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Abstract

Aims: We investigated the role of socioeconomic disparities in the association between diet and
risk of type 2 diabetes (T2D).

Methods: We used prospective data from 40,243 Sister Study participants aged 35 to 74 years
who were enrolled in 2003—-2009. Scores for healthy eating indices (alternate Mediterranean diet,
Dietary Approaches to Stop Hypertension, alternative Healthy Eating Index, and Healthy Eating
Index 2015 (HEI-2015)) were calculated using data from a 110-item food frequency questionnaire
completed at enrollment. Incident T2D was defined based on self-reported physician’s diagnosis
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or use of anti-diabetic medications. Multivariable-adjusted hazard ratios (aHRs) and 95%
confidence intervals (Cls) were estimated using Cox proportional hazards models.

Results: We observed inverse associations between all four dietary indices and incident T2D
after multivariable adjustment. These associations were most pronounced among women with
higher educational attainment, higher income, and lower area deprivation index (ADI) (e.g., for the
HEI-2015: low ADI, aHRqaysq1: 0.44, 95% CI: 0.35, 0.56 vs high ADI, aHRqaysq1: 0.75, 95%
Cl: 0.63, 0.90; Pinteraction: 0-0007).

Conclusions: Weaker associations among women with lower socioeconomic status and higher
neighborhood deprivation suggests that other factors play a larger role in T2D incidence than diet
quality among individuals with low SES.
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INTRODUCTION

An estimated 32 million adults in the United States are living with diabetes [1]. By 2045, it
is estimated that the prevalence of diabetes will increase by 16% [2]. Type 2 diabetes (T2D)
accounts for 90% of diabetes cases and is associated with increased risk of neuropathy,
nephropathy, and macrovascular complications [3].

Diet is a modifiable risk factor for T2D, and dietary patterns are commonly used to
characterize overall diet quality in studies investigating the relationship between diet and
T2D risk. Most evidence suggests that the alternate Mediterranean diet (RMED), Dietary
Approaches to Stop Hypertension (DASH), and alternative Healthy Eating Index (aHEI) are
associated with reduced risk of T2D [4-10]. However, evidence for the association between
the Healthy Eating Index (HEI) and T2D risk is inconsistent [4-5,7-9,11]. In addition to
diet, individual sociodemographic factors, such as income and education, are associated
with T2D [12]. The incidence and prevalence of T2D are disproportionately higher among
minoritized racial and ethnic groups and individuals with low socioeconomic status (SES)
[12-13]. In addition, findings from several studies suggest that low neighborhood SES is
associated with increased risk of T2D [14-15].

Though SES and diet quality have been extensively studied for their influence on the risk
of T2D, few studies have investigated whether the association between diet quality and
incident T2D risk differs by SES. In one previous study, this association was assessed

using a single measure of diet quality (Lifelines Diet Score) across levels of educational
attainment, the sole indicator of SES [16]. To our knowledge, no studies have examined
whether neighborhood-level SES indicators, such as the area deprivation index (ADI),
modify the relationship between dietary patterns and incident T2D. A deeper understanding
of the interactions between diet and SES and their multifaceted roles in T2D risk could
have implications for public health policy and T2D prevention. The purpose of this study

is to examine the relationship of established dietary indices (aMED, DASH, aHEI, and
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HEI-2015) with incident T2D and investigate whether this relationship is modified by
individual and neighborhood SES indicators.

MATERIALS AND METHODS

Study Population

Data were obtained from the Sister Study, a prospective cohort study designed to identify
environmental and genetic factors for breast cancer [17]. The Sister Study consists of 50,884
self-identified women in the United States, including Puerto Rico, enrolled between 2003
and 2009. Women were eligible for enrollment if they were aged 35-74 years and had a
sister who had been diagnosed with breast cancer but had no personal history of a breast
cancer diagnosis themselves.

At baseline, data on demographic, medical, lifestyle, and reproductive factors were

collected using computer-assisted telephone interviews and self-completed questionnaires.
Anthropometric measurements and biological samples were collected during a home exam.
Participants provided annual health updates and completed detailed follow-up questionnaires
every 2-3 years. Response rates have been around 90% throughout follow-up [17]. The
Sister Study is overseen by the National Institutes of Health Institutional Review Board. All
participants provided written informed consent.

Dietary Assessment

Diet was assessed at baseline using a modified 1998 Block 110-item food frequency
questionnaire (FFQ) previously validated in women [18-19]. Participants reported average
dietary intake in the past 12 months of each listed food and beverage item, including
frequency of intake (9 possible frequencies ranging from “never” to “every day”) and
portion size (3 or 4 quantity choices per food item or group of similar food items). Nutrient
intake was estimated using the United States Department of Agriculture (USDA) Food and
Nutrient Database for Dietary Studies (FNDDS) for U.S. women [20].

The Healthy Eating Index (HEI), originally developed to examine the extent to which diet
aligns with the Dietary Guidelines for Americans, is updated every five years with dietary
recommendations for Americans [21]. HEI-2015 reflects the guidelines for 2015-2020.
We used the previously developed aMED, modified and adapted from the Mediterranean
diet (MED) characterized by high intake of plant-based foods, olive oil, and minimal
consumption of saturated and trans fats, meats, and dairy products [22-23]. aMED scores
were operationalized using the method developed by Fung et al [23]. The DASH diet is
characterized by higher intake of fruits, vegetables, legumes, and nuts and minimal intake of
sugary foods, sodium, and animal products [24]. aHEI is based on foods and nutrients that
predict chronic disease risk [8]. Additional details of these dietary patterns, including how
the scores are calculated, are provided in Supplementary Tables 1a and 1b.

Area Deprivation Index

ADI was used to characterize neighborhood deprivation of residence at enroliment.
Seventeen weighted US census indicators of educational attainment, income, employment,
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and housing (e.g., unemployment rate and median home value) were obtained from the

U.S. Census and the American Community Survey and used to construct the 2000 ADI
[25-26]. Each neighborhood received a percentile ranking, with higher percentage of ADI
corresponding to greater neighborhood deprivation. Census block-group identification codes
were used to link each participants’ enrollment residential address and the ADI. Participants
were categorized into three groups based on ADI tertiles within the study sample.

Identification of T2D

Annual follow-up questionnaires were used to ascertain incident T2D. Follow-up was
through September 2019 (data release 9.1, median 11.6 years of follow-up). Participants
were asked, “Has a doctor or other healthcare provider ever told you that you had diabetes?”
Women who responded “Yes” or who self-reported use of oral anti-diabetic medication or
insulin use were assumed to have incident T2D. To identify incident T2D, women were
excluded at baseline if they had likely type 1 diabetes (n=141), a prior history of secondary
diabetes (n=24), or prevalent T2D (n=3,836). Women were classified as type 1 diabetes if
they: 1) self-reported T1D, 2) were diagnosed with diabetes prior to 20 years old, or 3)
received a diabetes diagnosis between the ages of 20 and 34 and began taking insulin less
than 12 months following diagnosis [27]. Women with diabetes were classified as having
secondary diabetes if they also had hemochromatosis, hepatitis, drug-induced diabetes, liver
cirrhosis, hyperthyroidism, polycystic ovary syndrome, or gestational diabetes within 12
months prior to T2D diagnosis [28]. Women taking anti-diabetic medication at enrollment
or within the past 12 months or who self-reported being told by a physician or healthcare
provider they had non-pregnancy related T2D at baseline were assumed to have prevalent
T2D.

Covariate Assessment

Covariates were assessed through questionnaires at baseline. Details on the categorization of
covariates are provided in Table 1 and Supplementary Material.

Statistical Analysis

In addition to exclusions described above, women with a missing date of T2D diagnosis
(n=574) were excluded. Person-time within the first 12 months of follow-up (n=461) was
excluded to reduce bias related to undetected T2D present at baseline. Additionally, women
with missing dietary data (n=1,335), missing covariate data (n=4,106), except for vitamin/
supplement use and family history of T2D, or BMI less than 15 kg/m? or greater than

50 kg/m? (n=164) were excluded. Implausible energy intake (<500 or >5000 kcals/day)
was considered as an exclusion criterion, but after applying previous exclusion criteria, no
observations in the study sample had implausible energy intake. The final study sample
consisted of 40,243 women.

Frequencies and proportions are reported for categorical variables and means and standard
deviations are reported for continuous variables. Based on Schoenfeld residuals, the Cox
proportional hazards assumption was satisfied. Multivariable-adjusted hazard ratios (HRS)
and 95% Cls were estimated using Cox proportional hazards models with age as the primary
time scale. Dietary patterns were expressed in quartiles based on the distribution in the
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study sample and as continuous measures. Statistical models were adjusted for baseline
measures of total energy intake, race and ethnicity, educational attainment, household
income, smoking status, vitamin/supplement use in the past 12 months, ever use of hormone
contraceptives, hormone therapy, family history of T2D, quintiles of total MET-hours of
physical activity per week, and ADI. DASH and HEI-2015 models were additionally
adjusted for alcohol consumption. aMED and aHEI contain alcohol as a component of

the score, and thus, alcohol was not included in the multivariable models for these dietary
patterns. Body mass index (BMI), hypertension, and hypercholesterolemia are potential
mediators of the association between dietary patterns and risk of T2D and thus, were not
included in the multivariable-adjusted models. However, as part of sensitivity analysis these
covariates were added to the regression models. Linear tests for trend were calculated by
modeling the quartiles of dietary indices as ordinal. A two-sided p value of less than 0.05
was considered statistically significant in the main effect models.

Effect modification by individual sociodemographic characteristics (race and ethnicity,
education, and income) and by neighborhood-level ADI was assessed by stratification. Joint
associations of ADI and HEI-2015 were examined using a common referent group (low ADI
and high HEI-2015) and comparing all other combinations to the common referent group.
The relative excess risk due to interaction (RERI) was calculated to assess interaction on

the additive scale [29-30]. Interaction p-values were determined by including an interaction
term in the adjusted models. P values less than 0.10 were considered statistically significant
in interaction models. All statistical analyses were conducted using SAS 9.4 (SAS Institute,
Cary, NC).

RESULTS

Table 1 shows characteristics of Sister Study participants at baseline by HEI-2015 quartiles.
We focus on HEI-2015 because it was the only dietary pattern in which the interaction

with all three SES variables (education, income, and ADI) were statistically significant.
Descriptive statistics by quartiles of the other three dietary patterns are provided in
Supplementary Tables 2-4. Women in the highest quartile of HEI-2015 were more likely

to be older, have lower BMI, be non-Hispanic White (NHW), have a college degree,

be never smokers, be postmenopausal, and be less sedentary compared to women in

the lowest quartile. Descriptive characteristics were similarly distributed across quartiles

of the other dietary patterns (Supplementary Tables 2-4). Women living in the most
deprived neighborhoods tended to have higher BMI, lower educational attainment, lower
income, and be smokers of =20 pack-years as compared to those in less deprived areas
(Supplementary Table 5). Median HEI-2015 scores were highest among women with at least
a college degree, an income greater than $100,000, and the lowest neighborhood deprivation
(Supplementary Table 6).

During 408,756 person-years of follow up, 2,486 women developed T2D. HRs and 95%
Cls for the association between incident T2D and dietary pattern scores are presented in
Table 2. Women in the highest HEI-2015, aMED, DASH, and aHEI quartiles had a 37%,
34%, 43%, and 42% reduction in the hazard of T2D, respectively, compared to women

in the lowest quartiles (aHRpg|-2015: 0.63, 95% CI: 0.55, 0.71; aHR;mep: 0.66, 95% CI:
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0.58, 0.75; aHRpasH: 0.57, 95% CI: 0.51, 0.65; aHR,Hg: 0.58, 95% CI: 0.51, 0.65), and
there was evidence of decreasing trend in T2D risk with increasing dietary pattern scores
(@ll Pireng <0.0001). In addition, each one SD increase in all dietary indices was inversely
associated with T2D risk. In a sensitivity analysis that included additional adjustment for
BMI, hypertension, and high cholesterol (Supplementary Table 7), results were attenuated
but generally consistent with those in Table 2. In the aMED model, there was no significant
evidence of a linear trend.

Estimates for the associations between socioeconomic indicators and T2D risk are also
shown in Table 2. Women living in areas with high neighborhood deprivation had a higher
risk of T2D compared to women with low neighborhood deprivation (HR: 1.31, 95% CI:
1.18, 1.46). Comparing those in the highest to lowest education category, the risk of T2D
was lower among women with at least a college degree (HR: 0.87, 95% CI: 0.77, 0.98).
Compared to women with income <$50,000/year, the risk of T2D was reduced among
women reporting income of >2$100,000/year (HR: 0.67, 95% CI: 0.60, 0.76). Following
adjustment for BMI, hypertension, and high cholesterol (Supplementary Table 7), the
association between ADI and T2D risk was attenuated, educational attainment was no
longer associated with T2D risk, and the HR in the household income model was slightly
attenuated.

Associations between dietary patterns and T2D stratified by race and ethnicity, education,
income, and ADI are shown in Table 3. In models stratified by race and ethnicity comparing
the highest quartile to the lowest quartile of dietary pattern scores, associations with T2D
were similar for NHW, non-Hispanic Black (NHB), and other race and ethnicity groups
except for the HEI-2015 where the association was null among NHB women. The inverse
relationship between HEI-2015 and T2D risk was strongest for women with at least a
college degree (aHRqayso1: 0.56, 95% CI: 0.46, 0.66). Comparing the highest to lowest
HEI-2015 quartile, risk estimates were attenuated among women with a household income
of less than $50,000/year. Within strata of ADI, comparing the highest quartile of HEI-2015
to the lowest, the risk of T2D was lowest among women with low neighborhood deprivation
(low ADI aHR@4ys01: 0.44, 95% CI: 0.35, 0.56; high ADI aHRq4ysq1: 0.75, 95% CI:

0.63, 0.90; Pinteraction: 0.0007). Similar stratified risk estimates were observed in aMED,
DASH, and aHEI models. In contrast to the other dietary patterns, there was evidence

of statistical interaction between aMED and race and ethnicity (Pinteraction: 0-02), with a
stronger association observed among women who were neither NHW nor NHB.

The joint associations of HEI-2015 and ADI with the highest HEI-2015 quartile and lowest
ADI tertile as the common referent are presented in Figure 1. Among women with high
neighborhood deprivation (ADI > 39) in the lowest HEI-2015 quartile, the risk of T2D
increased by 2-fold (HR: 2.06, 95% CI: 1.67, 2.56). Similar risk estimates were observed
among women with moderate (ADI 18-39) and low (ADI < 17) neighborhood deprivation in
the lowest HEI-2015 quartile. Among women with high neighborhood deprivation who were
in the highest category of diet quality, the increased risk of T2D was attenuated (HR: 1.55,
95% CI: 1.23, 1.95). Among women with high neighborhood deprivation (ADI > 39) in
HEI-2015 quartile 1, RERI was —0.66, indicating negative interaction on the additive scale
(RERI: —0.66, 95% CI: —1.18, —0.14) (Supplementary Table 8).
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Compared to women who were included in the analyses, those who were excluded tended to
be older, with higher BMI and ADI, and lower physical activity levels (Supplementary
Table 9). A higher proportion of excluded participants were NHB or Other race and
ethnicity, lower income, former or never drinkers, postmenopausal, and had high cholesterol,
hypertension, and a family history of T2D.

DISCUSSION

In this prospective cohort study of women with a family history of breast cancer, higher
scores on four dietary indices representing a better-quality diet were inversely associated
with incident T2D. Inverse associations were highest in magnitude among women with
higher individual SES and lower neighborhood deprivation, whereas the associations
were less pronounced among those with lower individual SES and higher neighborhood
deprivation.

Studies investigating the relationship between HEI and incident T2D have produced
inconsistent results. Most studies have reported null findings, while other studies, including
ours, observed significant inverse associations [4-5,7-9,11]. HEI assesses conformity to
the Dietary Guidelines for Americans and is updated every 5 years [21]. Since studies
using HElIs of the same year have produced inconsistent results, these different results are
unlikely to be attributed to variation in the years of HEI updates. For example, while our
study reported a significant inverse association between HEI-2015 and incident T2D, a
recent study reported no association [11]. A potential explanation for the heterogeneity in
findings is differences in study population characteristics, as there was some heterogeneity
in ethnicity and sex assigned at birth across studies.

Similar to our findings, previous evidence suggests that aMED is inversely associated with
T2D incidence [4-6]. The observed inverse relationship between DASH and incident T2D in
the present study is consistent with findings from the Health Professional’s Follow Up Study
(HPFS) and Women’s Health Initiative (WHI) [4-5]. However, in the Insulin Resistance
Atherosclerosis Study, DASH was inversely associated with T2D only among White
participants and not among Black or Hispanic participants. In the InterAct Consortium
conducted in Europe, higher DASH scores were not statistically significantly associated with
risk of T2D [31-32]. Consistent with our findings, significant inverse associations between
aHEI and T2D were observed in several studies, including the HPFS, Nurses’ Health Study,
and WHI [4-5,8]. However, some studies have observed no association between aHEI and
T2D risk [11, 32].

In line with our findings, previous studies have reported associations between SES indicators
and T2D risk [12-15]. Clustering of adverse health behaviors that are risk factors for T2D,
such as smoking, physical inactivity, and obesity, is more likely to be reported among

those with low SES than those with high SES [33-35]. In addition, individuals with higher
educational attainment and income tend to consume higher quality, nutrient-dense diets than
those with lower income and educational attainment [36-37].
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We found evidence of interaction between HEI-2015 and ADI on both additive and
multiplicative scales. In stratified models, the inverse associations between dietary pattern
scores and T2D were attenuated among those with lower SES and higher neighborhood
deprivation. A previous study in a Dutch population corroborates these findings where
associations between diet quality and incident T2D were weakest for individuals with the
lowest educational attainment [16]. Similarly, a recent study found that the DASH dietary
pattern was not associated with risk of heart failure among lowincome individuals but was
inversely associated among higher-income participants [38]. Though neighborhood SES
indicators have been associated with T2D risk, this study is the first to examine whether
the association between healthy dietary indices and T2D risk varies by ADI [14-15]. ADI
represents a combination of neighborhood factors, including income, employment, safety,
access, and availability of resources that influence T2D risk. Due to the combination of
risk factors associated with high neighborhood deprivation, it is possible that the benefits of
adhering to healthy eating patterns do not outweigh the health costs of living in areas with
high deprivation [16, 38].

Inverse associations between dietary indices and risk of T2D were fairly consistent across
different racial and ethnic groups, except that the HEI-2015 was not associated with T2D
among NHB. We found a significant inverse association between aMED and incident T2D
risk across all racial and ethnic groups, but this association was most pronounced among
women who were neither NHW nor NHB. In contrast, O’Connor et al. observed the inverse
relationship between aMED and incident T2D was strongest among NHB women in the
Atherosclerosis Risk in Communities study [6]. However, other studies have reported no
association between healthy dietary indices (e.g., aMED, DASH, aHEI, and HEI-2010) and
incident T2D among NHB women [7] or a combined race and ethnicity category of NHB
and Hispanic women [31]. Future studies in diverse populations are needed to confirm these
findings.

This study had several strengths. The prospective study design minimized the potential

for reverse causality. Given the large sample size, we had the statistical power to detect
differences in the association between dietary indices and incident T2D within strata of
potential effect modifiers. Due to the comprehensive data collection methods in the Sister
Study, we were able to adjust for multiple confounders. Additionally, the attrition rate in the
Sister Study is low. Despite these strengths, dietary data were only collected at baseline, and
we were unable to capture changes in dietary habits over time. Diabetes status was based on
self-report, which left our study susceptible to misclassification bias. However, self-reported
T2D has relatively high negative (> 90%) and positive (~ 80%) predictive values among
women in the US [39]. In addition, evaluation of hemoglobin A1C levels in a subset of our
population suggested that undetected T2D was limited [40].

In conclusion, higher diet quality, as assessed by four dietary indices was associated with
reduced risk of T2D, and associations were strongest among women with higher income/
lower neighborhood deprivation. Attenuated associations among participants with lower
individual SES and higher neighborhood deprivation suggest that other risk factors play
a larger role in T2D incidence than diet quality among individuals with low SES. Future
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studies are needed to confirm the potential socioeconomic disparities in the relationship
between alignment with healthy eating patterns and T2D risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Plot of the joint associations of HEI-2015 and ADI with type 2 diabetes incidence.

HEI-2015 quartile ranges: Q1: < 65.75568, Q2: 65.75569-72.8042, Q3: 72.8043-79.0720,
Q4:>79.0720
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