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Abstract

Background: Few studies have examined the relationship between long-term exposure to
ambient fine particulate matter (PM, s5) and non-accidental mortality in rural populations.
Objective: To examine the relationship between PM; s and non-accidental and cardiovascular
mortality in the US Agricultural Health Study cohort.

Methods: The cohort (n=83,378) included farmers, their spouses, and commercial pesticide
applicators primarily residing in Iowa and North Carolina. Deaths occurring between enrollment
(1993-1997) and December 30, 2009 were identified by record linkage. Six-year average (2001-
2006) remote-sensing derived estimates of PM,s were assigned to participants’ residences at
enrollment and Cox proportional hazards models were used to estimate hazard ratios (HR) in
relation to a 10 pg/m’ increase in PM, s adjusted for individual-level covariates.

Results: In total, 5931 non-accidental and 1967 cardiovascular deaths occurred over a median
follow-up time of 13.9 years. PM,s was not associated with non-accidental mortality in the
cohort as a whole (HR: 0.95, 95% CI: 0.76, 1.20) but consistent inverse relationships were
observed among women. Positive associations were observed between ambient PM,s and
cardiovascular mortality among men, and these associations were strongest among men who did
not move from their enrollment address (HR=1.63, 95% 0.94, 2.84). In particular, cardiovascular
mortality risk in men was significantly increased when analyses were limited to non-moving
participants with the most precise exposure geocoding (HR=1.87, 95% CI: 1.04, 3.36).
Conclusions: Rural PM,s may be associated with cardiovascular mortality in men; however,
similar associations were not observed among women. Further evaluation is required to explore

these gender differences.



Introduction

Numerous cohort studies have examined the relationship between long-term exposures to
ambient fine particulate matter (PM,s) and non-accidental and cardiovascular mortality (Beelen
et al. 2008; Cesaroni et al. 2013; Chen et al. 2005; Crouse et al. 2012; Dockery et al. 1993;
Katanoka et al. 2011; Hoek et al. 2013; Laden et al. 2006; Lepeule et al. 2012; Miller et al. 2007,
Ostro et al. 2010; Pope et al. 2002; 2004; Puett et al. 2009; 2011). In general, findings from these
studies support a causal relationship between chronic PM; s exposure and mortality, likely owing
to biological mechanisms including altered autonomic function, impaired vascular function, and
increased pulmonary and systemic inflammation (Brook et al. 2010). However, it is important to
note that existing evidence primarily reflects associations that have been observed in urban areas
where air monitoring networks are located. To date, few studies have explored the potential
relationship between long-term exposure to PM; s and mortality in rural areas; however, some
evidence suggests that the association between PM; s and life expectancy may be stronger in
more urban, densely populated regions (Correia et al. 2013). Indeed, as PM; 5 is a heterogeneous
mixture, it is possible that the long-term health impacts of ambient PM; s may differ between
urban and rural areas owing to differences in particle composition. The emergence of remote
sensing-based estimates of ground level PM, s (van Donkelaar et al. 2010) now makes it possible
to include rural areas in large-scale air pollution studies as recently demonstrated in a Canadian
national-level cohort study (Crouse et al. 2012). Moreover, recent evidence suggests that studies
in rural areas are relevant given that low concentrations (<10 pg/m’) of ambient PM, 5 have been

associated with increased non-accidental and cardiovascular mortality (Crouse et al. 2012).

Here we use remote sensing methods to evaluate the relationship between long-term exposure to

PM, s and non-accidental and cardiovascular mortality in the Agricultural Health Study cohort



(Alavanja et al. 1996). There are two features of this cohort that are important for studying
associations between ambient PM, s and mortality. First, by virtue of their occupations, private
applicators (i.e. farmers) in the cohort are more likely to spend a greater proportion of their time
working outdoors close to home relative to the general population. Therefore, exposure
misclassification should be reduced relative to other cohort studies that have assigned exposures
to place of residence. Second, individual level data were collected that allowed us to control for
potentially important confounding factors (e.g. smoking) and to classify individuals based on the

estimated amount of time they typically spent outdoors.

Methods

Study population

The Agricultural Health Study (AHS) was designed to evaluate the potential health effects of
agricultural exposures among commercial pesticide applicators, farmers, and their families in
Iowa and North Carolina, USA. Details of the AHS design have been described (Alavanja et al.
1996). Briefly, participants were recruited from pesticide licensing facilities between 1993 and
1997 and enrolled by completing a self-administered questionnaire. Applicators who completed
the enrollment questionnaire were also asked to complete a more detailed take-home
questionnaire and were provided with a questionnaire to be completed by their spouse. In total,
82% of farmers, 47% of commercial applicators, and 75% of spouses eligible to participate in the
study were enrolled. Of these, 52,987 applicators (93%) (48,074 private applicators and 4913
commercial applicators) and 30,391 spouses (94%) were included in the present analysis as
geographic coordinates were available for these participants. The majority of participants lived in
either lowa or North Carolina but a small fraction of participants (~1%) lived outside these

states. All individual-level covariate data used in the analyses were collected from either the



enrollment questionnaire, the take-home questionnaire, or the spouse questionnaire completed at
the time of enrollment. The study was approved by the institutional review boards of the US
National Institutes of Health, its contractors, and by Health Canada’s Research Ethics Board.
Informed consent was implied by the return of study questionnaires as approved by institutional

review boards.

Outcome classification

Deaths were identified through annual linkage with death registries in Iowa and North Carolina
as well as the National Death Index. Underlying causes of death were coded using the
International Classification of Diseases (ICD) in effect at the time of death (Ninth or Tenth)
(WHO, 1977; 1992). Analysis of non-accidental mortality included ICD-9 codes lower than
800 and ICD-10 codes lower than VO1. Analysis of cardiovascular mortality included ICD-9
codes 400-440 and ICD-10 codes 110-170. As exploratory analysis, we also examined several
specific causes of death including ischemic heart disease (ICD-10 code: 125) cerebrovascular

disease (ICD-10 codes: 160-169), and lung cancer (ICD-10 code: C34).

PM,; 5 exposure assignment

Agricultural Health Study addresses were batch matched using automated geocoding methods
(ArcGIS Geocoding Engine, Navteq 2011, version 2) to obtain the latitude and longitude (30 foot
street offset) at the enrollment residence. Additionally, lowa addresses that were not matched
or that were matched to a zip-code, town name, or street name only were manually reviewed,
corrected if necessary, and entered into ArcGIS or Google Maps and other online mapping
software to obtain coordinates. Additional address cleaning was conducted in lowa as part of a

separate project and has not been completed for North Carolina. In total, approximately 82% of



participants were successfully matched to a specific street address, 2% were matched to a street
name (at the center-point of the street segment if the street was located within one zip-code), and
15% were matched to zip-code centroids. A small number of participants (n=62, 0.1%) were

geocoded to a city centroid without further spatial resolution.

Satellite-based estimates of ambient PM,s concentrations were assigned to each enrollment
address with a spatial resolution of approximately 10 x 10 km. Specifically, satellite retrievals of
the total atmospheric column at each address were related to surface concentrations using
column-to-surface ratios from the GEOS-Chem chemical transport model (GEOS-Chem, 2012).
PM, s concentrations assigned to each location reflected the six-year mean (2001-2006) of
combined daily aerosol optical depth retrievals from the MODIS (Levy et al. 2007) and MISR
(Diner et al., 2005) instruments and were corrected for sampling bias as previously described
(van Donkelaar et al., 2010). The 2001-2006 satellite estimates were based on an average of 780
values (per 10 x 10 km grid) for North Carolina and 510 values for lowa. The impact of
missing values was reduced by applying the coincidently to non-coincidently sampled ratio from
the GEOS-Chem chemical transport model; this approach corrects for bias that may result from

days lost due to the presence of clouds or snow (van Donkelaar et al., 2010).

While this time-period does not cover the entire duration of follow-up, existing ground level data
from the IMPROVE network suggests that the years 2001-2006 may be generally representative
of annual average ambient concentrations between 1995 and 2009. For example, one site
(SHROI1) in North Carolina collected PM;s data from 1995 forward, and the mean PM;;
concentration at this site was 6.4 pg/m’ between 1995 and 2009 whereas the 2001-2006 average
was 5.8 pg/m’ and the 2001-2009 average was 5.4 pg/m’. Unfortunately, additional ground level

monitoring data are not available to conduct similar comparisons at multiple sites over the entire
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follow-up period (1993-2009); however, this data generally supports the use of a six year
average (2001-2006) to estimate long-term exposures to ambient PM; s in the AHS cohort. In
general, previous studies have reported strong correlations between satellite-based estimates of
ambient PM, s and ground level measurements in both Canada (r=0.84) (Crouse et al. 2012) and
North American as a whole (r=0.77) (van Donkelaar et al. 2010). Correlations between satellite
and ground level data are slightly lower for lowa (r=0.63; 34 sites) and North Carolina (r=0.54;

63 sites) specifically (Supplemental Material, Figure S1).

Residential address information collected at enrollment was updated through annual mailings
and during follow-up interviews in Phase 2 (1999-2005) and Phase 3 (2005-2010) of the AHS.
Participants were classified as non-movers if their residential address did not change over time.
In addition to moving, address changes could occur if a rural route was updated to a street
address; however, these participants were not included among non-movers. Detailed time-
varying address/exposure data were not available for this analysis, but we were able to verify
which participants remained at their enrollment address (i.e. non-movers). A small number of
participants (n=229) provided multiple enrollment addresses (up to 3). For these participants, the
address with the lowest PM, s value was used in the analysis; however, PM, 5 values at multiple

addresses typically varied by less than 1-2 pg/m’.

Statistical analysis

Hazard ratios (HR) and their 95% confidence intervals (CI) were estimated using the Cox
proportional hazards model with AHS data release AHSREL201103.00. Survival times were
calculated from the age at enrollment to age at death or the end of follow-up (December 30,
2009). Age in years was used as the time axis and all models were adjusted for gender, state of

enrollment (Iowa/North Carolina), and birth year category (<1930, 1930-1939, 1940-1949, 1950-
8
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1959, >1960). Race was not included as a stratifying variable or as a covariate in statistical

models because participants were predominantly Caucasian (>98%).

Three separate models were examined to evaluate the relationship between ambient PM, s and
non-accidental and cardiovascular mortality. Potential confounding factors included in these
models were selected based on previous studies of long-term exposure to PM; s and mortality.
Simple models (including only PM,s) were examined first, followed by models including
potentially important behavioral/personal factors (e.g. smoking), and finally fully adjusted
models including socioeconomic factors and additional lifestyle factors (e.g. education, diet).
Specifically, minimally adjusted models included PM; s as a continuous variable and the factors
mentioned above. Moderately adjusted models included additional terms for continuous
measures of both body mass index (BMI, kg/m?®) and pack-years of smoking. Fully-adjusted
models included additional indicator variables for marital status (married or living as
married/divorced or separated/widowed/never married), education (1-8 years/some high
school/high school graduate/high school equivalency/1-3 years vocational education beyond high
school/some college/college graduate/some graduate school/other), alcohol consumption at
enrollment (<1, 1-5, >6 drinks per month), and vegetable servings per week (<3, 3-4, 5-6, >7).
Categories for missing values were included as part of indicator variables for alcohol
consumption and vegetable servings per week to minimize reductions in sample size owing to
missing values. Models including both squared and linear terms for BMI and pack-years of
smoking were also evaluated but squared terms were not included in final models as they did not
appreciably change the coefficients for PM,s or improve model fit based on the Akaike

Information Criterion (AIC).



Additional analyses were conducted among non-movers (as defined above) as well as models
stratified by the estimated amount of time spent outdoors. Time outdoors was assessed through
the following question: “In the growing season, how many hours a day do you generally spend in
the sun?” The median value of this response was used as the cut point in stratified analyses
(this value differed for men and women). Formal tests for interactions between ambient PM; s
and gender, state of enrollment, BMI, and time-spent outdoors were conducted by evaluating the
statistical significance of the corresponding first-order interaction terms. Finally,
concentration-response functions were graphed using natural splines for PM, 5 with two degrees
of freedom using adjusted Cox survival models described above. Natural splines with three and
four degrees of freedom were explored but did not improve model fit (data not shown). A value

of 0.05 was used to indicate statistical significance.

Sensitivity analyses were conducted to evaluate whether occupational sources of PM; s exposure
and/or additional smoking variables may influence the findings. For occupational exposures,
sensitivity analyses evaluated indicator variables for activities including repairing engines,
grinding metal, welding, and driving diesel tractors as well as continuous variables for both years
of mixing/applying pesticides and physical activity (hours exercising/week). Continuous
measures of years mixing/applying pesticides were moderately correlated with ever/never use of
specific pesticides classes including herbicides, phenoxy herbicides, insecticides, fungicides,
carbamates, organophosphates, and organochlorines (0.49 < Spearman’s r <0.65) and thus these
factors were not examined individually. Ambient PM, 5 concentrations were not correlated with
ever/never use of any of  these broad pesticide use categories (r < 0.21). As data for several
of these factors were limited to a subset (~40% of eligible applicators) of the cohort (Tarone et

al. 1997), the primary purpose of this sensitivity analysis was to evaluate the potential impact of
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omitting these factors on effect estimates for ambient PM,s. Similarly, additional smoking
variables were evaluated in combination with pack-years of smoking including continuous
measures of cigarettes per day and years smoked as well as indicator variables for smoking status

at enrollment (current/former/never) and ever/never use of pipes, cigars, or chewing tobacco.

Models were examined replacing missing BMI and vegetable intake data with gender-specific
mean values to evaluate the potential impact of missing data on observed associations. In
addition, models for cardiovascular mortality were stratified by BMI (above/below median
value) to evaluate potential effect modification by BMI. Furthermore, models were examined
excluding participants with exposures assigned to zip-code centroids to evaluate the potential
impact of exposure measurement error resulting from geocoding error. Finally, models were
examined including a random effect (i.e. frailty term) for county to evaluate the potential impact
of spatial correlations on the PM; s coefficients. These models were examined separately for men
and women; however, owing to sample size limitations, this analysis was limited to minimally

adjusted models and non-movers were not examined separately.

All hazard ratios reflect a 10 pg/m’ increase in ambient PM, 5 concentrations and all statistical
analyses were conducted using STATA version 11 (StataCorp. 2009. College Station, TX:

StataCorp LP). Concentration —response plots for PM, s were generated in R (version 2.15.2).

Results

Participant characteristics at the time of enrollment are presented in Table 1. Participants were
predominantly male (62%), private applicators (i.e. farmers) (58%), residents of lowa (70%), and
never smokers (58%). On average, men and women were 46 and 47 years of age at enrollment,

respectively; men reported a median value of 6-10 hours/day in the sun (i.e. outdoors) during the
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growing season whereas women reported a median value of 1-2 hours/day. Ambient PM,s
concentrations were slightly higher for participants enrolled in North Carolina than in Iowa
(mean difference=2.27 pug/m’, 95% CI: 2.25, 2.29) with estimated mean concentrations ranging
between 5.7 and 19.2 pg/m’. Nearly all PM,s (99%) values in Iowa were below the current
annual National Ambient Air Quality Standard of 12 pg/m’ whereas 69% of values were below
this standard in North Carolina. The majority (61%) of participants did not have an address
update from their enrollment address (i.e. were classified as non-movers) and this proportion was
similar among men (60%) and women (62%). On average, ambient PM, 5 concentrations were
similar for non-movers (mean: 9.58 pg/m?) relative to the cohort as a whole (mean: 9.44 pg/m’).
The spatial distribution of participants and the estimated PM, s concentrations in Iowa and North
Carolina are shown in Figure 1. In total, the analysis was based on nearly 1.2 million person-
years of follow-up with 5931 non-accidental deaths and 1,967 cardiovascular deaths. The median

follow-up time was 13.9 years.

Hazard ratios describing the relationships between ambient PM,s and non-accidental and
cardiovascular mortality are shown in Table 2. Ambient PM; s concentrations were not associated
with an increased risk of non-accidental mortality for the cohort as a whole; however, significant
inverse relationships were observed among non-moving women in moderately and fully adjusted
models. Conversely, positive associations were observed between ambient PM,s and
cardiovascular mortality in men for all models examined. In addition, the strength of this
association increased when analyses were limited to men who did not move from their
enrollment address and tests for PM,s-gender interactions for cardiovascular mortality were
statistically significant in moderately (p=0.05) and fully adjusted (p=0.02) models among non-

movers.
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Sensitivity analyses excluding participants with PM,s concentrations assigned to zip-code
centroids resulted in stronger relationships between ambient PM, s and cardiovascular mortality
among men (Table 2). In particular, significant positive associations were observed between
ambient PM, s and cardiovascular mortality in fully adjusted models for all men (HR=1.66, 95%
CI: 1.00, 2.78) and among male non-movers (HR=1.87, 95% CI: 1.04, 3.36). Changes were less
dramatic for non-accidental mortality; however, ambient PM,s was not associated with a
significant decrease in non-accidental mortality among women when we excluded participants

with exposures assigned to zip-code centroids (Supplemental Material, Table S1).

There were no statistically significant interactions between PM; s and state of enrollment on the
risk of cardiovascular or non-accidental mortality (p>0.05) (data not shown). Since state of
enrollment was correlated with ambient PM, 5 (r=0.60) we also examined models excluding this
variable from the analysis. In these models, ambient PM,s was positively associated with
cardiovascular mortality among men in minimally (HR: 1.32, 95% CI: 1.00, 1.76), moderately
(HR: 1.41, 95% CI: 1.00, 2.02), and fully adjusted models (HR: 1.39, 95% CI: 0.96, 2.01).
However, state of enrollment was associated with cardiovascular mortality and was moderately
correlated with ambient PM,s; therefore, we retained state of enrollment as a possible

confounder in subsequent models despite potential underestimation of PM, s effects.

Of the specific causes of death examined, ischemic heart disease (n=213) (HR: 2.68, 95% CI:
1.04, 6.87) and cerebrovascular mortality (n=242) (HR: 1.78, 95% CI: 0.72, 4.42) were each
positively associated with ambient PM, s in fully adjusted models but lung cancer mortality

(n=337) was not positively associated with ambient PM, s (HR=0.75, 95% CI: 0.34, 1.65).
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When analyses were stratified by the estimated amount of time participants spent outdoors at
enrollment (<6 vs. >6 hours/day), associations between PM,s and cardiovascular mortality
tended to be stronger among men who reported spending the most time outdoors (Table 3).
However, small numbers of cardiovascular deaths were classified in each category of time spent
outdoors and formal tests of interaction between PM,s and time spent outdoors were not
statistically significant (p>0.05). There were too few deaths among women to support similar

analysis among female participants.

Little change was noted in the PM; s coefficient for cardiovascular mortality in men when a
shared frailty term for county was included in the minimally adjusted model (data not shown);
therefore, excluding this term from the main analysis likely did not have a dramatic impact on
model coefficients. Concentration-response plots for ambient PM; s and cardiovascular mortality
in men suggested a linear increase in the risk of cardiovascular mortality at low PM,s

concentrations (<10pg/m’) (Figure 2).

Ambient PM, s concentrations were not correlated with occupational exposures examined in the
sensitivity analyses (r < 0.13) and additional adjustment for these factors had little impact on
model estimates for PM, s (Supplemental Material, Table S2). Similarly, including additional
variables for smoking status at enrollment, cigarettes per day, years smoked, or the use of pipes,
cigars, or chewing tobacco did not have a meaningful impact on coefficients for PMs
(Supplemental Material, Table S2). Among men, adjusting for physical activity increased
PM; 5 coefficients in the minimally adjusted model (HR: 1.30, 95% CI: 0.77, 2.19) but decreased
coefficients in the moderately (HR: 1.08, 95% CI: 0.61, 1.91) and fully adjusted models (HR:

1.08, 95% CI: 0.60, 1.93).
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As expected, BMI and pack-years of smoking were each important predictors of non-accidental
and cardiovascular mortality. Specifically, in moderately adjusted models each 10-unit increase
in BMI was associated with a 17% increased risk of non-accidental mortality (95% CI: 1.09,
1.26) whereas a 10-unit increase in pack-years of smoking was associated with a 12% increased
risk of non-accidental mortality (95% CI: 1.01, 1.14). Similar increases in BMI and pack-years
of smoking were associated with 29% (95% CI: 1.13, 1.47) and 11% (95% CI: 1.08, 1.13)
increased risks of cardiovascular mortality, respectively. Sensitivity analyses conducted with
missing data for BMI and vegetable intake replaced with gender-specific mean values produced
estimates similar to those of the minimally adjusted models; however, ambient PM, 5 was not
associated with a significant decrease in non-accidental mortality among women in this analysis

(Supplemental Material, Tables S3).

When models for cardiovascular mortality were stratified by BMI, hazard ratios were
consistently higher among men in the highest category of BMI (>26.5 kg/m?) (Table 3). For
example, the hazard ratio in the fully adjusted model was 1.76 (95% CI: 0.94, 3.28) among men
in the highest category of BMI compared to 1.15 (95% CI: 0.57, 2.33) in the low BMI category.
When limited to men with the most precise exposure assignment (i.e. excluding men with
exposure assigned to a zip-code centroid), the hazard ratio for cardiovascular mortality increased
to 2.01 (95% CI: 1.01, 3.98) for men in the highest category of BMI relative to 1.35 (95% CI:
0.62, 2.92) in the low BMI category. While these findings suggest potential effect modification
by BMI, we had limited power to detect such effects and tests for interaction between PM; s and

BMI were not statistically significant (p>0.05).

Of the occupational exposures examined, only diesel tractor use was independently associated

with mortality in the AHS cohort. Specifically, diesel tractor use was associated with non-
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accidental mortality among men in minimally (HR=1.11, 95% CI: 1.01, 1.23), moderately
(HR=1.19, 95% CI: 1.07, 1.33), and fully adjusted models (HR=1.23, 95% CI: 1.10, 1.37).
Diesel tractor use was also associated with increased risks of cardiovascular mortality in men in
minimally (HR=1.08, 95% CI: 0.92, 1.27), moderately (HR=1.16, 95% CI: 0.97, 1.39), fully
adjusted models (HR=1.21, 95% CI: 1.00, 1.45). However, this analysis was limited to men as
few women reported diesel tractor use (<300). The magnitude of association between PM; s and
cardiovascular mortality among men was similar among users and non-users of diesel tractors

(data not shown).

Discussion

Few cohort studies have examined the long-term health impacts of PM, s in rural areas. This is
an important question as there may be systematic differences in particle composition between
urban and rural regions (Aneja et al. 2006; Edgerton et al. 2005). In this study, ambient PM; s
was not associated with non-accidental mortality in the AHS cohort as a whole but inverse
relationships were observed among women. Conversely, consistent positive associations were
observed between ambient PM,s and cardiovascular mortality in men with the strongest
associations observed among men who did not change their enrollment address. Although not
statistically significant, the magnitude of association between PM; 5 and cardiovascular mortality
among men (8%-43% increase per 10 pg/m’ increment) was similar to values reported in
previous studies of PM; 5 and cardiovascular mortality (Hoek et al. 2013). Specifically, each 10
pg/m’ increment in ambient PM,s was associated with 26-28% increases in cardiovascular
mortality in the Harvard Six Cities Study (Laden et al. 2006; Lepeule et al. 2012), a 12%
increase in American Cancer Society Cohort (Pope et al. 2004), and a 16% increase in the

Canadian Census Cohort (Crouse et al. 2012); however, in these studies increases were not
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limited to men and inverse associations were not reported among women. In addition, our
analysis limited to non-moving men with the most precise exposure geocoding resulted in risk
estimates that were higher than in previous studies. Nonetheless, two of these previous studies
(Crouse et al. 2012; Lepeule et al. 2012) noted linear concentration-response relationships for
cardiovascular mortality at low PM; s concentrations and our findings are consistent with these
results. Moreover, these findings are of particular interest as they suggest increased risks of
cardiovascular mortality for both rural and urban PM, s concentrations below most national and
international standards. More generally, our findings suggest that long-term exposure to
ambient PM,s may have adverse health effects among healthy populations similar to those
included in the AHS (Waggoner et al. 2011). However, at least one other study in an
occupational cohort of men did not observe a positive association between cardiovascular
mortality and ambient PM, s (Puett et al. 2011). Nevertheless, it is important to note that this
previous study (Puett et al. 2011) was conducted among a population of male health
professionals (e.g. dentists, pharmacists, optometrists) working indoors away from home and
findings may not be directly comparable to those for men in the AHS. In particular, exposures
assigned to addresses for male health professionals may not reflect personal exposures as well as

those for men in the AHS cohort who work predominantly outdoors close to home.

In contrast to previous evidence suggesting a strong relationship between ambient PM, s and
cardiovascular mortality in women (Chen et al. 2005; Miller et al. 2007; Ostro et al. 2010; Puett
et al. 2009), a similar association was not observed in the AHS cohort. In particular, statistically
significant inverse relationships were observed been ambient PM; 5 and non-accidental mortality
among women; however, this finding disappeared in several sensitivity analyses. On the other

hand, Miller et al. (2007) and Puett et al. (2009) each reported stronger PM, s effect estimates for
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cardiovascular morbidity/mortality among subjects with higher BMIs and our findings among
men are consistent with these results. Nonetheless, reasons for other discrepancies are not
clear. One explanation may be differences in particle composition between rural and urban areas
although this seems unlikely given the positive association between ambient PM,s and
cardiovascular mortality among men. If occupational PM,s exposures (or some other
occupational exposure associated with cardiovascular mortality) among men were correlated
with ambient concentrations this may explain the discrepancy between men and women with
respect cardiovascular mortality; however, none of the occupational activities we examined were
associated with ambient PM,s. Alternatively, this difference may be explained in part by
increased exposure measurement error for women in the AHS as they reported spending much
less time outdoors during the growing season relative to men. In addition, many women in the
AHS worked away from the home. Unfortunately, we do not have detailed information on the
types and locations (i.e. indoors/outdoors) of jobs held by women in the AHS during follow-up
and thus cannot evaluate this question. In general, it is unclear which unmeasured exposures/risk
factors may potentially explain the inverse associations noted between ambient PM; s and non-

accidental/cardiovascular mortality among women.

While this study has many advantages including detailed individual-level covariate data for
known cardiovascular disease risk factors and PM, s exposure assignment over a large rural area,
it is important to recognize several limitations. First, the findings are likely not generalizable to
all rural residents given the occupational nature of the cohort. In addition, as in all
epidemiological studies, we cannot rule out the possibility of residual confounding; however,
associations between PM, 5 and cardiovascular mortality in men were robust to adjustment for a

number of individual-level covariates.
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For occupational exposures specifically, our adjustment was limited to broad (ever/never)
classifications of job activities such as welding or repairing engines that may not adequately
capture occupational exposures to PM,s or other exposures such as coarse PM. However, in
order to explain the observed positive association with cardiovascular mortality in men,
occupational exposures would have to be strongly correlated with ambient concentrations and we
observed only weak correlations between ambient PM, s and the job activities examined. In
addition, any occupational activities that contribute to personal exposures through recurring
ambient emissions should be at least partially captured by remote sensing data. In general, the
availability of even limited occupational data was an important advantage of this study as most
large-scale studies of ambient air pollution and cardiovascular mortality lack individual-level
data on occupational exposures/activities. Furthermore, the finding of a positive association
between diesel tractors use and non-accidental mortality after adjusting for individual-level risk
factors is of particular interest and warrants further evaluation as diesel exhaust is classified as a

human carcinogen (Benbrahim-Tallaa, 2012).

While our surrogate measure of time spent outdoors (i.e. time in the sun) was likely an imperfect
measure of total time exposed to outdoor air, the ability to examine mortality risk by estimated
time outdoors is an important advantage. However, our definition of time outdoors may miss
those individuals who work outdoors but avoid the sun (e.g. working in tractors with enclosed

cabins).

Exposure misclassification also remains a concern as PM;s concentrations assigned to
participants’ residences reflected average values between 2001 and 2006 and thus only a portion
of the follow-up time. However, this time-period captures several years approximately centered

across the entire follow-up period (1993-2011) and thus seems like a reasonable estimate of
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average ambient concentrations during this time. A further limitation is that we did not have
information on the amount of time participants spent at home during the follow-up period and we
did not have time-varying exposure information for participants that moved. As a result,
exposures assigned to residences may have under or overestimated true annual average
concentrations for the duration of follow-up. However, this misclassification was likely non-
differential and thus is not likely to explain the observed positive association between PM; s and
cardiovascular mortality in men. Likewise, use of zip-code centroids for geocoding for a portion
of participants likely had a similar effect. However, as farmers generally work outdoors in close
proximity to their home, this misclassification may be less than in previous cohort studies. In
addition, sensitivity analyses aimed at refining exposure estimates resulted in stronger
associations between PM,s cardiovascular mortality in men, thus suggesting that exposure

measurement error may have biased risk estimates toward the null.

Another limitation is the relatively low spatial resolution of PM, s exposure estimates which
limited our ability to resolve small spatial differences in air pollutant concentrations. However,
this may be less of a concern in rural areas than in urban locations which likely have a larger
number of PM, s sources in a given 10 x 10 km area (and thus more spatial variation). In
addition, data for several individual-level covariates examined in sensitivity analyses were
limited to a subset of the entire cohort and as a result risk estimates for these models were less
precise owing to decreased sample size; however, these factors did not appear to have an

important impact on model coefficients for PM; s.

Conclusion

In general, our findings suggest that rural PM, s may contribute to cardiovascular mortality in

men. However, long-term exposure to PM,s was not associated with a significantly increased
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risk of cardiovascular mortality for the cohort as a whole and no evidence of increased risk was
observed among women. Further evaluation is needed to clarify reasons for gender differences

in the relationship between ambient PM, s and mortality in the AHS cohort.

21



References

Alavanja MCR, Sandler DP, McMaster SB, Zahm SH, McDonnell CJ, Lynch CF, et al.

1996. The Agricultural Health Study. Environ Health Perspect 104:362—-369.

Aneja VP, Wang B, Tong DQ, Kimball H, Steger J. 2006. Characterization of major

chemical components of fine particulate matter in North Carolina. J Air Waste Manage
Assoc 56:1099-1107.

Beelen R, Hoek G, van den Brandt PA, Goldbohm RA, Fischer P, Schouten LJ, et al.

2008. Long-term effects of traffic-related air pollution on mortality in a Dutch cohort (NLCS-
AIR Study). Environ Health Perspect 116:196-202.

Benbrahim-Tallaa L, Baan RA, Grosse Y, Lauby-Secretan B, Ghissassi FE, Bouvard V, et

al. 2012. Carcinogenicity of diesel-engine and gasoline-engine exhausts and some nitroarenes.
Lancet Oncol. 13:663-664,

Brook RD, Rajagopalan S, Pope CA 3rd, Brook JR, Bhatnagar A, Diez-Roux AV, et al.

2010. American Heart Association Council on Epidemiology and Prevention, Council on the
Kidney in Cardiovascular Disease, and Council on Nutrition, Physical Activity and
Metabolism. Circulation 121:2331-2378.

Cesaroni G, Badaloni C, Gariazzo C, Stafoggia M, Sozzi R, Davoli M, et al. 2013. Long-

term exposure to urban air pollution and mortality in a cohort of more than a million adults in
Rome. Environ Health Perspect. 121:324-331.

Chen LH, Knutsen SF, Shavlik D, Beeson WL, Peterson F, Ghamsary M, et al. 2005. The

association between fatal coronary heart disease and ambient particulate air pollution: are
females at greater risk? Environ Health Perspect 113:1723-1729.

Correia AW, Pope CA 3rd, Dockery DW, Wang Y, Ezzati M, Dominici F. 2013. Effect of

air pollution control on life expectancy in the United States. Epidmiol 24:23-31.

Crouse DL, Peters PA, van Donkelaar A, Goldberg MS, Villeneuve P, Brion O, et al.

2012. Risk of non-accidental and cardiovascular mortality in relation to long-term exposure to
low concentrations of fine particulate matter: a Canadian national-level cohort study.
Environ Health Perspect 120:708-714.

Diner DJ, Braswell BH, Davies R, Gobron N, Hu JN, Jin YF, et al. 2005. The value of

multiangle measurements for retrieving structurally and radiatively consistent properties of

clouds, acrosols, and surfaces. Remote Sens Environ 97:495-518.

22



Dockery DW, Pope AC, Xu X, Spengler JD, Ware JH, Fay ME, et al. 1993. An association
between air pollution and mortality in six U.S. cities. N Engl J Med 329:1753-1759.

Edgerton ES, Hartsell BE, Saylor RD, Jansen JJ, Hasnsen DA, Hidy GM. 2005. The
Southeastern Aerosol Research and Characterization Study: Part II. Filter-based
measurements of fine and coarse particulate matter mass and composition. J Air Waste
Manage Assoc 55:1527-1542,

GEOS-Chem. 2012. GEOS-Chem Model. Available: http://geos-chem.org [accessed 1
November 2012].

Hoek G, Krishnan RM, Beelen R, Peters A, Ostro B, Brunekreef B, et al. 2013. Long-term air

pollution exposure and cardio-respiratory mortality: a review. Environ Health 12:43.

Katanoda K, Sobue T, Satoh H, Tajima K, Suzuki T, Nakatsuka H, et al. 2011. An association
between long-term exposure to ambient air pollution and mortality from lung cancer and
respiratory diseases in Japan. J Epidemiol 21:132-143.

Laden F, Schwartz J, Speizer FE, Dockery DW. 2006. Reduction in fine particulate air pollution
and mortality: extended follow-up of the Harvard Six Cities Study. Am J Respir Crit Care
Med 173:667-672.

Lepeule J, Laden F, Dockery D, Schwartz J. 2012. Chronic exposure to fine particles and
mortality: an extended follow-up of the Harvard Six Cities Study from 1974 to 2009.
Environ Health Perspect 120:965-970.

Levy RC, Remer LA, Mattoo S, Vermote EF, Kaufman YJ. 2007. Second-generation operational
algorithm: Retrieval of aerosol properties over land from inversion of moderate resolution
imaging spectroradiometer spectral reflectance. J Geophys Res-Atmos 112(D13).

Miller KA, Siscovick DS, Sheppard L, Shepard K, Sullivan JH, Anderson GL, et al. 2007. Long-
term exposure to air pollution and incidence of cardiovascular events in women. N Engl J
Med 356:447-458.

Ostro B, Lipsett M, Reynolds P, Goldberg D, Hertz A, Garcia C, et al. 2010. Long-term exposure
to constituents of fine particulate air pollution and mortality: results from the California
teachers study. Environ Health Perspect 118:363-369.

Pope AC, Burnett RT, Thun MJ, Calle EE, Krewski D, Ito K, et al. 2002. Lung cancer,
cardiopulmonary mortality, and long-term exposure to fine particulate air pollution. JAMA

287:1132-1141.

23


http:http://geos-chem.org

Pope AC, Burnett RT, Thurston GD, Thun MJ, Calle EE, Krewski D, et al. 2004. Cardiovascular
mortality and long-term exposure to particulate air pollution: epidemiological evidence of
general pathophysiological pathways of disease. Circulation 109:71-77.

Puett RC, Hart JE, Yanosky JD, Paciorek C, Schwartz J, Suh H, et al. 2009. Chronic fine and
coarse particulate exposure, mortality, and coronary heart disease in the Nurses’ Health
Study. Environ Health Perspect 117:1697-1701.

Puett RC, Hart JE, Suh H, Mittleman M, Laden F. 2011. Particulate matter exposures, mortality,
and cardiovascular disease in the health professionals follow-up study. Environ Health
Perspect 119:1130-1135.

Tarone RE, Alavanja MCR, Zahm SH, Lubin JH, Sandler DP. 1997. The Agricultural Health
Study: factors affecting completion and return of self-administered questionnaires in a large
prospective cohort study of pesticide applicators. Am J Ind Med 31:233-242.

van Donkelaar A, Martin RV, Brauer M, Kahn R, Levy R, Verduzco C. 2010. Global estimates
of ambient fine particulate matter concentrations from satellite-based aerosol optical depth:
development and application. Environ Health Perspect 118:847-855.

Waggoner JK, Kullman GJ, Henneberger PK, Umbach DM, Blair A, Alavanja MCR, et al. 2011.
Mortality in the Agricultural Health Study, 1993-2007. Am J Epidemiol 173:71-83.

WHO (World Health Organization). 1977. International Statistical Classification of Diseases and
Related Health Problems. Ninth Revision. Available:
ftp:/ftp.cdc.gov/pub/Health Statistics/NCHS/Publications/ICD-9/ucod.txt [Accessed 1
November 2012].

WHO (World Health Organization). 1992. International Statistical Classification of Diseases

and Related Health Problems. Tenth Revision. Available:
http://www.who.int/classifications/icd/en/ [Accessed 1 November 2012].

24


http://www.who.int/classifications/icd/en
ftp://ftp.cdc.gov/pub/Health_Statistics/NCHS/Publications/ICD-9/ucod.txt

Table 1. Agricultural Health Study Participant Characteristics at Enrollment (1993-1997)

Characteristic No. % PM, s (ng/m?)
Mean £ SD

Overall 83,378 100 9.52 £1.66
Gender

Male 51,807 62 9.54 £1.66

Female 31,571 38 9.50+1.65
Participant Type

Private Applicator 48,074 58 9.60 +1.69

Commercial Applicator” 4913 6 9.04 £1.28

Spouse 30,391 36 948 £1.64
Mobility

Non-Movers 50,590 61% 9.58+1.70
Age at Enrollment

<40 27,745 33 9.40 £1.59

40-59 41,123 49 9.52 £1.66

60-79 14,271 17 9.77+£1.76

>80 239 1 10.21 £1.72
State of Enrollment

Iowa 58,113 70 8.84 £ 1.13

North Carolina 25,265 30 11.11 £1.61
Marital Status

Married/Living as married 74,461 89 9.51+1.66

Divorced/separated 2368 3 9.72 £1.67

Widowed 538 <1 9.85+1.76

Never Married 5828 7 9.54+1.64

Missing 183 <1 10.80 = 1.83
Smoking Status

Never 48,259 58 9.40£1.60

Former 20,678 25 9.60+1.71

Current 11,265 14 976 £ 1.74

Missing 3176 3 10.03 £ 1.76
Smoking Status (Pack Years)

0 48,548 55 9.40 £1.60

0.1-15 19,595 22 9.55+1.68

>15 15,235 17 9.88 £1.77

Missing 4464 6 10.04 £ 1.76
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Characteristic No. % PM, s (ng/m?)
Mean £ SD
Body Mass Index (kg/m?)
<25 23218 28 9.51 £1.66
25-30 28,267 34 9.47 + 1.64
>30 14,076 17 9.58 £ 1.67
Missing 17,817 21 9.62 £1.68
Alcohol consumption (drinks/month)
<1 28,367 34 9.73 +1.74
1-5 25,535 31 9.21 +£1.49
>6 24,784 30 9.35+1.57
Missing 4692 5 10.07 £1.77
Highest Level of Schooling
High school or less 40,915 49 9.57+£1.66
Beyond high school 39,183 47 9.48 £1.66
Missing 3280 4 10.05 £1.77
Vegetable Servings Per Week
<3 6782 8 9.43 +1.56
3-4 25,047 30 9.43 +1.62
5-6 19,777 24 9.25+1.50
>7 20,366 24 9.79+£1.78
Missing 11,406 14 9.80+1.74
“Towa Only.

26




Table 2. Hazard Ratios for Non-Accidental and Cardiovascular Mortality per 10 pg/m’ Increase in Ambient PM, s among participants

in the Agricultural Health Study, 1993-2011.

Cause of Death No. Minimally Adjusted® No. Moderately Adjusted” | No. Fully Adjusted®
Deaths HR (95% CI) Deaths HR (95% CI) Deaths HR (95% CI)
Non-Accidental®
All 5929 0.92 (0.76, 1.11) 4069 0.94 (0.75, 1.18) 3961 0.95 (0.76, 1.20)
Men 4271 0.97 (0.78, 1.20) 2795 1.00 (0.76, 1.31) 2717 1.05 (0.80, 1.39)
Women 1658 0.80 (0.56, 1.15) 1274 0.82 (0.54, 1.24) 1244 0.78 (0.51, 1.19)
Non-Movers: All 4019 0.85 (0.68, 1.06) 2710 0.81(0.61, 1.07) 2631 0.85 (0.64, 1.13)
Non-Movers: Men 2860 0.93 (0.71, 1.21) 1830 0.95 (0.68, 1.32) 1772 1.03 (0.73, 1.44)
Non-Movers: Women 1159 0.67 (0.44, 1.03) 880 0.57 (0.34, 0.95) 859 0.56 (0.33, 0.94)
Cardiovascular®
All 1967 1.00 (0.72, 1.37) 1305 1.15(0.77, 1.71) 1273 1.15 (0.76, 1.72)
Men 1534 1.08 (0.75, 1.56) 973 1.37 (0.87,2.17) 950 1.43 (0.89, 2.27)
Women 433 0.73 (0.37, 1.46) 332 0.67 (0.30, 1.51) 323 0.60 (0.26, 1.37)
Non-Movers: All 1357 1.00 (0.67, 1.46) 905 1.13 (0.70, 1.82) 883 1.18 (0.73, 1.92)
Non-Movers: Men 1043 1.16 (0.75, 1.80) 670 1.51 (0.88, 2.60) 653 1.63 (0.94, 2.84)
Non-Movers: Women 314 0.59 (0.26, 1.32) 235 0.46 (0.17, 1.23) 230 0.43 (0.16, 1.15)
Cardiovascular® - Most Precise Exposure’
All 1575 1.08 (0.75, 1.55) 1079 1.25(0.81, 1.94) 1055 1.31 (0.84, 2.04)
Men 1223 1.16 (0.77, 1.74) 805 1.52 (0.92, 2.51) 786 1.66 (1.00, 2.78)
Women 352 0.84 (0.39, 1.82) 274 0.68 (0.28, 1.67) 269 0.62 (0.25, 1.55)
Non-Movers: All 1196 1.13 (0.75, 1.71) 818 1.22 (0.74, 2.03) 801 1.33 (0.80, 2.23)
Non-Movers: Men 919 1.31(0.82, 2.09) 606 1.67 (0.94, 2.96) 592 1.87 (1.04, 3.36)
Non-Movers: Women 277 0.68 (0.28, 1.64) 212 0.46 (0.16, 1.30) 209 0.45 (0.16, 1.29)

Abbreviations: CI, confidence interval; HR, hazard ratio. “Age as follow-up time and adjusted for gender, State of enrollment, and birth year.

®Minimally adjusted plus covariates for pack-years of smoking and body mass index. “Moderately adjusted plus covariates for marital status, education

level, alcoholic drinks per month, and vegetable intake. “lCD-10 codes <VO1. <ICD-10 codes 110-170. ‘Excluding participants with PM, 5 exposure

assigned to a zip-code centroid.

27




Table 3. Hazard Ratios for Cardiovascular Mortality among Men per 10 pg/m’ Increase in Ambient PM, s stratified by estimated Time

Spent Outdoors and Body Mass Index at enrollment

Cardiovascular Death” No. Minimally Adjusted” No. Moderately Adjusted* No. Fully Adjusted’
Deaths HR (95% CI) Deaths HR (95% CI) Deaths | HR (95% CI)
Time Outdoors
All Men
> 6 hours/day 487 1.32 (0.68, 2.56) 426 1.04 (0.52,2.12) 423 1.08 (0.52, 2.22)
< 6 hours/day 289 1.19 (0.54, 2.66) 254 1.05 (0.44, 2.52) 244 1.05(0.42, 2.61)
Non-movers
> 6 hours/day 329 1.40 (0.63, 3.10) 294 1.21 (0.52, 2.82) 291 1.33 (0.56, 3.13)
< 6 hours/day 193 1.31 (0.50, 3.44) 172 1.08 (0.38, 3.07) 166 1.11 (0.38, 3.27)

Body Mass Index (BMI)

BMI (> 26.5 kg/m?)

All Men 617 2.01 (1.13, 3.60) 563 1.70 (0.92, 3.14) 554 1.76 (0.94, 3.28)
Most Precise Exposure® 510 2.16 (1.14, 4.09) 467 1.87 (0.95, 3.66) 459 2.01 (1.01, 3.98)
Non-Movers 425 2.38 (1.20, 4.73) 388 2.02 (0.98, 4.18) 383 2.03 (0.97,4.24)
Non-Movers with Most Precise Exposure® 388 2.65(1.29, 5.45) 355 2.28 (1.06, 4.89) 351 2.35(1.08, 5.10)
BMI (12-26.5 kg/m?)
All Men 457 0.91 (0.48, 1.73) 410 1.06 (0.54, 2.11) 396 1.15(0.57, 2.33)
Most Precise Exposure® 370 0.98 (0.48, 2.00) 338 1.15(0.54, 2.44) 327 1.35(0.62, 2.92)
Non-Movers 304 0.95 (0.43, 2.10) 282 1.08 (0.47, 2.47) 270 1.25(0.54, 2.93)
Non-Movers with Most Precise Exposure® 269 1.01 (0.44, 2.36) 251 1.16 (0.48, 2.78) 241 1.41 (0.58, 3.49)

Abbreviations: CI, confidence interval; HR, hazard ratio. *ICD-10 codes 110-170. bAge as follow-up time and adjusted for gender, State of enrollment,
and birth year; “Minimally adjusted plus covariates for pack-years of smoking and body mass index; “Moderately adjusted plus covariates for marital

status, education level, alcoholic drinks per month, and vegetable intake. “Excluding participants with PM, 5 exposure assigned to a zip-code centroid.
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Figure legends

Figure 1. Spatial distribution of participants and estimated PM, s concentrations (ug/m’) in
North Carolina (left) and Iowa (right). Dots outside state lines reflect the small number of

participants who were enrolled in the study but lived outside North Carolina or lowa.

Figure 2. PM; 5 concentration-response curve (solid red line) and 95% CI (blue dashed lines) for
cardiovascular mortality in men based on natural spline models with 2 degrees of freedom. The
Cox model was stratified by state of enrollment and birth year category and adjusted for BMI
(kg/m?), pack-years of smoking, marital status, education, alcohol consumption, and vegetable

consumption.
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Figure 2.
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