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Abstract

IMPORTANCE—Home aeroallergen exposure is associated with increased asthma morbidity in 

children, yet little is known about the contribution of school aeroallergen exposures to such 

morbidity.

OBJECTIVE—To evaluate the effect of school-specific aeroallergen exposures on asthma 

morbidity among students, adjusting for home exposures.
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DESIGN, SETTING, AND PARTICIPANTS—The School Inner-City Asthma Study was a 

prospective cohort study evaluating 284 students aged 4 to 13 years with asthma who were 

enrolled from 37 inner-city elementary schools in the northeastern United States between March 1, 

2008, and August 31, 2013. Enrolled students underwent baseline clinical evaluations before the 

school year started and were then observed clinically for 1 year. During that same school year, 

classroom and home dust samples linked to the students were collected and analyzed for common 

indoor aeroallergens. Associations between school aeroallergen exposure and asthma outcomes 

during the school year were assessed, adjusting for home exposures.

EXPOSURES—Indoor aeroallergens, including rat, mouse, cockroach, cat, dog, and dust mites, 

measured in dust samples collected from inner-city schools.

MAIN OUTCOMES AND MEASURES—The primary outcome was maximum days in the past 

2 weeks with asthma symptoms. Secondary outcomes included well-established markers of asthma 

morbidity, including asthma-associated health care use and lung function, measured by forced 

expiratory volume in 1 second.

RESULTS—Among 284 students (median age, 8 years [interquartile range, 6–9 years]; 148 boys 

and 136 girls), exposure to mouse allergen was detected in 441 (99.5%) of 443 school dust 

samples, cat allergen in 420 samples (94.8%), and dog allergen in 366 samples (82.6%). Levels of 

mouse allergen in schools were significantly higher than in students’ homes (median settled dust 

level, 0.90 vs 0.14 μg/g; P < .001). Exposure to higher levels of mouse allergen in school 

(comparing 75th with 25th percentile) was associated with increased odds of having an asthma 

symptom day (odds ratio, 1.27; 95%CI, 1.05–1.54; P = .02) and 4.0 percentage points lower 

predicted forced expiratory volume in 1 second (95%CI, −6.6 to −1.5; P = .002). This effect was 

independent of allergic sensitization. None of the other indoor aeroallergens were associated with 

worsening asthma outcomes.

CONCLUSIONS AND RELEVANCE—In this study of inner-city students with asthma, 

exposure to mouse allergen in schools was associated with increased asthma symptoms and 

decreased lung function. These findings demonstrate that the school environment is an important 

contributor to childhood asthma morbidity. Future school-based environmental interventions may 

be beneficial for this important public health problem.

Asthma affects a large proportion of children in the United States, accounting for more than 

14 million missed school days per year1 and costing billions of dollars in health care use.2 

Furthermore, asthma morbidity disproportionately affects minorities and low-income groups 

in inner-city neighborhoods.3 Previous studies have identified unique allergen exposures in 

inner-city homes as important risk factors for asthma morbidity4 and demonstrated that 

interventions to reduce home exposure to these allergens improve asthma outcomes.5 There 

are some published data on the presence of allergens in schools6–12;however, to our 

knowledge, there are no comprehensive studies evaluating asthma outcomes resulting from 

allergen exposures in schools, where children spend most of their day.13 The primary 

purpose of the School Inner-City Asthma Study was to comprehensively evaluate the role of 

school-specific indoor allergen exposures on asthma morbidity, adjusting for home allergen 

exposures.
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Methods

Study Population and Overall Design

The study population consisted of children aged 4 to 13 years with asthma who were 

attending inner-city public elementary schools in the northeastern United States from March 

1, 2008, to August 31, 2013. Each year of the study, approximately 70 students were 

recruited from approximately 7 elementary schools. Enrolled students were observed 

clinically for 1 school year; their school and home environments were evaluated during that 

same year. With each subsequent year of the study, a new set of schools was evaluated and a 

new set of students was enrolled. In total, 351 students from 38 elementary schools were 

evaluated for 1 year each during the 5-year study period (eFigure 1 in the Supplement).

Children with asthma attending these schools were recruited based on established criteria 

modeled from other inner-city asthma studies.14,15 Inclusion criteria included asthma 

diagnosed by a physician for at least 1 year and at least 1 of the following: current daily 

preventive asthma medication use, wheezing in the past year, or an unscheduled health care 

visit for asthma in the past year. Exclusion criteria included lung disease other than asthma 

and cardiovascular disease. Written informed consent was obtained from the participants’ 

legal guardian, and written assent was obtained from participants older than 7 years. The 

protocol was approved by the Boston Children’s Hospital institutional review board and the 

participating school system.

Study Recruitment, Baseline Study Visit, and Sensitization Testing

Every spring, validated screening questionnaires were distributed to the parents of all 

students attending participating elementary schools to determine possible eligibility.16 

Enrolled students with asthma completed a baseline clinical assessment during the summer 

prior to the academic year, including spirometry with a Koko spirometer (Ferraris 

Respiratory) using guidelines from the American Thoracic Society17 and aeroallergen 

sensitization testing by allergy skin testing (MultiTest device; Lincoln Diagnostics) and/or 

serum-specific IgE testing (ImmunoCAP; Phadia AB). Sensitization was defined by a wheal 

3 mm or larger than that induced by the negative saline control on prick testing or a specific 

IgE level of 0.35 kU/L or greater. The tested allergens included tree pollen, grass, ragweed, 

dust mites, cat, dog, mouse, rat, cockroach, and molds (Greer).

Follow-up Questionnaires and Follow-up Spirometry

Follow-up surveys evaluating asthma symptoms, health care use, and effect on parent or 

caregiver were performed during telephone interviews at 3, 6, 9, and 12 months. For 

example, the first follow-up questionnaire occurred during the fall season, 3 months after the 

summer baseline visit. Follow-up spirometry was performed twice during the academic year, 

approximately 6 months apart.

Exposure Assessment

Classroom-settled dust samples were collected twice during the academic year (eFigure 1 in 

the Supplement). School dust samples were obtained by research personnel using an Oreck 

XL (model BB870-AD) handheld vacuum with a special dust collector (DACI laboratory, 
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Johns Hopkins) fitted into the inlet hose of the vacuum using a standardized protocol.15 

Vacuum sampling was performed for a total of 6 minutes per sample: 3 minutes on the floor 

and 3 minutes on desk and chair surfaces.18 One settled dust sample was collected in the 

participant’s bedroom, established as the most clinically relevant home exposure location, 

using a standardized protocol.19

Dust samples were analyzed using a multiplex array for indoor allergens (MARIA; Indoor 

Biotechnologies)20 that measured the following indoor aeroallergens simultaneously: 

cockroach (Bla g 2), cat (Fel d 1), dog (Can f 1), mouse (Mus m 1), dust mite (Der p 1 and 

Der f 1 and group 2), and rat (Rat n 1). The lower limits of detection were 0.196 μg/g of dust 

for cockroach, 0.004 μg/g for cat and rat, 0.002 μg/g for mouse, and 0.012 μg/g for dust 

mites and dog. For samples with an undetectable allergen level, the value was set to the 

lower limit of detection.

Outcome Measures

A priori, the primary outcome was days with asthma symptoms, as used in prior inner-city 

home-based studies.4,5 To define this outcome, the following 3 variables of symptoms in the 

2 weeks prior to each survey were evaluated: number of days with wheezing, chest tightness, 

or cough; number of days on which the child had to slow down or discontinue play activities 

owing to wheezing, chest tightness, or cough; or number of nights with wheezing, chest 

tightness, or cough leading to disturbed sleep. The greatest result of these 3 variables was 

used as the outcome of days wth asthma symptoms. As such, this outcome was a score 

ranging from 0 to 14 days.

Secondary outcome measures included the following: number of days the child missed 

school owing to asthma; health care use, defined as the number of hospitalizations and 

unscheduled health care visits for asthma; number of days the caregiver changed plans 

because of the child’s asthma; number of nights the caregiver lost sleep because of the 

child’s asthma; poor asthma control as identified by any of following in the past 4 weeks: 

shortness of breath more than twice weekly, nighttime awakenings owing to asthma at least 

once, limitation in activity level, or use of rescue asthma medication 2 or more times 

weekly; and lung function based on percentage of predicted forced expiratory volume in 1 

second (FEV1) before the child used a bronchodilator.

Statistical Analysis

Only allergens that were detected in 50% or more of school samples were analyzed for 

associations with asthma outcomes. Asthma morbidity outcomes were linked with the 

temporally closest allergen exposure. Only outcome measures obtained during the school 

year were included in the analysis, with children having between 1 and 4 outcome measures 

across the school year.

We first explored unadjusted patterns of allergen exposure and response across quintiles of 

exposure to evaluate if a dose-response association existed between exposure to school 

allergens and the primary outcome. We then performed the primary analysis of the study, 

which evaluated the association between allergen exposure and outcome using exposure as a 

continuous variable while adjusting for confounders using generalized estimating equations 

Sheehan et al. Page 4

JAMA Pediatr. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with an exchangeable correlation structure, robust variance estimates, and clustering at the 

participant level. We considered clustering at the school level in addition to the participant 

level within a multilevel random effects model containing both child and school random 

effects, but it was deemed unnecessary because there was little to no between-school 

variability in all outcomes (intraclass correlations between 0.00 and 0.04). In this analysis, 

allergen levels were log transformed to minimize the effect of highly influential points 

arising from the skewed distribution of exposure. Binomial family generalized estimating 

equations with a logit link and an overdispersion parameter were used for 2-week outcomes 

(ie, 2-week outcomes were modeled as the sum of 14 binomial successes) and poor asthma 

control, negative binomial family generalized estimating equations and log link were used 

for health care use and school absences, and FEV1 was modeled using gaussian family and 

identity link.

To investigate the role of allergic sensitization in modifying the exposure-response 

association for each allergen, we first tested the interaction effect of school allergen 

exposure and sensitization to that particular allergen. If the interaction effect was not 

significant (P ≥ .20), then the interaction effect was removed and the main effect of allergen 

exposure was reported. To limit multiple comparisons, secondary outcomes were analyzed 

only if a significant association was found between an allergen and the primary outcome. A 

priori, we decided to adjust for the following in all models: age, sex, race/ethnicity, use of 

medication to control asthma, home allergen exposure, linked school endotoxin exposure, 

and season. Season was defined as a continuous measure of the number of days since school 

started and was modeled with linear and quadratic terms (based on its observed association 

with maximum symptom days). The home allergen exposures of the 18 participants missing 

these data were set to the mean of the sample, and an indicator variable identifying these 

participants was included in all models.

Statistical computations were performed using STATA software, version 13.1 (StataCorp). 

All tests were 2-tailed, and P < .05 was considered significant.

Results

A total of 351 students with asthma from 38 schools participated in the baseline study visit. 

Participants were excluded from this analysis if they were lacking outcome measures during 

the school year, lacking sensitization testing, or lacking collection of classroom dust 

exposures (eFigure 2 in the Supplement). As a result, 284 participants (median age, 8 years 

[interquartile range, 6–9 years]; 148 boys and 136 girls) from 37 schools were included in 

this analysis. There were a total of 714 follow-up observations, including 40 participants 

(14.1%) with 1 follow-up, 82(28.9%)with 2 follow-ups, 138 (48.6%)with 3 follow-ups, and 

24 (8.5%) with 4 follow-ups. The baseline characteristics of the study population are 

detailed in Table 1.

Mouse allergen was the most commonly detected allergen, with rates of detection of 99.5% 

in schools and 96.0% in homes (Table 2). The school mouse allergen levels were high, with 

the median and 90th percentile levels of Mus m 1 at 0.90 and 10.95 μg/g, respectively. 

Mouse allergen levels in schools were significantly higher than in homes (median, 0.90 vs 
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0.14 μg/g; P < .001, Wilcoxon rank sum test). Cat and dog allergen were commonly detected 

in schools (cat, 94.8%; dog, 82.6%) and homes (cat, 79.4%; dog, 49.8%). Dust mites were 

detected in 46.5% of school samples, and the absolute levels of dust mites were low 

(maximum, 1.64 μg/g). Cockroach and rat allergen were mostly undetectable in schools 

(cockroach, 0.7%; rat, 1.4%) and homes (cockroach, 3.1%; rat, 2.2%).

The crude data show an association between allergen exposure and the primary outcome 

only with mouse allergen. Participants in the highest quintile of mouse allergen exposure at 

school had 3.6 days with asthma symptoms per 2-week period compared with 2.9 days with 

symptoms for participants in the lowest quintile of exposure (eTable in the Supplement). In 

multivariable models, we found no evidence that sensitization to a specific allergen modified 

the association between allergen exposure level and days with asthma symptoms for the 

commonly detected allergens in schools (mouse, cat, and dog). The interaction effects were 

not significant for any of these allergens, with an odds ratio of 1.07 (95% CI, 0.78–1.46;P = .

69) for mouse allergen (Figure 1A), 0.87 (95%CI,0.59–1.26; P = .45) for cat allergen, and 

0.77 (95% CI, 0.35–1.69; P = .52) for dog allergen.

Independent of sensitization status, exposure to mouse allergen was significantly associated 

with increased number of days with asthma symptoms. The estimated odds ratio comparing 

the odds of a day with asthma symptoms associated with the 75th percentile (3.84 μg/g)of 

mouse allergen in school dust compared with exposure to the 25th percentile (0.23 μg/g) of 

school mouse allergen was 1.27 (95% CI, 1.05–1.54; P = .02) (Table 3 and Figure 1B). This 

finding indicates that children exposed to the 75th percentile of mouse allergen in school 

dust are expected to have 0.6 more days with asthma symptoms in a 2-week period when 

compared with children exposed to the 25th percentile of mouse allergen in school dust 

(3.54 vs 2.97 days with symptoms). Cat and dog allergen exposures in schools were not 

significantly associated with the primary outcome (Table 3).

Given the significant association of mouse allergen exposure in school with the primary 

outcome of asthma symptoms, we analyzed this exposure relative to secondary outcomes. 

As seen in Figure 2, lung function was significantly associated with mouse exposure in 

school dust. Exposure to the 75th percentile of mouse allergen in school dust was associated 

with a 4.0 percentage points–lower predicted FEV1 (95%CI, −6.6 to −1.5; P = .002) relative 

to children exposed to the 25th percentile of mouse allergen in school dust, independent of 

sensitization status and other covariates. None of the other secondary outcomes was 

significantly associated with school mouse allergen exposure.

Discussion

In our study of inner-city school-aged children with asthma, exposure to higher levels of 

school mouse allergen was associated with a higher number of days with asthma symptoms 

and decreased lung function, independent of home environmental exposure. This effect was 

seen in all children with asthma studied, regardless of whether they were sensitized to mouse 

allergen, and further underscores the public health relevance of school-associated allergen 

exposure as an important contributor to asthma morbidity in children. We acknowledge that 

other allergens in schools were mostly undetectable or detected at low levels, limiting our 
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ability to assess those allergens; however, mouse allergen was present at high levels in 

schools. To our knowledge, this study is the first comprehensive inner-city school-based 

study to examine classroom allergen exposures and asthma morbidity in students, adjusting 

for home exposure.

In the inner-city schools in our study, mouse allergen was the predominant exposure, 

whereas levels of cockroach, pet, and dust mite allergens were undetectable or low. Other 

investigators have reported low levels of cockroach and dust mite allergens in similar 

northeastern US cities.4,21 In contrast, other cities with warmer climates and different 

building conditions have demonstrated high levels of school cockroach allergen.8,9 The low 

levels of dust mites and cockroach in our study are likely owing to the long, dry, and very 

cold winters in the studied region, as these pests require humidity and warmth to survive. 

Although cat and dog allergens were commonly detected in our schools, the absolute levels 

of these allergens were relatively low compared with those in studies from homes in the 

United States22,23 or schools in Europe.11,24 The pet allergen levels in the schools in our 

study were well below the standard threshold associated with asthma symptoms.25 This 

finding is likely owing to the low prevalence of household pets in our inner-city setting, with 

only 79 of 350 participants (22.6%) and 107 of 350 participants (30.6%) reporting having 

dogs or cats, respectively. Our findings are consistent with recent work suggesting that 

mouse allergen may be the most relevant allergen exposure in inner-city settings.26,27 Matsui 

et al28 reported increased asthma morbidity for children exposed to more than 0.5 μg/g of 

mouse allergen in settled dust in a bedroom. Our study found 266 of 443 school samples 

(60.0%) above this threshold.

The clinical significance of these findings is important. A child in a classroom with a mouse 

allergen level at the 25th percentile exposure of our study will have an estimated 0.6 fewer 

days of asthma symptoms in a 2-week period compared with a child in a classroom with 

mouse allergen exposure at the 75th percentile. This difference would translate into 12 fewer 

days of asthma symptoms during the school year (61 vs 73 days). These estimated 

differences in days with asthma symptoms between the groups with high and low mouse 

allergen exposure in school are consistent with findings of other important asthma 

intervention and treatment trials. For example, our effect size was similar to the effect size 

(0.7 fewer symptom days) seen in a home study of mouse allergen exposure.29 Similarly, an 

inner-city asthma study demonstrated a 0.8-day difference in symptom days per 2 weeks 

after a home-based environmental intervention5 that was cost-effective.30 This difference in 

days with asthma symptoms decreased to 0.6 days after the intervention was stopped.5 

Finally, our absolute effect size was greater than the effect size (reduction of 0.48 days with 

asthma symptoms) from treatment with omalizumab in inner-city children.31 The findings of 

our school study highlight the potential for robust and clinically important improvements in 

students’ asthma with school-based environmental interventions.

Students who were both sensitized and exposed to elevated levels of mouse allergen did 

exhibit increased asthma morbidity; however, we were surprised to find an association 

irrespective of sensitization status. We considered endotoxin as a possible confounder based 

on prior reports that nonallergic symptomatic effect in mouse research workers occurs owing 

to airborne endotoxin exposure32; however, our findings remained even after adjusting for 
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endotoxin levels. Rabito et al33 also reported similar findings of increased asthma morbidity 

independent of sensitization status for exposure to cockroach allergen in homes. A 

longitudinal study of apprentices exposed to laboratory animals also found that respiratory 

symptoms developed even in those who were not sensitized.34 It is possible that extremely 

high levels of mouse allergen, as we detected in our study, could have a direct irritant effect. 

Studies also have shown that multiple allergens can directly activate the innate immune 

system35,36; it is possible that increased inflammation results in asthma symptoms in 

nonsensitized individuals.

Further support for the significant association between mouse allergen exposure in school 

and asthma morbidity is the decline in percent predicted FEV1 associated with increased 

levels of mouse allergen in school. Although participants exposed to high concentrations of 

mouse allergen maintained an average FEV1 in the normal range, this finding offers 

objective physiological evidence to support our primary symptom-based results.

Limitations

Of the enrolled 351 study participants, 67 (19.1%) were not included in this analysis as they 

lacked exposure or outcome measures. We found no statistically significant differences in 

the demographics between the analyzed and excluded participants except for the rate of 

ragweed sensitization (20.5% vs 8.3%; P = .046), which is not expected to have influenced 

our findings. We likely had insufficient power to detect differences in certain secondary 

outcomes such as health care use, school absences, lost sleep, and change of plans that are 

relatively infrequent occurrences. Furthermore, we acknowledge that there was not a 

differentiation of participants by asthma severity, which may have affected results; however, 

we did adjust for the use of medication to control asthma. Finally, our results may not be 

generalizable to other cities that may have different allergens predominating in schools 

owing to differing climate and sociodemographic conditions. The exact problematic allergen 

is not as important as the demonstration that schools can be a source of allergen exposure 

associated with asthma morbidity.

Conclusions

To our knowledge, our findings are the first to provide substantial evidence that exposure to 

high levels of an aeroallergen in school plays an important role in asthma morbidity in inner-

city children. The association of mouse allergen exposure in school with the primary 

outcome was seen in students with asthma regardless of allergic sensitization status. These 

findings suggest that exposure reduction strategies in the school setting may effectively and 

efficiently benefit all children with asthma. Future school-based environmental intervention 

studies may be warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

Question

What is the effect of school-specific aeroallergen exposures on students’ asthma 

morbidity?

Findings

In this cohort study evaluating students with asthma, higher mouse allergen exposure at 

school was significantly associated with both increased asthma symptoms and lower lung 

function, independent of allergic sensitization and allergen exposure in the home.

Meaning

The school environment is an important contributor to childhood asthma morbidity, and 

future school-based environmental interventions may benefit all children with asthma.
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Figure 1. Association of Increasing Mouse Allergen Exposure in School and Asthma Symptoms
A, Children sensitized to mouse allergen and not sensitized to mouse allergen (P = .69 for 

interaction effect). B, Exposure to mouse allergen in school and asthma symptoms 

regardless of sensitization (P = .02). All models adjusted for age, sex, race/ethnicity, use of 

medication to control asthma, linked mouse allergen exposure at home, linked endotoxin 

exposure at school, and time of year of allergen collection. Asthma symptom days: 

maximum number of days during the previous 2 weeks with daytime wheezing, chest 

tightness, or cough; days on which child had to slow down or discontinue play activities 

owing to wheezing, chest tightness, or cough; or nights with wheezing, chest tightness, or 

cough leading to disturbed sleep.
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Figure 2. Association of Increasing Mouse Allergen Exposure in School and Decline in Lung 
Function
Exposure to increasing levels of mouse allergen in schools was associated with a decrease in 

forced expiratory volume in 1 second (FEV1) (P = .002). Adjusted for age, sex, race/

ethnicity, use of medication to control asthma, linked mouse allergen exposure at home, 

linked endotoxin exposure at school, and time of year of allergen collection.
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Table 1

Baseline Characteristics of the Study Population

Characteristic Valuea

Male 148 (52.1)

Age, median (IQR), y 8 (6–9)

Race

 White 13 (4.6)

 Black 99 (34.9)

 Hispanic 103 (36.3)

 Other 69 (24.3)

Annual household income, $b

 <15 000 61 (25.5)

 <45 000 172 (72.0)

Family history of asthma 228 (80.3)

Household smoke exposure 90 (31.7)

Body mass indexc

 Normal 141 (50.0)

 Overweight or obese (>85th percentile) 141 (50.0)

Asthma medications

 SABA only 128 (45.1)

 ICS and/or montelukast 156 (54.9)

Allergen sensitization rates

 Any sensitization 196 (69.0)

 Cat 104 (36.6)

 Dust mites 96 (33.8)

 Tree pollen 87 (30.6)

 Mouse 86 (30.3)

 Grass pollen 72 (25.4)

 Cockroach 63 (22.2)

 Ragweedd 58 (20.5)

 Rat 58 (20.4)

 Mold 53 (18.7)

 Dog 30 (10.6)

Maximum days of symptoms in past 2 wk

 0–1 150 (52.8)

 2–3 56 (19.7)

 4–9 48 (16.9)

 10–14 30 (10.6)

 Median (IQR), d 1 (0–4)
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Characteristic Valuea

Hospitalization or urgent care visit for asthma in past y 119 (41.9)

Predicted FEV1, median (IQR), %e 100 (91–113)

Abbreviations: FEV1, forced expiratory volume in 1 second; ICS, inhaled corticosteroids; IQR, interquartile range; SABA, inhaled short-acting β-

agonist.

a
Data are presented as number (percentage) of children unless otherwise indicated.

b
n = 239. Not all income levels are reported in the table.

c
n = 282.

d
n = 283.

e
n = 281.
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Table 3

Association of School Allergen Exposure on Asthma Symptom Days

Allergen Exposurea
Exposure Difference, 25th to 75th Percentile, 
μg/gb

Days With Asthma Symptoms, Adjusted Odds Ratio 
(95% CI)c P Value

Mouse (Mus m 1) 3.61 1.27 (1.05–1.54) .02

Cat (Fel d 1) 0.47 0.97 (0.83–1.14) .71

Dog (Can f 1) 0.24 0.97 (0.79–1.19) .80

a
Other allergen exposures (dust mites, cockroach, or rat) were not analyzed for asthma outcomes owing to low rates (<50%) of detectability in dust 

samples from school.

b
Difference in expected days with asthma symptoms between the 75th percentile of allergen exposure and the 25th percentile (714 observations 

[284 children]).

c
Adjusted for age, sex, race, use of medication to control asthma, exposure to allergen at home, linked endotoxin level at school, and time of year. 

Days with asthma symptoms is defined as the maximum number of days during the previous 2 weeks with daytime wheezing, chest tightness, or 
cough; days on which child had to slow down or discontinue play activities owing to wheezing, chest tightness, or cough; or nights with wheezing, 
chest tightness, or cough leading to disturbed sleep.
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