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Background
Diabetes is a major source of morbidity and mortality in the 
United States and is a risk factor for cardiovascular disease 
(CVD). Diabetes shares many risk factors with CVD, such as 
obesity, lack of physical activity, and poor diet.1 Diabetes is also 
more common among African Americans compared to European 
Americans; as of 2010, 13.5% of African-American men and 
15.4% of African-American women have been diagnosed with 

diabetes, compared to 7.7% of European-American men and 
6.2% of European-American women.1

Short- and long-term exposure to ambient air pollution, 
originating from vehicular and industrial sources, has been 
shown to increase risk of CVD, possibly via inflammatory and 
oxidative stress pathways.2 Long-term exposure to ambient air 
pollution may also influence diabetes risk through similar mech-
anisms.3,4 Recent reviews have identified long-term exposure to 
air pollutants, especially fine particulate matter (PM2.5) as being 

Background: Diabetes is especially prevalent among African Americans. Prior studies suggest that long-term exposure to 
ambient air pollution may be associated with greater incidence of diabetes, but results remain heterogeneous. Few studies have 
included large numbers of African Americans.
Methods: We assessed diabetes status and concentrations of 1- and 3-year fine particulate matter (PM2.5) and ozone (O3) among 
African American participants of the Jackson Heart Study at visits 1 (2000–2004, N = 5128) and 2 (2005–2008, N = 2839). We used 
mixed-effect modified Poisson regression to estimate risk ratios (RRs) and 95% confidence intervals (CIs) of incidence of diabetes 
by visit 2 and prevalence ratios (PRs) of the association between air pollution exposure and prevalent diabetes at visits 1 and 2. We 
adjusted for potential confounding by patient characteristics, as well as inverse probability weights of diabetes at visit 2, accounting 
for clustering by census tract.
Results: We observed associations between incident diabetes and interquartile range increase in 1-year O3 (RR 1.34, 95% CI = 
1.11, 1.61) and 3-year O3 (RR 0.88, 95% CI = 0.76, 1.02). We observed associations between prevalent diabetes and 1-year PM2.5 
(PR 1.08, 95% CI = 1.00, 1.17), 1-year O3 (PR 1.18, 95% CI = 1.10, 1.27), and 3-year O3 (PR 0.95, 95% CI = 0.90, 1.01) at visit 2.
Conclusions: Our results provide some evidence of positive associations between indicators of long-term PM2.5 and O3 exposure 
and diabetes. This study is particularly relevant to African Americans, who have higher prevalence of diabetes but relatively few stud-
ies of environmental pollution risk factors.
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associated with prevalent and incident diabetes.5–9 However, 
several studies have failed to find an association between long-
term exposure to fine particulate matter (PM2.5) and incident 
diabetes,4,10,11 or found associations between PM2.5 and diabe-
tes prevalence, but not incidence.12 Others have found stronger 
associations in women compared to men.3,5 Most studies have 
been conducted using PM2.5 as a pollutant of interest; Jerrett et 
al and Renzi et al observed associations between incident diabe-
tes and ozone (O3).

11,13 Although African Americans are at high 
risk for diabetes, especially in the southern US,14 only two of 
the prior studies specifically examined the association between 
traffic-related pollution and diabetes in African-American 
women,4,13 and neither were specifically in the southern US. An 
increase of 10 µg/m3 PM2.5 concentration was associated with 
an IRR of 1.48 (95% confidence interval [CI] = 0.95, 2.31) for 
incident diabetes4 and an increase of 6.7 ppb O3 concentration 
was associated with an HR of 1.18 (95% CI = 1.04, 1.34) of 
incident diabetes.13

We examined the associations between indicators of long-term 
exposure to ambient air pollution and prevalence and incidence 
of diabetes among African Americans living in the southern 
state of Mississippi. Specifically, we estimated residential con-
centrations of fine particulate matter (PM2.5) and ozone (O3) 
and residential proximity to major roadways among African 
American participants in the Jackson Heart Study (JHS). We 
examined both prevalent and incident diabetes and estimated 
exposure for the 1 and 3 years before each study visit. JHS par-
ticipants lived in the tri-county area of Jackson, Mississippi, 
an area that includes both urban and rural neighborhoods. 
Given the disproportionate burden of diabetes among African 
Americans, this study is important in understanding potential 
adverse health effects of environmental pollutants among this 
high-risk population.

Methods

Data source

The JHS is a prospective cohort study of the etiology of CVD, 
which included 5,301 African Americans 21–94 years of age 
at the time of recruitment (2000–2004) living in the tri-county 
Jackson, Mississippi Metropolitan Statistical Area, as previously 
described.15,16 This area includes Jackson, the capital and largest 
city in the state of Mississippi (population was 184,256 as of 
2000, and approximately 70% of the population was African 
American [census.gov]). The JHS study area also includes sur-
rounding urban and rural areas in Hinds, Madison, and Rankin 
counties. Traffic was the major source of ambient air pollution 
in this area.17 Upon enrollment (visit 1), participants completed 
an in-home interview and a clinic visit.15,16 Participants under-
went an additional interview and clinic visit approximately 4 
years (visit 2) after enrollment. All participants provided written 
informed consent. Institutional Review Boards at the University 
of Mississippi Medical Center, Jackson State University, and 
Tougaloo College approved the JHS protocol. The Institutional 

Review Board at Indiana University approved the current anal-
ysis of de-identified data.

Exposure

Our primary exposures of interest were mean levels of PM2.5 
and O3 1 and 3 years before visits 1 and 2 at participants’ ZIP 
codes of residence. These were based on 24-hour mean PM2.5 
and 8-hour O3 concentrations, estimated at the census tract and 
aggregated to ZIP code. Our secondary exposure of interest was 
residential proximity to major roadways with Census Feature 
Class Code A1 (major roads with limited access, such as inter-
state highways) or A2 (major roads without limited access, such 
as US highways) roads.

We obtained geocoded address information from JHS par-
ticipants for visits 1 and 2. We generated estimates of PM2.5 
and O3 concentrations using the Bayesian space-time down-
scaling fusion modeling approach that was developed by the 
U.S. Environmental Protection Agency and its partners. Model 
development, background, and initial evaluation of the down-
scaling model have been published previously.18–20 Briefly, this 
technique uses numerical output from the CMAQ model, which 
uses meteorology, emissions, and chemical and physical inter-
actions of pollutants to estimate pollutant concentration at 
specified grids. These estimates are then fused with data from 
national, state, and local monitoring networks. The downscal-
ing framework generates predictions of O3 daily maximum 
8-hour average ozone concentrations in parts per billion (ppb), 
and daily 24-hour average concentrations of PM2.5 at centroids 
of US Census tracts21; Census tracts are relatively fixed statisti-
cal subdivisions of a county, containing about 4,000 residents. 
We then applied geo-imputation approaches to convert daily, 
census tract level concentrations of PM2.5 and O3 to obtain 1- 
and 3-year mean PM2.5 and O3 concentrations at participants’ 
ZIP (postal) code of residence. ZIP codes are typically larger 
than Census tracts; JHS aggregates pollutant levels to ZIP codes 
due to confidentiality concerns.

For sensitivity analyses, we calculated the Euclidian distance 
to roadways, defined as US Census feature class A1 and A2. We 
categorized distance to A1 or A2 roads as <150 m, 150–299 m, 
300–999 m, and ≥1,000 m. We used the cutpoints of 150 and 
300 m because particulate matter concentration from highway 
traffic pollution has been shown to decrease by 50% at 150 m 
and to fade to background level after 300 m.22 We included an 
additional cutpoint of 1,000 m so our results may be compara-
ble to reference categories in several previous articles.23–26 We 
also examined distance to A1 or A2 roadways as a log-trans-
formed continuous outcome.

Outcome

For all analyses, we defined diabetes as fasting blood glucose 
≥126 mg/dL, HbA1c ≥6.5%, or use of diabetes medications 
(insulin or oral diabetes medications) at a particular visit.27 
Participants were asked to bring in all medications used within 
the previous 2 weeks, which were then catalogued by trained 
research staff, and participants answered questions regarding 
medication use. Incident diabetes was defined as new cases of 
diabetes at visit 2 among participants without diabetes at visit 
1. Prevalent diabetes was defined as diabetes at a given visit 
regardless of previous diabetes status.

Covariates

We included the following potential confounders in the associ-
ations between air pollution exposure indicators and diabetes: 
age, sex, body mass index (BMI; continuous), smoking status 
(never, former, current), education (less than high school, high 

What this study adds
Diabetes is a major health issue for African Americans; air pol-
lution may affect whether a person has diabetes. We examined 
associations between long-term (1- and 3-year) exposures to 
fine particulate matter (PM2.5) and ozone (O3) with new and 
existing diabetes among 5,128 African Americans enrolled in 
the Jackson Heart Study. We observed associations between 
1-year PM2.5 and O3 exposure and existing diabetes at visit 2, 
but only O3 was associated with new diabetes. Three-year O3 
was inversely associated with diabetes. This study concurs with 
the few previous similar studies and is among the first to be 
conducted among African Americans.
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school/GED, college degree/certificate, graduate/professional 
school), sleep score, likely occupational exposure to air pollution 
(farming, production, construction, or military considered likely 
occupational exposures), neighborhood socioeconomic status 
(SES, continuous z-score), physical activity (poor, moderate, 
ideal), nutritional status (poor, moderate, ideal), family history 
of diabetes, and year of examination. We created a modified ver-
sion of the Pittsburgh Sleep Quality Index,28 using sleep quantity 
(number of hours of sleep per day) and quality (snoring, stop-
ping breathing during sleep, and overall sleep quality on a scale 
of 1–5) to create a sleep score for each visit. Neighborhood SES 
(NSES) was defined based on census-tract level data from the US 
Census in 2000 as described in Dubowitz et al29 and was con-
verted to a z-score, as described by Diez Roux et al30 and eval-
uated as a continuous variable. Physical activity and nutritional 
status were defined as poor, moderate, or good, based on Life’s 
Simple Seven criteria.31,32 Although geographic information was 
not available, we used an indicator variable indicating census 
tract to account for clustering by census tract. Age, BMI, sleep 
score, and NSES were available at both visits; all other covari-
ates were only available at visit 1. We adjusted for covariates at 
the most recent relevant visit that they were available.

Statistical analyses

We excluded participants for whom we were not able to deter-
mine diabetes status at visit 1 (n = 66) (Figure  1). Exposure 
data were only available beginning in 2001; we excluded those 
for whom we could not calculate exposure data due to date of 
enrollment or inability to geocode address (n = 113). For anal-
yses at visit 2, we excluded those who were lost to follow-up 
(n = 1101), who were missing information on diabetes status 
(n = 861), or for whom we could not assign exposure data  
(n = 568). For analyses on incident diabetes at visit 2, we 
excluded 739 participants with diabetes at visit 1. Participants 
could be excluded for more than one reason.

First, we calculated the Pearson correlation between PM2.5 
and O3 concentrations to contextualize results from differ-
ent pollutants. For all other analyses, we used mixed-effects 
modified Poisson regression with robust standard errors33 to 

directly estimate the cumulative prevalence ratio (PR) (at each 
visit) and cumulative risk ratio (RR) of incident diabetes (visit 
2 only) and indicators of exposure to ambient air pollution, 
accounting for clustering by census tract. In primary analyses, 
we used interquartile range (IQR) change in 1-year and 3-year 
PM2.5 and O3 concentrations as our exposures of interest. To 
correct for potential selection bias at visit 2 due to loss to fol-
low-up between visits 1 and 2, we adjusted full visit 2 models 
for inverse probability weights of diabetes given following visit 
1 variables that were different between those missing and not 
missing diabetes status at visit 2: diabetes status at visit 1, age, 
BMI, smoking status, nutrition status, education, chronic kid-
ney disease, hypertension, family history of diabetes, and NSES. 
We also used mixed-effect models to account for clustering by 
census tract. We present results from four models: (1) unad-
justed, accounting for clustering by census tract; (2) adjusted for 
anthropometric and health covariates (age, sex, BMI, smoking 
status, sleep score, occupational exposure to air pollution, phys-
ical activity, nutritional status, family history of diabetes, and 
year of examination) and accounting for clustering by census 
tract; (3) adjusted for model 2 covariates plus socioeconomic 
covariates (education and NSES) and inverse probability weight 
of diabetes for visit 2 analyses; and (4) adjusted for model 2 
covariates plus additional pollutants (adjustment for O3 where 
PM2.5 was exposure of interest and vice versa).

Sensitivity analyses

In sensitivity analyses, we used residential proximity to A1 or 
A2 roads (in categories of <150 m, 150–299 m, 300–999 m, and 
≥1,000 m, as well as a natural log-transformed continuous vari-
able) as our exposure of interest. Second, as many participants 
were missing diabetes status at visit 2, we compared descriptive 
characteristics of those missing and not missing diabetes status 
at visit 2. Third, we plotted 1-year and 3-year PM2.5 and O3 
concentrations by year to examine potential temporal trends. 
Fourth, as previous studies have reported differential associa-
tions between air pollution exposure and diabetes among men 
and women,3,5 we report associations stratified by sex. Fifth, 
as one-time fasting blood glucose or HbA1c may overestimate 

Figure 1.  Flow diagram showing exclusion criteria and numbers of JHS participants in each analysis. Participants could be excluded for more than one reason.
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diabetes, we have conducted a sensitivity analysis limiting our 
definition of diabetes to those taking antidiabetic medication.

Results
For analyses using PM2.5 and O3 as exposures of interest, we 
analyzed 5,128 participants with complete PM2.5, O3, and dia-
betes information at visit 1 and 2,839 at visit 2. Table 1 shows 
descriptive characteristics of participants by diabetes status at 
visit 1. Those with diabetes tended to be older, more likely to be 
female, had higher BMI, were more likely to be physically inac-
tive, and were more likely to have a family history of diabetes. 
Other characteristics were comparable across visit 1 diabetes 
status. Prevalence of diabetes was 21.8% at visit 1 and 33.2% 
at visit 2. Among participants free of diabetes at visit 1, 12.5% 
developed diabetes by visit 2 (Table 2).

PM2.5 concentrations were slightly higher than the current 
Environmental Protection Agency’s National Ambient Air 
Quality Standard primary standard of 12 µg/m3 but below the 
standard at the time of the study of 15 µg/m3 (www.epa.gov/cri-
teria-air-pollutants/naaqs-table). PM2.5 1-year and 3-year mean 
concentrations were similar between visits 1 (median 12.2 µg/
m3, IQR = 0.8 and median 12.4 µg/m3, IQR = 0.4, respectively) 
and 2 (median 12.1 µg/m3, IQR = 0.8 and median 12.3 µg/m3, 
IQR = 0.5, respectively). One-year and 3-year O3 concentrations 
had medians of 40.6 (IQR = 2.3) and 40.9 (IQR = 1.1) ppb, 
respectively at visit 1, and had medians of 40.8 (IQR = 2.5) and 
42.2 (IQR = 0.7) ppb at visit 2. All PM2.5 measures were mod-
erately or strongly correlated with each other, as were visit 1 O3 
1-year and 3-year concentrations. However, O3 concentrations 
at visit 2 were weakly correlated with those at visit 1. Three-year 

O3 concentrations at visit 2 were inversely correlated with PM2.5 
concentrations (Table 3).

We did not observe evidence of associations between PM2.5 
or O3 concentrations and prevalent diabetes at visit 1 after 
adjustment for covariates (Table 4). At visit 2, in fully adjusted 
models (model 3) an IQR increase in 1-year PM2.5 concentra-
tion was associated with prevalence of diabetes (PR 1.08, 95%  
CI = 1.00, 1.17) and an IQR increase in 1-year O3 concentra-
tion was associated with increased prevalence (PR 1.18, 95%  
CI = 1.10, 1.27) of diabetes. Three-year O3 concentrations were 
inversely associated with diabetes (PR 0.95, 95% CI = 0.90,  
1.01). An IQR increase in 1-year O3 concentration was asso-
ciated with an increase in diabetes incidence (RRadj 1.32, 95% 
CI = 1.08, 1.59); while 3-year O3 was inversely associated 
(RRadj 0.88, 95% CI = 0.76, 1.02). Results for O3 were con-
sistent in model 4 after adjustment for PM2.5 concentrations, 
but results for PM2.5 were attenuated after adjustment for O3 
concentrations.

In sensitivity analyses, we did not find evidence of associa-
tions between residential distance to A1 or A2 roads and prev-
alent or incident diabetes (Table S1; http://links.lww.com/EE/
A126). Additional adjustment for potential confounders did not 
substantially change our estimates. We then compared charac-
teristics of 861 participants missing diabetes status at visit 2 
with those of 3,344 not missing diabetes status at visit 2. We 
observed that participants missing diabetes status at visit 2 had 
poorer health indicators, including older age at baseline, and 
were more likely to have chronic kidney disease and hyperten-
sion but were less likely to have diabetes at visit 1 (Table S2; 
http://links.lww.com/EE/A126). Compared to those with com-
plete visit 2 information, those who were lost to follow-up also 
had poorer health indicators; they were more likely to have 
chronic kidney disease (10.9% compared to 4.6%) and a history 
of CVD (16.2% compared to 9.3%). They also were more likely 
to have had diabetes at visit 1 (26.3% compared to 20.6%) but 
had no significant differences in PM2.5 or O3 concentrations. We 
did not observe major temporal trends in 1-year or 3-year PM2.5 
or O3 (Figure S1; http://links.lww.com/EE/A126).

In sex-stratified analyses, we did not observe any associations 
in adjusted models at visit 1 (Table S3; http://links.lww.com/EE/
A126). At visit 2, women had an increased prevalence of diabetes 
per IQR increase in 1-year PM2.5 (PR 1.11, 95% CI = 1.02, 1.21), 
and per IQR increase in 1-year O3 (PR 1.20, 95% CI = 1.10, 1.31), 
and a decreased incidence of diabetes per IQR increase in 3-year 
O3 (RRadj 0.85, 95% CI = 0.76, 0.95). Men had an increased prev-
alence (PR 1.16, 95% CI = 1.02, 1.31) and incidence (RRadj 1.42, 
95% CI = 1.07, 1.87) of diabetes per IQR increase in 1-year O3. 
When considering only those who used diabetic medications, prev-
alence was 15.2% at visit 1, 23.8% at visit 2, and incidence at visit 2 
was 8.2%. Visit 1 results were similar to those from the main anal-
ysis, except slightly stronger associations between visit 1 diabetes 
prevalence and IQR increase in 1-year (PR 1.06, 95% CI = 1.01,  

Table 1.

Descriptive characteristics of JHS participants at visit 1 by  
diabetes status (n = 5128).

 

Diabetes at  
visit 1 (n = 1,117)

No diabetes at  
visit 1 (n = 4,011) Total  

(N = 5,128)Mean (SD) or n (%) Mean (SD) or n (%)

Age (years) 60.6 (10.6) 53.8 (13.0) 55.2 (12.8)
Female 736 (65.9%) 2,513 (62.7%) 3,249 (63.4%)
Mean BMI (kg/m2) 34.2 (7.2) 31.1 (7.1) 31.8 (7.3)
Smoking status    
  Never 726 (65.3) 2,738 (68.9) 3,464 (68.1)
  Former 264 (23.7) 687 (17.3) 951 (18.7)
  Current 122 (11.0) 547 (13.8) 669 (13.2)
Education    
  Less than high school 247 (22.8%) 733 (19.2%) 980 (20.0%)
  High school/GED 407 (37.6%) 1,411 (37.0%) 1,818 (37.1%)
  College 252 (23.3%) 1,056 (27.7%) 1,308 (26.7%)
  Graduate/professional 
school

178 (16.4%) 619 (16.2%) 797 (16.3%)

Sleep score    
  Excellent 69 (6.2%) 298 (7.5%) 367 (7.2%)
  Good 572 (51.7%) 2,066 (52.1%) 2,638 (52.0%)
  Fair 414 (37.4%) 1,450 (36.5%) 1,864 (36.7%)
  Poor 52 (4.7%) 154 (3.9%) 206 (4.1%)
Occupational exposurea 266 (23.8) 827 (20.6) 1,093 (21.3)
NSES −0.56 (5.0) −0.16 (7.1) −0.2 (5.0)
Nutritional status    
  Poor 441 (43.3%) 2,181 (60.2%) 2,622 (56.5%)
  Intermediate 559 (54.9%) 1,413 (39.0%) 1,972 (42.5%)
  Ideal 19 (1.9%) 30 (0.8%) 49 (1.1%)
Physical activity    
  Poor 655 (58.7%) 1,869 (46.6%) 2,524 (49.3%)
  Intermediate 311 (27.9%) 1,306 (32.6%) 1,617 (31.6%)
  Ideal 150 (13.4%) 833 (20.8%) 983 (19.2%)
  Family history of diabetes 766 (68.6%) 1,870 (46.6%) 2,636 (51.4%)

aOccupational exposure to air pollution includes those with occupations in farming, production, 
construction, or military.

Table 2.

Distribution of exposures and outcomes of participants in the 
JHS at visit 1 (2000–2004) and visit 2 (2005–2008).

 

Visit 1 (N = 5,128) Visit 2 (N = 2,839)

Median (IQR) or n (%) Median (IQR) or n (%)

Prevalence of diabetes 1,117 (21.8%) 943 (33.2%)
Incidence of diabetesa NA 262 (12.5%)
1-year PM

2.5
 concentration (µg/m3) 12.2 (0.8) 12.1 (0.8)

3-year PM
2.5

 concentration (µg/m3) 12.4 (0.4) 12.3 (0.5)
1-year O

3
 concentration (ppb) 40.6 (2.3) 40.8 (2.5)

3-year O
3
 concentration (ppb) 40.9 (1.07) 42.2 (0.7)

aIncidence defined as new cases of diabetes since prior visit among those at risk (without prevalent 
diabetes): visit 2 incidence calculated as 262 new cases of diabetes among 2,100 at risk, visit 3 
calculated as 123 new cases among 1,605 at risk.

http://links.lww.com/EE/A126
http://links.lww.com/EE/A126
http://links.lww.com/EE/A126
http://links.lww.com/EE/A126
http://links.lww.com/EE/A126
http://links.lww.com/EE/A126
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1.11) and 3-year O3 (PR 1.03, 95% CI = 1.01, 1.05) (Table S4; 
http://links.lww.com/EE/A126). Visit 2 prevalence results were 
somewhat attenuated, and incidence results were similar.

Discussion
In this prospective cohort study of exposure to air pollutants 
and diabetes among African Americans, we observed evidence 
of positive associations between 1-year O3 concentrations and 
incident and prevalent diabetes at visit 2. We also observed 
associations between 1-year PM2.5 concentrations and preva-
lent diabetes at visit 2. However, we observed inverse associa-
tions between 3-year O3 concentrations and prevalent diabetes 
at visit 2.

We observed a high prevalence of diabetes (21.8% at visit 
1 and 33.2% at visit 2). The state of Mississippi is among the 
states with the highest prevalence of diabetes, and African-
American Mississippians had an estimated prevalence of 

diabetes of 20.4% at the time of JHS.14 This is similar to the 
prevalence observed in this study at visit 1. diabetes prevalence 
increases with age, although prevalence at visit 2 in our study 
was higher than expected.

Although few studies examine O3 exposure in relation to dia-
betes, our results for 1-year O3 concentration and incident dia-
betes largely agree with previously published studies, although 
we observed a somewhat stronger magnitude. Similar to our 
results, Renzi et al11 observed associations between incident dia-
betes and O3 (HR for 10-ppb increase 1.01, 95% CI = 1.00, 
1.02) in an Italian cohort. Likewise, Jerrett et al13 observed asso-
ciations between O3 and incident diabetes (HR for IQR of 6.7 
ppb increase 1.18, 95% CI = 1.04, 1.34) in a cohort of African 
American women. Prior studies examining associations between 
NO2, another traffic-related gaseous pollutant, and diabetes 
have had mixed results.3,34 However, we observed a possible 
inverse association between 3-year O3 concentration and dia-
betes prevalence at visit 2, and between 3-year O3 and incident 

Table 3.

Correlation matrix for PM2.5 and O3 concentrations.

 

Visit 1 Visit 2 Visit 1 Visit 2

1-year mean PM2.5 3-year mean PM2.5 1-year mean PM2.5 3-year mean PM2.5 1-year mean O3 3-year mean O3 1-year mean O3 3-year mean O3

Visit 1         
  1-year mean PM

2.5
1.00        

  3-year mean PM
2.5

0.86 1.00       
Visit 2         
  1-year mean PM

2.5
0.39 0.50 1.00      

  3-year mean PM
2.5

0.41 0.52 0.76 1.00     
Visit 1         
  1-year mean O

3
0.12 0.050 −0.085 −0.094 1.00    

  3-year mean O
3

−0.064 −0.028 −0.14 −0.12 0.94 1.00   
Visit 2         
  1-year mean O

3
0.075 0.19 0.64 0.18 0.0077 −0.036 1.00  

  3-year mean O
3

−0.32 −0.36 −0.20 −0.12 0.15 0.21 0.056 1.00

Table 4.

Results from modified Poisson regression models of associations between IQRa increase in 1-year and 3-year mean PM2.5 and O3 
concentrations and prevalence and incidence of diabetes among participants in the JHS at visits 1 and 2.

 

PM2.5 O3

1-year mean 3-year mean 1-year mean 3-year mean

Visit 1     
Prevalence of diabetes (N = 5,128), PR (95% CI)     
Model 1b 1.15 (1.07, 1.24) 1.09 (1.04, 1.14) 1.03 (0.99, 1.07) 1.00 (0.98, 1.02)
Model 2c 1.00 (0.92, 1.09) 1.00 (0.95, 1.06) 1.03 (0.99, 1.06) 1.01 (1.00, 1.03)
Model 3d 1.03 (0.94, 1.12) 1.01 (0.96, 1.07) 1.03 (1.00, 1.06) 1.01 (1.00, 1.03)
Model 4e 1.02 (0.93, 1.11) 1.01 (0.95, 1.06) 1.03 (1.00, 1.06) 1.01 (1.00, 1.03)
Visit 2     
Prevalence of diabetes (N = 2,839), PR (95% CI)     
Model 1b 1.26 (1.16, 1.36) 1.06 (0.99, 1.13) 1.31 (1.19, 1.44) 0.87 (0.81, 0.93)
Model 2c 1.14 (1.04, 1.23) 0.99 (0.93, 1.05) 1.21 (1.11, 1.32) 0.92 (0.86, 0.98)
Model 3d 1.08 (1.00, 1.17) 0.98 (0.91, 1.05) 1.18 (1.10, 1.27) 0.95 (0.90, 1.01)
Model 4e 0.98 (0.91, 1.07) 0.98 (0.91, 1.05) 1.20 (1.09, 1.31) 0.95 (0.90, 1.01)
Incidence of diabetes (N = 2,100), RR (95% CI)     
Model 1b 1.12 (0.93, 1.35) 1.01 (0.88, 1.17) 1.28 (1.06, 1.54) 0.89 (0.79, 0.99)
Model 2c 1.07 (0.89, 1.28) 0.96 (0.85, 1.09) 1.30 (1.08, 1.57) 0.88 (0.76, 1.01)
Model 3d 1.09 (0.90, 1.32) 0.97 (0.86, 1.10) 1.32 (1.08, 1.59) 0.88 (0.76, 1.02)
Model 4e 0.96 (0.86, 1.08) 0.96 (0.81, 1.13) 1.34 (1.11, 1.61) 0.88 (0.76, 1.01)

aIQRs are as follows: Visit 1—0.83 µg/m3 for 1-year PM
2.5

, 0.39 µg/m3 for 3-year PM
2.5

, 2.28 ppb for 1-year O
3
, 1.07 ppb for 3-year O

3
; Visit 2—0.81 µg/m3 for 1-year PM

2.5
, 0.47 µg/m3 for 3-year PM

2.5
, 

2.54 ppb for 1-year O
3
, 0.66 ppb for 3-year O

3
.

bModel 1 unadjusted, accounting for clustering by census tract.
cModel 2 adjusted for age, sex, BMI, smoking status, sleep score, occupational exposure to air pollution, physical activity, nutritional status, family history of diabetes, and year, accounting for clustering by 
census tract.
dModel 3 adjusted for Model 2 covariates plus education, NSES, and inverse probability weight of diabetes given diabetes status at visit 1 (visit 2 only), accounting for clustering by census tract.
eModel 4 adjusted for model 3 covariates plus other pollutant measure (models with PM

2.5
 concentrations as exposure of interest adjusted for O

3
 concentrations and vice versa), accounting for clustering by 

census tract.

http://links.lww.com/EE/A126
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diabetes among women. Three-year O3 concentrations were 
very weakly correlated with 1-year O3 concentrations and were 
inversely correlated with PM2.5 concentrations. It is possible that 
3-year O3 concentration is not an accurate proxy for air pollu-
tion exposure, as it is temporally variable and may reflect other 
factors, such as meteorology or seasonality.

We did not observe associations between PM2.5 and incident 
diabetes, but we observed an association between PM2.5 concen-
trations and prevalent diabetes at visit 2. This was somewhat 
stronger for women in sensitivity analyses. One previous study 
on associations between PM2.5 and diabetes among African-
American women observed associations between PM2.5 and dia-
betes incidence at concentrations that were considerably higher 
than those observed in the present study.4 It is possible effects 
are more pronounced at higher concentrations and in urban 
areas. The present study was conducted in a mixed urban/rural 
area with moderate PM2.5 concentrations and limited exposure 
variability. This may have hindered our ability to observe mean-
ingful associations with PM2.5 levels. Prevalence results largely 
agree with previous studies, most of which have reported asso-
ciations between PM2.5 and prevalence of diabetes.3,5–9,12 We did 
not observe associations at visit 1 after confounder adjustment 
and had substantial loss to follow-up at visit 2, especially among 
those with poorer health. Air pollution exposure is one of many 
potential contributors to diabetes; it is possible that many dia-
betes cases at visit 1 were due to other issues, including comor-
bidities, which may have attenuated observed associations.

In sensitivity analyses, we did not observe associations 
between residential distance to road and diabetes, as did Puett 
et al.10 However, their study only observed associations among 
those who lived <50 m from a road; we did not have a large 
enough number of participants living <50 m from a major road-
way to consider that category in our analysis. Previous studies 
have observed positive associations between PM and diabetes 
prevalence12,35 and incidence.36 However, other studies have 
found null associations between PM and diabetes.4,10

The major important limitation of this study is that many par-
ticipants were missing relevant data to establish diabetes status at 
visit 2 and many participants were lost to follow-up between the 
first and second visits. It is possible that those missing diabetes 
status at visit 2 and those lost to follow-up were more likely to 
have or develop diabetes compared to those with complete data 
at both visits. To compensate for this possible bias, we adjusted 
visit 2 models for inverse probability weights of diabetes given 
factors that vary between those missing and not missing diabetes 
status at visit 2. We were unable to distinguish between type 1 
and type 2 diabetes, which may have different associations with 
air pollutants. However, type 2 diabetes makes up approximately 
90%–95% of diagnosed diabetes in adults, so we assume our 
results reflect associations with type 2 diabetes.37 Additionally, 
there may be exposure misclassification. Participants may not 
spend all their time at their residences, exposures had low spatial 
resolution (ZIP code-level), approximately 18% of participants 
moved between visit 1 and visit 2, and we do not have residen-
tial history before enrollment in the JHS. These participants were 
assigned air pollution exposure at their visit 2 address. These 
are common issues in using residential measures of air pollution 
exposure, which are still the standard metric used in air pollution 
epidemiology, despite their potential for exposure misclassifica-
tion. We also do not have information on the date of diagnosis 
of diabetes; air pollution exposure information may not be in the 
appropriate temporal window. PM2.5 and O3 may not be the only 
pollutants of interest. NO2 may also be associated with diabetes, 
as previously demonstrated.34 Components of PM2.5 may also be 
of interest. However, JHS restricts access to residential data to out-
side researchers, to protect participant confidentiality. Therefore, 
we were unable to examine additional pollutants at the time of 
publication. Additionally, there may be residual confounding due 
to factors such as traffic noise. We adjusted for sleep, which may 
be affected by noise, and also used distance to road as a proxy 

exposure metric of both noise and traffic-related pollution expo-
sure. We did not observe associations between distance to road 
and diabetes prevalence or incidence; this indicates traffic noise is 
not a major contributor to diabetes in this population. Prevalence 
of diabetes was high at baseline, leading to relatively small pop-
ulation at risk. However, this was not an usually high prevalence 
for African Americans living in Mississippi. We also conducted 
a sensitivity analysis on those who had been prescribed diabe-
tes medications, and are thus not likely to be false-positives and 
observed mainly attenuated results.

Conclusions
In this prospective cohort study of African-American adults 
in Jackson, Mississippi, we observed evidence of associations 
between 1-year O3 concentrations and incident diabetes at visit. 
We also observed associations between PM2.5 concentrations 
and prevalent diabetes at visit 2 and between 1-year O3 con-
centrations and prevalent diabetes at visit 2. Further research 
should investigate the associations between diabetes various 
pollutants, specifically with long-term O3 concentrations, in 
African-American populations.
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