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ABSTRACT 

Air pollution is considered a risk factor for asthma. In this paper, we analyze the association between daily hospital 
admissions for asthma and ambient air pollution concentrations in four New York City counties. Negative binomial 
regression is used to model the association between daily asthma hospital admissions and ambient air pollution concen- 
trations. Potential confounding factors such as heat index, day of week, holidays, yearly population changes, and sea-
sonal and long-term trends are controlled for in the models. Nitrogen dioxide (NO2), sulfur dioxide (SO2) and carbon 
monoxide (CO) show the most consistent statistically significant associations with daily hospitalizations for asthma 
during the entire period (1996-2000). The associations are stronger for children (0 - 17 years) than for adults (18 - 64 
years). Relative risks (RR) for the inter-quartile range (IQR) of same day 24-hour average pollutant concentration and 
asthma hospitalizations for children for the four county hospitalization totals were: NO2 (IQR = 0.011 ppm, RR = 1.017, 
95% CI = 1.001, 1.034), SO2 (IQR = 0.008 ppm, RR = 1.023, 95% CI = 1.004, 1.042), CO (IQR = 0.232 ppm, RR = 
1.014, 95% CI = 1.003, 1.025). In the case of ozone (O3) and particulate matter (PM2.5) statistically significant associa-
tions were found for daily one-hour maxima values and children’s asthma hospitalization in models that used lagged 
values for air pollution concentrations. Five-day weighted average lag models resulted in these estimates: O3 (one-hour 
maxima) (IQR = 0.025 ppm, RR = 1.049, 95% CI = 1.002, 1.098), PM2.5 (one-hour maxima) (IQR = 16.679 μg/m3, RR 
= 1.055, 95% CI = 1.008, 1.103). In addition, seasonal variations were also explored for PM2.5 and statistically signifi-
cant associations with daily hospital admissions for asthma were found during the colder months (November-March) of 
the year. Important differences in pollution effects were found across pollutants, counties, and age groups. The results 
for PM2.5 suggest that the composition of PM is important to this health outcome, since the major sources of NYC PM 
differ between winter and summer months. 
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1. Introduction 

Asthma is a chronic health condition characterized by 
wheezing, breathlessness, chest tightness, and coughing. 
According to the Centers for Disease Control and Pre- 
vention (CDC), some 16.4 million people in the US, and 
over 9% of children, have asthma. Asthma is also one of 
the costliest diseases. In 2003, asthma was responsible 
for 12.8 million lost school days among children aged 5 
to 17 and 10.1 million lost work days for employed 
adults. In the same year 4055 people died of asthma [1]. 
Genetic predisposition and environmental factors have 
been identified in the development of asthma. Key envi-
ronmental factors include allergen exposure, environ-
mental tobacco smoke, nutrition, socioeconomic status,  

low birth weight, history of infections, and air pollutants 
[2]. Poor people are considered to be more susceptible to 
environmental and socio-economic stressors, including 
air pollution [3,4]. In New York City the distribution of 
hospitalizations and emergency room visits for asthma 
indicates that the burden of this disease falls dispropor-
tionately on poor communities [5]. In studies that involve 
controlled laboratory exposures, asthmatics are more 
susceptible to a number of inhaled pollutants than non- 
asthmatics [6]. Traffic-related pollutants may also con-
tribute to the onset of asthma [7-9]. 

In this paper, the associations between asthma hospital 
admissions and several criteria air pollutants are evalu-
ated in four New York City counties: Bronx, Kings 
(Brooklyn), New York (Manhattan) and Queens. The air 
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pollutants included in the analyses are sulfur dioxide 
(SO2), nitrogen dioxide (NO2), ozone (O3), carbon mon-
oxide (CO) and fine particulate matter (PM2.5). Although 
several studies have examined the relationship between 
asthma hospitalizations and air pollution levels, the re-
sults differ from one location to another. This is not sur-
prising, as asthma is a complex, multi-factorial disease, 
and its association with air pollution is also complex. 
Asthma rates have increased in the United States at a 
time when some indicators of air pollution have been 
improving [10]. However, overall improvements in am-
bient air quality may not convey important information 
about the composition and mix of pollutants such as PM 
and their implication for public health. Literature reviews 
of the association between criteria air pollutants and 
asthma support the idea that criteria pollutants exacerbate 
asthma [11-14]. Carbon monoxide (CO) has also been 
associated with asthma, but this may be due to the fact 
that CO may act as a proxy for traffic-related pollution or 
particulate matter [15]. A number of studies have an as-
sociation between air pollution and asthma hospitaliza-
tions or emergency room visits in various locations such 
as Seattle [15], Toronto [16] and New York City [17]. 

Several studies have looked specifically at temporal 
variations in asthma hospitalizations in New York City 
using various methodologies. These studies show impor-
tant peaks in asthma hospitalizations in early autumn [18, 
19]. More recent studies have looked at the relationship 
between air pollution and asthma hospitalizations. Initial 
studies that looked at very short time periods did not find 
an association between asthma hospitalizations and air 
pollution [20-22]. Thurston et al. [23] looked at the asso-
ciation between air pollution concentrations (acidic 
aerosols (H+), sulfates ( 4SO ) and O3) and respiratory 
hospital admissions in New York City for the summers 
of 1988 and 1989. The reported relative risk estimates for 
New York City on maximum summertime pollution days 
relative to the mean case were 1.23 ± 0.10 for O3; 1.32 ± 
0.11 for H+; and 1.19 ± 0.06 for . Jamason et al. 
[24] examined the association between weather and 
asthma hospitalizations in New York City for the period 
1982-1992. The analysis used the Temporal Synoptic 
Index (TSI) to separately identify air masses for the dif-
ferent seasons. The results suggest that in New York City 
asthma hospitalizations, weather and air pollution have 
different relationships depending on the season. Pollution 
concentrations were found to have little influence on 
asthma hospitalizations in the fall and winter, but are 
more important in the spring and summer. Gwynn [25] 
examined the association between daily air pollution 
concentrations and asthma hospital admissions in New 
York City and found significant associations with NO2, 
O3 and SO2, while PM was not found to be significant. 
For children’s asthma hospital admissions, negative sig-

nificant associations were found with coefficient of haze 
(CoH), PM10, H

+, O3, and SO4
=, while there was a posi-

tive significant association with SO2. For young adults, 
positive significant associations were found with CO, 
PM10, NO2, O3 and 4



2
4SO 

SO . Associations between hospi-
talizations for asthma in young adults and CoH, H+ and 
SO2 were not statistically significant. None of the Gwynn 
[25] pollution-asthma associations were statistically sig-
nificant for older adults. Lall et al. [26] analyzed the as-
sociation between source-specific daily PM2.5 mass and 
hospital admissions for various health end-points. Their 
time-series analyses included single-lag and distributed- 
lag models and found a positive and significant as- 
sociation between asthma hospital admissions and PM2.5 
from steel with reported relative risks in the range 1.0 - 
1.2 for 2- and 3-day lags per 5th-95th percentile incre- 
ment.  

2. Data  

2.1. Asthma Hospitalizations Data 

The data on daily hospitalizations for asthma were ob-
tained from the New York State Department of Health’s 
Statewide Planning and Research Cooperative System 
(SPARCS) database. The data refer to patients admitted 
to a hospital with asthma as a primary diagnosis (ICD-9 
code 493). These patients may or may not have had other 
secondary diagnoses. The daily data correspond to the 
period January 1st, 1996 to December 31st, 2000. Figures 
1 and 2 summarize the asthma hospitalization data for the 
combined four counties and for two age groups: children 
(0 - 17 years) and adults (18 - 64 years). The y-axis in the 
figures shows the daily number of asthma hospitaliza-
tions. The data for asthma hospital admissions for chil-
dren and adults show very strong but different seasonal 
patterns. The data for elderly (>64 years) show much less 
variation since the numbers are much lower. For the five 
year period included in the data there were 44,200 hospi-
talizations for asthma as primary diagnosis in Bronx 
County; 50,997 in Kings County; 28,401 in New York 
County; and 26,850 in Queens County. Kings County has 
the largest population of these counties and the highest 
number of asthma hospitalizations. However, when 
population is factored in Bronx County has by far the 
highest asthma hospitalization rate per 10,000 people. 
The rates in the year 2000 were 63 hospitalizations per 
10,000 people in Bronx County; 37.8 in Kings County; 
34.8 in New York County; and 23.8 in Queens County. 

2.2. Air Pollution Data 

Hourly ambient pollutant concentrations were obtained 
from a network of monitoring stations maintained by the 
New York State Department of Environmental Conser-
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vation (NYSDEC). The data are summarized in Figure 3. 
The y-axis shows average daily concentrations of SO2, 
O3, NO2, CO and PM2.5. The units of air pollution con-
centrations used in the study were parts per million (ppm) 
for SO2, O3, NO2, CO and micrograms per cubic meter 
(μg/m3) for PM2.5. The x-axis in the plots shown in Fig-
ure 3 shows the number of days in the study period start-
ing with January 1, 1996 (1 to 1827). The data for PM2.5 
refer to the last two years in the study period (January 1, 

1999-December 31, 2000) since data on the concentra-
tion of this pollutant was not systematically collected 
before then in New York City. As Figure 3 shows, some 
pollutants such as SO2 and O3 show strong seasonal 
variations while the others show weak or no seasonal 
patterns. The location and number of stations in a given 
year changed over the study period and not all stations 
collect information about all the pollutants under consid-
eration. For example, during 2000 the one monitoring  

 

 

Figure 1. Daily asthma hospitalizations in four New York counties (children aged 0 - 17 years). 

 

 

Figure 2. Daily asthma hospitalizations in four New York counties (adults aged 18 - 64 years).  
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Figure 3. Daily average concentrations of the pollutants used 
in the analyses. 
 
station located in Kings County only collected data for 
PM2.5. The air pollution data used in this study suggest 
that the air pollution data from the monitoring stations in 
the four counties analyzed are highly correlated spatially. 
The correlations for the daily average concentrations 
across the four counties have the following ranges: CO 
(0.42 - 0.60), NO2 (0.76 - 0.89), SO2 (0.80 - 0.90), O3 
(0.78 - 0.93) and PM2.5 (0.96 - 0.97). 

2.3. Weather Data 

The weather data used in the analyses comes from 
three National Oceanic and Atmospheric Administration 
(NOAA) weather stations [27]. One is located in Central 
Park (CP), New York County, another is located at John 
F. Kennedy Airport (JFK), Queens County, and the third 
one is located in LaGuardia Airport (LG), Queens 
County. These data include daily average temperature 
and relative humidity. The temperature and relative hu-
midity data were used to compute the heat index (also 
known as apparent temperature), which is calculated 
from a formula that takes into account relative humidity 
when the temperature is greater than 80˚ F [28]. 

2.4. Gaps in the Air Pollution and Weather Data 

A summary of the gaps in the data including the per-
centage of daily data that are available for each air pol-
lutant and weather variable during the period considered 
in the study is included in Table 1. Bronx and New York 
Counties have the most complete data sets. Kings and 
Queens have very significant gaps for some variables. In 
Kings County, the biggest deficiencies are for O3 and 
NO2, which have data for fewer than 10% of the days 
considered in the study. Queens County has data for 
fewer than half of the period of analysis for NO2 and CO. 
The weather and heat index data do not show important 

gaps, with over 99% of the days in the period of analysis 
covered. 

3. Methods  

The dependent variables in the analyses are daily asthma 
hospital admissions. Three sets of models were con-
structed according to age group: children (0 - 17 years), 
adults (18 - 64 years) and total (all ages). The base mod-
els use the four county total hospital admissions. In addi-
tion, sensitivity analyses were conducted that used data 
for asthma hospital admissions from each individual 
county. Negative Binomial and quasi-likelihood (based 
on assuming that the variance of the response is a con-
stant times the mean) regression estimation were used in 
the study. These models are considered appropriate when 
the response variable is a count and they both address 
overdispersion, relative to a Poisson model [29,30]. All 
the regression results presented in the paper refer to re-
gressions using S-Plus version 6.1 [31].  

The independent variables used in the models include: 
daily pollutant concentration, time index, population, 
heat index, day of week and holiday. The daily pollutant 
concentration variables considered were the following: 
24-hour average SO2, 24-hour average NO2, 1-hour daily 
maximum and 24-hour average CO, 1-hour daily maxi-
mum and 24-hour average O3, and 1-hour daily maxi-
mum and 24-hour average PM2.5. Given the gaps in the 
data (discussed in the previous section), and the geogra-
phy of the area, the ambient pollutant values used in all 
the models refer to daily average values or average 
one-hour maxima values of each pollutant calculated 
using data from all the available monitoring stations in 
the four counties on a given day.  

Five models were examined for each pollutant. The 
“same day” models include the pollution concentration 
and heat index values for the same day as the hospitaliza-
tion day. The “1-day lag” models include pollution con-
centration and heat index data of the day prior to the 
hospitalization day. The “3-day average” models include 
pollution and heat index variables that are three-day av-
erages, including the same day as the hospitalization day 
and the two previous days. The “5-day and 7-day 
weighted average” models include pollution and heat 
index data that are five and seven day weighted moving 
averages. These averages include the same day as the 
hospitalization and the four and six previous days respec-
tively. For the comparisons the value of the inter-quartile 
range of the same day pollutant averages were used for 
all the lagged and averaged values of the pollutants. The 
IQR values used were: SO2 (0.008 ppm), NO2 (0.011 
ppm), CO (0.232 ppm), CO 1-hr max (0.320 ppm), O3 
(0.015 ppm), O3 1-hr max (0.025 ppm), PM2.5 (9.541 

g/m3) and PM2.5 1-hr max (16.679 μg/m3). μ 
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Table 1. Air pollution and weather data gaps in four New York City counties. 

Percent of Days with Data 

County SO2 
(1996-2000) 

NO2 
(1996-2000) 

CO 
(1996-2000)

O3 
(1996-2000)

PM2.5 
(1999-2000)

Temperature (Mean) 
(1996-2000) 

Relative Humidity
(1996-2000) 

Bronx 99.8 96.8 95.2 95.8 84.1 99.0 95.1 

Kings 75.1 8.4 76.8 7.9 43.9 100.0 94.7 

New York 99.8 97.7 98.8 99.0 95.3 99.3 94.7 

Queens 84.1 47.3 49.2 83.5 33.1 99.0 95.1 

 
The time index is a daily counter to address autocorre-

lation. Natural splines based on time with 60 degrees of 
freedom, which is equivalent to the number of months in 
the period of analysis, were used to fit a smooth seasonal 
pattern. The logarithm of yearly values of population was 
introduced as an offset so that asthma hospitalization 
rates were modeled, rather than counts. The heat index is 
a measure that incorporates temperature and relative hu-
midity. The heat index was modeled using natural splines 
with three degrees of freedom. The data indicate that 
there is a smooth nonlinear relationship between asthma 
hospitalizations and heat index and that low values and 
high values of the heat index have a similar functional 
effect on asthma hospitalizations. 

The day of the week was introduced in the model be-
cause according to the literature people’s propensity to 
go to the hospital varies depending on the day of the 
week, with greater hospital admissions generally ob-
served for the first few days of the week [18]. Day of the 
week was introduced as six indicator variables (with 
values of 0 or 1) for Monday through Saturday. Holidays 
are also introduced in the models because people seem to 
be less likely to go to the hospital during holidays [32]. A 
holiday is introduced in the model as an indicator vari-
able. The holidays included were federal holidays and 
days immediately preceding and following these holi-
days.  

Relative risks were computed using the formula RR = 
exp[β × (V(1) – V(0))], where β is the pollutant coefficient 
and (V(1) – V(0)) is the inter-quartile range of the pollutant 
concentration level [33,34].  

4. Results 

This section of the paper presents estimates for the rela-
tive risks of hospitalizations for asthma as primary diag-
nosis associated with a change in the inter-quartile range 
of each pollutant concentration. The results of the nega-
tive binomial and quasi-likelihood regression models 
were very similar and only the results of the negative 
binomial regression models are included.  

In general, the models suggest that statistically sig-
nificant associations are common for asthma hospitaliza-

tions with SO2, NO2, CO, and to a lesser extent O3 and 
PM2.5. The models for asthma hospitalizations for the 
four county hospitalization totals show that statistically 
significant associations between the pollutants and 
asthma hospitalizations are more common for children 
than for adults but when all age groups are combined for 
the asthma hospitalization data there are statistically sig-
nificant associations for all the pollutants considered. 
Relative risks (RR) for the inter-quartile range (IQR) of 
same day 24-hour average pollutant concentration and 
asthma hospitalizations for children for the four county 
totals were: NO2 (IQR = 0.011 ppm, RR=1.017, 95% CI 
= 1.001,1.034), SO2 (IQR = 0.008 ppm, RR=1.023, 95% 
CI=1.004, 1.042), CO (IQR = 0.232 ppm, RR=1.014, 
95% CI = 1.003, 1.025), CO (1-hour maxima) (IQR = 
0.320 ppm, RR=1.006, 95% CI = 1.000, 1.012), O3 (IQR 
= 0.015 ppm, RR=1.005, 95% CI = 0.978, 1.034), PM2.5 
(IQR = 9.481 µg/m3, RR = 0.993, 95% CI = 0.968, 
1.024).  

Relative risks (RR) for the inter-quartile range (IQR) 
of 24-hour average pollutant concentration (3-day aver-
ages) and asthma hospitalizations for adults (18 - 64 
years) for the four county totals were: NO2 (IQR = 0.011 
ppm, RR = 1.006, 95% CI = 0.986,1.026), SO2 (IQR = 
0.008 ppm, RR = 1.010, 95% CI = 0.987, 1.034), CO 
(IQR = 0.232 ppm, RR = 1.013, 95% CI = 0.994, 1.032), 
CO (1-hour maxima) (IQR = 0.320 ppm, RR = 1.006. 
95% CI = 0.988,1.024), O3 (IQR = 0.015 ppm, RR=1.039, 
95% CI = 1.006, 1.072), PM2.5 (IQR = 9.481 µg/m3, RR 
= 1.005, 95% CI = 0.973, 1.038). Finally, relative risks 
(RR) for the inter-quartile range (IQR) of same day 
24-hour average pollutant concentration and asthma hos-
pitalizations for all age groups and for the four county 
totals were: NO2 (IQR = 0.011 ppm, RR = 1.011, 95% CI 
= 1.000, 1.022), SO2 (IQR = 0.008 ppm, RR=1.015, 95% 
CI = 1.002, 1.028), CO (IQR = 0.232 ppm, RR=1.010, 
95% CI = 1.003, 1.017), ), CO (1-hour maxima) (IQR = 
0.320 ppm, RR = 1.005. 95% CI = 1.001, 1.009), O3 
(IQR = 0.015 ppm, RR = 1.006, 95% CI = 0.988, 1.024), 
PM2.5 (IQR = 9.481 µg/m3, RR = 0.998, 95% CI = 0.981, 
1.016).  

The relative risk estimates for Children are summa-
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rized in Figure 4 and the relative risk estimates for all 
age groups combined are shown in Figure 5. In general, 
the relative risk estimates are higher for the models that 
use children’s asthma hospitalizations than for the mod-
els that use asthma hospitalizations for all age groups 
combined. In addition, using the one-hour maximum 
values for O3 and PM2.5 as the air pollution concentration 
predictor variables results in more statistically significant 
models than using 24-hour average values for these pol-
lutants. Figures 6-13 summarize the relative risk esti-
mates per IQR change in daily air pollutant concentra-
tions for asthma hospitalizations in four New York coun-
ties for all age groups combined. These figures summarize 

the sensitivity analyses conducted to examine county- 
level variations and they show significant differences 
among the counties. 

It is also important to compare the results for children 
and adults. Table 2 presents this information in a differ-
ent way. It shows that the number of models with a sta-
tistically significant pollutant coefficient (with a Wald 
statistic of 2.0 or higher) is much higher for children 
hospitalizations than for adult hospitalizations. However, 
as the sensitivity analyses that use hospitalization data 
for each county summarized in Figures 6-13 show, there 
are also important differences between counties. The 
models for adult hospitalizations show similar county 

 

 

Figure 4. Relative risk estimates for asthma hospitalizations for children (4-county totals; the bands with every RR estimate 
are 95% confidence bands; d refers to day, avg refers to average, wavg refers to models that use 5-day and 7-day weighted 
averages for the air pollutant). 
 

 

Figure 5. Relative risk estimates for asthma hospitalizations for all age groups (4-county totals). 
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Figure 6. Relative risks per IQR change in daily SO2 concentrations for asthma hospitalizations in four New York counties. 
 

 

Figure 7. Relative risks per IQR change in daily NO2 concentrations for asthma hospitalizations in four New York counties. 
 
variations. 

Particulate Matter Models Revisited by Season 

As discussed in the previous section, the particulate mat-
ter models show fewer statistically significant associa-
tions with asthma hospitalizations than the other pollut-
ants. Gwynn did not find statistically significant associa-
tions between asthma hospitalizations and PM2.5 [25]. 
One possible reason for this disparity is that the effect of 
PM2.5 differs by season. PM2.5 consists of any liquid or 
solid particles with a diameter of 2.5 µm or less, and dif-
ferent components of PM like nitrates and sulfides may 
be relatively more important depending on the season. A  

recent study that characterized particulate matter in New 
York State indicates that although overall concentrations 
of PM do not vary much from one season to another its 
composition does change significantly when comparing 
cold and warm seasons, with sulfides being relatively 
more important in the warm months and nitrates rela-
tively more important in the winter months [35]. In addi-
tion, concentrations of PM2.5 may be influenced by re-
gional sources, especially in summer [36], which sug-
gests that the composition of PM2.5 could also vary sea-
sonally in a significant way. Lall et al. [26] found sig-
nificant associations between asthma hospitalization and 
PM from steel, which is a sociated with construction  s   
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Figure 8. Relative risks per IQR change in daily CO concentrations for asthma hospitalizations in four New York counties. 
 

 

Figure 9. Relative risks per IQR change in daily CO concentrations (1-hour maximum values) for asthma hospitalizations in 
four New York counties. 
 
activities, but not with other sources of PM. In order to 
examine whether there are significant variations in the 
results by season the PM2.5 data for the period 1999-2000 
were reduced to include data from November 1 to March 
31 for the colder-months data set and for May 1 to Sep-
tember 30 for the warmer-months data set. The data refer 
to hospitalizations for asthma as primary diagnosis for all 
age groups and are combined for the four counties.  

For 24-hour average concentrations of PM2.5 in the 
colder months the results for the four county hospitaliza-
tion totals and for all age groups combined were: IQR = 
11.8 μg/m3, RR = 1.034, 95% CI = 1.008, 1.060). Table  

3 summarizes the relative risk estimates for a change in 
the inter-quartile range of PM2.5 concentrations. The 
value of IQR used for all the models is that of the same- 
day PM2.5 values. The results of the models suggest that 
there are statistically significant associations between 
asthma hospitalizations and PM2.5 in the colder months, 
but not in the warmer months of the year. 

5. Discussion 

The strengths and weaknesses of epidemiological time- 
series studies have been widely discussed in the literature. 
The main strength of this type of study is statistical      
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Figure 10. Relative risks per IQR change in daily O3 concentrations for asthma hospitalizations in four New York counties. 
 

 

Figure 11. Relative risks per IQR change in daily O3 concentrations (1-hour maximum values) for asthma hospitalizations in 
four New York counties. 
 
power. In this particular study, the analyses are done for 
four county totals and additionally for each county. Each 
of these New York City counties has a population com- 
parable to a typical large city in the United States. 
Weaknesses of this type of study include possible mis- 
classification of pollution exposures resulting from the 
use of central monitoring stations associated with this 
type of study [6,37,38]. Despite this potential weakness, 
some authors have argued that central monitoring site 
data are highly correlated with the average of individual 
exposures in a population and that is what is most appro- 
priate for a time-series study [39]. As described in a pre- 

vious section the air pollution data obtained for this study 
from the available monitoring stations are highly corre- 
lated across the four counties. 

The results of the models presented in this paper sug- 
gest there are many statistically significant associations 
between daily hospitalizations for asthma and daily con- 
centrations for various pollutants. However, the results 
indicate that there may be important differences among 
the counties studied. In general, Bronx County had less 
statistically significant associations than the other coun- 
ties. This is a surprising result given the high rates of 
asthma hospitalizations in that county and suggests there      
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Table 2. Comparison between children (0 - 17 years) and adult (18 - 64 years) asthma hospitalization models (4-county totals). 

Children Adults 
Pollutant Model 

Coefficient Wald Statistic Coefficient Wald Statistic 

Same day 2.835 2.414 1.724 1.721 

1 day lag 3.162 2.691 0.640 0.639 

3-day avg 6.169 3.623 1.233 0.847 

5-day weighted avg 8.087 4.069 3.210 1.901 

SO2 

7-day weighted avg 10.786 4.632 4.426 2.237 

Same day 2.083 1.508 0.848 1.401 

1 day lag 2.226 3.097 0.143 0.237 

3-day avg 4.652 4.531 0.511 0.593 

5-day weighted avg 5.985 5.012 1.491 1.496 

NO2 

7-day weighted avg 7.741 5.560 2.457 2.119 

Same day 0.059 2.506 0.031 1.544 

1 day lag 0.130 3.732 0.031 1.067 

3-day avg 0.237 4.948 0.054 1.357 

5-day weighted avg 0.284 5.210 0.102 2.248 

CO 

7-day weighted avg 0.353 5.684 0.135 2.618 

Same day 0.020 2.162 0.012 1.500 

1 day lag 0.080 3.452 0.011 0.576 

3-day avg 0.152 4.625 0.019 0.674 

5-day weighted avg 0.189 4.991 0.048 1.494 

CO (1-hr max) 

7-day weighted avg 0.246 5.653 0.060 1.655 

Same day 0.950 0.528 0.246 0.557 

1 day lag 0.984 1.786 0.687 1.567 

3-day avg 1.882 2.374 1.431 2.286 

5-day weighted avg 1.933 2.109 1.728 2.400 

O3 (1-hr max) 

7-day weighted avg 1.894 1.774 2.666 3.186 

Same day 0.343 0.375 0.391 0.526 

1 day lag 0.869 0.957 1.212 1.649 

3-day avg 1.758 1.357 2.478 2.379 

5-day weighted avg 1.474 0.986 2.570 2.143 

O3 

7-day weighted avg 0.892 0.512 3.553 2.545 

Same day 0.002 2.211 0.000 0.100 

1 day lag 0.003 2.039 0.000 0.644 

3-day avg 0.002 1.554 0.001 0.632 

5-day weighted avg 0.003 2.377 0.001 1.135 

PM2.5 (1-hr max) 

7-day weighted avg 0.004 2.761 0.002 1.524 

Same day −0.001 0.508 0.000 0.322 

1 day lag 0.003 2.039 0.000 −0.056 

3-day avg 0.002 1.152 0.001 0.296 

5-day weighted avg 0.003 1.060 0.002 1.028 

PM2.5 

7-day weighted avg 0.003 1.029 0.004 1.658 
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Figure 12. Relative risks per IQR change in daily PM2.5 concentrations for asthma hospitalizations in four New York counties. 
 

 

Figure 13. Relative risks per IQR change in daily PM2.5 concentrations (1-hour maximum values) for asthma hospitalizations 
in four New York counties. 
 

Table 3. Relative risk estimates for PM2.5 by season, all age groups combined. 

  Warmer months (May-September) Colder months (November-March) 

Lag IQR (μg/m3) CI− RR CI+ CI− RR CI+ 

Same day 11.797 0.9600 0.9911 1.0231 1.0086 1.0341 1.0603 

1-day lag 11.797 0.9866 1.0185 1.0513 1.0004 1.0260 1.0522 

3-day avg 11.797 0.9732 1.0188 1.0666 1.0192 1.0573 1.0969 

5-day weighted avg 11.797 0.9711 1.0254 1.0828 1.0319 1.0766 1.1231 

7-day weighted avg 11.797 0.9812 1.0465 1.1162 1.0406 1.0933 1.1488 
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may be other factors besides pollution driving day-to-day 
variations in asthma hospitalizations there. These results 
may also suggest that the network of central monitoring 
stations available for the time period of this study may 
not have adequately captured personal exposures across 
the whole study area. Factors such as the location of the 
monitoring stations and their height above ground may 
be relevant. For example, a study that compared ambient 
concentrations at 4 meters and 15 meters above ground in 
Bronx County found significant differences for concen- 
trations of NO2, SO2 and CO [40]. However, concentra- 
tions of O3 and PM2.5 seem to be similar regardless of 
height above ground [40,41]. 

An additional limitation of epidemiologic studies is the 
difficulty of disentangling independent effects and/or 
potential interactions between highly correlated risk fac- 
tors [6,37]. However, time-series designs may not need 
to control for individual-level confounding factors such 
as education, income, race, percentage of smokers and 
others, because these characteristics of the population do 
not change much on a daily basis [39]. 

This study provides additional evidence for a positive 
and statistically significant association between asthma 
hospitalizations and air pollution concentrations. The 
results show the strongest associations for CO, NO2, and 
SO2. This is consistent with the findings of other studies 
that suggest air pollution is linked to asthma [42-44] and 
in particular to asthma hospitalizations [15-17]. However, 
there are some important differences between the results 
of this study and other studies such as Gwynn’s analyses 
for New York City [25]. Whereas the latter did not find 
statistically significant associations between asthma hos- 
pitalizations for children (defined as children aged 0 - 15 
years) and NO2 and CO the models included in this study 
did find strong associations between asthma hospitaliza-
tions for children (defined as those aged 0 - 17 years) and 
these pollutants in the counties examined. Gwynn re- 
ported statistically significant associations between asthma 
hospitalizations and CO, PM10, NO2, O3 and 4SO  for 
young adults (defined as people aged 15 - 60) [25]. 
However, unlike Gwynn’s study, the results of the 
models included in this study found fewer statistically 
significant associations for adults (defined as people aged 
18 - 64 years) than for children. 

As other time-series studies of this kind have shown, 
the time lag used was important with most pollutants 
showing statistically significant associations for the 
longer time lags of 3-day averages or 5- and 7-day 
weighted averages. Age is also important in considering 
the association between asthma hospitalizations and am- 
bient air pollution. Statistically significant associations 
between pollutants and asthma hospitalizations were 
much more common for children than for adults in this 
study for the case of SO2, NO2 and CO but the opposite 

is true for O3. 
The seasonal analysis of asthma hospitalizations and 

PM2.5 suggested that concentrations of this broad class of 
pollutants could be more important for asthma hospitali- 
zations in the colder months of the year (November- 
March) than in the warmer months of the year (May- 
September). A previous study suggests that local sources 
of PM including traffic and residual oil are relatively 
more important in the winter [36]. However, it is inter- 
esting to note that Lall et al. [26] found an association 
between asthma hospitalizations and PM from steel asso- 
ciated with construction activities that was driven by this 
source of PM in the months of May and September. 
These months are at the boundary of the category of 
“warmer” months in this and other studies. In addition, 
Ito, Thurston and Silverman conducted a time-series 
study to examine the association between PM2.5 concen- 
trations and emergency room visits for asthma and found 
a stronger association in the warmer months than in the 
colder months, estimating a relative risk of 1.32 (95% CI: 
1.23, 1.42) per 25 p.p.b. increase in PM2.5 [17]. Hence, 
further research should be conducted in this area to shed 
some light on what months of the year may be most re- 
levant to the association between PM and asthma hospi- 
talizations and how specific activities such as construc- 
tion which could vary depending on year analyzed could 
affect this relationship. The statistically significant asso- 
ciation found between SO2, NO2 and CO, as well as 
PM2.5 in the colder months, may suggest that local 
sources of PM could have the greatest impact on asthma 
hospitalizations.  

NO2 is one of the pollutants with the most common 
associations with asthma hospitalizations in this study, 
with statistically significant associations in all four coun- 
ties as well as for the models that combine the asthma 
hospitalizations data for the four counties. This finding 
supports the findings of other studies that have found a 
short-term health effect associated with this pollutant and 
supports EPA’s recent decision to add a 24-hour standard 
for this pollutant designed to protect individuals against 
short-term health effects [45].  

Another issue mentioned in the literature on this sub-
ject is ranking the relevance of pollutants to asthma from 
strongest to weakest. Leikauf et al. rank them as follows 
based on the literature: fine particulate matter (PM2.5) ≥ 
particulate matter (PM10) ≥ sulfur oxides (SOx) ≥ ozone 
(O3) ≥ nitrogen oxides (NOx) [46]. This ranking is for 
asthma exacerbations as a whole, not just for asthma 
hospitalizations. How do the pollutants rank in terms of 
their effect on asthma hospitalizations according to the 
results presented in this study? This question is difficult 
to address given that the rankings change depending on 
the models used. If, for example, we consider the results 
of the models that examined the association between 
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asthma hospitalizations for children for the four county 
totals and for a 3-day average value of the pollutants then 
according to the relative risk values associated with a 
change in the inter-quartile range of each pollutant the 
strongest impacts are observed for CO (24-hr avg), NO2 
(24-hr avg) and SO2 (24-hr avg) in that order. This again 
suggests that traffic-related air pollution could be an im- 
portant contributor to asthma hospitalizations. 

6. Conclusion 

In this study the association between daily asthma hospi- 
talizations and ambient concentrations of five air pollut- 
ants was examined for the period 1996-2000 in four New 
York counties: Bronx, Kings, New York and Queens. 
The results of the models suggest that there is a positive 
and statistically significant association between all the 
pollutants considered and asthma hospitalizations, with 
the strongest associations obtained for children (0 - 17 
years). Of the pollutants considered, NO2, SO2 and CO 
showed the most consistent associations with daily hos- 
pitalizations for asthma which suggests that traffic-re- 
lated air pollution may be particularly relevant to asthma 
hospitalizations. In general, models that included 3-day 
or longer average values for pollution concentrations 
showed the strongest associations. The models for O3 and 
PM2.5 suggest that daily one-hour maximum values for 
these pollutants may be more relevant for this kind of 
analysis than daily averages. These results would suggest 
that air pollution standards designed to protect the public 
from short-term effects of these pollutants with one-hour 
averaging times are important for this health issue. In 
addition, the seasonal analyses conducted for PM2.5 pro- 
vides additional evidence that the association between 
asthma hospitalizations and this pollutant is complex and 
may depend on the composition of PM, the relative im- 
portance of regional and local sources of PM and season.  
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