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Objective: Recent mechanistic and epidemiological evidence implicates air pollution as a potential risk factor for
diabetes; however, mortality risks have not been evaluated in a large US cohort assessing exposures to multiple
pollutants with detailed consideration of personal risk factors for diabetes.
Research design and methods: We assessed the eﬀects of long-term ambient air pollution exposures on diabetes
mortality in the NIH-AARP Diet and Health Study, a cohort of approximately a half million subjects across the
contiguous U.S. The cohort, with a follow-up period between 1995 and 2011, was linked to residential census
tract estimates for annual mean concentration levels of PM2.5, NO2, and O3. Associations between the air pollutants and the risk of diabetes mortality (N = 3598) were evaluated using multivariate Cox proportional hazards models adjusted for both individual-level and census-level contextual covariates.
Results: Diabetes mortality was signiﬁcantly associated with increasing levels of both PM2.5 (HR = 1.19; 95% CI:
1.03–1.39 per 10 μg/m3) and NO2 (HR = 1.09; 95% CI: 1.01–1.18 per 10 ppb). The strength of the relationship
was robust to alternate exposure assessments and model speciﬁcations. We also observed signiﬁcant eﬀect
modiﬁcation, with elevated mortality risks observed among those with higher BMI and lower levels of fruit
consumption.
Conclusions: We found that long-term exposure to PM2.5 and NO2, but not O3, is related to increased risk of
diabetes mortality in the U.S, with attenuation of adverse eﬀects by lower BMI and higher fruit consumption,
suggesting that air pollution is involved in the etiology and/or control of diabetes.

1. Introduction
Aging populations, sedentary lifestyles, and calorie-dense diets have
contributed to the growing prevalence of diabetes mellitus in both developed and developing countries (Guariguata et al., 2014), posing a
serious threat to global public health and welfare. According to the
International Diabetes Federation, diabetes aﬀected at least 382 million
people worldwide (8.3% prevalence) in 2013, and that number is expected to reach 592 million by the year 2035. Those with diabetes are
at elevated risk to develop micro- and macro-vascular diseases
throughout their lifetime, substantially reducing their life expectancies
(Franco et al., 2007).
Recent evidence implicates ambient air pollution exposure as a
potential contributing risk factor for diabetes. Systemic inﬂammation
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has a critical role in the etiology of this disease (Donath and Shoelson,
2011; Osborn and Olefsky, 2012), and air pollution has been demonstrated to activate inﬂammatory mechanisms (Brook et al., 2010). Sun
et al. (2009) ﬁrst provided a basis for the biological mechanism for the
air pollution-diabetes relationship in an animal model, revealing that
exposure to ﬁne particulate matter increased blood glucose and induced
adipose inﬂammation and insulin resistance. Subsequent studies have
elucidated other potential pathophysiologic pathways, including overactivity of the sympathetic nervous system, endothelial dysfunction,
and dysregulation of visceral adipose tissue (Rajagopalan and Brook,
2012; Rao et al., 2015).
Epidemiological investigations have also found associations in
multiple cohorts between long-term ambient air pollution exposure and
diabetes prevalence, incidence, and mortality. Meta-analyses (Park and
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diabetes at enrollment. During the follow-up period considered
(1995–2011), 130,384 (23.7%) total participants died, and 3597 subjects died from diabetes (2.8% of total deaths during the study period).

Wang, 2014; Eze et al., 2015) have concluded that the collective evidence from such studies is suggestive of a positive relationship, but that
additional studies are still required. Only a few studies have evaluated
diabetes mortality: in a group of 2.1 million adults from the 1991 Canadian census mortality follow-up study (CanCHEC), higher long-term
PM2.5 exposure was associated with increased diabetes mortality (Brook
et al., 2013). In the Danish Diet, Cancer, and Health cohort of 52,061
participants, a signiﬁcant association between long-term NO2 exposure
and mortality was found (Raaschou-Nielsen et al., 2013). In the U.S., an
investigation on the association between chronic exposure to PM2.5 and
multiple cardiovascular mortality outcomes in the American Cancer
Society (ACS) cohort also reported a signiﬁcant association with diabetes mortality (Pope et al., 2014). There exists a need to independently
verify and further evaluate this relationship in a large and well-characterized cohort in the U.S., especially with an emphasis on assessment
of exposure to multiple pollutants and determination as to whether
certain subpopulations are at enhanced risk. Given the recent trend of
increasing prevalence of both obesity and diabetes, it is of growing
importance to evaluate and quantify the apparent diabetes-related
mortality risk contribution from environmental factors, such as air
pollution.
In this study, we evaluated the association between long-term exposure to air pollutants (PM2.5, NO2, and O3) and diabetes-related
mortality risk in the NIH-AARP Diet and Health cohort, a U.S study with
detailed characterizations of individual-level covariates and censustract estimates of air pollution concentrations. We also assessed potential eﬀect modiﬁcation by known personal risk factors.

2.3. Exposure assessment
Detailed individual residence-level exposure data were considered
in these analyses. We employed residential census tract centroid estimates of annual average PM2.5 mass exposures available for the years
1980–2010, as derived from a published spatio-temporal prediction
model using geographic predictors and extrapolation to predict pre1999 exposure levels before implementation of nationwide monitoring
(Kim et al., 2016). Monthly averages of census tract NO2 concentrations
were also linked, which were estimated based on a national land use
regression model using regulatory monitoring (hourly data from 423
monitors) and satellite-based measurements (approximately 4 million
measurements, aggregated into annual average values at 81,743) at the
census block group level for the years 2000–2010 (Bechle et al., 2015).
We also procured and linked O3 concentrations derived from an EPA
Bayesian space–time downscaling fusion model (US EPA), which estimated daily 8-h maximum O3 concentrations at the census tract centroid based on National Air Monitoring Stations/State and Local Air
Monitoring Stations and CMAQ model data in 12 × 12 km grids for the
years 2002–2010. However, for years 2002–2006, O3 estimates were
only available for the eastern part of the U.S. For this reason, daily
ozone (O3) concentrations were obtained for cohort California residents
based upon an interpolation of data from monitoring stations in ﬁxedsite Federal Reference Method monitors in the California's State and
Local Air Monitoring Network Plan (NAMS/SLAMS) (https://www.arb.
ca.gov/aaqm/mldaqsb/amn.htm). Monthly averages of max 8-h O3
concentrations with ≥ 70% completeness in each month were calculated at monitoring sites. A statewide 250-m gridded pollutant surface
using these monthly average concentrations was then developed with
inverse distance-weighted (IDW) interpolation, using the Spatial Analyst extension of ArcGIS version 10.3.1 (ESRI, Redlands, CA). The
agreement between the EPA model and monitor-based kriging methods
were compared for years 2007–2010 when the EPA values become
available for California; the correlations between the two approaches
were excellent, with R2 ranging from 0.89 to 0.95.

2. Research design and methods
2.1. Population
Detailed study and cohort information are presented elsewhere
(Thurston et al., 2015). The NIH-AARP Study was initiated when
members of the AARP, 50–71 years of age from six U.S. states (California, Florida, Louisiana, New Jersey, North Carolina, and Pennsylvania) and two metropolitan areas (Atlanta, Georgia, and Detroit, Michigan), responded to a mailed questionnaire in 1995. The NIH-AARP
cohort questionnaires elicited information on demographic and anthropometric characteristics, dietary intake, and numerous health-related factors at enrollment. Contextual environment characteristics for
the census tract of each of this cohort's participants have also been
compiled, allowing us to also incorporate socioeconomic variables at
the census-tract level. All participants provided written informed consent before completing the study. The study was approved by the Institutional Review Boards (IRBs) of the National Cancer Institute and
New York University School of Medicine.

2.4. Statistical methods
Cox proportional hazards models were employed to estimate hazard
ratios (HRs) of mortality in relation to ambient air pollution levels (per
10 µg/m3 for PM2.5; per 10 ppb for NO2 and O3), assigning long-term
exposure for PM2.5, NO2, O3 as average annual concentration levels
from 2002 to 2010, in order to match the more limited O3 data availability.
In fully-adjusted multivariate models including individual-level
variables, the following covariates were included: age (grouped into 3year categories), sex, region (6 U.S. states and two cities) as strata; race
or ethnic group (Non-Hispanic White; Non-Hispanic Black; Hispanic;
Asian, Paciﬁc Islander, or American Indian/Alaskan Native; unknown);
level of education (less than high school, some high school, high school
completed, post-high school or some college, college and post graduate,
unknown); marital status (married, never-married, other, unknown);
body-mass index (BMI) (< 18.5 kg/m2, 18.5- < 25.0, 25.0- < 30.0,
30- < 35, 35+, unknown); alcohol (none, < 1, 1- < 2, 2- < 3, 3< 5 and 5+ drinks per day); smoking status (never smoker, former
smoker of ≤ 1 pack/d, former smoker of > 1 pack/d, current smoker of
≤ 1 pack/d, current smoker of > 1 pack/d, unknown); and diet (total
fat consumption, in grams per day; total vegetable and total fruit consumption, in pyramid servings per day), in addition to two contextual
characteristics (median census tract household income and percent of
census tract population with less than a high school education, based on
the 2000 decennial census for the residence at study entry). At study

2.2. Cohort follow-up and mortality ascertainment
Person-years of follow-up were included for each participant from
enrollment to the date of death, the end of follow-up (31 December
2011), or the date the participant moved out of the study state or city
where s/he lived at enrollment, whichever occurred ﬁrst. Vital status
was ascertained through a periodic linkage of the cohort to the Social
Security Administration Death Master File and follow-up searches of the
National Death Index Plus for participants who matched to the Social
Security Administration Death Master, cancer registry linkage, questionnaire responses, and responses to other mailings. We used the
International Classiﬁcation of Diseases, 9th Revision (ICD-9) and the
International Statistical Classiﬁcation of Diseases, 10th Revision (ICD10) to deﬁne underlying mortality due to diabetes (ICD-9: 250 and ICD10: E10–E14). Among 566,398 participants enrolled in the NIH-AARP
cohort and available for analysis, after exclusions and removing those
with missing data the analytic cohort includes 549,735 (97.1% of total
cohort) participants with 50,700 (9.2%) self-reported history of
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4. Discussion

enrollment, cohort participants completed the AARP 124-item FFQ
(AARP-FFQ), an early version of the Diet History Questionnaire, to
assess dietary intake over the past year. We merged the MyPyramid
Equivalents Database, version 1.0, with the AARP food frequency
questionnaire data to calculate pyramid equivalents for fruits and vegetables (Reedy et al., 2008).
We also conducted stratiﬁed analyses to test for possible eﬀect
modiﬁcation by known individual risk factors: age, sex, race, smoking
history, pre-diagnosed health status (heart disease and diabetes), BMI,
and diet. Potential eﬀect modiﬁcation was assessed by including multiplicative interaction terms between the pollutant and covariates of
interest in the models, and the likelihood ratio test comparing model ﬁt
with and without interaction terms were conducted to test the statistical
signiﬁcance. Also, as further sensitivity analyses, we considered a
random eﬀects model at the metropolitan statistical area (MSA) level;
without censoring data after people moved; and for PM2.5, we also
considered an extended Cox model with time-varying and lagged exposures (1 year prior) for the entire follow-up period of years
1995–2011, to evaluate model robustness to choice of exposure metric
timeframe. Packages “survival” and “coxme” in R (version 3.4.0) were
utilized for analysis.

In this analysis, long-term exposure to both PM2.5 and NO2 were
found to be signiﬁcantly associated with increased risk for diabetes
mortality in a large, well-characterized U.S. cohort, implicating air
pollution exposure as an important modiﬁable environmental risk
factor for diabetes mortality. The strength of the relationship was robust to various model and exposure assessment speciﬁcations, and also
generally consistent among the observed subgroups, although several
subpopulations had signiﬁcantly elevated risks, notably among those
who are obese and consumed lower levels of fruits. The signiﬁcant NO2
association is suggestive of a role by traﬃc-related air pollution, but as
tracers for other sources are not available, it was not possible to eliminate other PM2.5 sources as possible contributors to the PM2.5-diabetes
mortality association found here.
The results here further contribute to the body of evidence from
numerous investigations thus far that have reported generally positive
associations between ambient air pollution exposure and diabetes.
PM2.5 exposure was related to increased diabetes prevalence in a USwide ecologic study (Pearson et al., 2010), and the studies that have
assessed long-term exposure to PM2.5 (Chen et al., 2013; Qiu et al.,
2018), NO2 (Andersen et al., 2012), and O3 (Jerrett et al., 2017; Renzi
et al., 2018) in relation to development of diabetes have reported positive ﬁndings. Several studies, however, have observed non-signiﬁcant
associations (e.g., Coogan et al., 2016; Eze et al., 2017) with diabetes
incidence. Our ﬁndings are also consistent with similar prospective
cohort studies examining the relationship between air pollution exposure and elevated diabetes mortality risk (Brook et al., 2013;
Raaschou-Nielsen et al., 2013; Pope et al., 2014), although such studies
did not ﬁnd evidence of subgroup eﬀect modiﬁcations.
Many studies have elucidated biologically plausible pathophysiologic mechanisms of the air pollution-diabetes relationship. Sun et al.
(2009) ﬁrst reported impaired insulin sensitivity, increased visceral
adiposity, enhanced systemic inﬂammation, and impaired vascular
endothelial function in mice exposed to PM2.5. PM2.5 exposure also
resulted in impaired energy metabolism, increased inﬂammation in
insulin responsive organs, increased brown adipose inﬂammation, and
imbalances in circulating leptin/adiponectin levels in a genetically
susceptible diabetic model (Liu et al., 2014). Recent evidence also
suggests that PM2.5 exposure induces vascular insulin resistance and
inﬂammation triggered by a mechanism involving pulmonary oxidative
stress, suggesting an intermediate step between exposure and development of systemic insulin resistance (Haberzettl et al., 2016). Other
proposed mechanisms include alternations in autonomic balance, exacerbating systemic insulin resistance via overactivity of the sympathetic nervous system (Rajagopalan and Brook, 2012), and activation of
hypothalamic-pituitary-adrenal axis (Thomson et al., 2013).
Mechanistic evidence for the relationship between air pollution and
diabetes is further supported by epidemiologic studies, largely crosssectional in design, that examine diabetes precursors. In Germany, longterm exposures to PM10 and NO2 increased homeostatic model assessment (HOMA-IR) levels among children (Thiering et al., 2013), and
long-term exposures to PM10 and NO2 were associated with elevated
levels of biomarkers of insulin resistance (IR), subclinical inﬂammation,
and adipokines (Wolf et al., 2016). Increased PM2.5 exposure was associated with elevated fasting glucose and glycosylated hemoglobin
levels in China (Liu et al., 2016), and higher annual average PM2.5
exposure was signiﬁcantly associated with higher fasting glucose, increased homeostatic model assessment (HOMA-IR), and LDL cholesterol, and lower insulin clearance in a cohort of Mexican-American
adults at high risk of diabetes (Chen et al., 2016). Among elderly individuals in Korea, short-term NO2 exposure was associated with elevated HOMA-IR levels, with increased susceptibility for participants
carrying risk genotypes in the oxidative stress-related human glutathione S-transferase genes (Kim et al., 2012). In a recent longitudinal
study of Los Angeles Latino children, NO2 exposure negatively aﬀected

3. Results
Detailed cohort characteristics are presented in Table 1; there is
only limited variation in pollutant concentrations by participant characteristics, indicating that potential confounding by these variables
with air pollution exposure is likely minimal. Average concentrations
for PM2.5 ranged from 2.8 to 21.2 μg/m3, with a mean (SD) of 11.0
(2.7) μg/m3; for NO2 concentration levels ranged from 2.1 to 36.2 ppb,
with a mean (SD) of 12.2 (5.5) ppb; and for O3 concentration levels
ranged from 25.5 to 56.5 ppb, with a mean (SD) of 39.5 (4.6) ppb.
Annual average PM2.5 and NO2 concentration levels for the years considered in the analysis were highly correlated (R2 = 0.60), while PM2.5
and O3 showed weak correlation (R2 = 0.01).
After adjusting for both individual- and contextual-level covariates,
both PM2.5 (HR = 1.19; 95% CI: 1.03–1.39) and NO2 (HR = 1.09; 95%
CI: 1.01–1.18) were found to be signiﬁcantly associated with diabetesrelated mortality. For O3, the mortality risk estimates were not signiﬁcant for either annual (HR = 0.96; 95% CI: 0.88–1.04) or summertime (HR = 0.98; 95% CI: 0.92–1.03) exposure averages. The timevarying model for PM2.5 provided similar results to the full model, and
inclusion of MSA-level random eﬀects, those who moved out of ascertainment area, and other comorbidities in the model only marginally
changed the eﬀect estimates for the pollutants (Table 2).
The overall exposure-response relationship using splines was
plotted, with the best degree of freedom (df = 2) selected via Akaike
Information Criterion (AIC) and Bayesian Information Criterion (BIC)
values. We observed the signiﬁcant associations between PM2.5 and
NO2 with diabetes-related mortality to be monotonic, and positively
linear across the range of concentration levels in the cohort (Fig. 1).
Stratiﬁed analyses were also conducted for potential eﬀect modiﬁer
subgroups. As shown in Table 3, the strength of the PM2.5-diabetes
mortality association (per 10 µg/m3) was greater for obese subjects (HR
= 1.30; 95% CI: 1.05–1.62), compared to overweight (HR = 1.13; 95%
CI: 0.77–1.65) and normal or underweight subjects (HR = 1.07; 95%
CI: 0.83–1.40) (p interaction = 0.04). The strength of the PM2.5-diabetes mortality association was also greater in subjects who consumed
less than 2.5 pyramid servings of fruits per day (HR = 1.28; 95% CI:
1.08–1.53), compared to those who consumed greater amounts (HR =
0.93; 95% CI: 0.69–1.27) (p interaction = 0.01). For NO2, we largely
observed similar patterns to those for PM2.5, including evidence of effect modiﬁcation by level of fruit consumption eﬀects (p interaction < 0.01).
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Table 1
Descriptive statistics for the NIH-AARP cohort.

Age
≥ 65
< 65
Sex
Male
Female
Race
White
Black
Hispanic
Asian, Paciﬁc Islander, or American Indian/Alaskan Native
Education
Less than high school
Some high school
12 years or high school completed
post-high school or some college
college and post graduate
BMI
< 18.5
18.5–25
25–30
30–35
> 35
Marital
Married
Other
Smoking
Never
Less than a pack, 1+ year quit
More than a pack, 1+ year quit
Less than a pack, stopped less than a year/current
More than a pack, stopped less than a year or current
Alcohol Drinks Per Day
0
<1
1–2
2–3
3–5
5+
Vegetable Consumption, Pyramid Servings Per Day
1st Quartile
2nd Quartile
3rd Quartile
4th Quartile
Fruit Consumption, Pyramid Servings Per Day
1st Quartile
2nd Quartile
3rd Quartile
4th Quartile
Fat Consumption, Grams Per Day
1st Quartile
2nd Quartile
3rd Quartile
4th Quartile

N (%)

PM2.5

NO2

O3

202,135 (36.8)
347,600 (63.2)

10.9 (2.8)
11.1 (2.7)

12.0 (5.6)
12.3 (5.5)

39.5 (4.6)
39.5 (4.6)

324,654 (59.1)
225,081 (40.9)

11.0 (2.7)
11.1 (2.8)

12.0 (5.4)
12.4 (5.6)

39.5 (4.5)
39.4 (4.7)

501,428 (91.2)
21,576 (3.9)
10,228 (1.9)
8878 (1.6)

10.9
12.3
11.4
11.9

(2.7)
(2.4)
(3.5)
(3.0)

11.9
15.3
14.8
15.7

(5.4)
(5.9)
(7.0)
(6.5)

39.6
38.2
38.8
38.0

(4.5)
(4.4)
(5.4)
(5.7)

33,311 (6.1)
107,547 (19.6)
53,834 (9.8)
127,430 (23.2)
211,024 (38.4)

11.0
11.1
10.9
11.0
11.1

(2.7)
(2.6)
(2.7)
(2.9)
(2.7)

11.9
12.0
11.6
12.3
12.5

(5.7)
(5.4)
(5.4)
(5.7)
(5.4)

39.5
39.4
39.6
39.7
39.3

(4.2)
(4.1)
(4.3)
(4.9)
(4.7)

4661 (0.8)
184,722 (33.6)
227,220 (41.3)
84,420 (15.4)
33,894 (6.2)

11.0
10.9
10.9
11.1
11.2

(2.7)
(2.7)
(2.7)
(2.7)
(2.7)

12.0
12.2
12.1
12.2
12.6

(5.7)
(5.6)
(5.5)
(5.5)
(5.6)

39.7
39.4
39.5
39.5
39.3

(4.7)
(4.7)
(4.6)
(4.5)
(4.5)

374,223 (68.1)
144,330 (26.2)
26,636 (4.8)

10.9 (2.7)
11.1 (2.8)
11.6 (2.7)

11.8 (5.4)
12.7 (5.7)
14.2 (6.1)

39.7 (4.5)
39.2 (4.7)
38.3 (4.9)

191,283 (34.8)
146,124 (26.6)
115,543 (21.0)
48,927 (8.9)
26,858 (4.9)

11.2
11.0
10.8
11.1
10.9

(2.7)
(2.7)
(2.7)
(2.7)
(2.8)

12.4
12.2
11.8
12.4
11.7

(5.5)
(5.5)
(5.5)
(5.7)
(5.6)

39.5
39.4
39.6
39.4
39.6

(4.6)
(4.6)
(4.5)
(4.6)
(4.5)

136,107 (24.8)
287,101 (52.2)
62,140 (11.3)
20,778 (3.8)
20,078 (3.7)
23,531 (4.3)

11.2
11.1
10.8
10.7
10.7
10.6

(2.7)
(2.7)
(2.7)
(2.7)
(2.7)
(2.8)

11.9
12.5
12.1
12.1
11.7
11.7

(5.7)
(5.5)
(5.4)
(5.5)
(5.4)
(5.6)

39.9
39.5
39.3
39.2
39.5
39.4

(4.6)
(4.6)
(4.8)
(4.9)
(4.7)
(4.7)

136,176
137,359
137,870
138,330

(24.8)
(24.9)
(25.1)
(25.2)

11.0
11.0
11.0
11.0

(2.7)
(2.7)
(2.7)
(2.7)

12.0
12.0
12.0
12.6

(5.6)
(5.6)
(5.6)
(5.6)

39.5
39.5
39.5
39.4

(4.4)
(4.5)
(4.6)
(4.7)

136,632
137,435
137,745
137,923

(24.9)
(25.0)
(25.0)
(25.1)

10.9
11.0
11.0
11.1

(2.7)
(2.7)
(2.7)
(2.8)

11.9
12.0
12.2
12.7

(5.5)
(5.4)
(5.5)
(5.6)

39.5
39.5
39.4
39.3

(4.2)
(4.3)
(4.4)
(4.5)

138,972
138,327
137,087
135,329

(25.3)
(25.2)
(24.9)
(24.6)

11.0
11.0
11.0
11.0

(2.7)
(2.7)
(2.7)
(2.7)

12.5
12.3
12.1
12.0

(5.6)
(5.5)
(5.5)
(5.5

39.2
39.4
39.6
39.7

(4.7)
(4.6)
(4.5)
(4.5)

Table 2
Diabetes mortality HRs (per 10 μg/m3 for PM2.5; per 10 ppb for NO2 and O3) by model speciﬁcations.
PM2.5

Model
Model
Model
Model
Model
Model

1
2
3
4
5
6

Age, Sex, Location Only
Full Model
M2 + Comorbidity
M2 + Random Eﬀects
Without censoring movers
Time-varying Exposure

NO2

O3

HR

95% CI

HR

95% CI

HR

95% CI

1.59
1.19
1.22
1.23
1.21
1.18

1.36–1.86
1.03–1.39
1.05–1.42
1.03–1.47
1.03–1.43
1.03–1.36

1.25
1.09
1.10
1.10
1.09

1.16–1.35
1.01–1.18
1.02–1.18
1.01–1.19
1.01–1.18

1.01
0.96
0.96
0.93
0.96

0.93–1.09
0.88–1.04
0.88–1.04
0.84–1.03
0.88–1.04

*Adjusted for age, sex, and location as strata; and race, BMI, education, smoking, and marriage at individual-level; and median income and % with high school
education at census-tract level.
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B-cell function, while higher NO2 and PM2.5 exposures were associated
with a faster decline in insulin sensitivity (Alderete et al., 2017). Collectively, the cumulative evidence is generally supportive of a potentially causal association between exposure to air pollutants and diabetes
risk, as found here for PM2.5 and NO2, and suggests that air pollution
exposure could potentially increase risk of diabetes mortality events by
worsening the underlying diabetes disease course or exacerbating glycemic control and insulin resistance.
Of the pollutants considered, we did not observe any statistically
signiﬁcant associations with O3, in contrast to the recent extended
analyses of multiple causes of mortality outcomes in the aforementioned ACS (Turner et al., 2015) and CanCHEC (Crouse et al., 2015)
cohorts, which utilized more spatially coarse estimates for O3 than the
analysis conducted here, reported signiﬁcant positive ﬁndings. Both
animal and human exposure studies have also implicated insulin resistance in response to ozone exposure; exposure of rats to ozone have
been demonstrated to induce whole-body insulin resistance and oxidative stress via production of lung mediators that induce oxidative
stress and disrupting insulin-induced signaling and glucose uptake
(Vella et al., 2015), while in a recent study where human subjects were
exposed to acute O3 exposures for 2 h during 15-min on-oﬀ exercise, it
was found that exposure increased stress hormones and altered peripheral lipid metabolism (Miller et al., 2016). Potential exposure misclassiﬁcation due to limited exposure assessment (in using more recent
years only, 2009–2011) for long-term ozone concentrations in our
study, diﬀerent correlation structures between the co-pollutants across
the locations, population diﬀerences, and generally lower concentration levels and variability observed for ozone for those in our particular
study may be driving the inconsistencies between the cohorts. Both
animal and epidemiological studies of ozone exposure in relation to
diabetes risk are relatively limited in number, and additional investigations of the ozone-diabetes risk association are warranted.
In our assessments of eﬀect modiﬁcation by individual risk factors,
signiﬁcantly elevated mortality risks associated with PM2.5 and NO2
were indicated among those who are obese, consistent with past epidemiologic studies that observed elevated eﬀects of PM2.5 in those with
such conditions (Dubowsky et al., 2006; Delﬁno et al., 2010), suggesting that individuals under a chronic state of inﬂammation may be
more susceptible to pro-inﬂammatory eﬀects of air pollution exposure.

Fig. 1. Concentration-response curves (solid lines) and 95% CIs (dashed lines)
relative to the eﬀect at mean concentration, based on natural spline models
with 2 degrees of freedom, for standard Cox models adjusted for individuallevel and contextual covariates. The tick marks on the x-axis identify the distribution of observations according to air pollutant concentrations.

Table 3
Diabetes mortality HRs by category of selected risk factors.
PM2.5

Age
Sex
Race
BMI

Smoke
Vegetable
Fruits
Fat
Pre-Heart
Pre-Diabetes

> 65
< 65
Female
Male
White
Other
Obese
Overweight
Normal
Ever
Never
> 2.5 pyramid servings/day
≤ 2.5 pyramid servings/day
> 2.5 pyramid servings/day
≤ 2.5 pyramid servings/day
> 100 g/day
≤ 100 g/day
Yes
No
Yes
No

NO2

HR

95% CI

p-val

HR

95% CI

p-val

1.28
1.09
1.03
1.28
1.10
1.61
1.30
1.13
1.07
1.22
1.19
1.38
1.11
0.93
1.28
1.13
1.20
1.23
1.21
1.14
1.23

1.04–1.58
0.87–1.38
0.79–1.34
1.07–1.55
0.93–1.30
1.04–2.49
1.05–1.62
0.77–1.65
0.83–1.40
1.02–1.47
0.90–1.58
1.05–1.82
0.93–1.34
0.69–1.27
1.08–1.53
0.83–1.54
1.01–1.43
0.94–1.61
1.00–1.45
0.95–1.37
0.92–1.64

0.12

1.15
1.04
0.96
1.17
1.10
0.83
1.08
1.13
1.08
1.10
1.10
1.13
1.11
0.93
1.17
1.13
1.07
1.10
1.11
1.07
1.07

1.04–1.27
0.93–1.17
0.84–1.10
1.06–1.29
1.01–1.20
0.60–1.15
0.97–1.20
0.99–1.29
0.89–1.30
1.00–1.21
1.01–1.20
0.99–1.30
1.02–1.20
0.79–1.09
1.08–1.27
0.96–1.32
0.99–1.17
0.96–1.26
1.01–1.22
0.98–1.17
0.92–1.23

0.57

0.37
0.09
0.04

0.37
0.93
0.01
0.89
0.72
0.77

0.07
0.96
0.51

0.91
0.79
< 0.01
0.21
0.55
0.82

*Adjusted for age, sex, and location as strata; and race, BMI, education, smoking, and marriage at individual-level; and median income and % with high school
education at census-tract level.
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associated health eﬀects are needed to maintain and improve on these
gains in public health. The signiﬁcantly elevated mortality risks attributable to PM2.5 and NO2 that were observed among individuals with
modiﬁable risk factors traditionally associated with diabetes also suggest that potential health beneﬁts of lifestyle improvements (e.g.
dietary changes) may well be larger than previously reported.

However, we did not observe any eﬀect modiﬁcation by pre-existing
comorbidities, although this may be largely due to their less reliable,
self-reported nature in this cohort. We also observed eﬀect modiﬁcation
by diet; signiﬁcantly decreased mortality risks attributable to air pollution were found among those who consumed higher levels of fruits,
potentially due to their high antioxidant content and reduction of systemic oxidative stress, and consistent with past evidence that increasing
intake of vegetable and fruit consumption decreases incident diabetes
risk (Carter et al., 2010). To our knowledge, there are no prior studies
reporting this synergism between dietary habits and air pollution exposure on the risk of diabetes, although a few studies have observed
attenuated risk of negative health impacts of air pollution from intake
of nutritional supplements with anti-inﬂammatory properties: for example, omega-3 polyunsaturated fatty acid supplementation prevented
heart rate variability decline related to PM2.5 exposure (Romieu et al.,
2005), and supplementation with olive oil seemed to protect against the
adverse vascular eﬀects of concentrated ambient PM2.5 exposure (Tong
et al., 2015). As dietary habits and obesity are well-recognized as traditional modiﬁable risk factors for diabetes, our results suggest that
among such individuals, modiﬁcation of these risk factors (obesity and
diet) may additionally reduce diabetes mortality risk attributable to air
pollution exposures.
Primary strengths of this study include: the large size of the cohort,
long follow-up period (17 years), exposure assessment of multiple
pollutants at the census-tract level using latest prediction models,
evaluation of time-varying exposures, and availability of information
on detailed individual-level risk factors (including diet, BMI, smoking
history, and pre-diagnosed health conditions). Our cohort characteristics and study design address some of the limitations noted in past
published long-term air pollution exposure-diabetes mortality studies,
such as a lack of personal-level information on smoking history or BMI.
However, several potential weaknesses also exist in this study; as residence census tract and personal covariates were recorded at baseline
and prospective changes in these factors could not be accounted for,
except that follow-up was censored when participants moved out of the
study region. In addition, we could not diﬀerentiate whether the deaths
were due to type 1 or type 2 diabetes. Also, our analysis concerned
diabetes as an underlying cause of death and did not consider contributory cause to cardiovascular mortality and other diseases to which
diabetics are susceptible; nevertheless, the previous studies have found
excess mortality whether diabetes was considered as an underlying or
contributory cause (Raaschou-Nielsen et al., 2013; Pope et al., 2014).
We also did not adjust for exposure to traﬃc noise, a correlate and
potential confounder of traﬃc-related air pollution, which has been
shown to be associated with elevated diabetes risk (Clark et al., 2017;
Eze et al., 2017).
In the U.S., approximately 22 million adults (11% prevalence) have
diagnosed type 2 diabetes mellitus (T2DM), with the greatest prevalence in people 65 years of age or older (Menke et al., 2015; CDC,
2015). Diabetes imposes a sizable burden on U.S. society, with an estimated total economic cost in 2012 of $245 billion (accounting for 1 in
every 10 health care dollars spent), due to increased use of health resources and lost productivity (Yang et al., 2013). Given the ubiquitous
nature of ambient air pollution and the risks attributable to exposure,
the associated dollar costs and valuations are likely to be substantial.
On the other hand, air pollution exposure is a risk factor potentially
modiﬁable by regulatory interventions in lieu of the challenges of societal changes in the public's personal behaviors and diets. Thus, our
results contribute to a growing body of evidence suggesting that policies aimed at improving air quality could provide an eﬃcient way to
ease the public health and economic burden imposed by diabetes, in the
U.S. as well as the developing world. National eﬀorts have been successful thus far in lowering population exposure to air pollutants; remarkably, from 2000 to 2012 the annual average PM2.5 concentrations
dropped 33% while NO2 dropped 31% (EPA, 2013). Nevertheless, with
an aging population, continued abatement eﬀorts and monitoring of

5. Conclusions
In this study, we found statistically elevated diabetes mortality risk
associated with PM2.5 and NO2 in a large prospective U.S. cohort,
corroborating past studies, with signiﬁcant eﬀect modiﬁcation by BMI
and fruit consumption levels. The public health implications our ﬁndings are likely even greater in developing nations, where the prevalence
of obesity and diabetes as well as air pollution concentration levels are
both rising. Additional research is necessary in such locations, where, in
addition to the elevated concentration levels, the composition of pollutants (e.g., PM2.5 constituents) and population characteristics (e.g.,
age distribution) likely diﬀer markedly from industrialized countries,
where the bulk of past studies have been conducted to date.
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