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Abstract
Background: Exposures to outdoor air pollutants have been linked to asthma exacerbations in children. Few studies have ex-
amined the association between exposure to outdoor pollens and asthma outcomes in the context of its association with multiple 
air pollutants.

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 in children age 5-17 reported in Allegheny County, Pennsylvania from April to October 2003-2011. 
Multivariable regression was conducted to investigate the effects of pollen and pollutant levels on the day of the ED visit, lags 
of day 1 to 5 and moving averages of day 0-2 and day 0-5.

Results: A total of 8,711 asthma ED visits were reported during the study period. 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 reported for the 3-day moving average of tree pollen (odds ratio, OR=1.02, 95% CI 1.01-1.02) and the 
6-day moving average of weed pollen (OR=1.04, 95% CI 1.03-1.06). PM 2.5 and NO2 were significantly positively associated 
with ED visits across multiple lags, whereas SO2 was negatively associated with ED visits at several lags.

Discussion: Higher tree and weed pollen levels were associated with increased odds of asthma ED visits in children, indepen-
dent of air pollution levels. Implementing methods to control allergen exposure during particular seasons may prevent adverse 
asthma outcomes.
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Introduction
Asthma is one of the most common chronic diseases among 

children worldwide. It affects more than 6 million children with 
a prevalence of 9.4% in the United States [1]. A total of 13.8 

million missed days of school were attributed to asthma in 2013, 
with an average of 2.6 days per child with asthma [2]. Between 
2008 and 2013, the annual total cost of asthma was estimated to 
be over $81.9 billion in the U.S [3]. In the year of 2009, asthma 
exacerbations resulted in 479,000 hospitalizations and 1.9 million 
Emergency Department (ED) visits [4]. Common triggers for 
asthma exacerbation includes bacterial and viral infections, 
dust mites, exposure to tobacco smoke, outdoor pollens and air 
pollutants [5]. Air pollutants, including Particulate Matter (PM), 
Ozone (O3), Sulfur dioxide (SO2) and Nitrogen dioxide (NO2) 
contribute to asthma exacerbations by affecting inflammatory 
pathways and immune response, remodeling airways, increasing 
bronchial hyperresponsiveness and oxidative airway damage [6,7]. 
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Independent to air pollutants, tree and weed pollen appears to be 
the most significant predictors for ED visit due to asthma in the 
U.S. While grass or weed pollen was found to be associated with 
ED visit in Australia or Canada, suggesting regional differences 
should be taking into account when studying pollen exposures 
and asthma outcomes [8-11]. Children are at higher risk for the 
negative effects of outdoor pollens or air pollutants because they 
spend greater time outside, have developing lungs and exchange a 
greater volume of air than adults relative to body size [5,7,12-14]. 
This study aimed to examine the associations between three major 
outdoor pollens (grass, tree, and weed) and ED visits due to asthma 
in children ages 5-17 residing in Alleghany County, Pennsylvania. 
Furthermore, we included four major criteria pollutants (PM 2.5, 
ozone, SO2 and NO2) to examine potential confounding and effect 
modification between pollens and air pollutants.  

Materials and Methods
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).  For the present analysis, data were restricted 
to children aged 5-17 who had residential zip codes in Allegheny 
County. 

Pollen Data  

Daily pollen counts for grass, tree and weed were obtained 
from the central pollen monitor in Allegheny County, located on 
the roof of Allegheny General Hospital in the North side of the 
City of Pittsburgh during the study period. The station was part of 
the National Allergy Bureau monitoring network [15]. Pollen was 
sampled using a Burkard Spore Trap, a volumetric air sampler that 
is commonly used in allergy research [16]. Daily pollen counts 
were in units of grains/m3. During the study timeframe of 2003 to 
2011, complete pollen counts were available for the months April 
through October from 2004 to 2011. For 2003, complete data was 
available for April through September only. Thus, daily pollen 
data used in this analysis comprises April 1st through September 
30th 2003 and April 1st through October 31st 2004 through 2011. 
For days with missing pollen values, the previous available 
value was carried forward if there were three or fewer days with 
missing values. In the rare cases where there were more than three 
consecutive days of missing values, the remining days would be 
given the value from the next available day [17,18].

Air Pollution and Meteorological Data 

Daily exposure estimates by zip code for the air pollutants 
used in this analysis (PM 2.5, O3 [maximum 8-hour concentrations], 
SO2 and NO2) from 2003-2011 were developed in previous 
research [19]. In brief, an enhanced form of Land Use Regression 

(LUR) and space-time co-kriging with satellite remote sensing of 
aerosol optical depth was used to estimate the concentrations [19]. 
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. 
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 80ºF. 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.  

Case-Crossover Study Design 

Time-stratified case-crossover analysis with conditional 
logistic regression was used to examine the short-term relationship 
between daily concentrations pollens, air pollutants and 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 [20]. C-CAT is designed 
for use with SAS program and creates code to conduct time-
stratified case-crossover analysis. In this study, we used 28-day 
strata and referent periods of 7,14 and 21 days either before or 
after each stratum to account for day-of-the-week effects [19,21]. 
Thus, within one strata of 28 days, there would be three referent, or 
control, days for comparison. To ensure independence of events, 
we included a washout period of 7 days that any repeat visits for an 
individual over a 7-day period would be removed. 

Statistical Analysis

Time series plots with 7-day moving average were used to 
visualize the seasonality of different pollens. Pearson correlation 
coefficient was used to estimate correlations between outdoor 
levels of pollens and air pollutants. Lagged variables for each 
pollen and air pollutant were created. We conducted analyses 
using lags of 0 (day of) through 5, as well as moving average 
lags over 3 days (lag 0-2) and over 6 days (lag 0-5). The averages 
represent cumulative exposures, including exposures on the day 
of the visit, as well as the preceding days. Conditional logistic 
regression under time-stratified case-crossover design was used to 
estimate the Odds Ratios (OR) of asthma ED visit and associated 
95%Confidence Intervals (CI) for exposure to pollens and air 
pollutants. All multivariable models included apparent maximum 
temperature, all three pollens and all four environmental pollutants 
across each of the lags. We then tested the interaction terms of each 
pollen and air pollutant (in the format pollen*air pollutant). In 
order to assess whether the impacts of outdoor pollen levels differ 
based on sociodemographic factors, separate multivariable models 
were used to analyze 3-day average (average of lags 0-2) exposure 
stratified by gender, race/ethnicity, age group and zip code-level of 
poverty. Poverty data was obtained from the US Census American 
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Fact finder website [22] and was defined by percent of individuals 
living below the poverty level in each zip code: low poverty as 
less than 5% of individuals in poverty; moderate poverty as 5-20% 
of individuals living in poverty and high poverty as more than 
20% of individuals living in poverty [17] Sensitivity analysis only 
included zip codes within the city of Pittsburgh was conducted to 
determine whether the use of the single pollen monitor in the city 
of Pittsburgh would be appropriate for county-wide analysis.

Results

A total of 8,966 asthma ED visits in children ages 5-17 
were identified in April-September 2003 and April-October from 
2004 to 2011. After excluding 255 recurrent events within 7 days, 
8,711 asthma ED visits were included in the analysis (Table 1). 
Among children included in the study, 53.6% were male, 67.0% 
were Black and the youngest age group 5-9 years, comprised the 
greatest proportion of ED visits (43.5%). The majority of children 
were from moderate-poverty zip codes (72.1%). September had 
the greatest number of ED visits (22.1%), followed by October 
(18.8%) and May (18.3%). Distributions of pollens, air pollutants 
and apparent maximum temperature are shown in Table 2. The 
levels of tree pollen were much higher in magnitude than the 
levels of grass or weed pollen, with an average of 124 grains/m3 
and a maximum value of 4,152 grains/m3. Correlations between 
individual pollens and air pollutants or maximum temperature were 
low (r < 0.20 for all instances, Supplemental Table 1). The 7-day 
moving average for pollen counts between April and October, 
2005 are shown in Figure 1. Tree pollen peaked the earliest, from 
April through May, followed by grass around June. Weed pollen 
had two peaks, a smaller peak in June and then a larger one in mid-
August through October. Asthma ED visits peaked in spring and 
fall, with lower incidence throughout the summer months (data 
not shown). Results for exposure to a single pollen or pollutant 
adjusting for 3-day average apparent maximum temperature by 
different lag periods and asthma ED visit are shown in Table 3. 
A 10 grain/m3 increase in grass pollen was associated with a 2% 
decreased odds of asthma ED visit at 5-day lag. A 100 grain/m3 
increase in tree pollen at 0, 1, and 2-day lags was consistently 
associated with a 1% increased odds of asthma ED visit. The 
effect was slightly greater for the moving average lags (day 0-2 
and 0-5, OR=1.02, 95% CI=1.01-1.02). Increases of 10 grains/m3 
in weed pollens at 1-day to 5-day and moving average lags were 
significantly associated with 2%-4% increased odds of asthma ED 
visits. For air pollutants, a 10 ppb increase in ozone was associated 
with 3%-6% increased odds of asthma ED visits at 2 and 3-day 
lags and both moving average lags. A 10 ppb increase in PM 2.5 

was associated with a 6%-8% increased odds of asthma ED visits 
at 1-day to 3-day lags and 12%-16% increased odds of asthma ED 
visits for the two moving average lags. A 10 ppb increase in NO2 
was associated with 10%-20% increased odds of asthma ED visits 
at 2-day to 4-day lags and 35% increased odds of asthma ED visits 
for the 6-day moving average (day 0-5). Per 10 ppb increase SO2 
was associated with a 15% increased odds of asthma ED visits at 
3-day lag (OR = 1.15, 95% CI 1.02-1.30).  

Total Asthma Emergency Department (ED) visit (N= 8,711)

Characteristic n %

Gender

Female 4040 46.38

Male 4671 53.62

Race/ethnicity

White 2677 30.73

Black 5833 66.96

Other 96 1.10

Missing 105 1.21

Age Group

5 to 9 3790 43.51

10 to 13 2909 33.39

14 to 17 2012 23.10

Poverty (zip code level)

Low (<5%) 505 5.80

Moderate (5-20%) 6283 72.13

High (>20%) 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 1: Characteristics of children with asthma Emergency 
Department (ED) visits, Allegheny County, 2003-2011.
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Exposures Mean SD Minimum 25th Median 75th Maximum

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

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

Apparent Maximum Temperature (F) 73.82 12.64 28.51 65.48 75.06 83.12 115.99

PM - Particulate Matter; O3 - Ozone; SO2 - Sulfur dioxide; NO2 - Nitrogen dioxide; SD - Standard Deviation
*Maximum 8-hour concentrations

Table 2: Distribution of pollens, air pollutants and apparent maximum temperature, 2003-2011.

Apparent 
Maximum 

Temperature
Grass Tree Weed PM2.5 O3 SO2 NO2

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

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

Tree -0.02 1 -0.15 -0.11 0.07 0.04 0.05

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

Weed -0.15 1 0.14 0.08 0.02 -0.04

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

PM2.5 0.14 1 0.61 0.55 0.33

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

O3 0.61 1 0.36 0.16

<.0001 <.0001 <.0001

SO2 0.36 1 0.46

<.0001 <.0001

NO2 0.46 1

<.0001

Apparent 
Maximum 

Temperature
0.08

<.0001

PM - particulate matter; O3 - Ozone; SO2 - Sulfur dioxide; NO2 - Nitrogen dioxide

Supplemental Table 1: Pearson correlation coefficients between pollens, air pollutants, and apparent maximum temperature.
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Figure 1: Time series plots for grass, weed and tree pollen counts, April-October 2005, 7-day moving average.

Grass
(per 10 grains/

m3)

Tree
(per 100 grains/

m3)

Weed
(per 10 grains/

m3)

Ozone
(per 10 ppb)

PM 2.5
(per 10 ppb)

NO2
(per 10 ppb)

SO2
(per 10 ppb)

Day of lag Odds Ratio (95% Confidence Interval)

0 1.00 (0.98-1.02) 1.01 (1.00-1.02)† 1.00 (0.99-1.01) 1.01(0.99-1.03) 1.04 (0.99-1.08) 1.03 (0.96-1.10) 1.06 (0.94-1.19)

Lag 1 1.00 (0.98-1.02) 1.01 (1.01-1.02)† 1.02 (1.00-1.03)* 1.02 (0.99-1.04) 1.06 (1.02-1.11)† 1.02 (0.95-1.09) 0.90 (0.79-1.02)

Lag 2 1.00 (0.98-1.02) 1.01 (1.00-1.02)† 1.03 (1.01-1.04)† 1.04 (1.02-1.07)† 1.08 (1.04-1.13)† 1.10 (1.02-1.18)* 1.06 (0.93-1.20)

Lag 3 1.00 (0.98-1.02) 1.00 (0.99-1.01) 1.04 (1.02-1.05)† 1.03 (1.01-1.05)* 1.07 (1.03-1.11)† 1.20 (1.12-1.29)† 1.15 (1.02-1.30)*

Lag 4 0.99 (0.97-1.01) 1.01 (0.99-1.01) 1.04 (1.02-1.05)† 1.01 (0.99-1.04) 1.03 (0.99-1.07) 1.12 (1.05-1.20)† 1.08 (0.96-1.22)

Lag 5 0.98 (0.96-0.99)* 1.00 (0.99-1.01) 1.03 (1.02-1.04)† 1.01 (0.99-1.03) 1.01 (0.98-1.05) 1.05 (0.98-1.13) 1.03 (0.91-1.15)

3-Day Avg 1.00 (0.97-1.02) 1.02 (1.01-1.02)† 1.02 (1.00-1.04)* 1.04 (1.01-1.07)* 1.12 (1.05-1.19)† 1.09 (0.99-1.20) 1.01 (0.85-1.20)

6-Day Avg 0.99 (0.96-1.01) 1.02 (1.01-1.02)† 1.04 (1.02-1.06)† 1.06 (1.02-1.10)† 1.16 (1.08-1.25)† 1.35 (1.18-1.54)† 1.17 (0.93-1.47)

All models adjusting for 3-day average apparent maximum temperature. 
*P<0.05; †P<0.01

PM - Particulate Matter; O3 - Ozone; SO2 - Sulfur dioxide; NO2 - Nitrogen dioxide

Table 3: Exposure to single pollen or pollutant and asthma Emergency Department (ED) visit.
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Results for full models including apparent maximum temperature, all three pollens and four air pollutants by day of lag are shown 
in Figure 2 and Supplemental Table 2.   Independent of air pollutants and two other pollens, grass pollen was associated with a 3% 
decreased odds of asthma ED visits at 5-day lag. Tree pollen was associated with a 1% to 2% increased odds of asthma ED visits at the 
day of exposure, at 1 and 2-day lag and 3-day and 6-day moving averages. Weed pollen was significantly associated with 2% to 4% 
increased odds of asthma ED visits for all lags and averages. Independent of pollens, PM 2.5 was associated with 7%-11% increased 
odds of asthma ED visits at 1 and 2-day lags, and 14%-15% increased odds of asthma ED visits for the two moving average lags. NO2 
was associated with 15%-21% increased odds of asthma ED visits at lag day of 3 and 4, and 35% increased odds of asthma ED visits for 
the 6-day moving average.  SO2 was associated with 24%-28% decreased odds of asthma ED visits for both moving averages. Ozone was 
not significantly associated with asthma ED visit at any lag. We obtained similar results in the sensitivity analysis of when limited the 
residency of zip codes within the city of Pittsburgh (Supplemental Table 3). We did not find significant interactions between any given 
pollen and air pollutant on asthma ED visit (P>0.05 for all instances).

In the secondary analysis, we conducted separate multivariable analysis stratified by gender, race/ethnicity, age group and zip code-level 
of poverty for the 3-day moving average models. In this analysis, the associations between tree or weed pollens and asthma ED visits 
were more pronounced in male, Black or other race/ethnicity, age group 5-9 or 10-13 and moderate poverty (Table 4). The association 
between PM2.5 and asthma ED visits were more pronounced in Black, age group 5-9 and 10-13, low and high poverty. 

All models included all pollens, all air pollutants, and 3-day average apparent maximum temperature.

Figure 2: Multivariable analysis on exposure to pollens or pollutants and asthma Emergency Department (ED) visit (odds ratio and 95% 
confidence interval) by day of lag.
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Lag Day 0 Lag Day 1 Lag Day 2 Lag Day 3 Lag Day 4 Lag Day 5 Average Lag 
Day 0-2

Average Lag 
Day 0-5

Parameter Odds Ratio (95% Confidence Interval)

Grass 1.00 (0.98-1.02) 1.00 (0.98-1.02) 0.99 (0.97-1.02) 0.99 (0.97-1.01) 0.98 (0.96-1.01) 0.97 (0.95-0.99)* 1.00 (0.98-1.02) 0.99 (0.96-1.02)

Tree 1.01 (1.00-1.02)† 1.01 (1.01-1.02)† 1.01 (1.00-1.02)† 1.00 (0.99-1.01) 1.01 (0.99-1.01) 1.00 (0.99-1.01) 1.02 (1.01-1.02)† 1.01 (1.00-1.02)*

Weed 1.00 (0.99-1.02) 1.02 (1.01-1.03)† 1.03 (1.01-1.04)† 1.04 (1.03-1.05)† 1.04 (1.02-1.05)† 1.03 (1.02-1.04)† 1.02 (1.00-1.04)* 1.04 (1.03-1.06)†

Ozone 1.00 (0.97-1.02) 1.00 (0.97-1.03) 1.02 (0.99-1.05) 1.00 (0.98-1.03) 0.99 (0.97-1.02) 1.00 (0.97-1.02) 1.01 (0.97-1.05) 0.99 (0.94-1.03)

PM 2.5 1.05 (0.99-1.12) 1.11 (1.05-1.18)† 1.07 (1.01-1.13)* 1.03 (0.97-1.08) 1.01 (0.95-1.06) 1.01 (0.95-1.06) 1.15 (1.06-1.24)† 1.14 (1.04-1.26)†

NO2 0.99 (0.90-1.08) 1.02 (0.94-1.12) 1.08 (0.99-1.18) 1.21 (1.11-1.33)† 1.15 (1.05-1.26)† 1.07 (0.98-1.17) 1.05 (0.93-1.18) 1.33 (1.13-1.56)†

SO2 1.00 (0.86-1.16) 0.76 (0.65-0.88)† 0.86 (0.73-1.00) 0.91 (0.78-1.06) 0.94 (0.80-1.09) 0.95 (0.82-1.11) 0.76 (0.61-0.95)* 0.72 (0.54-0.96)*

All models adjusting for other pollens or air pollutants and 3-day average apparent maximum temperature.
*P<0.05; †P<0.01

PM - particulate matter; O3 – ozone; SO2 - sulfur dioxide; NO2 - nitrogen dioxide

Supplemental Table 2: Exposure to pollens or pollutants and asthma Emergency Department (ED) visit by Day of Lag.

Lag Day 0 Lag Day 1 Lag Day 2 Lag Day 3 Lag Day 4 Lag Day 5 3-Day Average 6-Day Average

Parameter Odds Ratio (95% Confidence Interval)

Grass 1.00 (0.97-1.02) 0.99 (0.97-1.02) 1.00 (0.97-1.02) 1.00 (0.97-1.02) 0.99 (0.97-1.02) 0.98 (0.95-1.00) 1.00 (0.97-1.03) 0.99 (0.96-1.03)

Tree 1.01 (1.00-1.02) 1.02 (1.01-1.02)† 1.01 (1.00-1.02)† 1.01 (0.99-1.02) 1.01 (1.00-1.02)* 1.00 (0.99-1.01) 1.02 (1.01-1.03)† 1.02 (1.01-1.03)†

Weed 0.99 (0.98-1.01) 1.02 (1.00-1.04)* 1.03 (1.01-1.05)† 1.04 (1.02-1.05)† 1.03 (1.02-1.05)† 1.03 (1.01-1.04)† 1.02 (1.00-1.04)* 1.04 (1.02-1.07)†

O3 1.01 (0.98-1.05) 0.99 (0.96-1.03) 1.01 (0.98-1.05) 0.99 (0.96-1.03) 0.99 (0.96-1.03) 1.00 (0.96-1.03) 1.01 (0.96-1.06) 0.98 (0.93-1.05)

PM 2.5 1.00 (0.93-1.08) 1.14 (1.06-1.22)† 1.09 (1.01-1.17)* 1.06 (0.99-1.13) 1.02 (0.96-1.10) 1.02 (0.95-1.09) 1.15 (1.04-1.26)† 1.18 (1.05-1.33)†

NO2 1.02 (0.92-1.13) 1.03 (0.93-1.14) 1.06 (0.96-1.18) 1.19 (1.07-1.32) 1.11 (0.99-1.23) 1.01 (0.91-1.12) 1.06 (0.92-1.22) 1.25 (1.03-1.51)*

SO2 0.85 (0.70-1.04) 0.61 (0.50-0.75)† 0.83 (0.68-1.02) 0.90 (0.74-1.10) 0.97 (0.79-1.18) 0.96 (0.78-1.18) 0.57 (0.43-0.76)† 0.58 (0.39-0.84)†

All models included all pollens, all air pollutants, and 3-day average apparent maximum temperature.
*P<0.05; †P<0.01

PM - particulate matter; O3 – ozone; SO2 - sulfur dioxide; NO2 - nitrogen dioxide

Supplemental Table 3: Exposure to pollens or pollutants and asthma Emergency Department (ED) visit by Day of Lag, limited to zip codes within 
the City of Pittsburgh.
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Grass Tree Weed O3 PM2.5 NO2 SO2

(per 10 grains/m3) (per 100 grains/m3) (per 10 grains/m3) (per 10 ppb) (per 10 µg/m3) (per 10 ppb) (per 10 ppb)

Characteristic Odds Ratio (95% Confidence Interval)

Gender

Female 1.01 (0.97-1.05) 1.01 (0.99-1.03) 1.02 (0.99-1.05) 1.00 (0.94-1.06) 1.18(1.05-1.33)† 1.08 (0.90-1.29) 0.68(0.48-0.96)*

Male 0.99 (0.96-1.03) 1.02(1.01-1.03)† 1.02 (0.99-1.04) 1.01 (0.96-1.06) 1.13(1.02-1.30)* 1.03 (0.88-1.21) 0.83 (0.62-1.10)

Race/Ethnicity

White 1.00 (0.96-1.04) 1.01 (0.99-1.02) 1.01 (0.98-1.04) 1.02 (0.96-1.09) 1.09 (0.96-1.23) 1.16 (0.94-1.43) 0.95 (0.67-1.34)

Black 1.00 (0.97-1.03) 1.02(1.01-1.03)† 1.02 (1.00-1.04) 1.00 (0.95-1.05) 1.17(1.05-1.30)† 0.99 (0.85-1.16) 0.69(0.52-0.93)*

Other 0.92 (0.70-1.21) 1.01 (0.95-1.06) 1.12 1.01-1.24)* 0.97 (0.74-1.27) 1.34 (0.76-2.34) 0.99 (0.43-2.29) 0.38 (0.08-1.85)

Age Group

5 to 9 0.99 (0.95-1.02) 1.02(1.01-1.03)† 1.03(1.00-1.05)* 1.01 (0.95-1.07) 1.15(1.03-1.29)* 0.98 (0.82-1.17) 0.79 (0.57-1.09)

10 to 13 1.03 (0.99-1.08) 1.02(1.01-1.04)† 1.00 (0.97-1.03) 0.97 (0.90-1.04) 1.21(1.05-1.40)† 1.17 (0.94-1.46) 0.71 (0.48-1.05)

14 to 17 0.98 (0.94-1.03) 1.00 (0.98-1.02) 1.03 (0.99-1.07) 1.05 (0.97-1.14) 1.07 (0.92-1.26) 1.04 (0.81-1.32) 0.77 (0.50-1.21)

Zip Code Poverty

Low 1.05 (0.95-1.15) 1.00 (0.98-1.03) 1.00 (0.95-1.06) 0.96 (0.84-1.11) 1.32(1.00-1.73)* 1.03 (0.56-1.86) 0.77 (0.34-1.77)

Medium 1.00 (0.97-1.03) 1.02(1.01-1.03)† 1.02(1.00-1.04)* 1.01 (0.97-1.06) 1.09 (0.99-1.19) 1.11 (0.96-1.28) 0.69(0.53-0.91)†

High 1.00 (0.95-1.05) 1.01 (0.99-1.03) 1.02 (0.99-1.05) 1.00 (0.92-1.09) 1.30(1.10-1.53)† 0.91 (0.72-1.16) 0.91(0.60-1.39)

All models adjusting for other pollens or air pollutants, and 3-day average apparent maximum temperature.
*P<0.05; †P<0.01

Table Abbreviations: PM - particulate matter; O3 - Ozone; SO2 - Sulfur dioxide; NO2 - Nitrogen dioxide

Table 4: Exposure to pollens or pollutants and asthma Emergency Department (ED) visits, stratified by patients’ characteristics, 3-day average.

Discussion
In this case-crossover analysis, we found that exposure to 

higher levels of tree or weed pollen was significantly associated 
with increased odds of asthma ED visit across multiple lags 
among children aged 5-17 years residing in Allegheny County, 
Pennsylvania. This association was independent of levels of air 
pollutants. Moreover, exposure to higher levels of PM2.5 and NO2 
was associated with increased odds of asthma ED visit, with more 
pronounced effect seen when averaged across multiple preceding 
days. 

Other studies conducted in the mid-Atlantic region of the 
U.S. have shown similar findings, though there is some variation in 
which individual pollens are identified as most significant. A case-
control study in New Jersey reported that tree pollen and weed 
pollen were significant predictors of asthma exacerbations, with 
greatest magnitude of effects at 3-day and 5-day average lags [17]. 

In this study, grass pollen was generally not a significant predictor, 
and ragweed, when considered as distinct from other weeds, was 
negatively associated with asthma exacerbations [17]. Another 
study conducted in the Washington DC area, which focused 
primarily on the effects of pollutants but also examined pollens, 
reported that a 100 grain/m3 increase in tree pollen was associated 
with 1.8% increased risk of asthma ED visits in children aged 5-12 
years when controlling for PM 2.5 and ozone, a result similar in 
magnitude to our work [23]. This study did not find significant 
effects of weed or grass pollen within their population [23]. A 
study out of Philadelphia, PA demonstrated a clear exposure-
response pattern between tree pollen and asthma exacerbations, 
whereby risk increased consistently with increasing level of pollen 
[24]. They also demonstrated significant effects of weed pollens 
excluding ragweed, though this did not follow a clear exposure-
response pattern across increasing levels of pollen [24]. Meta-
analysis conducted in 2017 identified grass pollen as a significant 
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predictor of asthma ED visits, though authors noted differences by 
region, with tree and weed pollen identified as key triggers across 
multiple studies in the US [8].

Our study expanded on this previous work by considering 
the effects of NO2 and SO2 in addition to PM 2.5 and ozone. PM 
2.5 and ozone have generally been included in pollen analyses, 
but other pollutants were not consistently considered. Because 
previous research on pollutants in Allegheny County demonstrated 
health effects of NO2 and SO2 on asthma ED visits in children [19], 
we included these two air pollutants in this analysis. Particulate 
matter, ozone and NO2 are primary components of air pollution 
in urban areas, with SO2 also abundant in industrial areas such as 
Southwest Pennsylvania, making each important to consider [31]. 
Our research was further strengthened by 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 
using 1-2 years of asthma ED visits may be limited by relatively 
low numbers of events [25]. This work was also strengthened 
by the inclusion of all major hospitals in the Allegheny county, 
thus improving the generalizability of the findings, as well as our 
assessment of differential effects of pollen by sociodemographic 
factors including race and poverty level.    

For both pollens and pollutants within our multivariable 
models, the 3-day and 6-day moving averages resulted in the 
strongest effects. This type of dose-response relationship has been 
noted in other research on both pollens and pollutants and suggests 
that exposure to cumulated airway irritants over a series of days 
can contribute to a heightened allergic response [23,26,27]. This 
finding has also been supported by inhaled allergen challenge 
studies, which have demonstrated dose-response relationships 
between cumulative allergen exposure and both eosinophilic 
inflammation and reduced forced expiratory volume [28,29]. 
Furthermore, airway eosinophil levels have been shown to remain 
elevated 48 hours after allergen exposure, indicating the persistent 
inflammatory effects of such exposures [29]. The strength of 
the multi-day averages as predictors across studies suggests the 
potential utility of this type of measure for informing public health 
guidelines and reporting [24]. 

This study did not find significant interactions between the 
effects of pollens and pollutants on asthma ED visits. However, 
some studies have suggested that pollutants such as ozone may act 
synergistically with pollens to increase allergenicity and trigger 
stronger inflammatory response [30-32]. Ozone has been shown 
to increase inflammation in the airways and thus have a priming 
effect in the airways, increasing susceptibility to allergens [31,33].  

Health effects of pollen on asthma may differ by 
sociodemographic factors. We reported that the effects of tree 
pollen to be slightly stronger among male and Black children, 
as well as in younger age groups. There is evidence that school-

age children experience greater effects of elevated pollen 
compared with very young children or older teens, possibly 
due to physiological differences and time spent outdoors [23]. 
Similarly boys may have greater risks of pollen-associated asthma 
exacerbations as compared to girls [17,34]. Racial disparities in 
asthma prevalence and outcomes are known to exist and previous 
research has established that Black children are more likely than 
White children to have both allergic sensitization and asthma 
[35]. Notably, these differences generally persist after adjusting 
for socioeconomic status [36]. Some research has demonstrated 
differential effects of certain pollens by race [24], though this is 
not consistent across studies [17] Neighborhood-level effects have 
also been documented, suggesting that children in higher poverty 
neighborhoods may be at greater risk of allergen-associated asthma 
exacerbations [18,23]. Here we did not find this consistent pattern 
of effects when stratifying by the zip code-level poverty indicator. 
However, this type of measure cannot capture individual-level 
variations, and thus an individual-level proxy for socioeconomic 
status, such as insurance type, might add more precision. Further 
research is needed to better understand which factors drive these 
differences in disease process and outcomes so that interventions 
can be targeted to address health disparities in allergies and asthma.

It is important to note the ecological context and limitations 
of this research. First, use of one pollen monitor to represent 
exposures across the county may not have adequately represented 
the more fine-level variations in pollen levels nor well represent 
individual exposures. Nonetheless, sensitivity analysis suggested 
that one central monitor could adequately represent levels across 
the county and these population-level findings can serve to guide 
public health recommendations. Second, meteorological factors 
that may affect pollen levels and distributions, such as wind and 
electrical storms, were not available in this study. Third, variations 
in housing quality and exposure to indoor allergens and smoke also 
play an important role in asthma outcomes and should be further 
considered within the context of outdoor environmental exposures 
[37]. Finally, although case-crossover design is able to control for 
potential person-level confounders that are stable over time, such 
as age, gender, and genetic predisposition, potential confounding 
by time-varying factors such as seasonal patterns or more long-
term trends like decreases in pollution over years may exist.  

Conclusion
In summary, increased environmental levels of tree and weed 

pollen were significantly associated with increased odds of asthma 
ED visits in children residing in Allegheny County, Pennsylvania. 
This association was independent of the effect of increased levels 
of air pollutants. Our findings suggest that exposure to pollens 
may contribute to the burden of asthma in children. Implementing 
methods to limit allergen exposure during particular seasons may 
prevent adverse asthma outcomes. 
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