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Abstract 
Background: Background: Diabetes remains a major public health challenge in the United States, and structural food environments may 

contribute to geographic differences in diabetes burden. However, national county-level evidence comparing alternative Retail Food 

Environment Indices (RFEI) in relation to diabetes prevalence and incidence remains limited. We examined associations between county-level 

retail food environment indices and diabetes prevalence and incidence in the United States. Methods: This ecological cross-sectional study 

used county-level data from the 2021 CDC Diabetes Surveillance System and the USDA Food Environment Atlas. A total of 2,951 U.S. counties 

with complete data were included. Primary exposures were the RFEI and expanded variants (RFEI1 and RFEI2), which quantify the relative 

balance of less healthy and healthier food outlet categories. Primary outcomes were age-adjusted diabetes prevalence and incidence. Pearson 

correlation coefficients and multivariable linear regression models assessed associations after adjustment for demographic, socioeconomic, 

behavioral, and food-access covariates. Model diagnostics and sensitivity analyses were performed. Results: Higher RFEI values were weakly 

correlated with diabetes prevalence (r = 0.18) and incidence (r = 0.17). Similar positive correlations were observed for RFEI1 and RFEI2. In 

adjusted models, RFEI remained significantly associated with diabetes prevalence (β = 0.01, 95% CI 0.00-0.02, p = .004) and incidence (β = 

0.07, 95% CI 0.04-0.09, p < .001). Associations were modest. Conclusion: Poorer county-level retail food environments were statistically 

associated with higher diabetes prevalence and incidence. However, effect sizes were small, and findings should be interpreted as hypothesis-

generating county-level associations rather than evidence of individual-level risk or causality. 
 

 

 

Introduction 
Diabetes mellitus, particularly type 2 diabetes (T2DM), continues 

to pose a major public health challenge in the United States. As 

of 2021, an estimated 38.4 million people of all ages, or 11.6% of 

the U.S. population, had diabetes.1,2 Among adults aged 18 and 

older, the prevalence was even higher at 14.7%, with a 

disproportionate burden observed in older adults; nearly 3 in 10 

adults aged 65 or above were living with the disease.1–3 

Additionally, 8.7 million adults met laboratory criteria for diabetes 

but were unaware or undiagnosed, reflecting a gap in disease 

recognition and management. That same year, approximately 1.2 

million new cases of diabetes were diagnosed among adults, 

reinforcing the continuing and widespread nature of the 

epidemic.1,3,4 
 

Multiple risk factors contribute to the development of T2DM. 

Some are non-modifiable, such as family history, age, race or 

ethnicity, and a history of gestational diabetes, factors that can 

increase susceptibility regardless of lifestyle. Others are 

modifiable and offer opportunities for prevention.5,6 These 

include excess body weight, physical inactivity, high blood 

pressure, smoking, and dietary patterns.5-7 While individual 

lifestyle factors remain important, there is increasing recognition 

of the role of structural and environmental determinants of 

health, including the availability and accessibility of healthy 

foods.8-10 

 

Many communities, particularly in low-income and underserved 

areas, experience an imbalance in their food environments, with 

limited access to supermarkets or farmers markets and greater 

exposure to fast-food outlets and convenience stores.11-14 These 

environments, often described as "food deserts" or "food 

swamps," are thought to influence dietary behaviors and long-

term cardiometabolic outcomes.12–14 However, these constructs 

remain simplifications of complex food systems and may not fully 

capture food quality, affordability, or purchasing behavior. 

 

To quantify local food environments, the Retail Food Environment 

Index (RFEI) has been widely used as an outlet-based structural 

measure comparing the relative density of less healthy and 

healthier food retailers.15,16 Higher RFEI values indicate a greater 

concentration of fast-food restaurants and convenience stores 

relative to grocery stores. Despite its widespread use, the 

conventional RFEI may oversimplify local food access, particularly 

because the classification of certain outlet types, such as 

supercenters, remains context dependent. 
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To address this limitation, we examined two expanded variants, 

RFEI1 and RFEI2, which apply different assumptions regarding the 

classification of supercenters and include additional food retail 

categories. Supercenters may function as sources of affordable 

groceries in some communities while also increasing access to 

energy-dense processed foods in others. Therefore, evaluating 

alternative RFEI specifications may provide a more nuanced 

assessment of the association between retail food environments 

and health outcomes. 
 

Although ecological and neighborhood-level studies have linked 

food environments to dietary behavior, obesity, and 

cardiometabolic outcomes, fewer national county-level analyses 

have systematically compared alternative RFEI specifications in 

relation to both diabetes prevalence and incidence.15,16 This 

distinction is important because different index constructions 

may yield different inferences regarding the role of the food 

environment as a structural correlate of disease burden. 
 

Therefore, this study aimed to examine the association between 

county-level retail food environment indices and diabetes 

prevalence and incidence across U.S. counties. We also assessed 

whether these associations were consistent across alternative 

RFEI specifications that differ in the classification of supercenters 

and healthier food retail outlets. Given the ecological and cross-

sectional design, this study was intended to generate population-

level hypotheses rather than establish individual-level risk or 

causal effects.  

 

Methods 
Study Design and Data Sources 

This ecological cross-sectional study used publicly available 

county-level data from the United States. The primary outcomes 

were age-adjusted diabetes prevalence (%) and diabetes 

incidence (new cases per 1,000 adults), obtained from the CDC 

Diabetes Surveillance System (2021).3 Food environment 

measures, including the Retail Food Environment Index (RFEI) and 

its expanded variants (RFEI1 and RFEI2), as well as county-level 

demographic, socioeconomic, behavioral, and food-access 

covariates, were obtained from the USDA Food Environment Atlas 

using the most recent available measures for each indicator in the 

dataset release.17 

 

All datasets were merged using the standardized five-digit 

Federal Information Processing Standard (FIPS) county codes.18 

This study was reported in accordance with the STROBE guideline 

for observational studies.19  

 

Because the unit of analysis was the county, all exposures, 

outcomes, and covariates were analyzed as aggregate county-

level measures. No individual-level data were included, and all 

findings were interpreted as ecological associations rather than 

individual-level relationships. 
 

Study Counties 

The initial dataset included all 3,141 U.S. counties and county 

equivalents available in the merged source files. Counties were 

included in the final analysis if complete data were available for 

all exposure, outcome, and covariate variables used in the 

regression models. Counties were excluded if one or more 

required variables were missing. A total of 190 counties were 

excluded, resulting in a final complete-case analytic sample of 

2,951 counties.  

 

A complete-case analytic approach was used, and no imputation 

was performed. Potential bias from missing data was evaluated 

by comparing included and excluded counties descriptively, 

where data were available. 

 

Exposure Variables 

The primary exposure of interest was the Retail Food Environment 

Index (RFEI), an outlet-based measure comparing the relative 

availability of food outlet categories typically classified as less 

healthy with those classified as healthier retail food sources. The 

standard RFEI was calculated as the ratio of fast-food restaurants 

and convenience stores to grocery stores. RFEI1 was calculated 

using fast-food restaurants, convenience stores, and supercenters 

in numerator and grocery stores, farmers markets, and 

specialized food stores in the 

 

denominator. RFEI2 was calculated using fast-food restaurants 

and convenience stores in the numerator andgrocery stores, 

farmers markets, specialized food stores, and supercenters in the 

denominator. Thus, RFEI1 treats supercenters as part of the less 

favorable food outlet environment, whereas RFEI2 treats 

supercenters as part of healthier food access. 
 

RFEI = (fast food restaurants + convenience stores) ÷ 

grocery stores 

RFEI1 = (fast food restaurants + convenience stores + 

supercenters) ÷ (grocery stores + farmers markets + 

specialized stores) 

RFEI2 = (fast food restaurants + convenience stores) ÷ 

(grocery stores + farmers markets + specialized stores 

+ supercenters) 

 

The distinction between RFEI1 and RFEI2 reflects uncertainty in 

the classification of supercenters. In some settings, supercenters 

may improve access to affordable groceries, while in others, they 

may increase access to highly processed foods. Therefore, RFEI1 

classifies supercenters as less favorable outlets, whereas RFEI2 

classifies them as part of the healthier food access denominator. 

For all indices, higher values indicate a less favorable retail food 

environment.  

 

Counties with undefined index values due to zero denominators 

were coded as missing and excluded from index-specific analyses. 

 

Outcome Variables and Covariates 

The primary outcomes were county-level age-adjusted diabetes 

prevalence, defined as the percentage of adults with diagnosed 

diabetes, and age-adjusted diabetes incidence, defined as the 

number of newly diagnosed cases per 1,000 adults. 
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Covariates included county-level demographic, socioeconomic, 

behavioral, and food-access characteristics. Demographic 

variables included percentages of racial and ethnic groups 

(White, Black, Hispanic, Asian, American Indian or Alaska Native, 

and Native Hawaiian or Pacific Islander). Socioeconomic variables 

included median household income, poverty rate, SNAP 

participation, and food insecurity. Behavioral variables included 

obesity prevalence and physical inactivity prevalence. Food-

access context was represented by the percentage of Food-

access context was represented by the percentage of grocery 

access to the residents  
 

All covariates were analyzed as continuous variables. Percentage 

variables were interpreted per one-percentage-point increase 

unless otherwise specified. Median household income was 

analyzed in its original scale, and units for all variables were 

defined in the regression table footnotes. 
 

Statistical Analysis 

All analyses were performed using R software (version 4.5.0) with 

relevant statistical packages for regression modelling, diagnostics 

and visualization.  
 

Descriptive statistics were calculated for all variables. Continuous 

variables were summarized using means and standard deviations. 

Pearson correlation coefficients were used to assess unadjusted 

associations between food environment indices and diabetes 

outcomes.  

 

County-level diabetes prevalence and incidence were analyzed as 

continuous outcomes using linear regression models. Linear 

regression was selected because the outcomes represent 

aggregated county-level rates rather than individual-level binary 

outcomes. Although diabetes prevalence is bounded between 0 

and 100, observed values were not near boundary extremes, 

supporting the use of linear models for ecological interpretation. 

Univariate linear regression models were first used to examine the 

association of RFEI, RFEI1, RFEI2 with diabetes outcomes. 

Multivariable linear regression models were then constructed 

using RFEI as the primary exposure, adjusting for demographic, 

socioeconomic, behavioral, and food-access covariates. 

 

To avoid multicollinearity among race variables, the percentage 

of White population was treated as the implicit reference and 

excluded from the multivariable model. 

 

A complete-case analytic approach was used and no imputation 

was performed. 

 

Model Diagnostics 

Model assumptions were evaluated using multiple diagnostic 

approaches. Residual-versus-fitted plots were used to assess 

linearity and variance patterns, and Q–Q plots were used to assess 

residual normality. Heteroscedasticity was formally tested using 

the Breusch–Pagan test. Influential observations were identified 

using Cook’s distance, with a threshold of 4/n. Multicollinearity 

was assessed using variance inflation factors (VIF). 

 

Sensitivity Analyses 

Several sensitivity analyses were conducted to evaluate 

robustness. First, regression models were repeated using 

heteroscedasticity-robust standard errors (HC3). Second, models 

were repeated using log-transformed RFEI [log(RFEI + 1)] to 

address skewness. Third, analyses were repeated after excluding 

influential observations identified by Cook’s distance. Finally, 

alternative exposure specifications using RFEI1 and RFEI2 were 

evaluated in adjusted models. 

 

Exploratory interaction analyses between RFEI and poverty rate 

were also performed to assess potential effect modification, with 

results interpreted cautiously. Statistical significance was 

assessed using two-sided p-values, with p < 0.05 considered 

statistically significant. Given the large sample size, statistical 

significance was interpreted alongside effect size and confidence 

intervals rather than as evidence of substantive importance. 

 

Potential Sources of Bias 

Several sources of bias were considered in the design and 

interpretation of this study. First, because the analysis was 

ecological and county-level, observed county-level associations 

may not reflect individual-level relationships. Second, outlet-

based food environment indices may misclassify the nutritional 

context of communities because they do not capture food 

quality, affordability, in-store product availability, or consumer 

purchasing behavior. Third, the complete-case approach may 

introduce selection bias if excluded counties differed 

systematically from included counties. Finally, residual 

confounding is possible because not all relevant structural or 

individual-level determinants of diabetes could be measured. 

Residual confounding, ecological fallacy, and exposure 

misclassification related to outlet-based indices were considered 

in interpretation: 
 

Results 
Data Completeness 

Of the 3,141 U.S. counties and county equivalents in the initial 

dataset, 2,951 counties had complete data for all exposure, 

outcome, and covariate variables required for analysis. Counties 

with incomplete data were excluded, resulting in the removal of 

190 counties from the final analytic sample. 

 

Missingness was primarily observed in food environment indices 

and selected covariates. A complete-case analytic approach was 

retained because the proportion of excluded counties was 

relatively small; however, the possibility of selection bias cannot 

be excluded. Because excluded counties were missing one or 

more required exposure, outcome, or covariate variables, a 

complete side-by-side comparison was limited by data 

availability. However, the complete-case sample retained 2,951 of 

3,141 counties and county equivalents, representing most 

counties in the national dataset. Therefore, while selection bias 

cannot be fully excluded, the analytic sample preserved broad 

national county-level coverage. 
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Table 1. Descriptive Characteristics of U.S. Counties Included in the 

Analysis (N = 2,951) 
 

Variable Mean ± SD 
Retail Food Environment Index (RFEI) 6.76 ± 4.37 
Expanded Retail Food Environment Index (RFEI1) 4.50 ± 2.73 
Expanded Retail Food Environment Index (RFEI2) 4.04 ± 2.26 
Diabetes prevalence (%) 8.59 ± 1.56 
Male diabetes prevalence (%) 9.22 ± 1.56 
Female diabetes prevalence (%) 8.01 ± 1.58 
Diabetes incidence (per 1,000 adults) 9.36 ± 3.48 
Percent White population 78.67 ± 19.70 
Percent Black population 8.68 ± 14.53 
Percent Hispanic population 8.15 ± 13.12 
Percent Asian population 1.11 ± 2.45 
Percent American Indian/Alaska Native population 1.74 ± 6.87 
Percent Native Hawaiian/Pacific Islander 
population 

0.07 ± 0.38 

Median household income (USD) 
48506.69 ± 
12143.35 

Poverty rate (%) 16.24 ± 6.36 
Grocery access (%) 22.30 ± 18.43 
SNAP participation (%) 12.90 ± 3.18 
Food insecurity (%) 12.89 ± 2.21 
Obesity prevalence (%) 28.36 ± 6.47 
Physical inactivity prevalence (%) 19.42 ± 4.01 

Legend: RFEI = Retail Food Environment Index. "RFEI1 and RFEI2 represent 

expanded food environment specifications differing in supercenters 

classification." with "RFEI1 includes supercenters in the numerator as less 

favorable food outlets, whereas RFEI2 includes them in the denominator as 

healthier retail food sources. These classifications reflect alternative analytical 

assumptions rather than definitive assessments of supercenter food quality." 

 

Descriptive Analysis  

A total of 2,951 U.S. counties with complete data were included 

in the descriptive analysis. The mean Retail Food Environment 

Index (RFEI) was 6.76 ± 4.37, indicating that counties had, on 

average, substantially greater availability of fast-food restaurants 

and convenience stores relative to grocery stores. The expanded 

variants showed lower mean values, with RFEI1 = 4.50 ± 2.73 and 

RFEI2 = 4.03 ± 2.26, reflecting differences in index construction 

related to supercenters and additional food retail categories. 

 

The mean age-adjusted diabetes prevalence across counties was 

8.59%, while the mean diabetes incidence rate was 9.36 cases per 

1,000 adults. Diabetes prevalence was higher among males than 

among females. Descriptive statistics for food environment 

indices, diabetes outcomes, and covariates are presented in 

Table 1. 
 

Correlation Analysis 

Pearson correlation coefficients were calculated to assess 

unadjusted bivariate relationships between food environment 

indices and diabetes outcomes. The standard Retail Food 

Environment Index (RFEI) demonstrated weak but positive 

correlations with both diabetes prevalence (r = 0.18) and diabetes 

incidence (r = 0.17). The expanded indices showed slightly 

stronger but still modest positive correlations. RFEI1 was 

correlated with diabetes prevalence (r = 0.23) and diabetes 

incidence (r = 0.24), whereas RFEI2 was correlated with diabetes 

prevalence (r = 0.22) and diabetes incidence (r = 0.25). Although 

statistically significant, these correlations demonstrated low 

explanatory strength, suggesting that food environment indices 

alone accounted for only a small proportion of variation in 

county-level diabetes burden. Sex-specific prevalence 

correlations were removed from the primary analysis because no 

formal effect-modification testing by sex was performed. 

Correlation results are presented in Figure 1. 
 

Table 2.  Univariate Linear Regression Analyses of Food Environment 

Indices and Diabetes Outcomes 
 

Outcome Exposure β 
coefficient 

95% 
CI 

p-
value 

R² 

Diabetes 
prevalence 

RFEI 0.06 
0.05 to 

0.08 
< .001 0.03 

Diabetes 
prevalence 

RFEI1 0.13 
0.11 to 

0.15 
< .001 0.05 

Diabetes 
prevalence 

RFEI2 0.15 
0.13 to 

0.18 
< .001 0.05 

Diabetes 
incidence 

RFEI 0.13 
0.11 to 

0.16 
< .001 0.03 

Diabetes 
incidence 

RFEI1 0.31 
0.27 to 

0.36 
< .001 0.06 

Diabetes 
incidence 

RFEI2 0.38 
0.33 to 

0.43 
< .001 0.06 

Legend: β coefficients represent unadjusted linear regression estimates. 

Diabetes prevalence is expressed in percentage points. Diabetes incidence is 

expressed as cases per 1,000 adults. 

 

Univariate Regression Analysis  

Univariate linear regression analyses demonstrated statistically 

significant positive associations between all food environment 

indices and both diabetes prevalence and diabetes incidence. For 

diabetes prevalence, RFEI was associated with a 0.06 percentage-

point increase in prevalence per one-unit increase in index value 

(β = 0.06, p < .001). Similarly, RFEI1 and RFEI2 demonstrated 

positive associations with diabetes prevalence. For diabetes 

incidence, RFEI was associated with a 0.13 case-per-1,000-adults 

increase in incidence (β = 0.13, p < .001). Similar positive 

associations were observed for RFEI1 and RFEI2. However, 

unadjusted R² values were low across models, indicating weak 

explanatory power despite statistical significance. Detailed 

univariate regression results are presented in Table 2. 
 

Figure 1. Pearson Correlations between Food Environment Indices 

and Diabetes Outcomes 

 

 
Legend: RFEI = Retail Food Environment Index. RFEI1 and RFEI2 represent 

alternative food environment specifications differing in the classification of 

supercenters and healthier food retail outlets. 
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Table 3. Multivariable Linear Regression Models for Diabetes 

Prevalence and Incidence 
 

Variable Diabetes 

prevalence β 

(95% CI) 

p-value Diabetes 

incidence 

β (95% 

CI) 

p-

value 

RFEI 0.01 (0.00 to 

0.02) 

.004 0.07 (0.04 

to 0.09) 

< 

.001 

Percent Black 

population 

0.03 (0.03 to 

0.03) 

<.001 0.07 (0.06 

to 0.08) 

<.001 

Percent Hispanic 

population 

0.01 (0.00 to 

0.01) 

<.001 -0.01 [(-

0.02) to 

0.00] 

0.09 

Percent Asian 

population 

0.03 (0.01 to 

0.05) 

<.001 -0.03 [(-

0.09) to 

0.03] 

0.33 

Percent 

American 

Indian/Alaska 

Native 

population 

0.03 (0.03 to 

0.04) 

<.001 0.06 (0.04 

to 0.08) 

<.001 

Percent Native 

Hawaiian/Pacific 

Islander 

population 

-0.05 [(-0.15) 

to (0.06)] 

0.38 0.16 [(-

0.16) to 

0.48] 

0.33 

Median 

household 

income 

(per10.0000u 

USD) 

-0.080 [(-

0.135) to (-

0.025)] 

<.0.0045 -0.286 [(-

0.455) to 

(-0.117)] 

<.001 

Poverty rate 0.01 (0.00 to 

0.03) 

0.02 0.09 (0.06 

to 0.13)  

<.001 

Grocery access 0.00 (0.00 to 

0.00) 

0.93 -0.01 [(-

0.01) to 

0.00] 

0.01 

SNAP 

participation 

0.05 (0.04 to 

0.07) 

<.001 0.08 (0.04 

to 0.12) 

<.001 

Food insecurity -0.04 [(-0.05) 

to (-0.02)] 

<.001 -0.03 [(-

0.08) to 

0.02] 

0.26 

Obesity 

prevalence 

0.08 (0.08 to 

0.09) 

<.001 -0.01 [(-

0.03) to 

0.02] 

0.62 

Physical 

inactivity 

prevalence 

0.13 (0.11 to 

0.14) 

<.001 0.13 (0.09 

to 0.17) 

<.001 

Legend: β coefficients represent adjusted linear regression estimates. 

Diabetes prevalence is expressed as a percentage-point change. Diabetes 

incidence is expressed as cases per 1,000 adults. The percentage of the White 

population was excluded from multivariable models as the implicit reference 

category to reduce multicollinearity among race variables. Median household 

income 10000 USD; therefore, regression coefficients appear numerically small 

because they represent per-dollar increases. 

 

Multivariable Regression Analysis 

Multivariable linear regression analyses were conducted to 

evaluate the associations between the Retail Food Environment 

Index (RFEI) and diabetes outcomes after adjustment for county-

level demographic, socioeconomic, behavioral, and food-access 

covariates. In the adjusted diabetes prevalence model, each one-

unit increase in RFEI was associated with a 0.01 percentage-point 

increase in diabetes prevalence (β = 0.01, 95% CI 0.00–0.02, p = 

.004). In the adjusted diabetes incidence model, each one-unit 

increase in RFEI was associated with a 0.07 case-per-1,000-adults 

increase in diabetes incidence (β = 0.07, 95% CI 0.04–0.09, p < 

.001).  

 

Among covariates, physical inactivity, SNAP participation, and the 

percentage of Black population were significantly associated with 

both diabetes outcomes. Obesity prevalence was significantly 

associated with diabetes prevalence (p < .001), but not incidence 

(p = .62). The adjusted prevalence model explained 

approximately 66% of the variance in diabetes prevalence, 

whereas the adjusted incidence model explained approximately 

37% of the variance in diabetes incidence. These adjusted R² 

values reflect the combined contribution of demographic, 

socioeconomic, behavioral, and food-access covariates and 

should not be interpreted as the proportion of variance explained 

by RFEI alone. Although RFEI remained statistically significant 

after adjustment, the magnitude of association was modest in 

absolute terms. Adjusted multivariable regression results are 

summarized in Table 3. 

 

Table 4. Regression Diagnostic Assessment 
 

Diagnostic measure Diabetes 

prevalence 

model 

Diabetes 

incidence model 

R² 0.67 0.37 

Adjusted R² 0.66 0.37 

Breusch–Pagan test p-value < .001 < .001 

Maximum VIF 4.9 4.9 

Influential counties 

identified 

143 174 

Legend: VIF = Variance inflation factor. 

Influential counties were identified using Cook’s distance threshold of 4/n 

 

Table 5. Sensitivity Analyses of the Association Between Food 

Environment Indices and Diabetes Outcomes 
 

Sensitivity analysis Diabetes 

prevalence β (95% 

CI) 

Diabetes incidence 

β (95% CI) 

Robust standard 

errors 

0.01 (0.00 to 0.02) 0.07 (0.06 to 0.08) 

Log-transformed RFEI 0.14 (0.07 to 0.21) 0.60 (0.40 to 0.81) 

Excluding influential 

counties 

0.01 (0.01 to 0.02) 0.06 (0.04 to 0.08) 

RFEI1 adjusted model 0.03 (0.01 to 0.04) 0.13 (0.09 to 0.17) 

RFEI2 adjusted model 0.04 (0.02 to 0.05) 0.15 (0.10 to 0.20) 

Legend: These findings indicate that the direction of association was not 

dependent on a single analytic specification. Robust standard errors were 

estimated using HC3 heteroscedasticity-consistent estimators. 

 

Model Diagnostics 

Model diagnostic analyses were performed to assess the 

assumptions and stability of the linear regression models. 

Residual-versus-fitted plots demonstrated mild 

heteroscedasticity, particularly at lower fitted values. Q-Q plots 

showed approximate normality of residuals with mild tail 

deviation. The Breusch-Pagan test demonstrated evidence of 

heteroscedasticity in both the diabetes prevalence model (p < 
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.001) and diabetes incidence model (p < .001). Multicollinearity 

assessment demonstrated acceptable VIF values, with a 

maximum VIF below commonly accepted thresholds for severe 

collinearity. Cook’s distance analysis identified potentially 

influential counties in both models. However, exclusion of 

influential observations did not meaningfully alter the direction 

or statistical significance of the primary findings. Diagnostic 

findings are summarized in Table 4. 

 

Sensitivity Analyses 

Several sensitivity analyses were performed to evaluate the 

robustness of the primary findings. In models using 

heteroscedasticity-robust standard errors, the association 

between RFEI and diabetes prevalence remained directionally 

consistent (β = 0.01, 95% CI 0.00 to 0.02), and the association 

with diabetes incidence remained positive (β = 0.07, 95% CI 0.06 

to 0.08). Models using log-transformed RFEI [log(RFEI + 1)] also 

demonstrated positive associations with diabetes prevalence (β 

= 0.14, 95% CI 0.07 to 0.21) and diabetes incidence (β = 0.60, 

95% CI 0.40 to 0.81). After excluding influential counties identified 

using Cook’s distance, RFEI remained positively associated with 

diabetes prevalence (β= 0.01, 95% CI 0.01 to 0.02) and diabetes 

incidence (β = 0.06, 95% CI 0.04 to 0.08). Adjusted models using 

RFEI1 and RFEI2 also showed directionally consistent positive 

associations with both outcomes. Overall, these sensitivity 

analyses suggest that the observed county-level associations 

were modest but generally robust across alternative model 

specifications. Sensitivity analysis results are presented in Table 

5. These findings indicate that the direction of association was 

not dependent on a single analytic specification. 

 

Discussion 
This national county-level ecological study found that less 

favourable retail food environments were associated with higher 

diabetes prevalence and incidence across U.S. counties. Although 

these associations were statistically significant, their magnitude 

was modest, and the unadjusted correlations demonstrated 

limited explanatory strength. Therefore, the findings should be 

interpreted as hypothesis-generating ecological associations 

rather than evidence that food retail environments independently 

or causally determine diabetes risk. 

 

The positive correlations observed between food environment 

indices and diabetes outcomes were weak but directionally 

consistent across RFEI, RFEI1, and RFEI2. This consistency across 

alternative specifications suggests that the observed associations 

were not solely dependent on a single operational definition of 

the retail food environment. However, the relatively small effect 

sizes indicate that food environment indices likely represent only 

one component of a broader structural and socioeconomic 

context associated with diabetes burden. 
 

In adjusted analyses, RFEI remained significantly associated with 

both diabetes prevalence and diabetes incidence after 

accounting for demographic, socioeconomic, behavioural, and 

food-access covariates. Although RFEI remained significantly 

associated with both diabetes outcomes, its estimated 

associations were modest. Other county-level factors, including 

physical inactivity, SNAP participation, and the percentage of 

Black population, were also significantly associated with both 

outcomes, whereas obesity prevalence was associated with 

diabetes prevalence but not incidence. Because these predictors 

were measured on different scales, their unstandardized 

coefficients should not be directly compared to determine 

relative association strength. An important consideration in 

interpreting these findings is the distinction between statistical 

significance and substantive significance. Given the large number 

of U.S. counties included in the analysis, the study had substantial 

statistical power to detect relatively small associations. Therefore, 

statistical significance should not be interpreted as evidence of 

strong predictive or causal importance. Instead, the findings 

indicate that less favorable food environments may coexist with 

broader patterns of structural disadvantage associated with 

diabetes burden. From a practical public health perspective, these 

findings should be viewed as a signal for identifying structurally 

disadvantaged places and prioritizing further longitudinal 

evaluation, rather than as an estimate of the effect of any single 

food-environment intervention. 

 

These findings are generally consistent with prior studies linking 

local food environments to obesity, dietary behaviour, and 

cardiometabolic outcomes.20-24 Previous research has 

suggested that communities with greater relative access to fast-

food outlets and convenience stores may experience less 

favourable dietary patterns and increased chronic disease 

burden.20-22 At the same time, the current findings extend prior 

literature by demonstrating that these associations remain 

directionally consistent across multiple RFEI specifications at the 

national county level. 

 

Our analysis of RFEI1 and RFEI2 demonstrated slightly stronger 

unadjusted correlations with diabetes outcomes than the 

standard RFEI. These findings may reflect differences in how 

supercenters and expanded food outlet categories are classified 

within the indices. However, stronger correlations should not be 

interpreted as evidence that one specification is definitively 

superior. Rather, the comparison of RFEI variants should be 

viewed as an exploratory robustness assessment. 

 

Importantly, RFEI and its expanded variants remain simplified 

outlet-based structural proxies rather than direct measures of 

nutritional exposure. These indices do not capture food 

affordability, food quality, in-store product availability, 

transportation access, cultural dietary practices, purchasing 

behaviour, or individual dietary intake. Consequently, exposure 

misclassification is possible, and the observed associations 

should be interpreted within the limitations of ecological food 

environment measures. County-level socioeconomic context also 

appeared strongly associated with diabetes outcomes in adjusted 

analyses. Median household income demonstrated an inverse 
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relationship with diabetes burden, whereas poverty-related 

indicators and SNAP participation demonstrated positive 

associations. These findings are consistent with broader literature 

suggesting that structural disadvantage, socioeconomic 

inequality, and chronic disease burden are closely 

interconnected.14, 25-27 

 

The relatively high adjusted R² values observed in multivariable 

models should also be interpreted cautiously. These values likely 

reflect the combined explanatory contribution of multiple 

correlated demographic, socioeconomic, behavioural, and food-

access variables rather than the independent contribution of RFEI 

itself. Ecological covariates frequently cluster geographically and 

socially, and therefore, the adjusted models are best interpreted 

as conditional association models rather than causal explanatory 

models. 

 

The distinction between diabetes prevalence and incidence is also 

relevant when interpreting these findings. Prevalence reflects not 

only disease occurrence but also survival, diagnosis patterns, and 

population composition, whereas incidence more directly reflects 

new case occurrence. The fact that less favourable food 

environments were associated with both outcomes in the same 

direction strengthens the overall consistency of the observed 

pattern, although these outcomes should not be interpreted as 

reflecting identical mechanisms. 

 

The presence of heteroscedasticity and influential observations 

further underscores the importance of cautious interpretation in 

ecological regression analyses. However, the direction and 

statistical significance of the primary findings remained generally 

consistent across robust standard error models, log-transformed 

exposure models, exclusion of influential counties, and alternative 

RFEI specifications, supporting the overall robustness of the 

observed associations despite their modest magnitude. 

 

Taken together, these findings support the relevance of the 

county-level food retail environment as one component of the 

broader structural context associated with diabetes burden. 

However, these findings should not be interpreted as direct 

evidence that modifying retail food environments alone would 

reduce diabetes prevalence or incidence. Future longitudinal, 

multilevel, and quasi-experimental studies are needed to 

determine whether changes in food environments are followed 

by meaningful changes in diabetes-related outcomes after 

accounting for broader social and structural determinants of 

health. 

 

Limitations 

This study has several limitations. First, the ecological cross-

sectional design precludes causal inference and does not 

establish temporality between the food environment and 

diabetes burden. Second, because analyses were conducted at 

the county level, the findings are subject to ecological fallacy and 

should not be interpreted as evidence that individuals living in 

counties with higher RFEI values necessarily experienced poorer 

diets or developed diabetes because of the local food 

environment. 

 

Third, county-level averages may obscure substantial within-

county heterogeneity, particularly in geographically large 

counties containing diverse urban and rural populations. In 

addition, counties are large and heterogeneous geographic units, 

and residents may obtain food, healthcare, and other services 

across county boundaries. Therefore, county-level RFEI values 

may not accurately represent the food environment experienced 

by all individuals within a county. Fourth, RFEI and its expanded 

variants are outlet-based structural proxies and do not capture 

food quality, affordability, transportation access, in-store product 

availability, purchasing behaviour, or individual dietary intake. 

Therefore, exposure misclassification is possible. 

 

Fifth, although models adjusted for multiple demographic, 

socioeconomic, behavioural, and food-access variables, residual 

confounding remains likely. Important unmeasured factors such 

as healthcare access, insurance coverage, educational attainment, 

diabetes screening intensity, diagnostic practices, medication 

access, family history, and individual-level socioeconomic 

characteristics were unavailable. These factors may influence 

county-level diabetes prevalence and incidence independently of 

the retail food environment. 

 

Sixth, several ecological covariates were moderately correlated 

with one another. Although multicollinearity diagnostics were 

acceptable, the adjusted models should be interpreted as 

conditional association models rather than causal models 

estimating total effects. 

 

Seventh, the complete-case analytic approach may have 

introduced selection bias if excluded counties differed 

systematically from included counties. Finally, evidence of 

heteroscedasticity and influential observations was identified in 

regression diagnostics. Although sensitivity analyses 

demonstrated generally consistent findings, these issues remain 

important limitations of ecological modelling approaches. 

 

Conclusion 

In this national county-level ecological study, less favorable retail 

food environments were statistically associated with higher 

diabetes prevalence and incidence. However, the observed 

associations were modest in magnitude and should be 

interpreted as hypothesis-generating ecological findings rather 

than evidence of individual-level risk or causality. 

 

RFEI may function as a structural contextual marker associated 

with broader patterns of disadvantage rather than as an 

independent determinant of diabetes burden. Future 

longitudinal, multilevel, spatially refined, and quasi-experimental 

studies are needed to determine whether changes in retail food 
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environments are followed by meaningful changes in individual 

level diabetes risk and population level diabetes burden. 
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