cohort
(n = 14,210) and a pooled cross-sectional study (7 = 423), and 1 with
an 8-component inflammation biomarker panel (7 = 173). The latter 2
validation populations are described below.

Pooled Markers of Adenomatous Polyps | and Il
studies

We pooled data from 2 cross-sectional studies among populations with
no history of colorectal neoplasms scheduled for outpatient, elective,
colonoscopies in large, community-based gastroenterology practices.
These studies, the Markers of Adenomatous Polyps (MAP) studies I
and II [MAP I (22) and MAP 1II (23)], were conducted by the same
principal investigator (RMB) through use of virtually identical protocols
and questionnaires, and hereinafter are referred to as MAP. MAP I
was conducted in 1994-1997 in North Carolina, and MAP II was
conducted in 2002 in South Carolina. Details on the study design and
implementation were described previously (22, 23).

Before colonoscopy, participants provided detailed demographic,
medical history, diet, lifestyle, and anthropometric information. Diet
and supplement intakes over the previous 12 mo were assessed with
self-administered Willett FFQs (24). A standard portion size and 9
possible frequency-of-consumption responses, ranging from “never, or
less than once per month” to “6 or more times per day” were given
for each item. Total daily energy and nutrient intakes were calculated
by summing energy and nutrients, respectively, from all food sources
using the dietary database developed by Willett (24, 25). Physical
activity was assessed using a modified Paffenbarger questionnaire (26).
Before colonoscopy, fasting peripheral venous blood samples were
drawn, and hsCRP measured via latex-enhanced immunonephelometry
on a Behring nephelometer II analyzer (interassay CV: 4.0%; Behring
Diagnostics).

Calcium and Colorectal Epithelial Cell Proliferation
trial

We used baseline questionnaire data and blood samples collected in
1990-1991 from Calcium and Colorectal Epithelial Cell Proliferation
(CECP) participants (all sporadic colorectal adenoma patients), on
whom a panel of inflammation biomarkers was measured in 2013. The
purpose of the original trial was to test the efficacy of supplemental
calcium in modulating a biomarker of colorectal epithelial cell
proliferation in the normal rectal mucosa. Details on the study
design and implementation were described previously (27). Partici-
pants provided detailed demographic, medical history, diet, lifestyle,
and anthropometric information through questionnaires identical to
those in MAP. Circulating inflammation biomarker concentrations
were measured at the Emory Multiplexed Immunoassay Core with
electrochemiluminescence detection-based immunoassays based on a
Meso Scale Discovery Sector 2400 instrument. An individual assay was
conducted for hsCRP, and a 10-plex assay was conducted for IL-6,
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IL-8, IL-10, vascular endothelial growth factor (VEGF), TNF-«, IL-
18, IL-12p40, IL-17, IL-4, and IFN-y. All biomarkers were measured
in duplicate, according to the manufacturer’s protocol. The average
intra-assay CV for IL-6 was 7.0%, for IL-8 3.5%, for IL-10 5.7%,
for hsCRP 4.6%, for TNF-a 4.3%, for VEGF 4.5%, for IL-18 13.0%,
for IL-12p40 6.9%, for IL-17 21.3%, for IL-4 17.6%, and for IFN-y
16.7%. Biomarkers with CVs > 15% (IFN-y, IL-17, and IL-4) were
excluded from further analyses. Biomarker measurements below the
lower limit of detection were set to the lowest limit of detection for each
batch (27).

In addition to the original inclusion/exclusion criteria described for
each study above, for the present analyses we excluded participants
aged > 75 y or with hsCRP concentrations >10 mg/dL (28),
extreme outlying values for other measured inflammation biomarkers
(REGARDS case-cohort and CECP; Supplemental Methods), end-
stage renal disease (estimated glomerular filtration rates <15 mL/min),
implausible total energy intakes (<500 and >4500 kcal/d for women,
and <800 and >5000 kcal/d for men), >15% missing FFQ data,
or missing lifestyle questionnaire data (Supplemental Figure 1). In
the REGARDS case-cohort, to reduce potential for bias and/or
error in estimating the DIS/LIS weights, we used more stringent
inclusion/exclusion criteria and excluded those missing > 10% FFQ
data and those with >2 comorbidities (a history of cancer, heart disease,
diabetes mellitus, or chronic kidney disease).

All original studies were approved by the Institutional Review
Boards of their respective institutions, and all participants provided
written informed consent.

DIS components

Foods, beverages, and micronutrient supplements for the DIS were
selected and grouped into 19 score components (Table 1) a priori
based on biological plausibility, prior literature, and consideration
of easily recreating them with use of a variety of FFQs used in
major epidemiologic studies in many Western populations (11, 27,
29-83) . We eliminated food groups if <1% of the REGARDS case-
cohort consumed >1 serving/wk (soy, shellfish) or if measurement
was inadequate using the Block 98 FFQ (whole grains). To account
for supplemental micronutrients, we calculated a supplement score by
ranking supplemental micronutrient intakes, based on the sex-specific
distribution, into tertiles. The tertiles were assigned values of 0-2
and multiplied by +1 or -1 based on their literature-supported anti-
inflammatory or proinflammatory contributions, respectively (Table
1 and Supplemental Methods) (11, 27, 34, 40, 46, 49, 55, 65,
74-79); then the values were summed. A higher score indicated
a predominance of anti-inflammatory supplemental micronutrient
intakes.

Mixed dishes (e.g., pizza, spaghetti) in the Block 98 FFQ were
disaggregated using the My Pyramid Equivalents Database (84). Briefly,
we calculated mean food group equivalents/100 g of each mixed dish,
weighted by how often each variation of the mixed dish was consumed
over 2-d food records in black and white individuals aged > 45 y
in the NHANES 2003-2004 (85), multiplied the equivalent by the
gram amount consumed by each individual, converted the equivalent
to the appropriate units, and added it to its respective DIS food group
(Supplemental Methods).

LIS components

The LIS included 4 components: smoking status, physical activity,
alcohol intake, and BMI (86-93). Because the weights were developed
based on cross-sectional exposure-biomarker associations, smoking
was categorized as “current” or “former/never.” BMI (kg/m?) was
categorized as underweight/normal (<25), overweight (25-29.99), or
obese (>30). Heavy alcohol consumption was defined as > 1 or > 2
drinks (>14 or >28 g of ethanol, respectively)/d for women and men,
respectively; moderate consumption was defined as consumed alcohol,
but in less than these amounts (94). Physical activity in REGARDS
was categorized as the frequency of being physically active enough to
work up a sweat (0, 1-3, or > 4 times/wk), a previously well-validated
measure (95, 96); in MAP and CECP, we ranked participants according
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to tertiles of weekly metabolic equivalents of task (METs)-min of
moderate/vigorous physical activity as assessed from Paffenbarger
questionnaire responses (26).

DIS and LIS development

First, to represent systemic inflammation, we created an inflammation
biomarker score comprising the 4 available biomarkers in the
REGARDS case-cohort: hsCRP, IL-6, IL-8, and IL-10 (the latter
considered anti-inflammatory) (97, 98). To do this, we transformed the
biomarker values by the natural logarithm (In), standardized the values
to a mean of 0 and SD of 1.0, and then summed the standardized
inflammation biomarkers values (IL-10 with a negative sign).

Next, we calculated weights for the DIS and LIS components in the
REGARDS case-cohort based on the strengths of the associations of
each component with the inflammation biomarker score. To do this,
first, for the DIS, we standardized each food group (all continuous),
by sex, to a mean of 0 and SD of 1.0. For the LIS, because all
components were categorical variables, we created dummy variables.
Then, ensuring that linear regression model assumptions were met,
and multicollinearity ruled out, we conducted multivariable linear
regression to estimate the maximum likelihood estimates for the 8-
coefficients, which represent the average change in the inflammation
biomarker score per 1 SD increase in a dietary component or having a
certain lifestyle behavior relative to its referent category. The modeling
procedures are described further in the Statistical Analyses subsection.
To calculate a DIS and LIS for participants in other populations,
each dietary/lifestyle component can be multiplied by the weight
(the B-coefficient) calculated above, and the weighted components
summed.

DIS and LIS validation

To assess the validity of the DIS and LIS, we calculated both as well
as the DII and the EDIP in the remaining REGARDS cohort, MAP,
and CECP. We calculated the DII (11) and EDIP (12) according to
previous reports (Supplemental Table 1 and Supplemental Methods). In
REGARDS, MAP, and CECP, 34, 38, and 37 of the 45 DII components
were available, respectively. Briefly, to calculate the DII (11), we first
calculated a z score for each component [based on total micronutrient
intakes (dietary plus supplemental)] using the published global means
and SDs. We then calculated normalized, centered percentiles for
each component, and then multiplied each component by its reported
respective weight. To calculate the EDIP, we formed dietary groups
based on servings of intake as described by Tabung et al. (12), multiplied
each component by its reported respective weight, and divided the
score by 1000 to scale it. For all inflammation scores, a higher
score indicates more proinflammatory relative to anti-inflammatory
exposures.

Statistical analyses
Next, we investigated associations of the various scores with the
various inflammation biomarkers in the 3 other populations. We first
categorized participants in each study into quantiles of each inflamma-
tion score, such that higher quantiles represent more proinflammatory
scores. The characteristics of the study populations were summarized
and compared across quantiles of the DIS and LIS, using chi-square
tests for categorical variables and ANOVA for continuous variables
(transformed to meet normality assumptions when indicated). We
calculated Spearman correlations between the DIS and the DIT and EDIP.
We used multivariable unconditional logistic regression to assess
associations of the DIS, LIS, DII, and EDIP with high circulating hsCRP
concentrations or inflammation biomarker scores. In REGARDS and
MAP, we defined a high hsCRP as >3.0 mg/dL, a clinically relevant
cutoff (28). In CECP, we calculated an inflammation biomarker score
[a sum of z scores for In-transformed IL-6, IL-8, IL-10 (with a negative
sign), hsCRP, VEGF, TNF-«, IL-18, and IL-12p40], and dichotomized
the inflammation biomarker score at the population median. A term for
the sex-specific median of each inflammation score quantile was entered
into the multivariable regression models as a continuous variable to test
for trend.



TABLE 1 Components of the DIS and LIS, their descriptions, rationales for inclusion, and assigned weights'

Components Rationales for inclusion General descriptions Weights?
DIS components®
Leafy greens and Kale, spinach, lettuce (iceberg, head, romaine, or leaf), Contain a variety of potent antioxidants (e.g., B-carotene, folacin, —0.14
cruciferous broccoli, Brussels sprouts, cabbage, cauliflower, magnesium, calcium, glucosinolates, isothiocyanates, lutein, and indoles);
vegetables parsley, watercress contain flavonoids and polyphenols, which activate the transcription factor,
Nrf2, which plays a key role in cellular protection against oxidative stress
and inflammation (29-31, 50, 61, 72, 80-83)
Tomatoes Tomatoes, tomato juice, tomato sauce, salsa Contain B-carotene, vitamin C, and lycopene, the latter of which is a potent —0.78
singlet oxygen quencher and one of the most powerful antioxidants among
the natural carotenoids (32-35)
Apples and berries Fresh apples, pears, apple juice or cider, strawberries, Contain flavonoids (e.g., anthocyanins, quercetin, and phenolic acids) that —0.65
blueberries, raspberries, cherries suppress proinflammatory cytokine production and are powerful
antioxidants; potentially increase postprandial plasma antioxidant
capacity (36-38)
Deep yellow or orange Cantaloupe, peaches, carrots, dark yellow or orange Contain provitamin A carotenoids (e.g., B-carotene and «-carotene), which —0.57
vegetables squash, figs have a conjugated double-bond structure making them strong antioxidants
and fruit (40)
Other fruits and real Fresh fruits other than those listed above (e.g., Contain antioxidants (e.g., flavonoids, such as hesperidin, naringenin, —0.16
fruit juices pineapples, honeydew, grapes, kiwi, watermelon, neohesperidin, limonene, vitamin C, B-cryptoxanthin, plant sterols,
lemon, grapefruit, and oranges), orange juice, salicylates, naringin, nobelitin, and narirutin) with similar mechanisms to
grapefruit juice, grape juice, and other real fruit juice those described above (41-48, 72)
Other vegetables Vegetables other than those listed above (e.g., okra, Contain antioxidants and polyphenols with similar mechanisms to those —0.16
green peppers, onions, zucchini, and eggplant) described above
Legumes String beans, peas, lima beans, lentils, and other beans ~ Contain folacin, iron, isoflavones, protein, vitamin B6, and have a high —0.04
(excluding soybeans) antioxidant capacity; rich in fiber, which is associated with beneficial
alterations to the gut microbiota, reducing immune response in the gut (49,
51,61)
Fish Tuna fish, salmon, other light and dark meat fish, Contain -3 fatty acids, which compete with proinflammatory -6 fatty acids —0.08
breaded fish cakes or fish sticks by synthesizing eicosanoids and suppress the capacity of monocytes to
synthesize IL-18 and TNF-« (52-54)
Poultry Chicken or turkey with and without skin Inversely associated with inflammation (55); contain low amounts of —045
saturated fat (56); contain L-arginine, which improves
endothelium-dependent dilation (precursor of the endogenous vasodilator
nitric oxide) and decreases platelet aggregation and monocyte adhesion
(61)
Red and organ meats Hamburger, beef, pork, lamb, liver, gizzards, other organ ~ Contain heme iron, which increases the bioavailability of iron, which in turn 0.02
meats increases oxidative stress; contain €2-6 fatty acids, which increase
oxidative stress through free radical production and are converted to
arachidonic acid which stimulates expression of IL-18 and TNF-« in
monocytes, and IL-6 and IL-8 in endothelial cells (57-59); contain
saturated fats that mimic lipopolysaccharide, a proinflammatory stimulant,
in the gut, and increase cytotoxic, pro-oxidant, and proinflammatory bile
acids in the colon (57, 60)
Processed meats Bacon, beef or pork hotdogs, chicken or turkey hot Contain heme iron, higher saturated fat contents, -6 fatty acids (see above), 0.68
dogs, salami, bologna, other processed meats and additives, such as nitrites, with suspected proinflammatory properties
(55,62)
Added sugars Sugar-sweetened soda, punch, lemonade, chocolate Sparse in nutrients; induce postprandial hyperglycemia, which act as 0.56
candy bars, other mixed candy bars, candy without stressful stimuli through subsequent repeated mild postprandial
chocolate, jams, jellies, preserves, syrup or honey, hypoglycemia (55, 62) and reduce nitric oxide availability [plays role in
dried or canned fruit regulation of inflammatory response (63)]; elevate proinflammatory free
fatty acid levels (54); produce oxidative stress through oxidation of
membrane lipids, proteins, lipoproteins, and DNA (64)
High-fat dairy Whole milk, 2% milk, cream, high-fat ice cream, Contains calcium, which binds bile acids and free fatty acids, decreasing —0.14
high-fat yogurt, cream cheese, other high-fat oxidative damage in the gut; dairy fat contains fatty acids with potential
cheeses inflammation-reducing properties, such as CLA, cis-and trans-palmitoleic
acid, butyric acid, phytanic acid, and a-linolenic acid (65-67, 75)
Low-fat dairy Skim milk, 1% milk, low-fat yogurt, low-fat ice cream, Similar mechanisms to high-fat dairy (see above), with lower fat content —0.12
low-fat cottage or ricotta cheese, low-fat cheeses
(Continued)
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TABLE 1 (Continued)
Components Rationales for inclusion General descriptions Weights?
Coffee and tea Coffee (decaffeinated and regular), herbal and Tea contains flavonoids and antioxidants (e.g., epicatechin and quercetin) —0.25
non-herbal tea (68); coffee contains phytochemicals and antioxidants, such as javamide;
both coffee and tea contain varying amounts of caffeine, which inhibits
secretion of IL-18 induced by adenine and N4-acetylcytidine (49, 69)
Nuts Peanut butter, peanuts, other nuts Contain £2-3 fatty acids (52, 54, 70, 71) and L-arginine (61) (mechanisms —0.44
similar to those described in “Fish” and “Poultry”)
Other fats Mayonnaise, margarine, butter, vegetable oil Contain -6 fatty acids and saturated fats (see “Red and organ meats”) 0.31
Refined grains and Cold and cooked breakfast cereal, white or dark bread, Some processed grains contain emulsifiers, which potentially break down 0.72
starchy bagels, English muffins, rolls, corn bread, white rice, mucin in the gut leading to inflammation (73); and induce hyperglycemia
vegetables pasta, pancakes, waffles, potatoes (French fried, (mechanisms described similar to those described in “Added sugars”)
scalloped, baked, boiled or mashed), sweet
potato/yams, potato chips, crackers, tortillas,
popcorn, pretzels, cookies, brownies, doughnuts,
cake, pie, sweet rolls, coffee cakes, granola bars
Supplement score* Ranked score of supplemental micronutrients, Comprises micronutrients, minerals, and vitamins solely from supplement —0.80
including: vitamins A, B-12, B-6, C, D, and E; and intakes, some with similar mechanisms to those described above (e.g.,
B-carotene, folate, niacin, riboflavin, calcium, iron as pro-oxidant, vitamins A, C, and E as antioxidants) (11, 27, 34, 40,
magnesium, selenium, thiamin, zinc, and iron 46, 49, b5, 65, 74-79)
LIS components®
Heavy drinker Heavy [> 1 drink (> 14 g ethanol)/d for women, > 2 Heavy alcohol intake results in oxidative stress via oxidation of ethanol to 0.30
drinks (28 g ethanol)/d for men] vs. nondrinker acetaldehyde (86, 87)
Moderate drinker Moderate [1 drink (14 g ethanol)/d for women, 1-2 A metabolite of ethanol is acetate, which can acutely lower proinflammatory —0.66
drinks or (14-28 g ethanol)/d for men] vs. nondrinker free fatty acid concentrations; moderate alcohol intake increases serum
adiponectin concentrations (an anti-inflammatory inflammation biomarker)
(88) and inhibits IL-6 production and activity (89)
Moderately physically Exercises 1-3 times/wk vs. does not exercise Physical activity improves systemic plasma antioxidant capacity (increases —0.18
active® adaptive responses to oxidative stress), increases concentrations of
anti-inflammatory cytokines, and lowers vascular wall inflammation (90,
91)
Heavily physically Exercises > 4 times/wk vs. does not exercise Mechanisms similar to those described above —041
active®
Current smoker Currently smokes tobacco vs. does not currently smoke Toxins injure tissues, upregulating cytokines and acute-phase reactants (92) 0.50
tobacco
Overweight BMI Overweight BMI vs. normal BMI Adipose tissue synthesizes and releases proinflammatory adipokines, such as 0.89
PAI-1 and TNF-« (91, 93)
Obese BMI Obese BMI vs. normal BMI Mechanisms similar to those described above 1.57

TCLA, conjugated linoleic acid; DIS, dietary inflammation score; hsCRP high-sensitivity C-reactive protein; LIS, lifestyle inflammation score; MET, metabolic equivalent of task;
Nrf2, nuclear factor-erythroid 2 (NF-E2)-related factor 2; NSAID, nonsteroidal anti-inflammatory drug; PAI-1, plasminogen activator inhibitor-1; REGARDS, Reasons for Geographic
and Racial Differences in Stroke Study.

2\Weights are -coefficients from multivariable linear regression models conducted in the REGARDS case-cohort sample (n = 639), representing the average change in a summary
inflammation biomarker score [sum of z scores for hsCRPR IL-6, IL-8, IL-10 (the latter with a negative sign)] per 1 SD increase in a dietary component or the presence of lifestyle
component. A negative weight indicates that a component has an anti-inflammatory effect, a positive weight indicates that a component has a proinflammatory effect. Covariates
in the final model included: age, sex, race (black or white), education (high school graduate or less vs. some college or more), region (stroke belt, stroke buckle, or other region
in the United States), a comorbidity score (comprises a history of cancer, heart disease, diabetes mellitus, or chronic kidney disease), regular use of aspirin, other NSAIDs,
or lipid-lowering medications (> twice/wk), hormone replacement therapy (among women), total energy intake (kcal/d), season of baseline interview (spring, summer, fall, or
winter); and all the dietary/lifestyle components in the DIS and LIS.

3Dietary components were standardized to the case-cohort sample, by sex, to a mean of zero and SD of 1.

4All vitamin and mineral supplement intakes measured (from multivitamin/mineral and individual supplements) were ranked into quantiles of intake and assigned a value of 0
(low or no intake), 1, or 2 (highest intake) for hypothesized anti-inflammatory micronutrients (i.e., all listed micronutrients except iron), and 0 (low or no intake), -1, or =2 (highest
intake) for hypothesized proinflammatory micronutrients (iron only).

5All lifestyle components were dummy variables, coded as “1” for the nonreferent category and “0" for the referent category.

SWhen calculating the LIS using lifestyle behavior measurement instruments where “times physically active per wk"” could not be derived, the given variables (e.g., METs/wk)
were ranked into quantiles, which were taken to construct dummy variables, and the respective weights were similarly applied.

To assess potential interaction between the DIS and LIS, we
conducted a joint/combined (cross-classification) analysis using multi-
variable logistic regression models in which the reference group was
participants in the first quintile of both scores.

Consideration for inclusion of covariates in all the aforementioned
multivariable linear and logistic regression models were based on
biological plausibility, previous literature, and the magnitude of
change in the association of interest when including/excluding the
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variable from the model (further details in Supplemental Methods).
Covariates considered for all models included age, sex, race/ethnicity,
income, education, region of the United States, comorbidities, hormone
replacement therapy use (for women), total energy intake, season
of year the participant completed dietary/lifestyle questionnaires and
had inflammation biomarkers measured, and regular aspirin, other
nonsteroidal anti-inflammatory drug (NSAID), and lipid-lowering
medication use. Models for the dietary inflammation scores additionally



included the LIS components [smoking, BMI, alcohol intake (except for
the DII and EDIP because alcohol intake is a component), and physical
activity]. Models to estimate weights for the DIS and LIS additionally
included all dietary and lifestyle components as covariates. Although
energy intake is typically a DII component, we explored adding and
removing energy intake as a covariate in the multivariable regression
models for the DII to ensure adequate control for confounding by
energy intake. The final covariates for all models are listed in the table
footnotes.

To investigate potential effect modification, separate analyses
were conducted for each dietary/lifestyle inflammation score within
categories of age (dichotomized at age 65 y), sex, race (black/white),
comorbidity status (yes/no), aspirin or other NSAID use (take
NSAID > twice/wk or < twice/wk); and for the dietary inflammation
scores, within categories of current smoking status (former and never
or current), BMI (< normal, overweight, obese), alcohol status (current
nondrinker, moderate drinker, heavy drinker), and physical activity
(none, moderate, heavy). We assessed effect modification by comparing
the stratum-specific estimates and by calculating Wald test P values for
model interaction terms.

Sensitivity analyses

To assess the associations’ sensitivities to various considerations, we
repeated the analyses with these variations: 1) removed the supple-
mental micronutrients from the DIS; 2) assigned positive or negative
equal weights to dietary/lifestyle components hypothesized a priori to
be proinflammatory or anti-inflammatory, respectively; 3) calculated
and compared adjusted mean In-transformed hsCRP concentrations
(REGARDS and MAP) and inflammation biomarker scores (CECP)
by quantile of each inflammation score using multivariable general
linear models; and 4) recognizing that the estimated strengths of
associations of the DIS and LIS components with inflammation
biomarker concentrations contain some uncertainty, simulated a range
of DIS and LIS weight estimates over 1,000,000/ iterations (where
n = the number of external population participants) using Monte Carlo
methods (MCM) (99). For each iteration, the resulting B-coefficients
were then applied as weights for the DIS and LIS components,
participants were categorized into quantiles based on the iteration-
specific DIS or LIS distribution, and the bootstrap technique was used
to simulate the error from the DIS and LIS weights and the estimated
DIS/LIS-inflammation biomarker associations.

All analyses were conducted using SAS statistical software, version
9.3. All statistical tests were 2-sided, and P values < 0.05 or
95% ClIs that excluded 1.0 were considered to be statistically
significant.

Results

The weights for the 19-component DIS and the 4-component
LIS are presented in Table 1. All B-coefficient weights were
in the hypothesized directions, and the range of weights was
wide.

Selected characteristics of the REGARDS case-cohort par-
ticipants according to DIS and LIS quintiles are summarized
in Table 2. The population age range was 45-74 y (mean + SD
61.7 + 8.0), 48.7% were men, 51.3% were women, 65.0%
were white, and 35.0% were black. The DIS and LIS ranges
were =1.7 to 1.9 and -1.1 to 2.4, respectively. Those in the
highest (most proinflammatory) relative to the lowest (most
anti-inflammatory) DIS quintile were more likely to be black,
have an income < $20,000/y, have less than a college education,
be a current smoker, be overweight or obese, and participate
in physical activity < 3 times/wk. On average, they had lower
dietary fiber intakes; higher plasma IL-6, IL-8, and hsCRP
concentrations; and higher inflammation biomarker scores.
Differences in participant characteristics were similar across

quintiles of the DII and EDIP (Supplemental Table 2). Those
in the highest relative to the lowest LIS quintile were more
likely to be female or black, have less than a college education,
live in the southeastern United States, have a comorbidity, be
a current smoker, be overweight or obese, be a nondrinker,
and participate in physical activity < 3 times/wk. On average,
they had lower dietary fiber intakes, higher plasma IL-6 and
hsCRP concentrations, and higher inflammation biomarker
scores. Differences in participant characteristics across DIS and
LIS quantiles in the entire REGARDS cohort, MAP, and CECP
populations were similar to those in the REGARDS case-cohort
(Supplemental Tables 3-5).

Spearman correlations of the DIS with the DII in the 3
validation populations were: p = 0.66 in REGARDS, 0.66 in
MAP, and 0.59 in CECP, and for the DIS with the EDIP they
were 0.43 in REGARDS, 0.17 in MAP, and 0.23 in CECP.
Quantile classification agreement was greater between the DIS
and DII than between the DIS and EDIP (Supplemental Table
6). For example, in REGARDS, in the first and fifth quintiles,
agreement between the DIS and DII and the DIS and EDIP was
approximately 54% and 41 %, respectively.

Associations of the DIS, LIS, DII, and EDIP with inflam-
mation biomarkers in REGARDS, MAP, and CECP are shown
in Table 3. Higher dietary and lifestyle inflammation scores
of all types were generally strongly, positively associated with
inflammation biomarkers in all 3 studies. In REGARDS, there
was a statistically significant trend of increasing odds of high
plasma hsCRP concentrations with an increasing DIS, and for
those in the highest relative to the lowest DIS quintile, there
was a statistically significant 66% higher odds of having a
high plasma hsCRP concentration. In MAP, there was a similar
pattern, and those in the highest relative to the lowest DIS
quartile had 2.1-fold higher odds of having a high hsCRP
concentration. Similarly, in CECP, those in the highest relative
to the lowest DIS quantile had an estimated 42% higher odds
of having a high inflammation biomarker score, although this
finding was not statistically significant in this small study. The
findings for the LIS were stronger than those for the DIS in all
3 study populations. There were statistically significant trends
of increasing odds of having a high hsCRP concentration with
an increasing LIS in REGARDS and MAP, with a statistically
significant 4.3-fold and 6.8-fold higher odds for those in the
upper LIS quantile in REGARDS and MAP, respectively. In
CECP, those in the highest relative to the lowest LIS quantile had
an estimated 56% higher odds of having a high inflammation
biomarker score, although this finding was not statistically
significant.

Also shown in Table 3, in REGARDS, the DIS and DII
findings were similar, but the strengths of the associations for the
EDIP were much weaker, although still statistically significant.
However, in MAP, the estimated positive associations involving
the DIS were larger than those for the DII and EDIP, whereas
in CECP, these associations were larger than for those for the
DII (which were close to the null), but smaller than those for
the EDIP, although none of the findings for the CECP study
was statistically significant and the Cls around the estimated
associations were wide.

The joint/combined (cross-classification) associations of the
DIS and LIS with high plasma hsCRP concentrations in
REGARDS are presented in Table 4. Being in the highest relative
to the lowest joint quintile of the DIS and LIS was associated
with the highest odds (OR: 7.3, 95% CI: 6.1, 8.6) of a high
hsCRP concentration. Among those in the lowest LIS quintile,
there was increasing odds of a high hsCRP concentration with a

Development of inflammation scores 2211



TABLE 2 Selected characteristics of the participants in the REGARDS case-cohort (n = 639) across quintiles of the DIS and LIS’

DIS quintile LIS quintile
Characteristics 1(n=129) 3(n=127) 5(n=127) P2 1(n=132) 3(n=131) 5(n=113) P2
Score range —171t0-04 —0.11t00.2 06t019 —1.11t0-0.2 05t00.7 141024
Demographics
Age, y 628478 61.6 £8.1 60.3 482 0.09 62.1+£9.1 62471 612479 0.83
Men, % 48.8 48.8 488 1.00 54.4 51.7 393 0.03
White, % 79.8 60.6 4.7 <0.001 80.9 61.1 57.8 <0.001
Income <$20,000, % 6.2 14.2 24.4 0.001 206 15.4 215 0.02
College graduate or higher, % 59.7 40.2 21.3 <0.001 52.9 40.3 25.2 <0.001
Southeastern US resident, % 47.3 52.0 63.8 0.22 485 61.7 63.0 0.003
Medical history, %
Has comorbidity® 37.2 331 44.9 0.1 26.5 37.6 49.6 0.003
Take NSAID/aspirin > twice/wk 55.8 449 50.4 0.50 48.2 49.0 53.3 0.89
HRT user (women) 65.7 64.6 49.2 0.15 64.5 69.4 61.5 0.62
Lifestyle, %
Current smoker 10.1 11.8 25.2 <0.001 5.2 18.1 23.0 <0.001
Normal BMI 33.6 175 16.0 <0.001 79.0 47 0.0 <0.001
Nondrinker* 48.8 48.0 61.4 0.46 375 53.7 88.2 <0.001
Exercises <3 times/wk® 62.8 66.9 78.7 <0.001 42.7 70.5 99.3 <0.001
Dietary intakes
Total energy, kcal/d 1717 £ 670 1809 + 713 1902 + 905 0.23 1728 4 550 1845 + 798 1844 + 896 0.20
Dietary fiber, g/(1000 kcal - d) 125+39 92430 6.7+25 <0.001 102 £3.7 93433 91+39 0.003
Total fat, % kcal/d 37.3+90 36.9+6.9 38.1+£81 0.21 36.6+7.8 38.0 £ 8.1 38.0+76 0.05
Polyunsaturated fat, g/(1000 kcal - d) 109+£34 104+28 105+36 0.58 105+33 11.0+£33 106 +£3.3 0.49
Monounsaturated fat, g/(1000 keal - d) 16.3+ 4.6 154 +35 158 +38 0.10 15.7+4.0 16.1 £ 4.1 159+37 0.36
Carbohydrates, % kcal/d 46.8 +10.4 478 £85 482 +£95 0.20 478493 473 +£9.0 484 +956 0.08
Protein, % kcal/d 16.1+29 149+ 3.1 130+29 <0.001 147 +£29 15.0+29 146+34 0.73
Inflammation markers
Plasma IL-6, pg/mL 22417 26417 32417 <0.001 20417 27417 32417 <0.001
Plasma IL-8, pg/mL 21+16 22418 26+15 0.003 22+18 22416 24417 0.10
Plasma IL-10, pg/mL 73+21 9.0+20 80+18 0.12 8.0+ 21 83+19 84420 0.98
Plasma hsCRP, mg/dL 1.24+27 17+£27 25425 <0.001 09426 20424 27424 <0.001
Inflammation biomarker score —06+22 —02+22 1.1+£18 <0.001 —1.14+22 02+21 1.0+19 <0.001
Plasma hsCRP >3 mg/dL, % 18.6 331 457 <0.001 11.8 349 45.2 <0.001

"For construction of scores, see text and Table 1; higher scores (i.e., those in the higher quintiles) indicate more proinflammatory diets or lifestyles. Data are presented
as means + SDs unless otherwise specified. DIS, dietary inflammation score; HRT, hormone replacement therapy; hsCRPF high-sensitivity C-reactive protein; LIS, lifestyle
inflammation score; NSAID, nonsteroidal anti-inflammatory drug; REGARDS, Reasons for Racial and Geographic Differences in Stroke Study.

2 Pvalues calculated using x? test for categorical variables and ANOVA for continuous variables (natural logarithm-transformed, when indicated, to meet normality assumptions).

SIncludes a history of cancer, heart disease, diabetes mellitus, or chronic kidney disease.

4Zero (0) g of ethanol daily.
SFrequency/wk physically active enough to work up a sweat.

higher DIS, culminating in a statistically significant 69% higher
odds for those in the highest DIS quintile. Among those in the
lowest DIS quintile, there was increasing odds of a higher hsCRP
concentration with a higher LIS, culminating in statistically
significant 4.3-fold higher odds for those in the highest LIS
quintile.

Associations of the DIS and LIS with hsCRP concentrations
in REGARDS according to selected participant characteristics
are shown in Figure 1 and Supplemental Table 7. The pattern
of findings across participants with different characteristics
was similar, although the DIS-hsCRP association tended to be
stronger among those who were not obese (similar findings for
the DII/EDIP-hsCRP associations shown in Supplemental Table
8) and not a heavy drinker, and the LIS-hsCRP association
tended to be somewhat stronger among those who were
younger, female, had no comorbidity, and did not regularly take
aspirin.
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In sensitivity analyses, the DIS-inflammation biomarker
associations without supplemental micronutrients were some-
what weaker in the 3 validation populations (Supplemental
Table 9). The associations of the equal-weight DIS (Sup-
plemental Table 10) were similar to those for the DIS
in REGARDS, somewhat weaker in MAP, and stronger in
the smaller CECP. The associations of the equal-weight LIS
with inflammation biomarkers (Supplemental Table 11) were
weaker than those for the LIS in REGARDS and MAP,
but stronger in CECP. The findings from the analyses of
multivariable-adjusted mean inflammation biomarker values
and their proportional differences across the quantiles of
each dietary and lifestyle inflammation score (Supplemental
Tables 12 and 13) closely paralleled those in Tables 3 and 4.
Applying the MCM/bootstrap technique (Supplemental Table
14) resulted in slight attenuation of the estimated DIS-
inflammation biomarker associations in REGARDS and MAP,



TABLE 3 Cross-sectional associations of dietary and lifestyle inflammation scores with plasma inflammation biomarker
concentrations in the remaining REGARDS (n = 14,210), MAP (n = 423), and CECP (n = 173) study populations '

Inflammation scores?

DIS? LIs* DII® EDIP®
Adjusted OR Adjusted OR Adjusted OR Adjusted OR
I (95% CI) m (95% CI) I (95% CI) ® (95% ClI)

REGARDS, quintiles

Q1 680/2843 1.00 526/3149 1.00 761/2843 1.00 764/2843 1.00

Q2 834/2842 1.25(1.10,1.41) 555/2226 1.58(1.38,1.82) 919/2842 1.32(1.17,1.50) 872/2842 1.10(0.97,1.24)

Q3 976/2842 1.38(1.22, 1.56) 1088/3263 2.31(2.05,2.61) 961/2842 1.31(1.15,1.48) 958/2842 1.19(1.05,1.35)

Q4 1058/2842 1.50(1.32,1.70) 1005/2582 2.74(2.42,3.12) 1016/2842 1.42(1.25,1.62) 999/2842 1.18(1.04,1.34)

Q5 1201/2841 1.66 (1.46, 1.90) 1575/2990 4.29(3.79, 4.87) 1092/2841 1.56 (1.35, 1.81) 1156/2841 1.32(1.17,1.49)

P-trend <0.001 <0.001 <0.001 <0.001
MAP, quartiles

Q1 35/108 1.00 26/114 1.00 38/107 1.00 38/109 1.00

Q2 43/104 1.90(0.99, 3.65) 39/103 2.43(1.29, 4.60) 40/108 0.97 (0.50, 1.85) 47/106 1.37(0.73,2.54)

Q3 42/107 1.471(0.76, 2.83) 43/112 2.52(1.34,4.73) 50/104 1.69(0.86, 3.32) 40/108 0.75(0.39, 1.46)

04 48/104 2.05(1.03, 4.08) 60/94 6.79(3.45, 13.35) 40/104 1.36 (0.64,2.91) 43/100 1.20(0.62,2.32)

P-trend 0.09 <0.001 0.31 0.91
CECP. quantiles

Q1 48/87 1.00 36/85 1.00 43/87 1.00 42/87 1.00

Q2 38/86 1.42(0.71,2.82) 50/88 1.56 (0.82,2.97) 43/86 0.94(0.44,2.01) 44/86 1.72(0.87, 3.42)

"In the REGARDS and MAP studies, the outcome was hsCRP concentrations categorized as </>3 mg/dL, and in the CECP trial, the outcome was the inflammation biomarker
score [comprising IL-18, IL-6, IL-8, IL-12p40, TNF-a, VEGF, and IL-10 (the latter with a negative sign)] dichotomized as </> 0 (based on the study population median); all associations
assessed using multivariable logistic regression. CECE Calcium and Colorectal Epithelial Cell Proliferation trial; DIl, dietary inflammatory index; DIS, dietary inflammation
score; EDIP empirical dietary inflammatory pattern; hsCRR high-sensitivity C-reactive protein; LIS, lifestyle inflammation score; MAR Markers of Adenomatous Polyps; NSAID,
nonsteroidal anti-inflammatory drug; REGARDS, Reasons for Racial and Geographic Differences in Stroke Study; VEGF, vascular endothelial growth factor.

2For construction of scores, see text; higher scores indicate more proinflammatory diets or lifestyles. Weights for all dietary and lifestyle components in the DIS and LIS are
equal to the maximum likelihood for the B-coefficients obtained from multivariable linear regression models (dependent variable: summary inflammation biomarker score) in the
REGARDS case-cohort sample; DIl and EDIP: weights and components derived from Shivappa et al. (11) and Tabung et al. (12), respectively.

SFor each study, covariates in the DIS logistic regression models were: REGARDS: age, sex, race (black or white), education (less than high school and high school graduate
or some college or more), region (Belt, Buckle, Other), comorbidity score (comprises a history of cancer, heart disease, diabetes mellitus, or chronic kidney disease), current
hormone replacement therapy use (among women), smoking (current or former and never), BMI (kg/m?), alcohol intake (nondrinker, moderate drinker, or heavy drinker), physical
activity level (exercises 0, 1-3, or > 4 times/wk), total energy intake (kcal/d), season of baseline interview (spring, summer, fall, or winter), and regular use of aspirin, other NSAIDs,
or lipid-lowering medications (> twice/wk); MAP: age, sex, education (less than high school and high school graduate or some college or more), current hormone replacement
use (among women), smoking (current or former and never), BMI category (based on WHO BMI classifications), alcohol intake (nondrinker, moderate drinker, or heavy drinker),
physical activity level (tertiles based on the distribution of weekly metabolic equivalents of task-min/wk expenditure in the study population), total energy intake (kcal/d), study
(MAP | or MAP 11), and regular (> once/wk) aspirin or other NSAID use; CECP: age, sex, a comorbidity score (comprising diabetes mellitus or heart disease), smoking (current
or former and never), BMI (kg/m?), alcohol intake (nondrinker, moderate drinker, or heavy drinker), physical activity level (tertiles based on the distribution of weekly minutes of
physical activity in the study population), and total energy intake (kcal/d), and regular (> once/wk) aspirin or other NSAID use.

“4For each study, covariates in the LIS logistic regression models were: REGARDS: age, sex, race (black or white), education (less than high school and high school graduate
or some college or more), region (Belt, Buckle, Other), comorbidity score (comprises a history of cancer, heart disease, diabetes mellitus, or chronic kidney disease), current
hormone replacement therapy use (among women), energy intake (kcal/d), season of baseline interview (spring, summer, fall, or winter), the DIS, and regular use of aspirin,
other NSAIDs, or lipid-lowering medications (> twice/wk); MAP: age, sex, education (less than high school and high school graduate or some college or more), current hormone
replacement use (among women), total energy intake (kcal/d), study (MAP | or MAP ), the DIS, and regular aspirin or other NSAID use (> once/wk); CECP: age, sex, a comorbidity
score (comprising diabetes mellitus or heart disease), total energy intake (kcal/d), the DIS, and regular aspirin or other NSAID use (> once/wk).

5For each study, covariates in DIl and EDIP logistic regression models included those listed in footnote 3, except for alcohol intake.

SNumber of participants with hsCRP concentrations >3 mg/dL/total participants in quantile.

but not in CECP. The estimated associations of the LIS  2)diet and lifestyle in aggregate both contribute substantially—

with inflammation biomarkers were somewhat stronger when
applying the MCM/bootstrap technique in CECP, but not
in REGARDS and MAP. In REGARDS, the joint/combined
associations of the MCM/bootstrap technique DIS and LIS
(Supplemental Table 15) and their associations according
to selected characteristics (Supplemental Table 16) followed
similar patterns. The CIs using the MCM/bootstrap technique
were wider, reflecting the additional random error incorporated
into the estimated associations.

Discussion

Our results support that 1) individual dietary and lifestyle
components contribute modestly to systemic inflammation, and

lifestyle more than diet—but especially in interaction with one
another. Our results also support the use of our predominately
whole foods-based DIS and novel LIS. As discussed below,
the DIS has theoretical advantages over the more nutrient-
based DII and data-driven EDIP, is applicable to multiple
FFQs applied in many Western study populations, and may be
more easily translated into clinical and public health dietary
recommendations for inflammation reduction.

As summarized in Table 1, there is considerable biological
plausibility/basic science support for the contributions of
our dietary and lifestyle inflammation score components
to inflammation. Many studies investigated associations of
individual diet constituents (e.g., nutrients) with inflammation;
however, these constituents are not consumed in isolation,
but rather are contained within a matrix of thousands of
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TABLE 4 Joint/combined associations of the DIS and LIS with plasma hsCRP concentrations in the remaining REGARDS cohort
(n=14,210)1

LIS quintiles??

1 2 3 4 5

P-

nt OR (95% CI) nt OR (95% CI) nt OR (95% CI) n* OR (95% CI) n* OR(95% CI) interaction®

DIS quintiles??

1 110/938 1.00 (ref) 91/461  1.58(1.38,1.82) 169/649 2.31(2.04,2.61) 143/410 2.74(2.41,3.11) 167/385 4.30(3.80, 4.87)
2 124/782  1.25(1.11,1.42) 1017464 1.98(1.65,2.38) 223/680 2.89(2.43,3.43) 160/465 3.43(2.88,4.09) 226/451 5.38(4.52, 6.41)
3 102/573  1.41(1.24,1.59) 121/469 2.23(1.86,2.67) 224/664 3.24(2.74,3.85) 208/512 3.85(3.24,4.58) 321/624 6.05(5.10,7.16)
4 102/497  153(1.35,1.73) 117/423 2.42(2.02,2.89) 236/653 3.52(2.97,4.17) 231/572 4.18(3.52,4.97) 372/697 6.56 (5.54,7.77)
5 88/359  1.69(1.49,1.92) 125/409 2.68(2.23,3.21) 236/617 3.90(3.28,4.63) 263/623 4.63(3.90,5.50) 489/833 7.26(6.13,8.60) 0.03

1The outcome was hsCRP concentrations categorized as </> 3 mg/dL; all associations assessed using multivariable logistic regression. DIS, dietary inflammation score; hsCRP.
high-sensitivity C-reactive protein; LIS, lifestyle inflammation score; NSAID, nonsteroidal anti-inflammatory drug; REGARDS, Reasons for Racial and Geographic Differences in
Stroke Study.

2For construction of scores, see text and Table 1; higher scores indicate more proinflammatory diets or lifestyles; weights for all dietary and lifestyle components in the DIS and
LIS are equal to the maximum likelihood for the p-coefficients obtained from multivariable linear regression models [dependent variable: inflammation biomarker score (sum of
z scores for hsCRP IL-6, IL-8, IL-10, the latter with a negative sign)] in the REGARDS case-cohort sample.

SCovariates in logistic regression model: age, sex, race (black or white), education (less than high school and high school graduate or some college or more), region (Belt,
Buckle, Other), comorbidity score (comprises a history of cancer, heart disease, diabetes mellitus, or chronic kidney disease), current hormone replacement therapy use (among
women), energy intake (kcal/d), season of baseline interview (spring, summer, fall, or winter), and self-reported regular use of aspirin, other NSAIDs, or lipid-lowering medications
(> twice/wk).

“Number of participants with hsCRP concentrations > 3 mg/dL/total participants in DIS and LIS quintile combination.

5From DIS x LIS interaction term in the full logistic regression model, calculated using the Wald test.

other known and unknown substances that may be acting
and interacting along the same and complementary pathways
(13, 100). There is even more substantial evidence that
individual lifestyle characteristics may be strongly associated
with, or strongly affect, inflammation (86-93). Our find-
ings of possible particularly strong aggregate contributions
of lifestyle to inflammation, and even stronger synergistic
contributions of diet and lifestyle to inflammation, support

The DIS was more strongly directly associated with
circulating inflammation biomarkers than was the DII in
REGARDS, MAP, and CECP—findings that were robust to
variations in sensitivity analyses. The DII was previously
positively associated with biomarkers of inflammation in a
range of populations (12,101-105). The DII was also associated
with inflammation-mediated diseases, such as cardiovascular
diseases and colorectal cancer, and with premature mortality

further investigation of dietary and lifestyle contributions to ~ (106-110). However, the DII has several limitations. First, the

inflammation. DII is primarily based on classically measured nutrients and
DIS N P-trend P-interaction us N P-trend P-interaction
Age,y
<65 8,567 — <0.001 Age,y <0.001
265 5,528 L - d <0.001
Sex 0.49 <65 8,567 o <0.001
Male 6,325 . - . <0.001
Female 7.770 —— <0.001 265 5528 L — <0.001
Race 0.68
White 9,506 — <0.001 Sex <0.001
Black 4,589 L S <0.001 R 4
Has a comorbidity 0.99 Male 6325 <0001
No 8,316 E— <0.001 Female 7,770 k - 1 <0.001
Yes 5,779 . - . <0.001
NSAID use 0.18 Race 0.31
Takes NSAID <twicewk 11,911 — ‘ <0.001 ’
Takes NSAID > twicelwk 2,165 ; . 0.02 White 9.506 - <0.001
Aspirin use 0.37 . .
Takes aspirin < twicelwk 8,027 [ <0.001 Black 4,589 - <0.001
Takes aspirin > twice/wk 6,066 - <0.001 Has a comorbidity <0.001
Tobacco use 0.06
Former or non-smoker 12,038 - <0.001 No 8,316 + - 1 <0.001
Current smoker 2,057 - - . <0.001
BMI, kg/m? <0.001 Yes 5779 . <0.001
18.5-24.99 3,387 - - + <0.001 »
25-29.99 5463 - - * <0.001 Non-aspirin NSAID Use 0.01
230 5,102 - 0.001 . R
Alcohol use 0.40 Takes NSAID < twice/wk 11,911 - <0.001
Non-drinker 8,109 I <0.001 Takes NSAID > twice/wk 2,165 ' [] © <0001
Moderate drinker 5,322 E . . <0.001
Heavy drinker 664 - - + 0.98 Aspirin Use 0.01
Physical activity 0.45
No exercise/wk 4,135 - - « <0.001 Takes aspirin < twice/wk 8,027 v - + <0.001
Exercises 1- 3 times/wk 5,468 - - * <0.001 L N
Exercises >4 times/wk 4,492 . <0.001 Takes aspirin > twice/wk 6,066 L <0.001
r T T T T 1 T T T T T T T T T T T 1
0.5 1 15 2 25 3 115 2 25 3 35 4 45 5 55 6 65
OR &95% CI OR &95% CI

FIGURE 1 ORs (95% Cls) for comparisons of participants in the fifth relative to first quintile of the DIS (A) and LIS (B), by selected participant
characteristics in the remaining REGARDS cohort (n = 14,210). The outcome was hsCRP concentrations categorized as </>3 mg/dL in
multivariable logistic regression models. For construction of scores, see text and Table 1; higher scores indicate more proinflammatory diets or
lifestyles; for covariates for models, see Table 3 footnotes 3 and 4. DIS, dietary inflammation score; hsCRP, high-sensitivity C-reactive protein;
LIS, lifestyle inflammation score; NSAID, nonsteroidal anti-inflammatory drug; REGARDS, Reasons for Racial and Geographic Differences in
Stroke Study.

2214 Byrd et al.



does not account for the myriad nonclassical, unmeasured,
natural, anti-inflammatory or proinflammatory compounds
found in whole foods and beverages. Also, although the
DII weights were drawn from findings of many studies,
the weighting scheme for the contributions of the findings
from those studies was somewhat arbitrary, and the devel-
opers keep some methods and data underlying the weights
proprietary.

The DIS was also more strongly directly associated with
circulating inflammation biomarkers than was the EDIP in the
larger REGARDS and MAP study populations, but not in the
small CECP study in which the results were unstable. The EDIP
was previously moderately to strongly positively associated with
a panel of inflammation biomarkers in 3 studies (12, 101, 111).
The more attenuated associations of the EDIP with hsCRP
in REGARDS and MAP may, in part, be because the EDIP
was developed in a relatively homogeneous population using
a population-dependent, a posteriori, data-driven (compared
with biological plausibility-driven) reduced rank regression
approach. Dietary patterns and weights derived using reduced
rank regression can be specific to the data in the population
from which they are derived, making them less reproducible in
other populations.

The DIS and LIS have several strengths, many of which
address DII and EDIP limitations, including that: 1) both were
developed in a clear, straightforward fashion, making them easy
to calculate using data from many FFQs and lifestyle question-
naires commonly used in many Western study populations; 2)
the directions of the weights are biologically plausible (Table 1);
3) the use of both accounts for the contributions of both diet and
lifestyle to systemic inflammation; 4) composing the DIS mostly
of whole foods facilitates clinical and public health applications;
and 5) we addressed limitations in studying associations of
mixed dishes with inflammation biomarker concentrations by
disaggregating mixed dishes into their component parts using
the My Pyramid Equivalents Database.

The DIS and LIS also have limitations. First, we developed
the DIS and LIS weights in a US population enriched with
future stroke cases and with a sample size that limited
stratified analyses. However, the cohort comparison sample was
selected randomly, all individuals were disease-free at the time
of biomarker measurement and dietary/lifestyle questionnaire
completion, and adjustment for future case status did not
meaningfully affect the DIS and LIS weights. It is possible
that a more comprehensive inflammation biomarker panel
with which to assess the strengths of associations of the
diet/lifestyle factors with systemic inflammation would yield
more accurate associations, and in the entire REGARDS
and MAP validation populations, only hsCRP was available.
However, the REGARDS case-cohort biomarker panel was
reliably measured in a heterogeneous population, and the
validation results were similar across 3 validation populations,
including 1 with a larger inflammation biomarker panel.
Inherent to studying dietary data are known limitations of FFQs
(e.g., respondent error, limited food options, and unmeasured
food preparation methods). The DIS and LIS components’
weights are based on cross-sectional associations, so it is
possible that if diet and biomarkers had been assessed at
intervals over, say, a year, and averaged, the associations may
have been somewhat different. However, FFQs are designed
to capture dietary patterns over an extended period, and were
found to do so reasonably well (24).

Taken together with previous literature, our findings support
that individual diet and lifestyle components may contribute

modestly to systemic inflammation, but that diet in aggregate
and lifestyle in aggregate, contribute substantially—lifestyle
more so than diet—and especially in interaction with one
another. Our results also support the use of our hypothesis-
driven, predominantly whole foods-based dietary inflammation
score and our novel LIS as epidemiological tools to quantify
the collective contributions of dietary and lifestyle exposures
to systemic inflammation. The DIS and LIS address some
limitations of previous dietary inflammation scores, and may be
more useful for formulating clinical and public health dietary
recommendations for inflammation reduction for disease pre-
vention, pending further validation and application in relation
to chronic disease incidence and premature mortality.
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