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INTRODUCTION
Endotoxins or lipopolysaccharides (LPS) are part of the outer membrane of Gram negative
bacteria and are shed into the environment after bacteria die.1 Endotoxins are widely
distributed in our environment and are potent stimulators of the immune system. Early
exposure to endotoxin may result in a decreased TH2 profile2, 3 and may be protective
against the development of atopic conditions.2, 4–6 In contrast, possibly as an irritant or a
modifier of pulmonary responsiveness to allergens, increased endotoxin exposure has been
associated with both the development of early childhood wheezing and increased current
asthma symptoms in subjects already diagnosed with asthma.4, 7–15

High levels of endotoxins exist in work environments such as agricultural areas, animal
production facilities, waste processing, and textile production.16 In homes, higher levels of
endotoxin have been associated with indoor pets, carpeting, air conditioning, and farming
exposures.17–19 There are some studies that have demonstrated the presence of endotoxins in
daycare centers and schools,20–24 but these studies do not have home levels for comparison
of the relative school endotoxin exposure. Our study is designed to evaluate both the school
and home environments in a cohort of inner-city children with asthma. Given the important
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association of endotoxin and asthma, our goal was to evaluate the school endotoxin
exposure relative to the home endotoxin exposure in children with asthma. Additionally, we
aimed to determine if animal allergen concentrations were associated with endotoxin
concentrations.

METHODS
This evaluation of endotoxin exposure in homes and schools is a sub-study of the School
Inner-City Asthma Study (SICAS). SICAS is an observational, prospective study evaluating
specific factors in both the home and school environments related to asthma morbidity. In
this study, 500 elementary school aged children with asthma are being recruited from 35–40
metropolitan schools over 5 years. Students are recruited annually and prospectively
followed during the subsequent academic year to monitor asthma morbidity. During the
academic year, enrolled students’ school and home environments are sampled for allergen
exposure in order to determine school and classroom-specific environmental risk factors,
relative to home exposures, associated with asthma morbidity. The primary hypothesis of
SICAS is that exposure to indoor allergens in the classroom will increase the risk of asthma
morbidity, even after controlling for home allergen exposures.

The focus of the study in this paper is a sub-study made possible through supplemental
funding (ACAAI Young Faculty Support Award) obtained to analyze a subset of
environmental dust samples for endotoxin. The endotoxin sub-study measured endotoxin
concentrations in schools and homes of children with asthma enrolled in SICAS during the
study’s first two years. All of the students during this time period were recruited from 12
inner-city elementary schools. Written informed consent was obtained and this study was
approved by the Children’s Hospital Boston institutional review board.

School Environment Assessment
In each school, settled dust samples were vacuumed from individual classrooms,
gymnasiums, and cafeterias as a measure of school-wide exposure. School settled dust
samples were collected twice during the academic year, once in the fall and once in the
spring, and were linked to the enrolled student. All students also provided a home bedroom
settled dust sample as a measure of home exposure. All school settled dust samples were
collected in the same manner. Briefly, an Oreck XL (model BB870-AD) vacuum was used
with a dust collector filter (DACI labs, Johns Hopkins, Baltimore, MD) fitted on the inlet
hose.25, 26 Vacuuming of the settled dust sample was performed for a total of 6 minutes per
sample, 3 minutes on the floor and 3 minutes on other surfaces, such as desks and chairs, as
previously described.27 Collected dust was sifted through a 40-mesh metal sieve (>425
micron particle exclusion), aliquoted, and stored at −20°C until extraction.

Home Environmental Assessment
In the home environment, dust samples were collected from the students’ bedrooms in a
similar manner as described in previous studies.28 In the students’ bedrooms, the area
around the bed was sampled. To do this, dust was vacuumed from both the child’s mattress
and from the bedroom floor. Settled dust samples were collected from the subjects’
bedrooms once during the year of observation.

Measurement of Endotoxin and Allergens in Dust Samples
Collected dust was extracted in pyrogene-free water/0.05% Tween 20 and serially diluted
for inclusion in the chromogenic Limulus Amoebocyte Lysate (LAL) assay (Lonza,
Walkersville, MD) for measurement of endotoxin. The concentration of endotoxin was
measured using the units of EU/mg. The lower limits of detection (LLOD) were 0.5 EU/mg
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for endotoxin. The LLOD for measured allergens was 0.004 μg/g for Fel d 1, 0.012 μg/g for
Can f 1, and 0.002 μg/g for Mus m 1.

Seasonal Analysis
For purposes of analysis, the year was divided into “Fall” and “Spring” seasons. The “Fall”
season was defined as any time from September to March with the vast majority of samples
being collected in September, October, and November. The “Spring” season was defined as
any time between April to August with the vast majority of the samples collected in April,
May, and June. School samples were collected twice during the year, once in each of the
seasons with approximately 6 months between the collections of each sample. Home
samples were collected once during the year. These school and home samples were linked to
individual children with asthma. Home samples were matched to the school sample that was
performed within the same season and the time interval between sampling the home and
school was typically within two months.

Statistical Analysis
Medians were calculated for endotoxin levels in each setting (schools and homes) and for
each season (fall and spring) in the school samples. Values below the LLOD were assigned
the limit of detection for all statistical analyses. Each enrolled subject had personal links that
identified their bedroom, their school, and their exact classroom. Statistical analysis was
performed on settled dust samples of matched students’ classrooms and bedrooms collected
in the same season. Additionally, analyses were conducted on matched fall and spring
school samples. Endotoxin concentrations were log transformed so the distributions were
approximately normal for parametric statistical tests and correlations. Paired t-tests on log
transformed variables were used where p-values are reported. Pearson correlations were
computed for log transfored variables to determine levels of associations. Finally, allergen
concentrations for cat, dog, and mouse were evaluated as possible predictors of elevated log
transformed endotoxin concentrations using generalized linear models to account for the
clustering of students within schools (SAS 9.12, Cary, NC).

RESULTS
A total of 347 settled vacuumed dust samples were collected over the two year period. In the
subjects’ schools, a total of 229 settled dust samples were collected from multiple rooms in
12 different schools (5 schools in year 1 and 7 schools in year 2). School samples were
collected twice during the academic year with 117 settled dust samples collected in the fall
and 112 settled dust samples collected in the spring. Also, 118 bedroom settled dust samples
were collected.

In the school dust samples, 100% (229 of 229) had detectable levels of endotoxin with a
median concentration of 13.4 EU/mg. In the home dust samples, 96.6% (114 of 118) had
detectable endotoxin levels with a median concentration of 7.0 EU/mg. Additional
information on the overall home and school endotoxin concentrations including levels for
different schoolrooms, such as classrooms, cafeterias, and gymnasiums, are included in
Table 1.

A total of 104 enrolled subjects with asthma had matched samples collected from their
bedroom and their classroom in the same season. In this subset of matched samples, the
classroom endotoxin concentration was significantly higher than the bedroom endotoxin
concentration (mean log value = 1.13 vs. 0.99, mean difference = 0.144, 95% CI of
difference = 0.009–0.278, p = 0.04, paired t-test). The classroom median endotoxin
concentration of 12.5 EU/mg (range = 0.7 – 360.7 EU/mg) was higher than the median
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bedroom endotoxin concentration of 7.0 EU/mg (range = <0.5 – 843.0 EU/mg). On an
individual-student basis, 59% of these subjects (61 of 104) had higher concentrations of
endotoxin in their classroom than in their bedroom.

There was wide variability between endotoxin concentrations in dust samples across the 12
schools as seen in Figure 1. The median dust endotoxin concentration at each of the
individual schools ranged from 6.6 EU/mg (School 10) to 24.0 EU/mg (School 5). For
comparison, Figure 1 also includes the median endotoxin concentration of the homes of
students attending that particular school. Additionally, a line on Figure 1 has been drawn to
demonstrate the median concentration for dust endotoxin in home bedroom samples (7.0
EU/mg). As depicted in Figure 1, all but one of the schools had a median dust endotoxin
concentration that rose above the median dust endotoxin level for home bedroom samples.

When comparing school settled dust endotoxin concentrations in the fall to those in the
spring, no difference was detected (mean log value = 1.14 vs. 1.09, mean difference = 0.048,
95% CI of difference = −0.054–0.150, p = 0.35, paired samples t-test). For this comparison,
111 rooms within the schools had matching fall and spring samples collected. The median
settled dust endotoxin concentrations in fall samples was 14.4 EU/mg (range 0.7 – 360.7
EU/mg) as compared to spring samples in the same rooms with a median settled dust
endotoxin concentration of 12.9 EU/mg (range 0.8 – 206.5 EU/mg). Although no difference
was detected, there was a weak correlation detected between the fall and spring schoolroom
samples (r=0.23).

Finally, dust samples were evaluated to see if higher allergen concentrations were associated
with higher endotoxin concentrations. As seen in Table 2, higher concentrations of dog and
cat allergens in school dust samples were associated with higher concentrations of endotoxin
when adjusting variances for within school variability and repeated observations. There
were significant differences in endotoxin concentrations between the schoolrooms in the
higher tertiles of cat and dog allergens as compared to the lowest tertile. In contrast, there
were no differences in settled dust endotoxin concentration between the schoolrooms when
grouped by tertile level of settled dust mouse allergen (data not shown).

DISCUSSION
In our study, inner-city children with asthma were exposed to higher concentrations of
endotoxin in their school classrooms as compared to their home bedrooms. To our
knowledge, this is the first study to directly compare school endotoxin exposure to home
endotoxin exposure in children with asthma. This result demonstrates that in an urban
environment, schools, and not homes, may represent the most significant location for
endotoxin exposure. Given that children spend a large proportion of their childhood in
school, this endotoxin exposure may substantially contribute to asthma morbidity. Further
studies are needed to evaluate the school environment as a cause of asthma morbidity.

Previous studies have found detectable endotoxin in schools, but did not evaluate students’
homes. As expected, Andersson et al discovered that endotoxin levels in daycares and
schools were lower than endotoxin levels found in animal sheds;20 however, the home
environment provides a better comparison for childhood exposure. Most previous studies
have evaluated places of education for the youngest children, such as daycare centers and
pre-elementary schools.21, 23, 24 Interestingly, Rullo et al demonstrated that these facilities
for younger children had endotoxin levels that were three times higher than endotoxin levels
in elementary schools for older children. Our study evaluated elementary schools and found
the endotoxin concentrations to be higher than homes. It is possible that if we evaluated
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daycares or preschool settings, the differential over home endotoxin concentrations may
have been even greater.

Another factor important to our study was the inner-city environment. Our comparison
showed higher concentrations in urban schools as compared to urban homes, but it is
difficult to translate these findings to a rural environment. Morcos et al found that rural
schools have higher levels of endotoxin as compared to urban schools.22 Likewise, higher
levels of endotoxin have been found in rural homes, especially those homes in close
proximity to farm animals.19 Based on these studies, it would be expected that both rural
schools and rural homes would have higher exposure of endotoxin, but the comparison
between schools and homes in these communities is unknown.

Previous studies have demonstrated that predictors of increased endotoxin levels include
pets, carpeting, moisture sources, increased total dust, and increased inhabitants in a living
area.17, 18 For our study, the number of residents in the home was not correlated with the
bedroom endotoxin concentration (r = 0.02). In the schools, the age of the school was not
correlated with the concentration of endotoxin (r = −0.08). There was no correlation
between the matched school and home samples when evaluating endotoxin concentrations (r
= 0.16). None of our schools had pets, and the majority of our schoolrooms did not have
carpeting. It is possible that the increased number of children in each classroom, as
compared to a bedroom, could have contributed to our findings. This is supported by our
finding that levels of dog and cat allergens were associated with higher concentrations of
endotoxin in the schools. Given that there were no pets in the schools, this association may
indicate that children are tracking endotoxin into the schools along with pet allergens.

We acknowledge that we have measured endotoxin concentration in the collected dust
samples and not total endotoxin load. Previous studies have demonstrated that endotoxin
concentration (EU/mg) and endotoxin load (EU/m2) are highly correlated.14, 15 Additionally,
endotoxin concentration has been used in primary analyses in a number of previous
studies. 9, 11, 14 We present medians rather than means because our dataset has a wide range
of values and we do not want a couple of extreme observations to overly influence results
that use means. Irrespective of this, p-values were calculated on log transformed data that
was normally distributed.

We recognize that our median endotoxin concentrations are lower than those found in
previous studies in rural communities19, metropolitan areas3, and inner-city studies.14

Although our median levels are lower than previous studies, our ranges of concentration
were wide with some samples having very high concentrations of endotoxin similar to
previous reports. Our lower median concentration may be related to a variety of factors
including climate, neighborhoods, and relatively few pets in our cohort. Another factor is the
complete lack of detectable cockroach allergen in our settled dust samples. We did not have
any home or school samples with detectable cockroach allergen in our cohort. Previously,
Thorne et al demonstrated that cockroach allergen has been associated with elevated
endotoxin levels.29 However, our lower concentrations may also be related to inter-
laboratory variations. Due to large inter-laboratory variations between the protocols used for
analyses of endotoxins, it is generally recommended that only intra-laboratory results are
directly compared.16 As such, our discovered concentrations should not be compared with
other studies, but should be compared within our own study. Given this, our lower
concentrations do not detract from our primary conclusion that, in our study, there was a
higher concentration of endotoxin in the school classrooms as compared to the home
bedrooms. We can not, at this time, make a statement regarding the possible implications of
these discovered concentrations on asthma morbidity, but we recognize that schools should
be considered important when evaluating exposures that may be related to asthma morbidity.
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One of our limitations is that our home sample was from the bedroom and not from other
rooms in the home. It is possible that other rooms in the home may have higher
concentrations of endotoxin due to a number of factors that may be present in non-bedroom
areas, such as pets, moisture sources, more foot traffic, and closer proximity to home
entrances. We chose the child’s bedroom as this was the site of sampling for previous
asthma studies, such as the National Cooperative Inner-City Asthma Study which
demonstrated bedroom allergen exposure to be associated with asthma morbidity.30

Additionally, interventional studies have shown that reduction of allergen levels in the
bedroom resulted in improved asthma control.31 Focusing on the bedroom makes sense as
this is the place were the child spends at least 7–8 hours each night. Within a 24 hour period,
this is likely the one room in a home where children spend the most time. This bedroom
exposure is comparable to their classroom exposure assuming that they spend approximately
7 hours per day in school. Thus, we designed our study for the main comparison between the
classroom and the bedroom.

Another limitation of our study is the potential bias that may arise from selecting a
population with asthma. We do not expect their school environments to differ from children
without asthma, but it is possible that their home environments may differ. For example,
children with asthma and animal allergies may be less likely to have a pet in their home or
allow a pet in their bedroom which would possibly decrease the amount of endotoxin in their
bedroom. In our study, 24.1% of the enrolled subjects reported having cats or dogs in their
home. Additionally, parents of children with asthma may be more likely to keep their child’s
bedroom cleaner which may result in less endotoxin compared to non-asthmatic children.
Regardless of the possible bias, the importance of the comparison in children with asthma is
that it may affect the child’s asthma morbidity. If families of children with asthma are
undertaking practices that decrease home endotoxin exposure, then the school endotoxin
exposure becomes even more important as parents have little, if any, control over this
environment.

Future studies should evaluate if school endotoxin exposure is associated with asthma
morbidity, controlling for home exposure. If school-based exposures are found to be
important in asthma morbidity, then interventional strategies should be aimed at the schools.
For years, physicians have been suggesting tactics to help improve the home environments
for children with asthma. Targeting school-based environmental exposures may prove to be
a cost-effective way to improve asthma health of many children.
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FIGURE 1. Median Endotoxin Concentration in Each Inner-City School as Compared to Homes
of Students Attending that Particular School
Black Bars Represent the Median School Endotoxin Concentration
Grey bars represent the Median Home Endotoxin Concentration
Dashed Line Shows Median Home Concentration for All Samples
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