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Appendix 1: Conditional Logistic Regression Equation 
 
Overall associations. Short-term associations between air pollution and pediatric asthma 
emergency department (ED) visits were assessed via a case-crossover model. The general form 
of the model was conditional logistic regression, matching on year, month, day of week of the 
ED visit (time-stratified), and patient Zip Code Tabulation Area (ZCTA) of residence, as 
follows: 

 Logit[pr(Ykt=1)] = β0 + ζ!V!!
!!!   

 + β(pollutionti)  

 + ΣsΩs(SEASONts) + Σmλm(DOWtm)  + Σnνn(hosp_periodtn)  

 + g(γ1,…, γn;timet) + Σzψz(meteorologytz) 
 
We let Ykt indicate whether person k had the event at time t (1 = event; 0 = no event). Vk denotes 
the dummy variables that distinguish the case-control set, conditioned on the individual and x is 
the total number of case-control sets. ζk denotes parameters specific to the case-control set Vk. 
We defined pollutionti, as the exposure for subject k at time t in ZCTA i. The air pollutant 
variable (pollution) included daily ZCTA-level data on single pollutants from traffic-related 
sources [nitrogen dioxide (NO2) and the elemental carbon (EC) fraction of fine particulate 
matter] and secondary pollutants [ozone (O3) and fine particulate matter (PM2.5)]. For each air 
pollutant variable, we used a 3-day moving average of lags 0, 1, and 2 as the a priori lag 
structure. Other model covariates included indicator variables for season (SEASON, 4-levels), 
day of week and holidays (DOW), and indicator variables (hosp_period) for periods of hospital 
participation during the study period. A cubic spline on day of year (5 degrees of freedom) was 
included to control smoothly for recurrent within-window seasonal trends. Meteorology was 
controlled with cubic polynomials for 3-day moving average (lags 0-2) of maximum temperature 
and mean dew point; interaction terms between season and maximum temperature were also 
included.  
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Appendix 2: Sensitivity Analyses 
 
Methodology. A series of sensitivity analyses were performed to test the consistency of observed 
results to different model and data specifications. Case-crossover model results were compared 
with those from traditional Poisson time-series models.  In the Poisson models, the outcome was 
specified as daily counts of pediatric asthma emergency department (ED) visits for each Zip 
Code Tabulation Area (ZCTA) in the Atlanta metropolitan area. Exposure and covariate control 
was similar to the case-crossover approach: cubic polynomials for 3-day moving average (lags 0-
2) maximum temperature and mean dew point; interaction terms between season and maximum 
temperature; monthly time splines to control for time trends; indicator variables for season, day 
of week and holidays; and indicator variables for periods of hospital participation during the 
study period. The sensitivity of our stratified results to socioeconomic status (SES) assignment 
[Census 2000 or American Community Survey (ACS) 2007-2011] was examined by assigning 
ZCTA-level SES values from Census data for the 2002-2005 period and ACS data for the 2005-
2008 period rather than a weighted average (linear interpolation) of both sources. The influence 
of the asthma outcome specification was examined by comparing results from models predicting 
asthma ED visits identified using both primary and secondary International Classification of 
Diseases, 9th Revision (ICD-9) codes with results from models predicting asthma ED visits 
identified using only primary ICD-9 codes (specified as ‘primary asthma’). Sensitivity of our 
results to potential errors in assigning ZCTAs to the 31 ZIP codes that were changed or 
eliminated during the study period was evaluated by excluding visits from these ZIP codes 
altogether. Finally, to examine the impact of potentially different lag structures in the air 
pollution-asthma association between SES strata, models were specified using 5- and 7-day 
moving average (lags 0-4 and 0-6, respectively) pollutant concentrations (with maximum 
temperature and mean dew point temperature control similarly extended), to compare with 
results for 3-day moving average concentrations. 
 
Results. Sensitivity analysis results are summarized here and not presented quantitatively. 
Poisson regression results were consistent with the effect estimates and patterns of effect 
modification observed in case-crossover analyses. Patterns of effect modification were not 
sensitive to how Census 2000 and ACS 2007-2011 data were linked with ED databases; these 
analyses generated results with identical interpretations as those based on interpolated SES 
values. ZIP codes that changed or were eliminated during the study period contributed very few 
ED visits to the overall study population; therefore, removing these ZIP codes from our database 
in sensitivity analyses had minimal impact on odds ratio estimates. In both Poisson and case-
crossover models, we observed similar patterns of association when primary asthma (instead of 
primary and secondary asthma) was used as our health outcome definition. In stratified analyses 
that used alternate pollutant lag structures (5- and 7-day moving averages) we observed slightly 
stronger associations across all strata with wider confidence intervals. However, patterns of 
effect modification were similar to patterns observed using 3-day moving averages of pollutant 
concentrations. 
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Appendix 3: Neighborhood Characterization 
We further characterized neighborhood air quality and emergency department (ED) visit rates by 
neighborhood socioeconomic status (SES) for select SES indicators: percentage with less than 
12th grade education (% <12th grade education), percentage living below the federal poverty line 
(% below poverty), and the Neighborhood Deprivation Index (NDI). These indicators were 
selected based on the frequency of their use in the literature and because at least one of them was 
at least moderately correlated (Spearman’s �>0.65) with the other SES indicators of interest 
(see online material, Supplemental Table S3).  
 
ED visit data and neighborhood SES. We observed a greater number of ED visits in low SES 
quartiles, except for when evaluating quartiles of % <12th grade education (Appendix Table A1). 
Few Zip Code Tabulation Areas (ZCTAs) were identified as deprivation areas (i.e. 
undereducated areas and poverty areas) and therefore deprivation areas contributed fewer ED 
visits to stratified analyses than non-deprivation areas (Appendix Table A1). 
 
Air quality data and neighborhood SES. With regard to spatial distribution of pollutants across 
socioeconomic groups, ozone and PM2.5 concentrations were relatively homogenous across 
ZCTAs, with similar mean concentrations across SES quartiles (Appendix Table A1). Though 
ozone levels were largely similar across SES strata, we observed slightly lower concentrations in 
poverty as compared to non-poverty areas due to slightly lower levels of ozone in central Atlanta 
(Appendix Figure A1) where most poverty area ZCTAs are located (Appendix Figure A2). 
Conversely, for % below poverty and the NDI, mean NO2 and EC concentrations were generally 
higher in low SES strata compared to high SES strata (Appendix Table A1). However, when 
considering % <12th grade education as an indicator of neighborhood SES, we observed, on 
average, lower concentrations of NO2 and EC in low SES compared to high SES neighborhoods 
because ZCTAs at the periphery of our study area are characterized by low concentrations of 
traffic related pollutants (Appendix Figure A1) and high percentages of adults with <12th grade 
education (Appendix Figure A3) 
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Appendix Table A1. Mean ZCTA-Level Pollutant Concentrations and Counts of Emergency Department Visits by Socioeconomic 
Strata, Atlanta, Georgia (2002-2008; n=488,387 ZCTA days) 

SES Indicator 
O3 

 (ppb) 
NO2 
(ppb) 

PM2.5 
 (µg/m3) 

EC 
(µg/m3) 

 
# Primary 

Asthma ED visitsa # Asthma ED 
visitsb 

# All ED visits 

Mean (SD) Mean (SD) Mean (SD) Mean (SD)  Total Count Total Count Total Count 
% < 12th Grade (Quartiles)         

<9.4 (High SES) 42.1 (17.9) 23.1 (11.4) 15.5 (7.39) 1.17 (0.70)  12,895 25,934 361,234 
≥9.4 to <14.8 42.6 (17.7) 20.2 (11.1) 15.3 (7.36) 1.06 (0.65)  20,621 43,858 527,570 
≥14.8 to <21.5 42.3 (17.0) 18.3 (12.6) 15.1 (7.34) 0.97 (0.66)  14,745 30,208 383,906 

≥21.5 (Low SES) 42.0 (16.8) 16.0 (13.2) 14.9 (7.22) 0.88 (0.65)  14,047 28,758 351,862 
         

Undereducated Area  
(≥ 25% < 12th grade)  

        

No 42.3 (17.5) 20.0 (12.1) 15.3 (7.35) 1.05 (0.68)  53,490 111,446 1,423,111 
Yes 42.0 (16.7) 16.0 (13.1) 14.8 (7.22) 0.87 (0.65)  8,818 17,312 201,461 

         
% Below Poverty (Quartiles)          

<7.6 (High SES) 42.7 (17.5) 17.5 (10.2) 15.1 (7.20) 0.96 (0.60)  10,915 26,053 393,489 
≥7.6% to <11.4 42.6 (17.3) 17.7 (11.3) 15.1 (7.29) 0.96 (0.63)  11,884 27,938 380,936 
≥11.4% to <16.2 42.5 (17.1) 18.0 (12.2) 15.1 (7.33) 0.97 (0.66)  14,113 29,152 374,259 
≥16.2 (Low SES) 41.1 (17.5) 24.5 (13.9) 15.5 (7.48) 1.19 (0.78)  25,396 45,615 475,888 

         

Poverty Area  
(≥ 20% below poverty)  

        

No 42.6 (17.3) 17.9 (15.1) 15.1 (7.29) 0.97 (0.63)  45,540 99,069 1,328,766 
Yes 40.2 (17.6) 27.8 (15.8) 15.8 (7.51) 1.31 (0.82)  16,768 29,689 295,806 

         

 NDI (Quartiles)         
<-0.8 (High SES) 42.5 (17.6) 19.9 (11.1) 15.3 (7.32) 1.06 (0.65)  11,359 26,060 382,463 
≥-0.8 to <-0.1 42.5 (17.3) 18.6 (11.7) 15.2 (7.35) 1.00 (0.65)  12,740 30,152 404,920 
≥-0.1 to <0.6 42.7 (16.9) 15.7 (11.5) 14.9 (7.26) 0.89 (0.61)  11,584 25,677 339,765 

≥0.6 (Low SES) 41.1 (17.5) 23.4 (13.9) 15.4 (7.38) 1.14 (0.76)  26,625 46,869 497,424 
Abbreviations: EC, elemental carbon fraction of PM2.5; ED, Emergency Department; ICD-9, International Classification of Diseases, 9th Revision; NDI, 

Neighborhood Deprivation Index; NO2, nitrogen dioxide; O3, ozone; PM2.5, particulate matter < 2.5 µm in diameter (fine particulate matter); SD, standard 
deviation; SES, socioeconomic status; ZCTA, Zip Code Tabulation Area.  

a Primary asthma: primary diagnoses of asthma (ICD-9 codes 493.0–493.9) or wheeze (ICD-9 code 786.07). 
         b Main asthma outcome of interest: primary and secondary diagnoses of asthma (ICD-9 codes 493.0–493.9) or wheeze (ICD-9 code 786.07). 



 6 

Appendix Figure A1. Average ZCTA-level Concentrations of Ambient Air Pollutants in 20-
County Atlanta, Georgia (2002-2008). A) Spatial representation of ozone levels across 
metropolitan Atlanta by quartiles of average ZCTA-level O3 concentrations (ppb); B) Spatial 
representation of NO2 levels across metropolitan Atlanta by quartiles of average ZCTA-level 
NO2 concentrations (ppb); C) Spatial representation of PM2.5 levels across metropolitan Atlanta 
by quartiles of average ZCTA-level PM2.5 concentrations (µg/m3); D) Spatial representation of 
EC levels across metropolitan Atlanta by quartiles of average ZCTA-level EC concentrations 
(µg/m3). Abbreviations: EC, elemental carbon fraction of PM2.5; NO2, nitrogen dioxide; O3, 
ozone; PM2.5, particulate matter < 2.5 µm in diameter (fine particulate matter); ZCTA, Zip Code 
Tabulation Area. 
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Appendix Figure A2. Spatial Representation of ZCTAs Ever Designated as a Poverty Area in 
Atlanta, Georgia Between 2002 and 2008 (Atlanta ZCTA categorized as a ‘poverty area’ if 
≥20% of the households are living below the Federal Poverty Line). Abbreviations: ZCTA, Zip 
Code Tabulation Area. 

 
 
 
Appendix Figure A3. Spatial Representation of ZCTAs Ever Designated as an Undereducated 
Area in Atlanta, Georgia Between 2002 and 2008 (Atlanta ZCTA categorized as an 
‘undereducated area’ if ≥25% of the population has less than a 12th grade education). 
Abbreviations: ZCTA, Zip Code Tabulation Area. 
 

 
 

POVERTY''
AREA'

0 50 10025 Kilometers

tl_2010_13_zcta510
povA2

<20%  Below  FPL

≥20%  Below  FPL

µ

Highways

0 50 10025 Kilometers

tl_2010_13_zcta510
povA2

<20%  Below  FPL

≥20%  Below  FPL

µ

Highways

UNDER'ED'
AREA'

<20%(below(poverty(

≥20%(below(poverty(

0 50 10025 Kilometers

tl_2010_13_zcta510
EDA2

<25%  less  than  12th  grade

≥25%  less  than  12th  grade

µ

Highways

0 50 10025 Kilometers

tl_2010_13_zcta510
EDA2

<25%  less  than  12th  grade

≥25%  less  than  12th  grade

µ

Highways

A) 

UNDER'ED'
AREA'

UNDER'ED'
AREA'

<(25%(less(than(12th(grade(
≥ 25%(less(than(12th(grade(


