





Abstract

Background: Asthma is a common chronic disease among children in the US.  Prevalence is increasing, and asthma exacerbations have major impacts on the lives of children and their families.  Understanding the role of outdoor pollen as an asthma trigger is important to developing clinical and public health interventions to improve asthma outcomes.
Methods:  Time-stratified case-crossover design with conditional logistic regression was used to study the short-term effects of three major pollens (grass, tree, and weed) and four criteria pollutants (PM 2.5, Ozone, SO2, and NO2) on asthma Emergency Department (ED) visits for children age 5-17 in Allegheny County from April to October 2003-2011.  Since the effects of environmental triggers on asthma may occur over several days, we investigated the effects of pollen and pollution levels on the day of the ED visit, as well as lags of 1, 2, 3, 4, and 5, and averages of day 0-2 and day 0-5.  We examined single pollutant and single pollen models adjusted for apparent maximum temperature, as well as multivariable models controlling for all pollens, pollutants, and apparent maximum temperature.   
Results:  During the study period there were 8,711 asthma ED visits.  In multivariable models, tree and weed pollen were significant positive predictors of asthma ED visits across multiple lags when controlling for temperature and air pollutants.  Strongest effects were for the average of lag days 0-2 for tree pollen (OR = 1.016, 95% CI 1.007-1.024) and the average of lag days 0-5 for weed pollen (OR = 1.044, 95% CI 1.026-1.062).  PM 2.5 and NO2 were also significantly positively associated with ED visits across multiple lags, whereas SO2 was negatively associated with ED visits at several lags. 
Discussion:  This research builds on previous work in Allegheny County demonstrating the impact of air pollution on asthma ED visits.  By further considering pollen levels, we demonstrated that high tree and weed pollen levels appear to be associated with asthma ED visits in children, independent of air pollution levels.  The public health significance of these findings is that implementing methods to control allergen exposure during particular seasons may prevent adverse asthma outcomes.
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1.0  Introduction
1.1 Asthma Background
Asthma is one of the most common chronic diseases among children in the United States.1 The Centers for Disease Control and Prevention (CDC) reported that in 2016, 6 million children had asthma, about 1 in 12.2 Asthma has a major impact on the lives on children and caregivers.  In 2013, 13.8 million missed days of school were attributed to asthma, an average of 2.6 days per child with asthma.2  Between 2008 and 2013 the annual total cost of asthma in the US population was estimated to be over $81.9 billion, including medical costs, asthma-related mortality, and lost days of work and school.3 Asthma exacerbations can be life-threatening, and in 2009 resulted in 479,000 hospitalizations and 1.9 million emergency department visits.4 The CDC also reported that between 2001 and 2010 the prevalence of asthma among children age 0-17 increased at a rate of 1.4% per year,5 though more recent data has suggested decreases in asthma prevalence between 2010 and 2016.2
 Both the prevalence and impact of asthma differ by demographic factors such as sex and race.  In children, asthma is more common among boys than girls, and black children have higher rates of asthma compared with white children.4,5 Furthermore, black and Hispanic children go to hospital emergency departments for treatment of asthma exacerbations more often than white children.4,5  

An asthma exacerbation is an acute episode of respiratory obstruction related to chronic airway inflammation and hyperresponsiveness.6 Symptoms include wheezing, coughing, and difficulty breathing.  Common triggers for exacerbation can include viral respiratory infections, bacterial infections, allergen exposure, tobacco smoke, and other air pollutants, such as particulate matter, ozone, nitrogen dioxide, sulfur dioxide, and diesel exhaust.7  Asthma exacerbations are often treated in the emergency department (ED), urgent care, or physician’s office, generally with systemic corticosteroids.7 

1.2 Asthma and Air Pollution
The effects of air pollution on asthma have been extensively documented in the literature.  The United Kingdom’s Committee on the Medical Effects of Air pollution has outlined four biological mechanisms through which air pollution can contribute to asthma and asthma exacerbations:  remodeling airways, affecting inflammatory pathways and immune response, increasing bronchial hyperresponsiveness, and contributing to oxidative damage in the airways.8 Individual pollutants affect the airways differently.  Ambient fine particulate matter (particulate matter with an aerodynamic diameter of less than 2.5 µm, or PM 2.5) settles throughout the respiratory tract, including the small airways and alveoli.9  PM 2.5 can cause oxidative stress, airway remodeling, and hyperresponsiveness.9  PM 2.5 is also a mix of different substances, and it often contains allergens, such as pollen and fungal spores, which also play a role as an asthma trigger.9 

Ozone (O3), which results from photochemical reactions between sunlight and pollutants such as nitrogen oxides and volatile organic compounds, has been shown experimentally to be associated with airway inflammation, hyperresponsiveness, and decreased lung function.10  Sulphur dioxide (SO2) has been experimentally shown to increase airway constriction.11  The experimental evidence on the effects of Nitrogen dioxide (NO2) on asthma is more equivocal,12 and future research is needed on how NO2 interacts with exposures to other pollutants and allergens.9
Young children are known to be at high risk for the negative effects of outdoor pollution.  They generally spend more time outdoors playing and exercising compared with adults, their lungs and immune systems are still developing, and they also take in a higher volume of air than adults relative to body size, making them particularly at risk.13,14
In addition to experimental evidence for the impact of particulate matter and gaseous pollutants on asthma, there has also been extensive epidemiologic research on the short-term effects of pollutants.   A meta-analysis in 2017 examined the effects of six pollutants (PM 10, PM 2.5, NO2, SO2, O3, and CO) on asthma ED visits and hospital admissions in 22 case-crossover studies published between January 2000 and October 2016.  For children ages 0-18, they found significant associations between pollutant levels and asthma exacerbations for NO2 (OR = 1.040 per 10 ppb increase; 95% CI 1.001-1.081), SO2 (OR = 1.047 per 10 ppb increase; 95% CI 1.009-1.086), and PM 2.5 (OR = 1.022 per 10 μg/m3, 95% CI 1.000-1.045).15
Analyses in Allegheny county have also supported the impact of these pollutants on asthma outcomes in our region specifically.  A case-crossover analysis conducted at the University of Pittsburgh showed significant increased risk of asthma ED visits among children age 5-17 associated with increases in PM 2.5 and NO2 as well as increased risk associated with ozone when the warm season (April through September) was isolated.16  For PM 2.5 the effect was only significant at lag day 1, with an odds ratio of 1.05 (95% CI 1.007-1.088) per 10 μg/m3 increase in PM 2.5.16 The effects of NO2 were significant at lags of 3 days (OR=1.10 per 10 ppb increase in NO2, 95% CI 1.03-1.16), 4 days (OR=1.13 per 10 ppb increase in NO2, 95% CI 1.07-1.20), and 5 days (OR=1.08 per 10 ppb increase in NO2, 95% CI 1.02-1.14).16  Ozone was a significant predictor at all lags during the warm season, with the strongest effects seen for the average of lag days 0-5 (OR=1.136, 95% CI 1.089-1.185).16  Another case-crossover analysis in Allegheny County showed significant effects of ozone and PM 2.5 on asthma ED visits, with an odds ratio of 1.025 (95% CI 1.006-1.044) per 10 ppm increase in ozone for lag day 2 and an odds ratio of 1.036 (95% CI 1.001-1.073) per 10 µg / m3 increase in PM 2.5 for lag day 1.17 The effects of PM 2.5 were stronger in the African American population compared with the Caucasian American group, and stratification showed that the effects of PM 2.5 overall were driven by the effects in the African American group.17  In this study the majority of the study population was over 18, though the authors suggest than when stratified by age, results for the younger age group were similar to the overall findings.17
1.3 Asthma and Allergies
Allergic rhinitis is common among individuals with asthma.18 About 80% of children with asthma are sensitive to environmental allergens such as pollen, mold, and dust, and allergen exposure can trigger asthma exacerbation.7 Allergen exposure in sensitized individuals leads to bronchoconstriction, mucus secretion, and airway inflammation.7
Previous research has explored the short-term effects of different airborne allergens on asthma outcomes across diverse geographic areas.  A case-crossover study in New Jersey using data from 2004-2007 explored the relationships between ozone, PM2.5, and tree, grass, weed, and ragweed pollen with asthma ED visits for children age 3-17.19  They found that tree and weed pollen were significant predictors of ED visits across multiple lags when adjusting for temperature, humidity, ozone, PM 2.5, and whether school was in session.19  In their multivariable model including all pollens and pollutants, the 3-day moving average of tree pollen was a significant predictor of asthma ED visits, with an odds ratio of 1.19 (95% CI 1.17-1.20) per 1-IQR (565.67 grain / m3) increase in tree pollen.19  The 3-day moving average of weed pollen was also significant with an odds ratio of 1.10 (95% CI 1.09-1.11) per 10 grain / m3 increase in weed pollen.19  Another case-crossover study conducted in Australia found that increases in grass, weed, and “unclassified pollen” were significantly associated with increased odds of hospitalization for asthma among children, with odds ratios of 1.037 (95% CI 1.005-1.070), 1.053 (95% CI 1.009-1.098), and 1.041 (95% CI 1.010-1.073) respectively for increases from the 75th to 90th percentile for each pollen. 20  

Other studies have explored the relationships between pollen and asthma outcomes using poisson regression models.  A study in the Atlanta area examined the effects of individual taxa of tree pollen and found significant increases in asthma ED visits associated with Quercus, or oak, tree species, particularly in children.21 They reported a 2%-3% increase in asthma ED visits per standard deviation increase in Quercus pollen levels and a 10%-15% increase when the top 5% of days were compared with the lowest 50%.21 Another study in New York City examined both ED visits and over-the-counter allergy medication sales and found that specific tree pollen that peak in mid-spring showed strong associations with both outcomes.22  Effects were strongest for children ages 5-17; for instance they found that an increase from the 0th percentile to 98th percentile for cumulative levels of ash pollen (average of lag days 0-7) was associated with 2.6 (95% CI 2.1-3.1) times greater risk of asthma ED visits in this group.22 A study out of Cincinnati that examined both asthma ED visits and hospital admissions found positive associations between daily pollen counts and asthma visits, though pollen was not broken down by type, possibly obscuring the effects of any individual pollen.23  They also found that the effects of pollen counts were highest at a lag of 3 days (RR=1.090, 95% CI 1.036-1.147) when controlling for season, fungal counts, PM 10, and ozone and that there was an interaction between PM 10 and pollen such that the effects of pollen were greater at higher levels of PM 10.23  This research also found no effects of ozone concentrations or fungal spore count on asthma outcomes.23  A later study out of Cincinnati looked more specifically at the effects of different types of pollen on both asthma ED visits and outpatient clinic visits and found significant positive associations with ragweed, oak, maple, and pine pollen when adjusting for seasonal time trends, day of the week, ozone, PM 2.5, temperature, and humidity, with relative risks between 1.23 and 1.54 for 100 count / m3 increases in pollen.24  Again they saw no significant effects for fungal spores.24 

Several studies have explored individual factors that may modify the effects of specific pollens on asthma outcomes.  A study in Montreal found that the effects of grass pollen were stronger for readmissions to the ED compared with initial visits, with a mean percentage change of 2.37% (95% CI 0.30%-4.49%) for readmissions versus a mean percentage change of 2.08% (95% CI 0.28%-3.91%) for initial visits, indicating a possible relationship with more persistent and difficult to manage asthma.25  A study in Washington DC explored the effects of mold, weed, tree, and grass pollen as well as ozone, PM 2.5, and temperature on asthma ED visits and hospitalizations among children ages 1-17.26  They found that when the entire group was examined together, only grass pollen was a significant predictor, with a 2.6 % (95% CI 0.3% to 5%) increase in daily ED visits per 10 grains / m3 increase in grass pollen at lag day 3.26  However, when they stratified by age, significant effects were found for ozone, tree pollen, and grass pollen, in the 5-12 year old age group, with the strongest effects at lag day 4 for ozone (mean percentage change 3.3% per 0.01 ppm, 95% CI 1.6%-5.1%), lag day 0 for tree pollen (mean percentage change 1.8% per 100 grains / m3, 95% CI 0.9%-2.6%), and lag day 3 for grass pollen (mean percentage change 5.5% per 10 grains / m3, 95% CI 2.2%-9%).26  The authors suggested that the stronger effects in the 5-12 year old group may be related to the greater time spent outside in that group.26  This study also found that the rates of asthma ED visits and hospital admissions increased with percentage of children living below the poverty in a particular zip code, demonstrating the role of socioeconomic status (SES) as a risk factor for poor asthma outcomes.26  However, results on the effects of SES within the relationship between pollen, pollutants, and asthma have been mixed, as several other studies have not found significant evidence for effect modification by SES.19,27 
Several studies have also attempted to address the potential confounding effect of respiratory infections, which can also be a cause of asthma exacerbations.  A study in New York City examined both ED visits and hospital admissions for asthma and was also able to control for hospital admissions for respiratory infections, a marker for circulating respiratory viruses.28  They found that adjusting for respiratory infection admissions did not change risk estimates for ozone or PM 2.5 by more than 10% and acknowledged that these admissions may not be an adequate proxy for individual exposure to respiratory viruses.27  This study was primarily focused on pollutants, and it may be that respiratory infections could be a greater confounder in examining the effects of pollen, since they may be affected by similar seasonal patterns.  Another study focused on the fall season specifically and found that hospital admissions for asthma in New Jersey peaked before the increase in infectious illnesses being reported in schools, indicating that the increased weed pollen associated with that fall peak could likely be isolated from respiratory infections during that seasonal peak.29
While most research on the topic has used retrospective data, a prospective study in the New York City area used a repeated measures design with a cohort of 430 children with asthma to assess symptom outcomes and their associations with modeled daily estimates of tree, grass, and weed pollen levels based on each participant’s home location.30  This study relied on parent report of asthma symptoms and medication use as the outcome, which allowed them to investigate asthma outcomes that may not have reached the level of an ED visit but would still have significant impact on the child’s quality of life.  They found that increased levels of weed pollen and grass pollen were associated with increased asthma symptoms such as shortness of breath, wheezing, coughing, and need for rescue medication such as albuterol.30  When they compared the highest quintile of weed pollen levels with the lowest, they found a 23% (95% CI=1%-50%) increase in likelihood of respiratory symptoms.30   This study was able to test children for individual allergies and stratify by whether the child was sensitive to a particular allergen.  Within stratified analysis, the relationships between exposure to the particular pollen and asthma outcomes only held for those individuals sensitive to the pollen,30 indicating that in broader analyses, the effects we see may be largely attributed to those allergic individuals who are at particular risk. 

A systematic review and meta-analysis of research on outdoor pollen as a trigger of pediatric asthma ED visits by Erbas et. al. conducted in 2017 summarized the relevant literature on the topic.31  Their systematic review included fourteen studies, though they noted significant differences across studies in terms of methodologies, pollen taxa included, and confounders assessed, and ultimately meta-analysis could only be completed for grass pollen.31  In the nine studies in the review that included pollutants such as PM 2.5, PM 10, Ozone, SO2, and NO2, pollen was generally found to be independently associated with increased risk of ED visit or hospitalization when controlling for the effects of air pollutants.31  In their meta-analysis on the effects of grass pollen, which was the most commonly reported pollen examined across studies, they found that, in 3-day lag models, an increase in 10 grains / m3 of pollen was associated with an 1.88 % mean change in ED visits (CI: 0.94-2.82).31  Meta-analysis was limited to the three studies that included grass pollen and used mean percentage change as their measure of effect, and differences in methodologies across studies limited the authors’ ability to summarize findings quantitively. However, the authors noted broad regional differences in the most significant pollen triggers, with tree and weed pollen generally found to be the most significant predictors in the US, as opposed to grass in Australia, or grass and weeds in Canada.31  The present study has the opportunity to expand the literature on pollen, air pollution, and asthma outcomes by considering the effects of grass, tree, and weed pollen on asthma ED visits over the course of nine years (2003-2011) within a comprehensive sample of children ages 5-17 in Pittsburgh and the surrounding area.    
1.4 Possible Interaction between Air Pollution and Pollen
Emerging research has suggested that synergistic effects may exist between certain ambient air pollutants and types of pollen such that the impact of the pollens on asthma symptoms may be enhanced.  Several experimental studies among adults both with and without asthma have suggested that exposure to ozone is associated with greater inflammatory response to subsequent allergen exposure as well as decreased functional capacity.32,33  Furthermore, particulate matter (PM 2.5 and PM 10) may contain allergic substances such as fungal spores and pollen, and it is known to contribute to allergic inflammation.9  PM exposure in children with asthma has been associated with increased asthma symptoms, and this relationship was stronger in children with allergies, suggesting that children with both asthma and allergies may be most susceptible to the adverse effects of PM.34
In addition to the effects on the airways, certain pollutants can also exert impacts on plants themselves that affect pollen production. This is species dependent, but research has suggested that exposure to ozone can increase allergenicity of pollens, though at very high levels they may become damaged.35
1.5 Local Context and Public Health Significance
In Allegheny County, Pennsylvania, about 12% of school-aged children have asthma, a proportion that has remained fairly stable between 2009 and 2016 and is similar to the figure for the state of Pennsylvania as a whole.36  Asthma ED rates are highest among children ages 5-11, and are higher in males compared with females.36  In the 2011 “State of the Air” Report from the American Lung Association, Pittsburgh ranked 3rd in the nation for short-term particle pollution (24-hour PM 2.5), 7th in the nation for year-round particle pollution (annual PM 2.5), and 24th in the nation for ozone pollution.37  However, the report did note that Pittsburgh had improved with regard to both PM 2.5 and ozone since the previous report.37  More broadly, between 1998 and 2018 Allegheny County has seen decreased levels of major air pollutants such as PM 2.5 and ozone across multiple monitoring sites.38 

Previous research in Allegheny county has established the relationships between pollutants and asthma ED visits,16,17 however no research in the region has looked at the impact of pollen levels on asthma.  While other studies have examined the impact of pollen on asthma exacerbations within the country and world, there is a strong imperative for further research, as others have noted that geographic differences and regional diversity in outdoor allergen mix and seasonality are important in influencing the relationships between different pollens and asthma outcomes.39  The body of literature has been somewhat inconsistent on which pollens have the greatest impact on asthma exacerbations, which may be due to the geographic differences between these studies.  Furthermore, this research incorporates four major criteria pollutants, PM 2.5, ozone, Sulphur dioxide, and Nitrogen dioxide, whereas many other studies have only included PM 2.5 and ozone.  This will allow us to better understand potential confounding and effect modification between pollutants and pollens.  

Furthermore, better understanding of the impacts of pollen and pollution are critical within the context of climate change.  Climate change is expected to impact the production and allergenicity of pollen which could in turn impact asthma severity and prevalence.40,41  Between 2000 and 2010 data from 50 pollen monitoring stations in the US showed that seasons for tree, weed, and grass pollen started an average of 3 days earlier than the previous decade.41  Similarly, most stations showed increases in annual maximum pollen counts as well as annual total counts between 1994 and 2010, with an increase of 42.4% for average peak pollen value and 46.0% for average annual total pollen.41  Similarly, a large international study including sites with at least 20 years of pollen data showed that in the northern hemisphere increases in maximum temperature over time were significantly associated with increases in total seasonal pollen as well as pollen season duration.42  These finding suggest that pollen will likely to continue to increase as a threat to respiratory health.  Understanding which pollens contribute most significantly to increased risk for asthma exacerbations can allow public health practitioners as well as clinicians better understand when risks are highest in order to advise on preventative measures, such as staying indoors on high pollen days and using medication to manage asthma and allergy symptoms. 

1.6 Objective
The aim of this study was to assess the relationship between levels of airborne allergens and increased risk of asthma Emergency Department (ED) visits among children ages 5-17 in Allegheny County, PA during outdoor allergy season (April-October).  
1.7 Hypothesis
During outdoor allergy season, higher levels of airborne allergens are associated with increased risk of asthma ED visits among children age 5-17 in Allegheny County, controlling for apparent maximum temperature and air pollution.  
2.0  Methods
2.1 Asthma Emergency Department Data
Data on Asthma ED visits were available for hospitals and hospital systems in Allegheny County, Pennsylvania for 2003-2011.  Asthma ED visits were defined by primary discharge diagnosis of asthma (International Classification of Diseases, 9th revision, code 493).  This data has been used in previous analysis on the relationship between air pollution and asthma.16 For the present analysis, data were restricted to children and teens age 5-17 who had residential zip codes in Allegheny County. Variables included date of visit, age, sex, race, zip code, pseudo ID, hospital, discharge diagnosis, and disposition from ED.  Disposition indicated whether an individual was discharged from the ED or admitted to the hospital as an in-patient.  

2.2 Pollen Data
Daily pollen counts for grass, tree, and weed pollen were obtained from the Allegheny Health Network Division of Allergy, Asthma, and Immunology.  There is one central pollen monitor in Allegheny County, located during our study period on the roof of Allegheny General Hospital in the Northside of the City of Pittsburgh.  The station is part of the National Allergy Bureau monitoring network.43 Pollen is sampled using a Burkard Spore Trap, a volumetric air sampler that is commonly used in allergy research.44 Daily pollen counts are in units of grains / m3.  The different pollens tend to occur on different magnitudes.  According to the National Allergy Bureau, for grass 1-4 grains / m3 is considered low, 5-19 is moderate, and 20-199 is high; for tree 1-14 is low, 15-89 is moderate, and 90-1499 is high; for weed 1-9 is low, 10-49 is moderate, and 50-499 is high.45 

During the study timeframe of 2003 to 2011, reasonably complete pollen counts were available for the months April through October for years 2004 to 2011.  For 2003, complete data was available for April through September only.  Thus, final daily pollen data used in this analysis comprises April 1st through September 30th 2003 and April 1st through October 31st 2004 through 2011.  

Some days throughout the study period had missing pollen data, generally on weekends and holidays when a person may not have been available to complete the readings.  For days with missing pollen values, if there were three or fewer days with missing values, the previous available value would be carried forward.  In the rare cases where there were more than three consecutive days missing, the remining days would be given the value from the next available day.  This imputation method has been used in previous research involving pollen data and asthma.19,27
2.3 Air Pollutant Data
Daily exposure estimates by zip code for the air pollutants used in this analysis (PM 2.5, Ozone, SO2, and NO2) were developed in previous research in this area.16 Concentrations were estimated using space time kriging.16
2.4 Meteorological Data
Meteorological data were obtained from the CDC Wonder North America Land Data Assimilation System (NLDAS) Daily Air Temperatures and Heat Index (1979-2011) data request website and have been used in previous analyses.16,46   For the present analysis, daily values of maximum air temperature and maximum heat index averaged over monitoring stations for Allegheny County from 2003-2011 were used.  Maximum heat index was available for days with air temperature greater than 80º F.  In order to account for the effects of humidity, we used a maximum apparent temperature value, which was defined as the maximum heat index when available and otherwise as average maximum temperature.  This method of considering both temperature and humidity has been used in previous research.16
2.5 Socioeconomic Status
In order to assess the effects of zip code-level socioeconomic status (SES) on outcomes for asthma ED visits, we obtained data from the US Census American Factfinder website.47  Using data from the 2000 census on percent of individuals living below the poverty level in each zip code, we defined high SES as less than 5% of individuals in poverty, moderate SES as 5-20% of individuals living in poverty, and low SES as greater than 20% of individuals living in poverty, based on previous work in this area.19 This variable was used to preform stratified analyses by zip code-level SES.

2.6 Case-Crossover Study Design
Time-stratified case-crossover analysis with conditional logistic regression was used to examine the short-term relationship between daily concentrations of tree pollen, grass pollen, weed pollen, PM 2.5, ozone, SO2, and NO2 with asthma ED visits.  Analysis was conducted using the case-crossover analysis tool (C-CAT) from Apex Epidemiology Research and the New York State Department of Health.48 C-CAT is designed for use with SAS and creates code to conduct time-stratified case-crossover analysis. 

The strength of the case-crossover design for studying the short-term effects of environmental exposures on acute health outcomes such as asthma exacerbations lies in the fact that stable, person-level factors, such as race and sex are controlled for in the design, because each case essentially serves as their own control.16  Furthermore, in the time-stratified design, the entire study period is divided into strata, and exposures in the hazard period just prior to the event and exposures in multiple reference periods where the event did not occur are only compared within a limited period of time, such as a month.  This method controls for longer-term time trends, such as seasonal changes or longer-term reductions in pollution. 

In this study, we used 28 day strata and referent periods of 7, 14, and 21 days either before or after each stratum, based on previous work in this area.16,17  Choosing referent days that were multiples of 7 would control for day-of-the-week effects, by which a person’s patterns of locations and activities on a given day of the week might confound the relationship between their exposures and potential asthma exacerbations.  Thus, within one strata of 28 days, there would be three referent, or control, days for comparison.   Additionally, we included a washout period of 7 days, meaning that any repeat visits for an individual over a 7-day period would be removed.  This was done in order to ensure independence of events, since repeated ED visits within one week, could be part of the same asthma exacerbation. 

2.7 Statistical Analysis
Before assessing the relationship between individual exposures and asthma ED visits, we assessed the distribution of all exposure variables (tree pollen, grass pollen, weed pollen, PM 2.5, ozone, and apparent maximum temperature) calculating the mean, standard deviation, and quartiles, as well as creating histograms.  To visualize the seasonality of the different pollen variables as well as the outcome we created time series plots using a 7-day moving average.  We also explored the Pearson correlation coefficients between each of the predictor variables.  For the outcome of asthma ED visits, we used descriptive statistics to quantify the distribution of visits by race, sex, age group, zip code-level SES, and month of ED visit.

Because the acute effects of air pollution and pollen on asthma exacerbations may occur multiple days after exposure, we created lagged variables for each of the predictors (tree pollen, grass pollen, weed pollen, PM 2.5, ozone, NO2, and SO2). We conducted analyses using lags of 0 through 5, as well as lags averaged over 3 days (lag 0-2) and over 6 days (lag 0-5).  Here lag 0 represents the exposure on the same days as the ED visit, and lag X represents the exposure X days before the ED visit.  The 3- and 6-day averages represent cumulative exposures, including exposures on the day of the visit, as well as the preceding days.  We controlled for the effects of temperature and humidity in all models by including the 3-day moving average of apparent maximum temperature.  

Frist, we ran single pollen models for tree, grass, and weed at all lags.  Apparent maximum temperature was included in each of these models.  Using the stratified case cross-over design and conditional logistic regression, we calculated odds ratios and associated 95% confidence intervals for every 10 grains / m3 increase in grass pollen, 100 grains / m3 increase in tree pollen, and 10 grains / m3 increase in weed pollen.  Next, we ran single pollutant models for PM 2.5, ozone, NO2, and SO2 at all lags.  We calculated odds ratios and associated 95% confidence intervals for each 10 µg / m3 increase in PM 2.5 and each 10 ppb increase in ozone, SO2, and NO2.  These units for pollens and pollutants have been used in other research to present results on reasonable scales.16,26 It should be noted that, while a single value for pollen was used for all zip codes on a given day because of the single pollen monitor, values for PM 2.5, ozone, NO2, and SO2 were unique by zip code. We also ran multivariable models including apparent maximum temperature, all three pollens, and all four environmental pollutants across each of the lags. 

While previous research has suggested that a single pollen monitor location is sufficient to represent an area of up to 30 – 40 km away from that monitor, and similar analyses have used single monitors to represent an area much larger than a single county, 19,21,49 we conducted a sensitivity analysis to determine whether the use of the single monitor in the city of Pittsburgh would be appropriate for county-wide analysis.  To do this we ran the multivariable models again, restricting the analysis to zip codes within the city of Pittsburgh in order to determine whether results differed significantly from the county-wide results. 

In order to assess whether the impacts of outdoor pollen levels differ based on sociodemographic factors, we ran stratified analyses for the 3-day average multivariable models (average of lags 0-2) by gender, race, age group and zip code-level SES.  In order to explore whether the effects of a particular pollen on asthma ED visits might vary at differing levels of particular air pollutants, we tested the significance of interaction terms (in the format pollen*air pollutant) in models including that pollen, air pollutant, and apparent maximum temperature.  For example, to assess the possible interaction between grass pollen and PM 2.5, we ran a model including grass pollen, PM 2.5, apparent maximum temperature, and grass pollen*PM 2.5.  

3.0  Results
3.1 Descriptive Analysis of Variables
Within the study timeframe of April through September 2003 and April through October 2004-2011 there were a total of 8,966 asthma ED visits for children and teens ages 5-17.  After the washout period was implemented, eliminating recurrent events within 7 days, there were 8,711 cases, or asthma ED visits, used in the analysis (table 1).  There were 24,586 referent days.  Our study population was more male (53.6%) than female (46.4%) and was 67.0% Black.  The youngest age group, 5 to 9-year-olds, comprised the greatest proportion of ED visits (43.5%).  When assessing the distribution by zip-code level socioeconomic status, the majority of cases fell into the moderate SES category (72.1%).  Examined by month, September had the greatest number of visits, followed by October and May.  Here it is important to note that October may be slightly underrepresented, as October data was not available for the first year of analysis, 2003. 

Distributions of all predictor variables are shown in table 2.  Tree pollen tends to occur on a much higher scale than grass or weed, with a maximum value of 4,152 grains / m3 compared with 160 grains / m3 for grass and 371 grains / m3 for weed.  Additionally, the pollen distributions are highly skewed, indicating that outside of each pollen’s respective season, values are generally very low (figures 1-3).  Over the 9-year span of the study, pollen data was available for 1299 days and 596 days (31.5%) were imputed.  Time series plots showed the seasonality of the pollen levels as well as patterns in the outcome of asthma exacerbations (figures 4-7).  Here pollen data from 2005 was used to visualize typical trends, as that year had the most complete pollen data. Tree pollen peaks the earliest, from April through May.  Grass pollen tends to peak in early summer and is high for the duration of June.   Weed pollen has two peaks, a smaller peak in June and then a larger one in mid-August through October.  Asthma exacerbations tend to be highest in spring and in fall, with lower incidence throughout the summer.  When examining the correlations between each of the predictor variables (table 3), PM 2.5 and ozone were both moderately correlated with apparent maximum temperature (0.65 and 0.56 respectively), as well as with each other (0.61).  SO2 was also correlated with PM 2.5 (0.55) as well as NO2 (0.46).  Notably, none of the pollens were strongly correlated with each other.  This likely reflects the distinct seasonality noted when examining pollen counts over the course of the study timeframe.  Additionally, none of the pollens were strongly correlated with apparent maximum temperature.  Here it is important to note that this study only covers the relatively warm season of April through October.  Correlations between temperature and pollen may be different if considering the entire year.  Similarly, correlations between individual pollutants and pollens were also low, with none greater than ±0.20. 

3.2 Case-Crossover Analysis
Adjusted odds ratios and 95% confidence intervals for each individual exposure of interest are presented for all lag periods examined (day of, lags 1-5, days 0-2 averaged, and days 0-5 averaged) (table 4).  In the single pollen and single pollutant models, apparent maximum temperature was included in all models.  

Grass pollen across all lags showed slightly negative associations with asthma ED visits, though it was only significant for the 5-day lag (OR = 0.977, 95% CI 0.957-.0997).   Tree and weed pollen were generally positively associated with asthma ED visits, though they differed in which lags were most significant.  Tree pollen was significantly associated with asthma ED visits for the day of (OR = 1.009, 95% CI 1.002-1.016) as well as lag days 1 (OR = 1.013, 95% CI 1.007-1.02) and 2 (OR = 1.01, 95% CI 1.004-1.017), 0-2 day average (OR 1.015, 95% CI 1.007-1.023), and 0-5 day average (OR 1.015, 95% CI 1.005-1.024).  The effect was greatest for the two average lags (day 0-2 and 0-5), both with odds ratios of 1.1015, which indicates that a 100 grains / m3 increase in average pollen was associated with an approximately 1.5% increased risk of asthma ED visit.  Weed pollen was significantly associated with asthma ED visits for lag days 1 (OR = 1.017, 95% CI 1.003-1.031), 2 (OR = 1.025, 95% CI 1.003-1.031), 3 (OR = 1.036, 95% CI 1.023-1.049), 4 (OR = 1.035, 95% CI 1.023-1.047), and 5 (OR = 1.028, 95% CI 1.015-1.04), as well as 0-2 day average (OR = 1.019, 95% CI 1.004-1.035) and 0-5 day average (OR = 1.041, 95% CI 1.024-1.059).  The effect was greatest for the average of days 0-5, with an odds ratio of 1.041, indicating that a 10 grains / m3 increase in average pollen over those days was associated with an approximately 4.1% increased risk of asthma ED visit.  Overall, in comparison with tree pollen, weed pollen seemed to have a greater impact at later lags.  Figure 8 shows these differences in most significant lags for each pollen. 

For each of the pollutants examined individually, there were also positive associations between levels of the pollutant and asthma ED visits, though again the most significant lags differed by pollutant. PM 2.5 was positively associated with asthma ED visits at lag days 1 (OR = 1.063 95% CI 1.016-1.113), 2 (OR = 1.083, 95% CI 1.036-1.131), and 3 (OR = 1.067, 95% CI 1.026-1.11), as well as average lags 0-2 (OR = 1.118, 95% CI 1.053-1.186) and 0-5 (OR = 1.163, 95% CI 1.081-1.252).  Ozone was positively associated with asthma ED visits at lag days 2 (OR = 1.042, 95% CI 1.017-1.067) and 3 (OR = 1.028, 95% CI 1.006-1.051) as well as average lags 0-2 (OR = 1.04, 95% CI 1.008-1.074) and 0-5 (OR = 1.055, 95% CI 1.015-1.096).  NO2 was positively associated with ED visits at lag days 2 (OR = 1.098, 95% CI 1.019-1.184), 3 (OR = 1.204, 95% CI 1.121-1.292), and 4 (OR = 1.123. 95% CI 1.048-1.203), as well as average lag 0-5 (OR 1.348, 95% CI 1.178-1.542).  SO2 was only significantly associated with ED visits at lag 3 (OR = 1.152, 95% CI 1.022-1.298).  Figure 9 shows the differences in most significant lags for each pollutant. 

Adjusted odds ratios for the full model including apparent maximum temperature, grass, tree, weed, PM 2.5, ozone, SO2, and NO2 are shown in table 5.  Generally, the relationships between the individual pollens and asthma ED visits remained fairly consistent when pollution was taken into account.  Grass pollen was only significant at lag 5 in the multivariable model, and again it was negatively associated with asthma ED visits (OR = 0.974, 95% CI 0.954-0.994).  Tree and weed pollen remained positive predictors of asthma ED visits.  Tree pollen was significantly associated with ED visits at lag days 0 (OR = 1.010, 95% CI 1.003-1.017), 1 (OR = 1.014, 95% CI 1.007-1.021), and 2 (OR = 1.010, 95% CI 1.003-1.017) as well as average lags 0-2 (OR = 1.016, 95% CI 1.007-1.024) and 0-5 (OR = 1.013, 95% CI 1.003-1.023).  Weed pollen was significantly associated with ED visits on lag days 1 (OR = 1.019, 95% CI 1.005-1.033), 2 (OR = 1.025, 95% CI 1.012-1.038), 3 (OR = 1.038, 95% CI 1.025-1.051), 4 (OR = 1.037, 95% CI 1.024-1.049), and 5 (OR = 1.030, 95% CI 1.017-1.043), as well as average lags 0-2 (OR = 1.021, 95% CI 1.004-1.037) and 0-5 (OR = 1.044, 95% CI 1.026-1.062).  

In the multivariable models, PM 2.5 remained significantly positively associated with ED visits on lag days 1 (OR = 1.113, 95% CI 1.049-1.18) and 2 (OR = 1.068, 95% CI 1.01-1.13), as well as average lags 0-2 (OR = 1.149, 95% CI 1.063-1.241) and 0-5 (OR = 1.144, 95% CI 1.04-1.259).  NO2 also remained significantly positively associated on lag days 3 (OR = 1.214, 95% CI 1.111-1.327) and 4 (OR = 1.151, 95% CI 1.053-1.257), as well as average lag 0-5 (OR = 1.327, 95% CI 1.129-1.559).   However, in these models ozone, which had been significant when examined alone, was no longer significant.  In the multivariable models, SO2 was negatively associated with ED visits, significant on lag day 1 (OR = 0.755, 95% CI 0.645-0.883) as well as average lags 0-2 (OR = 0.762, 0.612-0.947) and 0-5 (0.724, 95% CI 0.543-0.964).
We also conducted the multivariable analysis limited to cases with zip codes in the city of Pittsburgh, since this would represent the geographic area closest to the monitor location (table 6).  The Pittsburgh-only analysis included 5,656 cases.  Results were generally consistent with the findings for Allegheny county, indicating no significant differences by proximity to the monitor.  

When we stratified by child gender, race, and age group, as well as zip code-level socioeconomic status within the 0-2-day average lag multivariable models, there were no significant differences in the effects of any individual pollen or pollutant by any of the demographic variables (tables 7, 8).  When we assessed interaction between individual pollutants and pollens, controlling for apparent maximum temperature, none of the interaction terms were significant, suggesting that the effects of each individual pollen on asthma ED visits did not change significantly based on the level of a particular air pollutant (table 9).  

4.0  Discussion
We hypothesized that in Allegheny County during outdoor allergy season (April through October), higher levels of airborne allergens would be associated with increased risk of asthma ED visits among children ages 5 -17 when controlling for apparent maximum temperature and air pollution.  While our results for both tree pollen and weed pollen showed significant positive associations with asthma ED visits across multiple lags, this did not hold for grass pollen.  Grass pollen levels appeared to be slightly negatively associated with asthma ED visits, though this was only significant at the 5-day lag.  

Other research conducted in the mid-Atlantic region of the United States has shown similar findings.  A case control study for the entire state of New Jersey showed that, when adjusting for temperature, humidity, and an indicator of whether school was in session, 3-day averages of tree pollen and weed pollen were both significant predictors of asthma exacerbations, while grass pollen and ragweed pollen were not.19  In their research ragweed was considered separately from other weeds, whereas in or data ragweed was included in the weed count.  Similarly, research in the Washington DC area using poisson regression found that tree pollen was significantly associated with asthma ED visits for children ages 5-12 years old, with an average 1.8% increase in visits per 100 grain / m3increase in tree pollen.26  While they did not find significant effects for grass or weed on ED visits, weed pollen was significantly associated with hospital admissions for asthma for that same age group.26  

For both pollens and pollutants within our multivariable models, the two average lags (average of lag 0-2 and average of lag 0-5) resulted in the strongest effects.  This has been noted in previous literature on both pollen and pollution and is thought to be related to the fact that when concentrations of airway irritants are elevated for a series of days this is more likely to contribute to a heightened allergic response.21,26  

Our research also included four criteria air pollutants PM 2.5, ozone, NO2, and SO2.  Throughout the literature, PM 2.5 and ozone were generally included in most pollen analyses, but other pollutants were not consistently used across different studies.  Because previous research in Allegheny County suggested possible effects of NO2 and SO2, particularly the effect of NO2 on asthma ED visits in children,16 we felt it was valuable to include them.  Ultimately, we found that both PM 2.5 and NO2 were significant predictors of asthma ED visits across multiple lags in this analysis, whereas ozone was not significant, and SO2 was negatively associated with ED visits for several lags.  Furthermore, when controlling for all four pollutants in multivariable models, we found significant effects of both tree and weed pollen on asthma ED visits, independent of air pollutant levels. 

Throughout the literature, results have been mixed regarding whether the effects of pollen on asthma differ by sociodemographic factors such as gender, race, age, and socioeconomic status. Some research has found that the effects of pollen are stronger in school-age children compared with very young children or older teens, possibly due to physiological differences and time spent outdoors.26 However, since this research was limited to children age 5-17, those differences across age groups may not have been captured.   Likewise, one study found that boys were at higher risk of asthma exacerbations associated with grass and “unclassified pollen” compared with girls,20 and another study found greater effects of tree pollen in boys compared with girls.19  One study that considered all pollen types together found that the effects of pollen on asthma hospital admissions were slightly stronger in high-SES areas.27 More broadly, other research has found that both asthma ED visits and hospitalizations are higher in low-SES areas, though this assessment did not include the role of pollen.26  While we did not detect any statistically significant differences between demographic groups when stratifying by gender, race, age group, and socioeconomic status, the effects of tree pollen in particular did appear to be slightly stronger among male children, black children, and younger age groups.  Further research should continue to assess individual-level factors that may make children more susceptible to the adverse effects of pollen on asthma.  

Some research has also suggested possible interaction effects between certain pollens and air pollutants, thought this has also been inconsistent across the literature.  A 10-city study in Canada found significant interactions for ozone and tree pollen averaged across all cities, as well as interaction between ozone and weed pollen in three individual cities.39  Furthermore, ozone has been shown in increase inflammation in the airways and has been shown to have a priming effect in the airways, increasing susceptibility to allergens.50  More research is needed to determine how individual pollens and pollutants interact as triggers for asthma.
In the literature on the effects of pollen and pollutants on asthma, two different methodologies have been used—poisson regression, and case-crossover analysis, which was used in this research.  The case-crossover design can be used as an alternative to poisson time series regression to analyze the short-term health effects of environmental factors such as pollution and airborne pollen.51 The case-crossover design is able to control for potential confounders that are stable over time, such as age, gender, and genetic predisposition.  There is still potential for confounding by time-varying factors such as seasonal patterns or more long-term trends like decreases in pollution over years.  However, by limiting the referent periods, as in this analysis, where the referents were limited to 7, 14, or 21 days before or after the event within each 28-day strata, comparisons would be limited to a relatively narrow timeframe.  In poisson regression, on the other hand, the potential confounding of long-term trends would be handled in the modeling itself.52 Case-crossover methodology does have lower efficiency and thus larger confidence intervals, but results themselves are of comparable accuracy.20,52,53 Furthermore, the case-crossover methodology facilitates stratification by individual factors, such as gender, race, and age group as in this analysis.52
It is important to note the ecological context and limitations of this research.  The use of one pollen monitor to represent exposures across the county may not have adequately represented the more fine-level variations in pollen that may exist in particular areas and certainly does not represent individual exposures to pollen or pollutants.  Nonetheless, this is generally the norm in pollen research due to the spread of monitors, and our sensitivity analysis suggested that this one central monitor could adequately represent levels across the county, particularly in terms of the short-term time trends that are important to this analysis. Similarly, our stratification at by socioeconomic status was done at the zip code level, which may not represent an individual’s risk.  More emerging research in this field is using prospective methods and modeling of pollen and exposures based on individual addresses to try to better represent exposures and outcomes on an individual scale.30
Asthma ED visits are also a very useful metric for tracking the impact of asthma exacerbations at different times of the year, but they are not a complete picture.  There are differences in health care utilization patterns across different population groups often related to access to preventative care.52  For instance, parents of children who lack access to preventative care and medications at home, or whose asthma is poorly controlled, are more likely to present to the emergency room for care, whereas others may go to their doctor’s office for care.  Some research in this field has also been able to incorporate outpatient clinic visits for asthma, which allows for a more complete picture of asthma’s impact.24 

The strengths of this study lie in use of stratified case-crossover analysis to control for potential individual-level confounders, such as age, sex, and race, and addresses time-varying confounders, such as trends in pollution levels over time.  Similar methodologies have been used extensively in research on the effects of air pollution on asthma16,17 and are emerging as a method for examining the effects of pollen.19,20 Furthermore, our research used 9 years of asthma ED data.  Because pollen research is generally limited to only the warm season of the year when outdoor pollen is circulating, studies only using 1-2 years of asthma ED visits may be limited by relatively low numbers of events.23  Similarly this work was strengthened by the inclusion of all major hospitals in Allegheny county, thus improving the representativeness of the findings.    

Further research should continue to explore the effects of pollen in diverse geographic areas.  Differences in weather patterns, geography, and composition of outdoor allergen mix may account for some of the differences in findings among studies of pollen and asthma across the US and world.39  While the body of research suggests that outdoor allergens are associated with poor asthma outcomes, including increased ED visits and hospitalizations, further research should also continue to explore possible effect modification, both by individual factors such as race, gender, age, and SES as well as by level of air pollution.  Further research should consider more meteorological factors that may affect pollen levels, such as wind.  While wind has not been considered in the literature on pollen and asthma exacerbations, it is an important factor in pollen distribution,54 and thus may be important to consider in future research.   

Overall, the combined threats of air pollution and pollen on respiratory health are important for both healthcare providers and public health leaders to consider and prepare for.  With climate change and increased carbon dioxide in the atmosphere, levels of ozone and pollen are increasing, and these trends are predicted to continue.  Increases in temperature have been shown to increase both the growing season and pollen-producing capacity of allergenic plants such as ragweed.55  Furthermore, research has suggested that pollutants such as ozone may interact with pollens to increase allergenicity and trigger stronger inflammatory response.33,35,50  Children with asthma are particularly vulnerable to these risk factors.  Asthma risk is affected by complex individual and environmental factors—future research should continue to determine how these factors interact to produce adverse asthma outcomes in order to promote better prevention and management within the context of environmental conditions.

Appendix A: Tables
Table 1: Asthma ED visits among children in Allegheny County by gender, race, age, socioeconomic status, and month of ED visit
	Asthma Cases (N= 8,711)

	Characteristic
	n
	%

	Gender
	
	

	Female
	4040
	46.38

	Male
	4671
	53.62

	Race Group
	
	

	White
	2677
	30.73

	Black
	5833
	66.96

	Other
	96
	1.10

	Missing
	105
	1.21

	Age Category
	
	

	5 to 9
	3790
	43.51

	10 to 13
	2909
	33.39

	14 to 17
	2012
	23.10

	SES (zip code level)
	
	

	High
	505
	5.80

	Moderate
	6283
	72.13

	Low
	1923
	22.08

	Month
	
	

	April
	1366
	15.68

	May
	1592
	18.28

	June
	860
	9.87

	July
	583
	6.69

	August
	744
	8.54

	September
	1927
	22.12

	October
	1639
	18.82


Table 2: Means, standard deviations, and quartiles for grass pollen tree pollen, weed pollen, apparent maximum temperature, PM 2.5, ozone (O3), SO2, and NO2
	Exposure Variable
	Mean
	SD
	Min
	25th
	Median
	75th
	Max

	Grass (grains / m3)
	7.55
	17.43
	1
	1
	1
	4
	160

	Tree (grains / m3)
	123.87
	378.10
	1
	1
	1
	54
	4152

	Weed (grains / m3)
	14.18
	26.76
	1
	1
	6
	14
	371

	Apparent Max Temp (F)
	73.82
	12.64
	28.51
	65.48
	75.06
	83.12
	115.99

	PM 2.5 (µg / m3)
	14.65
	7.68
	2.88
	9.04
	12.96
	18.19
	54.32

	O3 (ppb)
	45.87
	14.72
	2.22
	36.11
	46.20
	55.30
	120.07

	SO2 (ppb)
	5.91
	2.42
	1.77
	4.15
	5.38
	7.32
	19.17

	NO2 (ppb)
	10.10
	4.03
	0.45
	7.18
	9.76
	12.51
	29.11


Table 3: Pearson correlation coefficients between weather, pollen, and pollution variables, N = 183815
	

	 
	AppMax
Temp
	Grass
	Tree
	Weed
	PM2.5
	O3
	SO2
	NO2

	AppMaxTemp
	1
	0.11
	-0.18
	0.25
	0.65
	0.56
	0.23
	0.08

	 
	
	<.0001
	<.0001
	<.0001
	<.0001
	<.0001
	<.0001
	<.0001

	Grass
	0.11
	1
	-0.02
	-0.05
	0.08
	0.17
	0.06
	-0.02

	 
	<.0001
	
	<.0001
	<.0001
	<.0001
	<.0001
	<.0001
	<.0001

	Tree
	-0.18
	-0.02
	1
	-0.15
	-0.11
	0.07
	0.04
	0.05

	 
	<.0001
	<.0001
	
	<.0001
	<.0001
	<.0001
	<.0001
	<.0001

	Weed
	0.25
	-0.05
	-0.15
	1
	0.14
	0.08
	0.02
	-0.04

	 
	<.0001
	<.0001
	<.0001
	
	<.0001
	<.0001
	<.0001
	<.0001

	PM2.5
	0.65
	0.08
	-0.11
	0.14
	1
	0.61
	0.55
	0.33

	 
	<.0001
	<.0001
	<.0001
	<.0001
	
	<.0001
	<.0001
	<.0001

	O3
	0.56
	0.17
	0.07
	0.08
	0.61
	1
	0.36
	0.16

	 
	<.0001
	<.0001
	<.0001
	<.0001
	<.0001
	
	<.0001
	<.0001

	SO2
	0.23
	0.06
	0.04
	0.02
	0.55
	0.36
	1
	0.46

	 
	<.0001
	<.0001
	<.0001
	<.0001
	<.0001
	<.0001
	
	<.0001

	NO2
	0.08
	-0.02
	0.05
	-0.04
	0.33
	0.16
	0.46
	1

	 
	<.0001
	<.0001
	<.0001
	<.0001
	<.0001
	<.0001
	<.0001
	


Table 4: Adjusted odds ratios and 95% confidence intervals for single pollen and single pollutant models; single day lags and average lags; adjusted for 3-day average apparent maximum temperature
	Pollen/Pollutant
	OR
	95% CI
	p-value

	Grass (per 10 units)
	
	
	

	     Day of
	1
	0.981-1.019
	0.9926

	     Lag 1
	0.996
	0.976-1.017
	0.7200

	     Lag 2
	0.996
	0.975-1.016
	0.6789

	     Lag 3
	0.993
	0.972-1.014
	0.4938

	     Lag 4
	0.987
	0.966-1.008
	0.2145

	     Lag 5
	0.977
	0.957-0.997
	0.0245

	     Avg (0-2)
	0.996
	0.973-1.02
	0.7667

	     Avg (0-5)
	0.986
	0.96-1.012
	0.2889

	Tree (per 100 units)
	
	
	

	     Day of
	1.009
	1.002-1.016
	0.0095

	     Lag 1
	1.013
	1.007-1.02
	0.0001

	     Lag 2
	1.01
	1.004-1.017
	0.0031

	     Lag 3
	1.004
	0.997-1.011
	0.2686

	     Lag 4
	1.006
	0.999-1.013
	0.0823

	     Lag 5
	1.004
	0.997-1.011
	0.2698

	     Avg (0-2)
	1.015
	1.007-1.023
	0.0003

	     Avg (0-5)
	1.015
	1.005-1.024
	0.0025

	Weed (per 10 units)
	
	
	

	     Day of
	1
	0.986-1.014
	0.9799

	     Lag 1
	1.017
	1.003-1.031
	0.0139

	     Lag 2
	1.025
	1.012-1.038
	0.0002

	     Lag 3
	1.036
	1.023-1.049
	<.0001

	     Lag 4
	1.035
	1.023-1.047
	<.0001

	     Lag 5
	1.028
	1.015-1.04
	<.0001

	     Avg (0-2)
	1.019
	1.004-1.035
	0.0164

	     Avg (0-5)
	1.041
	1.024-1.059
	<.0001

	Ozone (per 10 ppb)
	
	
	

	     Day of
	1.01
	0.987-1.033
	0.4075

	     Lag 1
	1.017
	0.992-1.042
	0.1796

	     Lag 2
	1.042
	1.017-1.067
	0.0008

	     Lag 3
	1.028
	1.006-1.051
	0.0119

	     Lag 4
	1.013
	0.993-1.035
	0.2068

	     Lag 5
	1.005
	0.985-1.025
	0.6485

	     Avg (0-2)
	1.04
	1.008-1.074
	0.0152

	     Avg (0-5)
	1.055
	1.015-1.096
	0.0061

	
	
	
	

	PM 2.5 (per 10 ppb)
	
	
	

	     Day of
	1.04
	0.998-1.084
	0.0640

	     Lag 1
	1.063
	1.016-1.113
	0.0088

	     Lag 2
	1.083
	1.036-1.131
	0.0004

	     Lag 3
	1.067
	1.026-1.11
	0.0011

	     Lag 4
	1.032
	0.994-1.072
	0.0978

	     Lag 5
	1.013
	0.976-1.051
	0.4854

	     Avg (0-2)
	1.118
	1.053-1.186
	0.0003

	     Avg (0-5)
	1.163
	1.081-1.252
	<.0001

	NO2 (per 10 ppb)
	
	
	

	     Day of
	1.029
	0.962-1.102
	0.4018

	     Lag 1
	1.017
	0.946-1.092
	0.6538

	     Lag 2
	1.098
	1.019-1.184
	0.0141

	     Lag 3
	1.204
	1.121-1.292
	<.0001

	     Lag 4
	1.123
	1.048-1.203
	0.0009

	     Lag 5
	1.053
	0.984-1.126
	0.1354

	     Avg (0-2)
	1.086
	0.986-1.196
	0.0951

	     Avg (0-5)
	1.348
	1.178-1.542
	<.0001

	SO2 (per 10 ppb)
	
	
	

	     Day of
	1.056
	0.939-1.187
	0.3620

	     Lag 1
	0.897
	0.791-1.017
	0.0905

	     Lag 2
	1.057
	0.932-1.199
	0.3879

	     Lag 3
	1.152
	1.022-1.298
	0.0208

	     Lag 4
	1.081
	0.962-1.215
	0.1905

	     Lag 5
	1.025
	0.913-1.151
	0.6779

	     Avg (0-2)
	1.006
	0.845-1.197
	0.9488

	     Avg (0-5)
	1.169
	0.929-1.472
	0.1834



Table 5: Adjusted odds ratios and 95% confidence intervals for multivariable model; single day lags and average lags
	Parameter
	OR
	95% CI
	p-value

	Lag 0 Model
	
	
	

	     App Max Temp
	0.999
	0.996-1.003
	0.7359

	     Grass
	1.003
	0.983-1.022
	0.7907

	     Tree
	1.010
	1.003-1.017
	0.0064

	     Weed
	1.001
	0.986-1.015
	0.9365

	     PM 2.5
	1.053
	0.994-1.116
	0.0790

	     Ozone
	0.995
	0.968-1.023
	0.7159

	     SO2
	0.997
	0.857-1.158
	0.9638

	     NO2
	0.989
	0.904-1.081
	0.7996

	Lag 1 Model
	
	
	

	     App Max Temp
	0.998
	0.994-1.002
	0.3241

	     Grass
	0.998
	0.977-1.019
	0.8329

	     Tree
	1.014
	1.007-1.021
	<.0001

	     Weed
	1.019
	1.005-1.033
	0.0087

	     PM 2.5
	1.113
	1.049-1.18
	0.0004

	     Ozone
	1.002
	0.974-1.031
	0.8719

	     SO2
	0.755
	0.645-0.883
	0.0004

	     NO2
	1.023
	0.936-1.117
	0.6179

	Lag 2 Model
	
	
	

	     App Max Temp
	0.997
	0.993-1.001
	0.1101

	     Grass
	0.994
	0.973-1.015
	0.5443

	     Tree
	1.010
	1.003-1.017
	0.0061

	     Weed
	1.025
	1.012-1.038
	0.0002

	     PM 2.5
	1.068
	1.01-1.13
	0.0220

	     Ozone
	1.022
	0.993-1.051
	0.1340

	     SO2
	0.856
	0.731-1.002
	0.0534

	     NO2
	1.079
	0.986-1.181
	0.0981

	Lag 3 Model
	
	
	

	     App Max Temp
	0.998
	0.994-1.001
	0.2008

	     Grass
	0.991
	0.97-1.012
	0.3765

	     Tree
	1.003
	0.996-1.01
	0.4054

	     Weed
	1.038
	1.025-1.051
	<.0001

	     PM 2.5
	1.026
	0.971-1.083
	0.3595

	     Ozone
	1.002
	0.976-1.029
	0.8709

	     SO2
	0.911
	0.78-1.064
	0.2408

	     NO2
	1.214
	1.111-1.327
	<.0001



	
	
	
	

	Lag 4 Model
	
	
	

	     App Max Temp
	1.000
	0.997-1.003
	0.9705

	     Grass
	0.984
	0.963-1.006
	0.1456

	     Tree
	1.006
	0.999-1.013
	0.0922

	     Weed
	1.037
	1.024-1.049
	<.0001

	     PM 2.5
	1.005
	0.952-1.061
	0.8522

	     Ozone
	0.993
	0.967-1.02
	0.6284

	     SO2
	0.935
	0.801-1.092
	0.3976

	     NO2
	1.151
	1.053-1.257
	0.0019

	Lag 5 Model
	
	
	

	     App Max Temp
	1.001
	0.998-1.005
	0.4128

	     Grass
	0.974
	0.954-0.994
	0.0119

	     Tree
	1.004
	0.996-1.011
	0.3215

	     Weed
	1.030
	1.017-1.043
	<.0001

	     PM 2.5
	1.005
	0.952-1.06
	0.8683

	     Ozone
	0.996
	0.97-1.022
	0.7445

	     SO2
	0.952
	0.815-1.112
	0.5337

	     NO2
	1.067
	0.977-1.166
	0.1470

	Average Days 0-2 Model
	
	
	

	     App Max Temp
	0.996
	0.992-1
	0.0716

	     Grass
	0.999
	0.976-1.023
	0.9512

	     Tree
	1.016
	1.007-1.024
	0.0002

	     Weed
	1.021
	1.004-1.037
	0.0128

	     PM 2.5
	1.149
	1.063-1.241
	0.0004

	     Ozone
	1.005
	0.967-1.045
	0.8008

	     SO2
	0.762
	0.612-0.947
	0.0144

	     NO2
	1.049
	0.931-1.182
	0.4337

	Average Days 0-5 Model
	
	
	

	     App Max Temp
	0.996
	0.992-1
	0.0582

	     Grass
	0.989
	0.963-1.016
	0.4192

	     Tree
	1.013
	1.003-1.023
	0.0105

	     Weed
	1.044
	1.026-1.062
	<.0001

	     PM 2.5
	1.144
	1.04-1.259
	0.0059

	     Ozone
	0.985
	0.938-1.034
	0.5463

	     SO2
	0.724
	0.543-0.964
	0.0270

	     NO2
	1.327
	1.129-1.559
	0.0006



Table 6: Sensitivity analysis; adjusted odds ratios and 95% confidence intervals for multivariable model; single day lags and average lags; limited to City of Pittsburgh zip codes
	Parameter
	OR
	95% CI
	p-value

	Lag 0 Model
	
	
	

	     App Max Temp
	1.003
	0.998-1.007
	0.2640

	     Grass
	0.999
	0.974-1.023
	0.9100

	     Tree
	1.008
	1-1.017
	0.0606

	     Weed
	0.994
	0.976-1.013
	0.5335

	     PM 2.5
	1.004
	0.934-1.079
	0.9067

	     Ozone
	1.013
	0.98-1.049
	0.4411

	     SO2
	0.853
	0.699-1.041
	0.1179

	     NO2
	1.022
	0.921-1.133
	0.6849

	Lag 1 Model
	
	
	

	     App Max Temp
	1.001
	0.996-1.006
	0.7239

	     Grass
	0.994
	0.969-1.02
	0.6464

	     Tree
	1.015
	1.007-1.024
	0.0005

	     Weed
	1.022
	1.004-1.04
	0.0139

	     PM 2.5
	1.137
	1.056-1.224
	0.0007

	     Ozone
	0.992
	0.958-1.027
	0.6627

	     SO2
	0.608
	0.495-0.747
	<.0001

	     NO2
	1.032
	0.931-1.144
	0.5475

	Lag 2 Model
	
	
	

	     App Max Temp
	0.998
	0.993-1.003
	0.4915

	     Grass
	0.997
	0.971-1.023
	0.8011

	     Tree
	1.012
	1.003-1.02
	0.0059

	     Weed
	1.030
	1.013-1.047
	0.0005

	     PM 2.5
	1.088
	1.014-1.167
	0.0186

	     Ozone
	1.014
	0.98-1.05
	0.4211

	     SO2
	0.831
	0.677-1.02
	0.0767

	     NO2
	1.062
	0.957-1.18
	0.2573

	Lag 3 Model
	
	
	

	     App Max Temp
	0.999
	0.995-1.003
	0.6483

	     Grass
	0.998
	0.972-1.024
	0.8625

	     Tree
	1.007
	0.999-1.016
	0.1019

	     Weed
	1.038
	1.021-1.054
	<.0001

	     PM 2.5
	1.055
	0.986-1.129
	0.1179

	     Ozone
	0.992
	0.96-1.026
	0.6533

	     SO2
	0.901
	0.735-1.104
	0.3144

	     NO2
	1.186
	1.07-1.315
	0.0012


	Lag 4 Model
	
	
	

	     App Max Temp
	1.002
	0.997-1.006
	0.4736

	     Grass
	0.993
	0.966-1.02
	0.5935

	     Tree
	1.008
	1-1.017
	0.0437

	     Weed
	1.032
	1.016-1.048
	<.0001

	     PM 2.5
	1.024
	0.956-1.095
	0.5011

	     Ozone
	0.992
	0.96-1.025
	0.6347

	     SO2
	0.969
	0.792-1.184
	0.7552

	     NO2
	1.106
	0.998-1.226
	0.0541

	Lag 5 Model
	
	
	

	     App Max Temp
	1.003
	0.999-1.007
	0.1386

	     Grass
	0.977
	0.952-1.002
	0.0723

	     Tree
	1.004
	0.996-1.013
	0.3151

	     Weed
	1.028
	1.012-1.044
	0.0007

	     PM 2.5
	1.018
	0.951-1.09
	0.6038

	     Ozone
	0.995
	0.963-1.028
	0.7584

	     SO2
	0.960
	0.784-1.177
	0.6961

	     NO2
	1.013
	0.914-1.122
	0.8076

	Average Days 0-2 Model
	
	
	

	     App Max Temp
	0.999
	0.994-1.005
	0.8349

	     Grass
	0.998
	0.969-1.028
	0.8876

	     Tree
	1.017
	1.007-1.027
	0.0009

	     Weed
	1.022
	1.001-1.043
	0.0360

	     PM 2.5
	1.147
	1.041-1.263
	0.0056

	     Ozone
	1.009
	0.961-1.059
	0.7280

	     SO2
	0.571
	0.428-0.762
	0.0001

	     NO2
	1.062
	0.924-1.22
	0.3996

	Average Days 0-5 Model 
	
	
	

	     App Max Temp
	0.998
	0.993-1.004
	0.5486

	     Grass
	0.994
	0.961-1.028
	0.7056

	     Tree
	1.017
	1.005-1.029
	0.0049

	     Weed
	1.042
	1.019-1.065
	0.0002

	     PM 2.5
	1.182
	1.049-1.333
	0.0060

	     Ozone
	0.983
	0.925-1.045
	0.5876

	     SO2
	0.575
	0.394-0.839
	0.0041

	     NO2
	1.247
	1.033-1.505
	0.0218



Table 7: Pollens—adjusted odds ratios and 95% confidence intervals within 3-day average (lag 0 to lag 2) models stratified by gender, race, age group, and socioeconomic status
	
	Grass (per 10 units)
	Tree (per 100 units)
	Weed (per 10 units)

	Characteristic
	OR
	95% CI
	OR
	95% CI
	OR
	95% CI

	Gender
	
	
	
	
	
	

	   Female
	1.007
	0.971-1.045
	1.012
	0.999-1.025
	1.022
	0.995-1.048

	   Male
	0.994
	0.963-1.025
	1.018
	1.007-1.029
	1.02
	0.999-1.041

	Race
	
	
	
	
	
	

	   White
	1.001
	0.964-1.04
	1.007
	0.993-1.02
	1.011
	0.984-1.038

	   Black
	1
	0.968-1.033
	1.023
	1.012-1.034
	1.021
	1-1.043

	   Other
	0.919
	0.7-1.206
	1.006
	0.952-1.062
	1.118
	1.013-1.235

	Age Group
	
	
	
	
	
	

	    5 to 9
	0.986
	0.951-1.022
	1.02
	1.008-1.032
	1.028
	1.004-1.052

	   10 to 13
	1.031
	0.988-1.077
	1.02
	1.005-1.035
	1
	0.97-1.031

	   14 to 17
	0.982
	0.937-1.03
	1.001
	0.984-1.018
	1.031
	0.999-1.065

	Zip Code SES
	
	
	
	
	
	

	   High
	1.048
	0.953-1.152
	1.004
	0.977-1.032
	1.004
	0.947-1.064

	   Medium
	0.996
	0.968-1.025
	1.018
	1.009-1.028
	1.023
	1.003-1.042

	   Low
	0.996
	0.948-1.047
	1.011
	0.993-1.03
	1.019
	0.985-1.054


Table 8: Pollutants—adjusted odds ratios and 95% confidence intervals within 3-day average (lag 0 to lag 2) models stratified by gender, race, age group, and socioeconomic status
	
	PM2.5 (per 10µg/m3)
	Ozone (per 10 ppb)
	SO2 (per 10 ppb)
	NO2 (per 10 ppb)

	Characteristic
	OR
	95% CI
	OR
	95% CI
	OR
	95% CI
	OR
	95% CI

	Gender
	
	
	
	
	
	
	
	

	   Female
	1.178
	1.046-1.326
	1.001
	0.943-1.062
	0.68
	0.484-0.957
	1.075
	0.896-1.291

	   Male
	1.129
	1.019-1.25
	1.008
	0.957-1.061
	0.825
	0.621-1.095
	1.029
	0.879-1.205

	Race
	
	
	
	
	
	
	
	

	   White
	1.087
	0.959-1.232
	1.023
	0.961-1.09
	0.945
	0.668-1.337
	1.156
	0.938-1.426

	   Black
	1.168
	1.053-1.296
	0.999
	0.949-1.053
	0.694
	0.517-0.933
	0.992
	0.851-1.156

	   Other
	1.338
	0.764-2.344
	0.968
	0.737-1.272
	0.378
	0.077-1.854
	0.988
	0.426-2.29

	Age Group
	
	
	
	
	
	
	
	

	    5 to 9
	1.149
	1.025-1.288
	1.009
	0.953-1.069
	0.788
	0.571-1.087
	0.981
	0.822-1.171

	   10 to 13
	1.213
	1.051-1.399
	0.967
	0.9-1.038
	0.707
	0.476-1.052
	1.171
	0.942-1.455

	   14 to 17
	1.074
	0.918-1.256
	1.049
	0.968-1.137
	0.773
	0.495-1.208
	1.036
	0.811-1.323

	Zip code SES
	
	
	
	
	
	
	
	

	   High
	1.315
	1.003-1.725
	0.964
	0.84-1.107
	0.77
	0.335-1.771
	1.025
	0.564-1.862

	   Medium
	1.086
	0.989-1.193
	1.013
	0.967-1.062
	0.694
	0.531-0.908
	1.109
	0.961-1.279

	   Low
	1.298
	1.104-1.526
	1.002
	0.923-1.089
	0.911
	0.596-1.392
	0.911
	0.718-1.156


Table 9: Assessment of interaction between 3-day average (lag 0 to lag 2) pollens and pollutants; parameter estimates, odds ratios, and 95% confidence intervals for interaction terms
	Model
	Parameter Estimate
	OR
	95% CI
	p-value

	Grass*PM2.5 Interaction Model
	
	
	
	

	   Grass
	0.0134
	1.013
	0.974-1.055
	0.514

	   AppMaxTemp
	0.0003
	1.000
	0.997-1.004
	0.878

	   PM25
	0.0556
	1.057
	1.005-1.112
	0.031

	   Grass*PM2.5
	-0.0104
	0.990
	0.97-1.01
	0.310

	Grass*O3 Interaction Model
	
	
	
	

	   Grass
	0.0037
	1.004
	0.933-1.08
	0.920

	   AppMaxTemp
	0.0009
	1.001
	0.997-1.004
	0.626

	   O3
	0.0163
	1.016
	0.989-1.045
	0.245

	   Grass*O3
	-0.0014
	0.999
	0.986-1.01
	0.833

	Grass*SO2 Interaction Model
	
	
	
	

	   Grass
	-0.0047
	0.995
	0.944-1.05
	0.863

	   AppMaxTemp
	0.0014
	1.001
	0.998-1.005
	0.429

	   SO2
	0.0408
	1.042
	0.904-1.2
	0.572

	   Grass*SO2
	0.0017
	1.002
	0.931-1.078
	0.964

	Grass*NO2 Interaction Model
	
	
	
	

	   Grass
	0.0346
	1.035
	0.984-1.089
	0.180

	   AppMaxTemp
	0.0012
	1.001
	0.998-1.005
	0.461

	   NO2
	0.0768
	1.080
	0.995-1.172
	0.067

	   Grass*NO2
	-0.0392
	0.962
	0.917-1.008
	0.105

	Tree*PM2.5 Interaction Model
	
	
	
	

	   Tree
	0.0121
	1.012
	0.995-1.03
	0.166

	   AppMaxTemp
	-0.0003
	1.000
	0.996-1.003
	0.855

	   PM2.5
	0.0450
	1.046
	0.998-1.097
	0.062

	   Tree*PM2.5
	0.0026
	1.003
	0.988-1.017
	0.722

	Tree*O3 Interaction Model
	
	
	
	

	   Tree
	0.0226
	1.023
	0.995-1.052
	0.112

	   AppMaxTemp
	0.0003
	1.000
	0.997-1.004
	0.849

	   O3
	0.0172
	1.017
	0.991-1.045
	0.203

	   Tree*O3
	-0.0018
	0.998
	0.992-1.004
	0.551

	Tree*SO2 Interaction Model
	
	
	
	

	   Tree
	0.0112
	1.011
	0.994-1.029
	0.215

	   AppMaxTemp
	0.0008
	1.001
	0.997-1.004
	0.642

	   SO2
	0.0322
	1.033
	0.9-1.185
	0.647

	   Tree*SO2
	0.0054
	1.005
	0.979-1.032
	0.689

	Tree*NO2 Interaction Model
	
	
	
	

	   Tree
	0.0189
	1.019
	1.004-1.034
	0.013

	   AppMaxTemp
	0.0008
	1.001
	0.998-1.004
	0.649

	   NO2
	0.0671
	1.069
	0.985-1.161
	0.108

	   Tree*NO2
	-0.0046
	0.995
	0.982-1
	0.512

	Weed*PM2.5 Interaction Model
	
	
	
	

	   Weed
	0.0077
	1.008
	0.98-1.036
	0.587

	   AppMaxTemp
	0.0000
	1.000
	0.996-1.003
	0.989

	   PM2.5
	0.0303
	1.031
	0.978-1.086
	0.259

	   Weed*PM2.5
	0.0062
	1.006
	0.994-1.019
	0.332

	Weed*O3 Interaction Model
	
	
	
	

	   Weed
	0.0032
	1.003
	0.966-1.042
	0.870

	   AppMaxTemp
	0.0006
	1.001
	0.997-1.004
	0.729

	   O3
	0.0066
	1.007
	0.978-1.036
	0.651

	   Weed*O3
	0.0030
	1.003
	0.996-1.01
	0.379

	Weed*SO2 Interaction Model
	
	
	
	

	   Weed
	0.0037
	1.004
	0.976-1.032
	0.794

	   AppMaxTemp
	0.0009
	1.001
	0.998-1.004
	0.612

	   SO2
	-0.0001
	1.000
	0.865-1.156
	0.998

	   Weed*SO2
	0.0242
	1.024
	0.989-1.061
	0.181

	Weed*NO2 Interaction Model
	
	
	
	

	   Weed
	-0.0036
	0.996
	0.962-1.032
	0.842

	   AppMaxTemp
	0.0007
	1.001
	0.997-1.004
	0.656

	   NO2
	0.0356
	1.036
	0.954-1.126
	0.399

	   Weed*NO2
	0.0216
	1.022
	0.992-1.053
	0.157



Appendix B: Figures
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Figure 1: Histogram of Daily Grass Pollen Counts (grains / m3)
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Figure 2: Histogram of Daily Tree Pollen Counts (grains / m3)
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Figure 3: Histogram of Daily Weed Pollen Counts (grains / m3)
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Figure 4: Time Series Plot for Grass Pollen, April-October 2005, 7 Day Moving Average
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Figure 5: Time Series Plot for Tree Pollen, April-October 2005, 7 Day Moving Average
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Figure 6: Time Series Plot for Weed Pollen, April-October 2005, 7 Day Moving Average
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Figure 7: Time Series Plot for Asthma ED Visits, April-October 2005, 7 Day Moving Average
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Figure 8: Lag-specific effects for pollens; controlling for 3-day average apparent maximum temperature
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Figure 9: Lag-specific effects for pollutants; controlling for 3-day average apparent maximum temperature
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