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Abstract
Background
Regional differences in the oxidative potential of fine particulate air pollution (PM2.5) may modify its impact on the risk of myocardial infarction.

Methods
A case-crossover study was conducted in 16 cities in Ontario, Canada to evaluate the impact of regional PM2.5 oxidative potential on the relationship between PM2.5 and emergency room visits for myocardial infarction. Daily air pollution and meteorological data were collected between 2004 and 2011 from provincial monitoring sites and regional estimates of glutathione (OPGSH) and ascorbate-related (OPAA) oxidative potential were determined using an acellular assay based on a synthetic respiratory tract lining fluid. Exposure variables for the combined oxidant capacity of NO2 and O3 were also examined using their sum (Ox) and a weighted average (Ox
                           wt) based on their redox potentials.

Results
In total, 30,101 cases of myocardial infarction were included in the analysis. For regions above the 90th percentile of OPGSH each 5 μg/m3 increase in same-day PM2.5 was associated with a 7.9 % (95 % CI: 4.1, 12) increased risk of myocardial infarction whereas a 4.1 % (95 % CI: 0.26, 8.0) increase was observed in regions above the 75th percentile and no association was observed below the 50th percentile (p-interaction = 0.026). A significant 3-way interaction was detected with the strongest associations between PM2.5 and myocardial infarction occurring in areas with high regional OPGSH and high Ox
                           wt (p-interaction < 0.001).

Conclusions
Regional PM2.5 oxidative potential may modify the impact of PM2.5 on the risk of myocardial infarction. The combined oxidant capacity of NO2 and O3 may magnify this effect.
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Background
Ambient fine particulate air pollution (PM2.5) contributes to acute cardiovascular morbidity including myocardial infarction [1–5]. While oxidative stress is known to play an important role in the cardiovascular health impacts of ambient PM2.5 [6–8], little is known about how regional differences in oxidative potential may modify the acute health effects of this pollutant. Moreover, few (if any) studies have examined the acute cardiovascular health impacts of the combined oxidant capacity of nitrogen dioxide (NO2) and ozone (O3) although recent evidence suggests that this measure may be advantageous to either pollutant on its own [9]. Therefore, given the ubiquitous nature of these three pollutants and the importance of oxidative stress pathways, it may be important to consider these parameters together in order to gain a more thorough understanding of the acute health impacts of PM2.5, particularly at low concentrations. Glutathione and ascorbate are important antioxidants in the body and act as a first line of defense against inhaled pollutants [8]. Moreover, several panel studies suggest that polymorphisms in glutathione s-transferase (GST) genes that reduce anti-oxidant capacity may increase susceptibility to the acute cardiovascular health effects of ambient PM2.5 [10–12]. As the oxidative properties of particulate air pollution vary both between [13] and within regions [14–17], such differences may translate into spatial differences in overall health effects. In particular, some evidence suggests that regional differences in PM2.5 oxidative potential may be explained in part by differences in particle composition as a European study of 19 cities reported strong correlations between the copper, iron, and zinc content of PM2.5 and ascorbate-related oxidative potential (OPAA) whereas aluminium and copper were associated with glutathione-related oxidative potential (OPGSH) [13]. However, other compounds such as polycyclic aromatic hydrocarbons and quinones likely also contribute regional differences in PM2.5 oxidative potential [7, 14, 18]. In this study, we examined the impact of regional differences in PM2.5 oxidative potential on the relationship between PM2.5 and the risk of emergency room visits for myocardial infarction. We also examined the relationship between the combined oxidant capacity (Ox) of NO2 and O3 and the risk of myocardial infarction as well potential interactions between PM2.5, regional oxidative potential, and Ox. To our knowledge this is the first study to examine how regional differences in oxidative potential may modify the acute health effects of PM2.5.

Methods
Study design
A time-stratified case-crossover study design [19] was used to estimate the impact of ambient PM2.5 on the risk of emergency room visits for myocardial infarction (ICD-10th revision, Code I21-ST elevation(STEMI) and non-ST elevation (NSTEMI) myocardial infarction) in 16 cities in Ontario, Canada (Additional file 1: Table S1). Cases occurring between April 1, 2004 and December 31, 2011 were extracted from the National Ambulatory Care Reporting System (NACRS) database maintained by the Canadian Institute for Health Information (CIHI) along with demographic information including age and sex. All myocardial infarction cases with three digit postal codes corresponding to residences in these cities at the time of admission were eligible to be included in the analyses. Three-digit postal codes are specific to city boundaries (i.e. they do not overlap between cities). The NACRS database is estimated to capture more than 97 % of the emergency department visits in Ontario [20]. Ethics approval for this study was granted through a data sharing agreement between Health Canada and CIHI; patient consent was not necessary for ethics approval as only anonymized data were available to researchers in accordance with the agreement between Health Canada and CIHI.

Daily Air pollution data
Daily average concentrations (April 1, 2004 to December 31, 2011) of ambient PM2.5, NO2 and O3 were collected in each city from fixed-site monitoring stations operated by the National Air Pollution Surveillance (NAPS) network and maintained by Environment Canada (i.e. PM2.5, NO2, and O3 data were collected from the same sites). If oxidative potential data were available for multiple monitors in a single city, daily average measurements of ambient air pollutants were extracted based on these single sites. Case and control periods in these cities were assigned exposures based on the monitoring station closest to the population-weighted centroid of each subject’s 3-digit postal code. Daily mean temperature and relative humidity data were also provided by Environment Canada using the average of measurements from all weather stations in each city. The combined oxidant capacity (Ox) of NO2 and O3 was calculated as the sum of these pollutants (NO2 + O3) [9]. Redox-weighted oxidant capacity (Ox
                           wt) was calculated as a weighted average using redox potentials [21] as the weights (i.e. Ox
                           wt = [(1.07 volts (V) × NO2) + (2.075 V × O3)]/3.145 V). The redox-weighted measure accounts for the fact that O3 is a stronger oxidant than NO2.

City-level estimates of long-term PM2.5 oxidative potential
Integrated (i.e. averaged over a number of days/weeks) PM2.5 samples were collected between 2012 and 2013 from a total of 20 provincial monitoring sites located in the 16 cities included in this investigation. Only those sites with co-located daily air pollution and meteorological data were included in this analysis. The province of Ontario uses Thermo TEOM 1400AB monitors with Sample Equilibration Systems across its network at an operating temperature of 30 °C; therefore, only non-volatile chemical species are expected to be retained on the filters. However, previous assessments of non-volatile PM components have shown stable results for oxidative potential [17]. City-level estimates of PM2.5 oxidative potential were based on a mean duration of 110 sampling days (IQR: 60–155) at each location. Samples were primarily collected during the spring, summer, and autumn months with 1–7 integrated filter samples collected per site (the number of days varied across sites depending on how often TEOM filters were changed throughout the year, typically every 6-weeks). An in vitro assay based on a synthetic respiratory tract lining fluid was used to quantify regional OPGSH and OPAA (Additional file 2: Supplemental methods). In this study, the term oxidative potential is used to describe the ability of regional PM2.5 filter extracts to deplete glutathione (OPGSH) and ascorbate (OPAA) in the synthetic respiratory tract lining fluid whereas oxidative burden is used to describe the product of daily PM2.5 mass concentrations and regional estimates of oxidative potential.

Statistical analysis
Conditional logistic regression models were used to estimate the impact of ambient PM2.5 on the risk of emergency room visits for myocardial infarction. All models were adjusted for 3-day mean ambient temperature and relative humidity using restricted cubic splines with 3 equally spaced knots. All analyses pooled cases across cities in order to evaluate potential effect modification by regional differences in oxidative potential; a cluster variance estimator was used to account for potential within-city correlations. Four different exposure lag periods were evaluated for PM2.5: lag-0 (the same day as the emergency room visit), lag-1 (the day prior to the visit), lag-2 (two days prior to the visit), and the mean of lags 0–2 (i.e. 3-day mean). Since the case-crossover design compares cases to themselves at different points in time it adjusts for factors that do not vary within individuals over short time-periods (e.g. age, smoking status, body mass index). In this study, matched sets consisted of the case period (the day of the emergency room visit) and control periods selected on the same day of the week in the same month and year as the case period (i.e. 3–4 referent periods per case). This time-stratified approach to referent selection has been shown to result in unbiased conditional logistic regression estimates in case-crossover studies [19]. Two different approaches were used to evaluate the impact of regional oxidative potential on the relationship between ambient PM2.5 and emergency room visits for myocardial infarction. First, oxidative burden metrics were generated by multiplying ambient PM2.5 mass concentrations by regional estimates of glutathione (OPGSH) and ascorbate-related (OPAA) oxidative potential. These parameters reflect a re-weighting of PM2.5 mass data according to regional oxidative potential and were treated as separate exposure variables in the analysis. Model AIC (Akaike Information Criterion) values were compared between PM2.5 mass and oxidative burden models to evaluate model fit. As a second approach, relationships between ambient PM2.5 mass concentrations and emergency room visits for myocardial infarction were examined across strata of regional OPGSH and OPAA (separately) and potential trends were examined across these strata. In particular, the statistical significance of interaction terms between PM2.5 and categorical variables for percentiles (<25th, 25-50th, >50-75th, >75th) of OPGSH and OPAA were examined. Potential effect modification by age and sex were evaluated through stratified analyses and by including the appropriate interaction terms in statistical models (age was treated as a continuous variable for interaction terms). As sensitivity analysis, we also examined the impact of adding ambient NO2, O3, Ox, or Ox
                           wt to the PM2.5 models. The same lag-times as above were explored for these variables and the lag-time with the strongest association was used in sensitivity analyses. Potential three-way interactions between PM2.5, regional oxidative potential, and Ox/Ox
                           wt were also explored through stratified analyses and by including the appropriate interaction terms in statistical models (as continuous variables). Finally, since estimates of regional oxidative potential were not based on the same number of samples at each site, we repeated the main analysis for PM2.5 excluding sites with less than at least 1-month (30-days) of data (below the 10th percentile of total days sampled across sites) to verify that these sites did not drive the overall results (Additional file 3: Figure S1). Risk estimates for PM2.5 are expressed per 5 μg/m3 change in ambient concentrations as this increment was approximately equal to the interquartile range of mean differences between case and control periods. All statistical analyses were conducted using Stata (version 13).


Results
In total, 30,101 cases of myocardial infarction were included in the analyses. Cases were predominately male (64 %) and had a mean age of 67.5 years. In general, daily PM2.5 mass concentrations were low (mean: 6.91 μg/m3) and oxidative potential varied substantially across sites with values ranging from 0.06–0.35 % depletion/μg PM2.5 for OPGSH and 0.12–0.39 % depletion/μg PM2.5 for OPAA (Additional file 1: Table S1; Additional file 3: Figure S2). Daily mean PM2.5 mass concentrations were similar across quartiles of oxidative potential (Additional file 3: Figure S3) and regional estimates of OPGSH and OPAA were weakly correlated with each other (r = −0.34) and were not correlated with the total number of sampling days at each site (r <0.20). Daily mean PM2.5 concentrations were weakly correlated with NO2 (r = 0.25), O3 (r = 0.15), Ox (r = 0.34), and Ox
                        wt (r = 0.26); ambient NO2 and O3 were inversely correlated (r = −0.38). There was no correlation between the mean difference in PM2.5 concentrations between case and control days and regional estimates of OPGSH (r = 0.02) or OPAA (r = 0.007). In addition, the variance of this difference was similar across quartiles of oxidative potential suggesting that the power to detect an association did not vary across equally spaced quartiles of oxidative potential. The mean difference in PM2.5 concentrations between case and control days was 0.52 μg/m3 (95 % CI: −44.7, 51.7). Same day PM2.5 oxidative burden concentrations were associated with increased risks of hospitalization for myocardial infarction (Fig. 1). Risk estimates for exposures at lag-1 and lag-2 were lower than for lag-0 whereas risk estimates for 3-day mean exposure were similar to those for lag-0 (Additional file 1: Table S3). A comparison of AIC values across models indicated a better fit for glutathione-related oxidative burden (AIC = 87,710) compared to PM2.5 (AIC = 87,718) and ascorbate-related oxidative burden (AIC = 87,717). Significant effect modification by age or sex was not detected for any of the exposure variables (p > 0.05) although risks tended to be larger among men (Additional file 1: Tables S5-S6). The relationship between glutathione-related oxidative burden and myocardial infarction was robust to adjustment for 3-day mean ambient NO2, O3, Ox, and Ox
                        wt (Additional file 1: Table S7); however, the coefficient for ascorbate-related oxidative burden was not significantly increased when these parameters were included in the model. Excluding sites with less than 1-month of oxidative potential data did not change these results (Additional file 3: Figure S4). Coefficients for ambient NO2 and O3 were larger in two-pollutant models (i.e. containing both NO2 and O3) than in single-pollutant models (Additional file 1: Table S4; Additional file 3: Figure S5) but these pollutants were not associated with emergency room visits for myocardial infarction when models were adjusted for glutathione-related oxidative burden (Fig. 2). Conversely, the relationship between 3-day mean Ox and emergency room visits for myocardial infarction was robust to adjustment for glutathione-related oxidative burden with a linear increase in risk observed over a broad concentration range (Figure 3). In general, stronger associations were observed for Ox
                        wt compare to Ox but these estimates tended to be less precise. Regional differences in glutathione-related oxidative potential modified the impact of ambient PM2.5 on the risk of myocardial infarction (p = 0.026) with stronger associations observed in regions with higher OPGSH (Figs. 4–5) (Additional file 3: Figure S6). Regional OPAA did not modify the impact of ambient PM2.5 on the risk of emergency room visits for myocardial infarction (p = 0.164) (Additional file 1: Table S8) but a significant three-way interaction was detected between PM2.5, OPGSH, and Ox
                        wt (p < 0.001 for the continuous interaction term). Specifically, the strongest associations between ambient PM2.5 and emergency room visits for myocardial infarction occurred in areas with high glutathione-related oxidative potential and high redox-weighted oxidant capacity of NO2 and O3 (Table 1). A similar interaction was also observed for Ox (Additional file 1: Table S9).[image: A12940_2016_129_Fig1_HTML.gif]
Fig. 1Lag-0 PM2.5, PM2.5 oxidative burden, and risk of MI Legend: Risk of emergency room visits for myocardial infarction associated with Lag-0 PM2.5 and PM2.5 oxidative burden in Ontario, Canada (2004–2011). Risk estimates reflect a 5 μg/m3 change in PM2.5 and a 1-unit change in PM2.5*GSH and PM2.5*AA. All models are adjusted for 3-day mean ambient temperature and relative humidity
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Fig. 23-day mean NO2, O3, and combined oxidant capacity (Ox and Ox
                                    wt) and risk of MI. Legend: Risk of emergency room visits for myocardial infarction associated with 3-day mean NO2, O3, and combined oxidant capacity (Ox and Ox
                                    wt) in Ontario, Canada (2004–2011). Risk estimates reflect a 10 ppb change in ambient concentration and all models are adjusted for 3-day mean ambient temperature and relative humidity. Coefficients for NO2 and O3 are from two-pollutant models
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Fig. 3Concentration response plot for Ox and risk of MI. Legend: Concentration response plot for Ox (using cubic splines with 4 knots) and risk of emergency room visits for myocardial infarction adjusted for lag-0 PM2.5*GSH and 3-day mean ambient temperature and relative humidity
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Fig. 4Lag-0 PM2.5 and risk of MI across strata of regional OPGSH Legend: Ambient PM2.5 and risk of emergency room visits for myocardial infarction at different values of regional OPGSH. Risk estimates reflect a 5 μg/m3 change in Lag-0 PM2.5. All models are adjusted for 3-day mean ambient temperature and relative humidity
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Fig. 5Concentration response plots for PM2.5 and risk of MI. Legend: Concentration response plots for PM2.5 and risk of emergency room visits for myocardial infarction below the 50th percentile (blue) and above the 75th (red line) and 90th percentiles (black line) of OPGSH using cubic splines with 4 knots. All models are adjusted for 3-day mean ambient temperature and relative humidity




                        Table 1Percent change (95 % CI) in risk of emergency room visits for myocardial infarction associated with Lag-0 PM2.5 across strata of glutathione-related oxidative potential (OPGSH) and combined redox-weighted oxidant capacity of NO2 and O3 (Ox
                                    wt)


	Percentile of 3-day mean Ox
                                          wt
                                       
	Percentile of Regional OPGSH
                                       

	≤50th
                                       
	>50th
                                       
	>75th
                                       
	>90th
                                       

	≤50th
                                       
	−2.0 (−5.0, 1.0)
	0.57 (−4.0, 5.0)
	2.9 (−1.2, 7.2)
	6.0 (0.0, 13)

	>50th
                                       
	1.5 (−0.6, 3.6)
	5.5 (3.0, 8.0)
	6.4 (2.0, 11)
	10 (7.5, 13)

	>75th
                                       
	1.5 (−1.3, 4.4)
	5.7 (2.5, 9.1)
	6.7 (1.8, 12)
	13 (6.8, 19)

	>90th
                                       
	1.4 (−4.6, 7.8)
	9.0 (3.5, 15)
	9.2 (0.46, 19)
	29 (26, 33)


Risk estimates reflect a 5 μg/m3 change in PM2.5. All models are adjusted for 3-day mean ambient temperature and relative humidity (cubic splines)



                     

Discussion
In this study, we examined the impact of regional differences in the oxidative properties of PM2.5 on the relationship between PM2.5 and emergency room visits for myocardial infarction. In general, our findings suggest that ambient PM2.5 is associated with an increased risk of myocardial infarction but that regional differences in glutathione-related oxidative potential modify this risk. Moreover, our results suggest that the combined oxidant capacity of NO2 and O3 may be more strongly associated with myocardial infarction than either pollutant on its own and may further amplify the risk of myocardial infarction associated with PM2.5. Indeed, the combined oxidant capacity of NO2 and O3 was associated with myocardial infarction even after adjusting for PM2.5 oxidative burden whereas risk estimates for NO2 and O3 were not significantly increased after adjusting for this parameter. While other studies have reported increased risks of myocardial infarction with short-term changes in ambient PM2.5 [1–5], this is the first study to report significant effect modification by regional differences in PM2.5 oxidative potential. Indeed, this finding may have several important implications with respect to understanding and ultimately decreasing the public health impacts of PM2.5. In particular, our results suggest that the acute cardiovascular health risks of ambient PM2.5 may not be adequately characterized by mass concentrations alone. Moreover, regional estimates of glutathione-related oxidative potential may help to prioritize risk management activities and/or identify regions with sources most relevant to cardiovascular health. In doing so, expanded use of the combined oxidant capacity of NO2 and O3 may further facilitate this process as health risks may be greatest in areas with high oxidative potential and high Ox/Ox
                        wt. This may be particularly helpful in countries, like Canada, where large geographic areas have similar PM2.5 mass concentrations but regional differences in sources may contribute to differences in particle toxicity.
Glutathione s-transferase (GST) enzymes are important for anti-oxidant defence as they act to neutralize oxidative stress by catalyzing the conjunction of reactive oxygen species with reduced glutathione [22]. Polymorphisms in these genes are common [23] and may modify the acute cardiovascular health effects of air pollution [6]. In particular, a recent study reported a stronger association between same-day PM2.5 and ventricular arrhythmias among subjects with GST gene polymorphisms that decrease anti-oxidant capacity [12]. Moreover, others have reported stronger decreases in heart rate variability (a measure of autonomic function) in response to second hand smoke [24] and ambient PM2.5 [10, 11] among subjects with reduced anti-oxidant capacity owing to polymorphisms in GST genes. These findings support the biological plausibility of effect modification by regional difference in glutathione-related oxidative potential as altered cardiac autonomic modulation is one pathway through which particulate air pollution is thought to contribute to acute cardiovascular morbidity [25]. Moreover, the fact that the combined oxidant capacity of NO2 and O3 magnified the impact of PM2.5 on the risk of myocardial infarction (particularly in areas with high oxidative potential) lends further support to the crucial role of oxidative stress in air pollution health effects. Ascorbate is also an important anti-oxidant in the body and some evidence suggests that plasma ascorbate concentrations are inversely correlated with cardiovascular mortality [26] and blood pressure [27]. Moreover, low plasma ascorbate concentrations have been associated with an increased risk of myocardial infarction [28]. In this study, ascorbate-related oxidative potential did not have a strong impact on the relationship between ambient PM2.5 and emergency room visits for myocardial infarction and the reasons for this are not entirely clear. One explanation may be that dietary intake of ascorbate offsets any depletion caused by inhaled PM2.5. Alternatively, ascorbate depletion in the lung lining fluid may not translate into lower plasma ascorbate concentrations which for ascorbate may be a more important marker of overall anti-oxidant capacity. Future studies should aim to clarify this point as our results suggest that specific components/sources of PM2.5 may differentially impact the depletion of ascorbate and glutathione which in turn may translate into differential toxicity with respect to cardiovascular health. To our knowledge only one other study has examined the acute health impacts of the combined oxidant capacity of NO2 and O3 [9]. Specifically, Williams et al. conducted a time-series study of daily morality in London, UK and observed a stronger association between 24-h Ox and daily mortality compared to single pollutant models for NO2 and O3 [9]. These authors also reported that stronger (but less precise) associations were observed for the redox-weighted measure of oxidant capacity compared to Ox. Moreover, Williams et al. observed that risk estimates for NO2 and O3 increased when both pollutants were included in the same model [9] and Jerrett et al. [29] reported a similar effect for cardiovascular and ischemic heart disease mortality in a longitudinal a study in California, USA. Our findings are consistent with these results as stronger associations were observed for Ox in single pollutant models (compared to NO2 and O3) and coefficients for NO2 and O3 increased when both pollutants were included in the same model. However, only Ox remained associated with myocardial infarction after controlling for glutathione-related oxidative burden suggesting that this measure may provide a more accurate reflection of health risks posed by mixtures of NO2 and O3 than either pollutant on its own or together in the same model. While this study had a number of important advantages including quantitative estimates of regional oxidative potential and a large number of cases it is important to note several limitations. First, since the duration of monitoring used to estimate regional oxidative potential varied across sites (and was largely limited to the spring, summer, and autumn months), exposure measurement error likely impacted the characterization of regional oxidative potential. However, sensitivity analyses excluding sites with the least amount of data did not have an important impact on the results and clear seasonal trends in oxidative potential have not been reported [30]. Nevertheless, regional estimates of oxidative potential were also collected after the case ascertainment period and thus a given region may have been misclassified with respect to oxidative potential if values changed substantially over time. This likely biased risk estimates for oxidative burden measures toward the null; however, non-differential error could have biased stratified analyses (across quartiles of oxidative potential) in either direction depending on the pattern of misclassification across strata; however, this is not a likely explanation for the observed trend in myocardial infarction risk across strata of glutathione-related oxidative potential. A further limitation is related to the fact that we did not have information on spatial differences in oxidative potential within cities and the use of fixed-site measures likely contributed to exposure misclassification for oxidative potential as noted above. Similarly, we did not have information on day-to-day changes in oxidative potential within regions and thus we could not evaluate how temporal changes in oxidative potential within a given area impact the strength of the association between ambient PM2.5 acute cardiorespiratory morbidity. However, the type error imparted by using regional estimates of OP as opposed to daily values was likely Berkson type error (i.e. true daily values distributed around the regional mean estimates) and this type of error is not expected to bias associations toward the null. Nevertheless, future studies should evaluate this question as the acute health risks of short-term exposure to ambient PM2.5 may be modified by both within and between city differences in oxidative potential. Finally, as this is the first study to examine the impact of regional differences in oxidative potential on the relationship between PM2.5 and myocardial infarction, we cannot rule out other unmeasured factors or chance as an explanation of our findings. However, systematic differences in human behaviour between cities (i.e. more/less time spent outdoors) are not a likely explanation of our results as the cities included in our analyses share more or less the same climate and housing characteristics. A more important question relates to potential differences in local sources between regions and how these differences may translate into differences in PM2.5 oxidative potential and overall particle toxicity. This question needs to be addressed and may provide important information for future risk management activities aimed at reducing the public health impacts of particulate air pollution.

Conclusions
Regional differences in glutathione-related oxidative potential may modify the impact of PM2.5 mass concentrations on the risk of myocardial infarction with the strongest associations observed in regions with the highest oxidative potential. Moreover, the combined oxidative capacity of NO2 and O3 may magnify this effect. These measures may provide an additional means of prioritizing risk management activities aimed at reducing the public health impacts of particulate air pollution.
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