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Background: Although exposure to outdoor air pollutants has been shown to be associated with exacerbations of asthma, there
are relatively few admissions for asthma to Cincinnati Children’s Hospital, Cincinnati, OH during the summer months when air
quality tends to be worst.

Objective: The objective of this study was to determine the relationship of outdoor air quality parameters to asthma
exacerbations in children.

Methods: The number of emergency room visits and hospitalizations for asthma were determined by review of emergency
department logs and the hospital computer database. Outdoor air concentrations of ozone, particulates of �10 �m diameter
(PM-10), pollens, and fungal spores were obtained from the Hamilton County Department of Environmental Services. Multiple
regression analysis was performed, looking for relationships between the daily number of asthma visits and the air quality data
for the same day and for 1 through 5 days before the visits.

Results: A significant association was found between the number of asthma visits and the daily pollen count (P � 0.014, SE �
0.001). The effect was stronger for visits 1, 2, and 3 days after the pollen count (P � 0.001 for pollen count lagged 3 days). High
PM-10 counts were synergistic with the pollen count as a predictor of asthma visits. There was no association between asthma
visits and the ozone concentration or fungal spore count.

Conclusions: Exacerbations of asthma severe enough to require visits to the hospital were associated with elevated
concentrations of airborne pollens and particulates, with a significant delayed effect. Ozone, in the concentrations measured here,
was not a risk factor for severe asthma exacerbations in children.
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INTRODUCTION
Airborne pollutants such as ozone and small particulates have
been shown to have detrimental effects on respiratory health.
Prolonged exposure of healthy individuals to ozone during
exercise can cause decreases in lung function, a neutrophilic
infiltrate of the airway submucosa, and symptoms of chest
discomfort and cough.1 In asthmatic patients, experimental
inhalation of ozone in concentrations between 0.2 and 0.4 parts
per million (ppm) causes increases in airway resistance and
airway hyperresponsiveness.2–4 Several studies have shown in-
creased rates of emergency room visits and hospitalizations for
respiratory illness during periods of elevated ozone concentra-
tion.5–7 Increased concentrations of airborne particulates �10
�m diameter (PM-10) have been found to be related to increases
in respiratory symptoms8 and transiently decreased pulmonary
function9,10 in normal children. Increases in hospitalizations for
respiratory illness11,12 and in medication usage by patients with
asthma13,14 have also been correlated with elevations in the
ambient PM-10 concentration.

In 1998, the Environmental Protection Agency proposed a
revision of the national ambient air quality standards for
ozone which would lower the allowable ozone concentration

from a 1-hour maximum of 0.12 ppm to an 8-hour concen-
tration of 0.08 ppm. Although our area had only occasionally
exceeded the existing air quality standards for ozone, under the
proposed new standards we would frequently exceed them.
Ambient ozone concentrations are highest during the summer
months, as ozone is formed by the reaction of sunlight with
nitrogen oxides and volatile organic compounds. In the Cincin-
nati, OH area, greater accumulations of airborne particulates also
tend to occur during the summer and early fall months, because
of weather patterns including air inversions over the Ohio River
valley. However, the number of pediatric hospitalizations and
emergency room visits at Cincinnati Children’s Hospital for
acute asthma episodes is consistently lowest during the summer
months. This led us to wonder whether exposure to ozone,
particulates, or airborne allergens in the concentrations mea-
sured in downtown Cincinnati leads to asthma exacerbations
severe enough to require hospital treatment.

The goal of this study was to examine the relationship be-
tween the daily number of hospital visits for treatment of acute
pediatric asthma attacks and air quality parameters including
ozone, PM-10, pollen counts, and fungal spore counts.

METHODS
The setting for the study was Cincinnati Children’s Hospital,
which provides virtually all the emergency room and inpa-
tient care for pediatric asthma patients residing in the urban
Cincinnati area, as well as the majority of inpatient asthma
care for children living in the surrounding suburban and rural
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areas. An “asthma visit” was defined as either an emergency
room visit or an inpatient hospitalization for treatment of
acute asthma. The number of asthma hospital admissions per
day was obtained by means of a hospital computer search for
all admissions with a primary diagnosis code of 493.91
(status asthmaticus). Because the diagnostic coding for emer-
gency room visits was not well standardized, the handwritten
emergency room daily logbooks were reviewed, and patients
given a diagnosis of asthma or reactive airway disease were
counted as asthma visits. The emergency room and hospital
data were cross-referenced to ensure that a patient initially
seen in the emergency room and then admitted to the hospital
for further treatment would be counted as only one visit. The
number of emergency room visits and hospital admissions for
asthma were then added, and this number was recorded as the
number of asthma visits per day.

Air quality data were obtained from the Hamilton County
Environmental Services for the most centrally located Cin-
cinnati monitoring station. This is the only air quality mon-
itoring station in the area that also performs pollen and fungal
spore counts. Ozone concentrations were continuously mon-
itored, and data were provided as the daily average, as well as
the highest 1-hour average concentration for each day (ozone
max). PM-10 counts were obtained using a volumetric air
sampler with a size-selective inlet (GMW-1200, General
Metal Works, Cleves, OH) and data were provided as the
24-hour average. The pollen and fungal counts were obtained
using a Rotorod sampler (Sampling Technologies, St. Louis
Park, MN), located on the unobstructed rooftop of a four-
story building in an urban neighborhood. Some of the sur-
rounding streets are lined with sycamore trees or ornamental
fruit trees; there are several small grassy areas but no open
fields or weedy lots nearby. The Rotorod sampling arms were
coated with silicone grease and rotated at 2,400 rpm. Inter-
mittent sampling was performed for 1 minute of every 10, so
the sample time was 144 minutes per 24 hours and the
volume of air sampled was 3.12 cubic meters. The samples
were stained with Calberla solution and the pollen counts
were obtained by counting the pollen grains on the entire
collecting surface at �400 magnification. Spores were
counted at �400 magnification on a horizontal strip along the
long axis of the sampling surface. The count for this strip
was multiplied by the width of the collecting surface � the
diameter of the high power field, to obtain an estimate of the
total spore count of the sample. The concentration of the pollen

and spores in particles per cubic meter of air was calculated as
(particles per sample) � 3.12 cubic meters, to give the number
of particles per cubic meter. Rotorod samples were collected
over a 24-hour period, ending at 10 AM. Thus the pollen and
spore counts reported on a given day were collected during the
preceding day and night, and the morning of the report day. The
pollen, spore and ozone counts are obtained only for the months
of April through October, so this study included the months of
April through October of 1996 and 1997. The emergency room
log for the month of August 1996 was lost, therefore this month
was excluded from the study.

Data Analysis
The objective of the data analysis was to identify factors that
are related to changes in the number of daily asthma visits. To
obtain a clearer picture of the nature of both the asthma visit
data and the various environmental exposure measures, de-
scriptive statistics were computed. To examine seasonal vari-
ation in exposure data, monthly means were plotted (Table 1),
averaged over the 7 months during which data were collected.

After preliminary analyses were completed, multiple regres-
sion models were developed to examine all potential exposure
measures as predictors of the number of daily asthma visits.

The independent variables considered in the multiple re-
gression model included pollen counts, fungal counts, partic-
ulates �10 �m (PM-10) provided as a daily average, and
ozone concentrations as a daily average and as a maximum
during each day. Variables were allowed to enter the model
both in a stepwise fashion and also by examining specific
combinations of variables thought to have a potential impact
on asthma conditions.

We used Poisson regression to model the daily number of
asthma visits as a function of air quality data and temporal
variables. This method is appropriate for counts of rela-
tively rare events occurring randomly over time. Poisson
regression assumes that, after removing the effects of any
explanatory variables, the counts follow a Poisson distribu-
tion as opposed to a normal distribution as required in ordi-
nary least squares regression.

An additional complexity encountered when modeling
events occurring over time is serial correlation of the outcome
variable, ie, the daily counts may be nonindependent, even
after conditioning on the important explanatory variables. To
account for serial correlation, we used a generalized estimat-
ing equation approach15 with an autocorrelation structure for

Table 1. Monthly Means (� Standard Deviation)

Variable April May June July August September October

ER visits/day 9.3 (3.6) 12.3 (5.1) 9.6 (4.3) 5.5 (2.7) 11.0 (5.4) 16.8 (7.9) 17.2 (4.6)
Pollen (grains/m3) 86.3 (148.2) 189.3 (217.6) 42.7 (51.6) 8.7 (6.4) 54.1 (73.0) 66.8 (55.1) 8.1 (7.2)
Fungal (spores/m3) 319.2 (291.4) 1251.1 (1169.0) 2408.1 (1321.3) 3206.4 (1611.3) 3161.4 (1504.2) 3157.1 (1492.8) 1978.2 (1627.0)
Ozone (ppm) 0.025 (0.007) 0.026 (0.009) 0.028 (0.011) 0.033 (0.008) 0.028 (0.009) 0.020 (0.007) 0.014 (0.008)
Ozone (max) 0.045 (0.009) 0.049 (0.014) 0.060 (0.023) 0.068 (0.018) 0.061 (0.017) 0.046 (0.017) 0.035 (0.016)
PM-10 (daily) (�g/m3) 29.1 (8.1) 28.8 (8.2) 35.1 (10.0) 36.9 (11.2) 42.2 (13.5) 36.7 (12.0) 33.0 (12.5)

ER, emergency room; PM-10, particulate matter �10 �m.
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the variance-covariance matrix similar to analyses reported in
Schwartz et al.16 The autocorrection structure appeared to
have a periodicity of approximately 1 week; therefore, the
autoregressive structure was set up in clusters of 7-day inter-
vals. Overdispersion (greater than Poisson variation) was
handled by scaling standard errors up by the magnitude of the
overdispersion factor.17

As the effects of poor air quality may not always result in
an immediate asthma visit, we lagged all air quality measures
from zero to 5 days before the asthma visit date to account for
any delayed visit effects. We also recognized a possible seasonal
trend in asthma visits. Accordingly, we stratified the analysis by
season to address changes in asthma attacks because of weather
conditions or temporal patterns in infectious diseases.

RESULTS
Table 1 provides the means and standard deviations for the
variables examined in the regression models on a monthly
basis averaged more than 1996 and 1997. Examination of the
table shows seasonal trends for emergency room visits, pollen
counts, and ozone concentrations.

A series of Poisson regression models was run to identify
predictors of changes in the number of asthma visits. Initial
results indicated that the log of pollen counts and month of
the year (April to October) were significant predictors of the
number of daily asthma visits. The number of asthma visits
per day was associated with the pollen count reported for the
same day (P � 0.014), but the effect became increasingly
strong for the pollen counts recorded for 1, 2 and 3 days
before the visit. Thus the log of pollen count, lagged 3 days,
was the most significant predictor of asthma visits and was
used in the regression models. Fungal spore counts were not
a significant predictor of asthma visits, either on the same day
nor lagged 1 to 3 days.

The average ozone concentration was also a significant
predictor but with an inverse relationship, ie, the higher ozone
levels predicted lower numbers of asthma visits. However,
when month of the year was added to the model, the effect of
ozone was no longer a significant factor. Because the ozone
effect was inversely related to asthma visits and obviously
highly correlated with season, this term was dropped from
the model.

After this model was developed, we decided to examine a
model stratified by season of the year (spring, summer, and
fall). This model indicated a highly significant effect attrib-
uted to season with the primary differences attributable to fall
versus summer and spring.

After identifying the two most important main effects, we
examined effect modification by introducing interaction
terms involving pollen counts, season, and other air pollution
measures. We found significant interactions between season
and pollen count and between pollen count and measured
particulate level. Specifically, the exposure-response between
asthma visits and log of pollen (lagged 3 days) was very
strong in spring and summer. In the fall, both asthma visits
and pollen counts were high so there was a significant general
correlation, but the day-to-day variations in pollen count did
not account for the variations in daily asthma visits the way
it did in the other seasons.

We divided continuous measure of particulate levels at the
median (33 �g/m3) and fit separate exposure response curves
to high and low levels of particulates. This analysis indicated
a synergistic effect between the two air pollutants, ie, the
exposure-response for pollen was moderately high for days
when particulate levels were low, but significantly higher
still for days when particulate levels were higher than 33
units (Fig 1).

Table 2. Poisson Regression Models: Relative Risks (Rate Ratios) for Asthma Visits Associated with Pollen Counts, Season, and Particulates

Variable Rate ratio
P

value
95% Confidence limits

Model 1 ln (pollen) 3 day lag 1.089† 0.004 1.027–1.155
April 1.44 0.002 1.19–1.75
May 1.74 �0.001 1.38–2.19
June 1.45 �0.001 1.20–1.74
July* 1.00 – –
August 1.83 �0.001 1.39–2.41
September 2.42 �0.001 1.86–3.24
October 3.06 �0.001 2.55–3.56

Model 2 ln (pollen) 3 day lag 1.090† 0.001 1.036–1.147
Fall vs spring & summer 1.84 �0.001 1.57–2.15

Model 3 ln (pollen) spring & summer 1.145† �0.001 1.076–1.217
ln (pollen) fall 0.960† 0.898 0.658–1.404
Fall vs spring & summer 3.35 �0.001 2.46–4.55
Particulates (�33 vs 0–33) 0.824 0.165 0.627–1.083
ln (pollen) particulates �33 1.251† �0.001 1.153–1.358
ln (pollen) particulates �33 1.145† �0.001 1.076–1.217

* Used as referent month.
† Increase (decrease) in rate ratio per unit increase in ln (pollen).

30 ANNALS OF ALLERGY, ASTHMA, & IMMUNOLOGY



DISCUSSION
This study shows a strong association between acute asthma
exacerbations and airborne concentrations of pollens and
small particulates. This association does not necessarily re-
flect a cause and effect relationship. It is possible that coex-
isting factors such as respiratory infections or other air pol-
lutants are primarily responsible for the asthma attacks.
However, there is considerable supportive evidence for the
roles of pollens and particulates as exacerbators of allergic
disease. Other investigators18,19 have demonstrated an associ-
ation between particulate exposure and emergency room or
hospital visits, and several studies20–24 have shown correlation
of asthma symptoms with pollen counts. Some studies22–25

showed a lag effect between pollen counts and allergy symp-
toms, similar to our findings. The potential interaction be-
tween pollen and pollutant exposure has been a source of
interest. It has been suggested, based on epidemiologic and
air pollution data, that exposure to modern industrial air
pollutants is responsible for the increase in allergic disease
seen in west Germans versus east Germans,26 and in Inuits
who have moved to urban areas compared with those who
stay in a rural setting.27 Our study demonstrates the additive
clinical effects of elevated pollen and particulate concentra-
tions. Several mechanisms have been proposed to explain this
interaction. Although exposure to airborne particles, SO2,28

and ozone29 cause increased release of allergen from grass
pollens, allergen release from birch tree pollen was not af-
fected by exposure to heavy metal particles and SO2.30 The
synergistic effect might be partially related to the binding of
pollen allergens to diesel exhaust particles,31 which could
increase delivery of allergens to the lower respiratory tract.
Diesel exhaust particles have also been shown to increase
eosinophil adhesion to human nasal epithelial cells and en-
hance eosinophil degranulation.32 If these proinflammatory

effects also occur in the bronchial mucosa, they could con-
tribute to increased severity of asthma symptoms. Several
studies have demonstrated a synergistic interaction between
particulate and pollen exposures in enhancing airway immu-
noglobulin (Ig)E and cytokine production.33–35 Diesel exhaust
particles contain polyaromatic hydrocarbons which diffuse
into cells, bind to cytosolic receptors, and alter ongoing
transcriptional programs, enhancing the production of aller-
gen-specific IgE as well as various cytokines.36

Diaz-Sanchez et al33 performed nasal challenges with rag-
weed allergen alone, versus ragweed plus diesel exhaust
particles, in ragweed-allergic individuals. The concentration
of ragweed-specific IgE in the nasal lavage fluid was signif-
icantly higher after the combined (ragweed plus diesel ex-
haust particles) challenge: there was a fourfold difference 1
day postchallenge, and a 16-fold difference 4 days postchal-
lenge. These findings may in part explain the lag effect noted
in the present study, with increasingly stronger correlations of
asthma visits with pollen and PM-10 levels measured from 1
to 4 days before the visit. In addition to the effect on en-
hanced IgE production, the lag effect may also be related to
late-phase inflammatory reactions in the bronchial mucosa,
leading to increasing symptoms and airway hyperreactivity
over the several days after allergen and irritant exposure.

The inflammatory response of the nose and lungs to aller-
gens can also be upregulated by preceding exposure to
ozone.37–39 Our study, however, found no significant positive
association between asthma visits and any combination of
ozone concentration with pollen or fungal counts or particu-
lates. To the contrary, a strong negative correlation was found
between asthma visits and ozone concentrations. Other stud-
ies40,41 have noted similar inverse correlations between acute
asthma visits and ambient ozone concentrations. During the
summer months when ozone levels are highest, acute asthma
attacks are relatively rare, presumably because of other fac-
tors such as low community rates of respiratory infections
and relatively low pollen counts. Day-to-day analysis within
this time frame showed no increase in asthma visits on the
days of higher ozone counts, nor for the 3 subsequent days.
One can conclude from these results that ozone concentra-
tions, in the moderate levels measured during this study, are
not associated with pediatric asthma attacks severe enough to
require hospital treatment. Similar findings were reported by
White et al,7 who found that although peak ozone concentra-
tions greater than 0.11 ppm correlated with asthma visits to
emergency rooms, there was no such correlation at peak
ozone concentrations below 0.11, which was the highest
concentration recorded during our study.

The fact that a model including stratification by month
provided the best fit for the data are probably related to
seasonal changes in the incidence of infectious diseases as
well as possibly other air pollutants not measured in this
study. Jamason et al42 examined the relationship of various
weather patterns, air pollutants, and pollen counts to hospi-
talization rates for asthma. They found a strong association
between asthma admissions and the higher concentrations of

Figure 1. Asthma visit rates as a function of pollen counts, relative to
asthma visit rates at low pollen counts; estimated separately for low partic-
ulate concentrations (PM-10 �33 �g/m3; RRL) and high particulate concen-
trations (PM-10 �33 �g/m3; RRH).
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various pollutants during the spring and summer months, but
not during the fall and winter. During the fall and winter
seasons, they found that certain weather patterns correlated
with increased rates of asthma admissions, whereas this was
less evident in the spring and summer. Similarly, our study
showed a strong association of asthma admissions with pollen
counts in the spring and summer but not in the fall, although
both pollen counts and asthma admissions were high in the
fall. It is possible that weather variables and the high inci-
dence of respiratory infections triggering asthma attacks dur-
ing the fall and winter obscure the effect of the airborne
precipitants during these seasons. It is also possible that the
method of sample collection affected the results. As only a
single rooftop Rotorod was the source of the pollen counts for
the study, the pollen counts give only a rough approximation
of the actual pollen exposure of individuals on the ground
level. It is possible that the fall weed pollens are more
variable in their regional concentrations than the tree pollens,
which are more thoroughly dispersed because of their higher
altitude and the grass pollens, which are more ubiquitous.

In this study, fungal spore concentrations were not found to
correlate with asthma visits. However, the Rotorod is not the
optimal method for measuring airborne spores, as the smaller
spores tend to flow around the rod rather than impacting on
it. Because only total spore counts are available, this study
also does not rule out the possibility that high concentra-
tions of individual allergenic fungal species could be as-
sociated with asthma exacerbations, as has been suggested
for Alternaria.43

CONCLUSION
Ambient concentrations of pollens and small particulates are
strongly associated with emergency visits for pediatric
asthma in Cincinnati. The concentrations of ozone in the
Cincinnati environment are moderate and are not associated
with pediatric asthma exacerbations.

REFERENCES
1. Bascom R, Bromberg PA, Costa DA, et al. Health effects of

outdoor air pollution (part 1). Am J Respir Crit Care Med
1996;153:3–50.

2. Kreit JW, Gross KB, Moore TB, et al. Ozone-induced changes
in pulmonary function and bronchial responsiveness in asthmat-
ics. J Appl Physiol 1989;66:217–222.

3. Silverman F. Asthma and respiratory irritants (ozone). Environ
Health Perspect 1979;29:131–136.

4. Horstman DH, Ball BA, Brown J, et al. Comparison of pulmo-
nary responses of asthmatic and nonasthmatic subjects perform-
ing light exercise while exposed to a low level of ozone. Toxicol
Ind Health 1995;11:369–385.

5. Cody RP, Weisel CP, Birnbaum G, Lioy PJ. The effect of ozone
associated with summertime photochemical smog on the fre-
quency of asthma visits to hospital emergency departments.
Environ Res 1992;58:184–194.

6. Thurston GD, Ito K, Kinney PL, Lippmann M. A multi-year
study of air pollution and respiratory hospital admissions in
three New York State metropolitan areas: results for 1988 and

1989 summers. J Expo Anal Environ Epidemiol 1992;2:
429–450.

7. White MC, Etzel RA, Wilcox WD, Lloyd C. Exacerbations of
childhood asthma and ozone pollution in Atlanta. Environ Res
1994;65:56–68.

8. Pope CA 3rd, Dockery DW. Acute health effects of PM10
pollution on symptomatic and asymptomatic children. Am Rev
Respir Dis 1992;145:1123–1128.

9. Dassen W, Brunekreef B, Hoek G, et al. Decline in children’s
pulmonary function during an air pollution episode. J Air Pollut
Control Assoc 1986;36:1223–1227.

10. Dockery DW, Ware JH, Ferris BG Jr, et al. Change in pulmo-
nary function associated with air pollution episodes. J Air Pollut
Control Assoc 1982;32:937–942.

11. Gross J, Goldsmith JR, Zangwill L, Lerman S. Monitoring of
hospital emergency room visits as a method for detecting health
effects of environmental exposures. Sci Total Environ 1984;32:
289–302.

12. Samet JM, Speizer FE, Bishop Y, et al. The relationship be-
tween air pollution and emergency room visits in an industrial
community. J Air Pollut Control Assoc 1981;31:236–240.

13. Pope CA 3rd. Respiratory disease associated with community
air pollution and a steel mill, Utah Valley. Am J Public Health
1989;79:623–628.

14. Pope CA 3rd. Respiratory hospital admissions associated with
PM10 pollution in Utah, Salt Lake, and Cache Valleys. Arch
Environ Health 1991;46:90–97.

15. Liang K, Zeger SL. Longitudinal data analysis using general-
ized linear models. Biometrika 1986;73:13–22.

16. Schwartz J, Slater D, Larson T, et al. Particulate air pollution
and hospital emergency room visits for asthma in Seattle. Am
Rev Respir Dis 1993;147:826–831.

17. McCullagh P, Nelder JA. Generalized Linear Models. London:
Chapman, Hall, 1989.

18. Chew FT, Goh DY, Ooi BC, et al. Association of ambient
air-pollution levels with acute asthma exacerbation among chil-
dren in Singapore. Allergy 1999;54:320–329.

19. Atkinson RW, Anderson HR, Strachan DP, et al. Short-term
associations between outdoor air pollution and visits to accident
and emergency departments in London for respiratory com-
plaints. Eur Respir J 1999;13:257–265.

20. Brown EB, Ipsen J. Changes in severity of symptoms of asthma
and allergic rhinitis due to air pollutants. J Allergy 1968;41:
254–268.

21. Van Metre TE Jr, Adkinson NF, Amodio FJ, et al. A compar-
ison of immunotherapy schedules for injection treatment of
ragweed pollen hay fever. J Allergy Clin Immunol 1982;69:
181–193.

22. Taudorf E, Moseholm L. Pollen count, symptom and medicine
score in birch pollinosis. A mathematical approach. Int Arch
Allergy Appl Immunol 1988;86:225–233.

23. Robertson G, Lebowitz MD. Analysis of relationships between
symptoms and environmental factors over time. Environ Res
1984;33:130–143.

24. Lebowitz MD, Collins L, Holberg CJ. Time series analyses of
respiratory responses to indoor and outdoor environmental phe-
nomena. Environ Res 1987;43:332–341.

25. Broström G, Möller C. A new method to relate symptom scores
with pollen counts. Grana 1989;28:123–128.
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