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A B S T R A C T

Background: Endotoxins are stimulators of the immune system and, despite their potential to protect
against allergy, have been associated with early wheezing and asthma morbidity.
Objective: To compare inner-city school endotoxin exposure with home endotoxin exposure in children
with asthma.
Methods: Studentswith asthmawere recruited from12urban elementary schools. Settled and airborne dust
samples, linked to enrolled students, were collected from school classrooms, gymnasiums, and cafeterias
twice during the academic year. For comparison, settled dust was collected once from the bedrooms of
students with asthma.
Results: Two hundred twenty-nine school settled dust samples and 118 bedroom settled dust samples were
collected and analyzed for endotoxin. The median endotoxin concentration for school samples was 13.4
EU/mg (range, 0.7–360.7 EU/mg) and for home samples was 7.0 EU/mg (range � LLOD–843.0 EU/mg). The
median concentrationwithin each individual school varied from 6.6 EU/mg to 24.0 EU/mg. One hundred four
students with asthma had matched classroom and bedroom endotoxin exposure measurements performed
in the same season and demonstrated significantly higher concentrations of endotoxin in the students’
classrooms (mean log value, 1.13 vs 0.99, P � .04). The median of the classrooms was 12.5 EU/mg compared
with their bedrooms, with a median of 7.0 EU/mg. Within the school environment, no significant difference
was seen between the fall and spring samples (mean log value 1.14 vs 1.09; P � .35).
Conclusion: Inner-city children with asthma were exposed to higher concentrations of endotoxin in their
classrooms as compared with their bedrooms. Further studies are needed to evaluate school endotoxin
exposure as a factor in asthma morbidity.
� 2012 American College of Allergy, Asthma & Immunology. Published by Elsevier Inc. All rights reserved.
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Endotoxins or lipopolysaccharides are part of the outer mem-
rane of gram-negative bacteria and are shed into the environment
fter bacteria die.1 Endotoxins are widely distributed in our envi-
onment and are potent stimulators of the immune system. Early
xposure to endotoxinmay result in a decreased TH2 profile2,3 and
ay be protective against the development of atopic condi-

ions.2, 4–6 In contrast, possibly as an irritant or a modifier of
ulmonary responsiveness to allergens, increased endotoxin ex-
osure has been associated with both the development of early
hildhood wheezing and increased current asthma symptoms in

ubjects already diagnosed with asthma.4,7–15

munology. Published by Elsevier Inc. All rights reserved.
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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 Some studies have demonstrated the pres-
ence 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 chil-
dren with asthma. Given the important association of endotoxin
and asthma, our goal was to evaluate the school endotoxin expo-
sure relative to the home endotoxin exposure in children with
asthma. Additionally, we aimed to determine whether animal al-
lergen concentrations were associated with endotoxin concentra-
tions.

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 asthmamorbid-
ity. In this study, 500 elementary school–aged children with
asthma are being recruited from35 to 40metropolitan schools over
5 years. Students are recruited annually and prospectively followed
during the subsequent academic year to monitor asthma morbid-
ity. During the academic year, enrolled students’ school and home
environments are sampled for allergen exposure to determine
school- and classroom-specific environmental risk factors, relative
to homeexposures, associatedwith asthmamorbidity. 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-studymade possible
through supplemental funding (ACAAI Young Faculty Support
Award) obtained to analyze a subset of environmental dust sam-
ples for endotoxin. The endotoxin sub-study measured endotoxin
concentrations in schools and homes of children with asthma en-
rolled in SICAS during the study’s first 2 years. All of the students
during this time period were recruited from 12 inner-city elemen-
tary 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 indi-
vidual classrooms, gymnasiums, and cafeterias as a measure of
schoolwide 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,Maryland) 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 �m particle ex-
clusion), aliquoted, and stored at �20�C until extraction.

Home environmental assessment

In the home environment, dust sampleswere 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 r
attress and from the bedroom floor. Settled dust samples were
ollected from the subjects’ bedrooms once during the year of
bservation.

easurement of endotoxin and allergens in dust samples

Collected dust was extracted in pyrogene-free water/0.05%
ween 20 and serially diluted for inclusion in the chromogenic
imulus Amoebocyte Lysate assay (Lonza, Walkersville, Maryland)
ormeasurement of endotoxin. The concentration of endotoxinwas
easured using the units of EU/mg. The lower limits of detection

LLOD) were 0.5 EU/mg for endotoxin. The LLOD for measured
llergenswas 0.004�g/g for Fel d 1, 0.012�g/g for Can f 1, and 0.002
g/g for Mus m 1.

easonal analysis

For purposes of analysis, the year was divided into “Fall” and
Spring” seasons. The “Fall” season was defined as any time from
eptember toMarch,withmost samples being collected in Septem-
er, October, and November. The “Spring” season was defined as
ny time between April and August, with most of the samples
ollected in April, May, and June. School samples were collected
wice during the year, once in each of the seasons, with approxi-
ately 6 months between the collections of each sample. Home
amples were collected once during the year. These school and
ome samples were linked to individual children with asthma.
ome samples were matched to the school sample that was per-
ormed within the same season, and the time interval between
ampling the home and school was typically within 2 months.

tatistical analysis

Medians were calculated for endotoxin levels in each setting
schools and homes) and for each season (fall and spring) in the
chool samples. Values below the LLOD were assigned the limit of
etection for all statistical analyses. Each enrolled subject had per-
onal links that identified their bedroom, their school, and their
xact classroom. Statistical analysis was performed on settled dust
amples of matched students’ classrooms and bedrooms collected
n the same season. Additionally, analyses were conducted on
atched fall and spring school samples. Endotoxin concentrations
ere log transformed, so the distributions were approximately
ormal for parametric statistical tests and correlations. Paired t
ests on log transformed variables were used where P values are
eported. Pearson correlations were computed for log transformed
ariables to determine levels of associations. Finally, allergen con-
entrations for cat, dog, and mouse were evaluated as possible
redictors of elevated log transformed endotoxin concentrations
sing generalized linear models to account for the clustering of
tudents within schools (SAS 9.12, Cary, North Carolina).

esults

A total of 347 settled vacuumed dust samples were collected
ver the 2-year period. In the subjects’ schools, a total of 229 settled
ust samples were collected from multiple rooms in 12 different
chools (5 schools in year 1 and 7 schools in year 2). School samples
ere collected twice during the academic year, with 117 settled
ust samples collected in the fall and 112 settled dust samples
ollected in the spring. Also, 118 bedroom settled dust samples
ere collected.
In the school dust samples, 100% (229 of 229) had detectable

evels of endotoxin, with a median concentration of 13.4 EU/mg. In
he home dust samples, 96.6% (114 of 118) had detectable endo-
oxin levels, with a median concentration of 7.0 EU/mg. Additional
nformation on the overall home and school endotoxin concentra-
ions, including levels for different schoolrooms, such as class-

ooms, cafeterias, and gymnasiums, are included in Table 1.
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A total of 104 enrolled subjects with asthma had matched sam-
ples collected from their bedroom and their classroom in the same
season. In this subset ofmatched samples, the classroomendotoxin
concentration was significantly higher than the bedroom endo-
toxin concentration (mean log value � 1.13 vs 0.99, mean differ-
ence � 0.144, 95% CI of difference � 0.009–0.278, P � .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
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 class-
room than in their bedroom.

There was wide variability between endotoxin concentrations
in dust samples across the 12 schools (as seen in Fig 1). Themedian
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 concen-
tration 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 sam-
ples (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 with 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 � .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 con-
centrations in fall samples was 14.4 EU/mg (range, 0.7–360.7 EU/
mg) as compared with 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, a weak

Table 1
Endotoxin levels in schools and homes of children with asthma

Number of
samples collected

Samples with
detectable endoto

Homes (all bedrooms) 118 96.6% (114)
Schools (all rooms) 229 100% (229)
Different schoolroom types:
Classrooms 195 100% (195)
Cafeterias 22 100% (22)
Gymnasiums 12 100% (12)
Fig. 1. Median endotoxin concentration in each inner-city school as com
orrelation was detected between the fall and spring schoolroom
amples (r � 0.23).
Finally, dust samples were evaluated to see whether higher

llergen concentrations were associated with higher endotoxin
oncentrations. As seen in Table 2, higher concentrations of dog and
at allergens in school dust samples were associated with higher
oncentrations of endotoxin when adjusting variances for within-
chool variability and repeated observations. Significant differ-
nceswere found in endotoxin concentrations between the school-
ooms in the higher tertiles of cat and dog allergens as compared
ith the lowest tertile. In contrast, no differences were seen in
ettled dust endotoxin concentration between the schoolrooms
hen grouped by tertile level of settled dust mouse allergen (data
ot shown).

iscussion

In our study, inner-city children with asthma were exposed to
igher concentrations of endotoxin in their school classrooms as
omparedwith their home bedrooms. To our knowledge, this is the
rst study to directly compare school endotoxin exposure with
ome endotoxin exposure in children with asthma. This result
emonstrates that in an urban environment, schools, and not
omes, may represent the most significant location for endotoxin
xposure. Given that children spend a large proportion of their
hildhood in school, this endotoxin exposure may substantially
ontribute to asthma morbidity. Further studies are needed to
valuate the school environment as a cause of asthma morbidity.
Previous studies have found detectable endotoxin in schools but

id not evaluate students’ homes. As expected, Andersson et al20

iscovered that endotoxin levels in daycares and schools were
ower than endotoxin levels found in animal sheds20; however, the
ome environment provides a better comparison for childhood
xposure. Most previous studies have evaluated places of educa-

Median endotoxin
level

Endotoxin range Endotoxin
interquartile range

7.0 EU/mg �0.5–843.0 EU/mg 4.6–22.5 EU/mg
13.4 EU/mg 0.7–360.7 EU/mg 7.0–23.0 EU/mg

13.8 EU/mg 0.7–360.7 EU/mg 7.2–23.5 EU/mg
16.0 EU/mg 0.9–126.8 EU/mg 9.0–27.8 EU/mg
5.6 EU/mg 2.3–21.3 EU/mg 3.2–8.3 EU/mg
xin
pared with homes of students attending that particular school.
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tion 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 that in
homes. If we evaluated daycares or preschool settings, the differ-
ential over home endotoxin concentrations may have been even
greater.

Another factor important to our study was the inner-city envi-
ronment. Our comparison showed higher concentrations in urban
schools as compared with urban homes, but translating these find-
ings to a rural environment is difficult. Morcos et al22 found that
rural schools have higher levels of endotoxin as compared with
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, both rural schools and rural
homes would be expected to have higher exposure of endotoxin,
but the comparison between schools and homes in these commu-
nities is unknown.

Previous studies have demonstrated that predictors of in-
creased 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 corre-
lated with the bedroom endotoxin concentration (r � 0.02). In the
schools, the age of the school was not correlated with the concen-
tration of endotoxin (r� �0.08). No correlationwas foundbetween
thematched school and home samples when evaluating endotoxin
concentrations (r� 0.16). None of our schools had pets, andmost of
our schoolrooms did not have carpeting. Possibly the increased
number of children in each classroom, as compared with a bed-
room, could have contributed to our findings. This is supported by
our finding that levels of dog and cat allergenswere associatedwith
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 concentra-
tion 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.9,11,14Wepresentmedians
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 usemeans. Irrespective of this, P-valueswere

Table 2
School dust endotoxin level by tertile of allergen level

Number Median
endotoxin
level

Mean log
endotoxin
level (SD)

Cat allergen (Fel d 1)
Low

�0.04 �g/g 76 9.6 EU/mg 0.98 (0.51) Reference
Middle

�0.04–�0.43 �g/g 76 10.7 EU/mg 1.12 (0.41) P � .019
High

�0.43 �g/g 77 16.7 EU/mg 1.23 (0.32) P � .001
Dog allergen (Can f 1)
Low

�0.012 �g/g 77 9.0 EU/mg 0.95 (0.51) Reference
Middle

�0.012–�0.15 �g/g 76 13.2 EU/mg 1.13 (0.42) P � .003
High

�0.15 �g/g 76 17.0 EU/mg 1.24 (0.32) P � .001
calculated on log transformed data that was normally distributed. s
We recognize that our median endotoxin concentrations are
ower than those found in previous studies in rural communities,19

etropolitan areas,3 and inner-city studies.14 Although ourmedian
evels are lower than previous studies, our ranges of concentration
ere wide, with some samples having very high concentrations of
ndotoxin similar to previous reports. Our lower median concen-
ration may be related to a variety of factors, including climate,
eighborhoods, and relatively few pets in our cohort. Another fac-
or is the complete lack of detectable cockroach allergen in our
ettled dust samples. We did not have any home or school samples
ith detectable cockroach allergen in our cohort. Previously,
horne et al demonstrated that cockroach allergen has been asso-
iated with elevated endotoxin levels.29 However, our lower con-
entrations also may be related to inter-laboratory variations. Be-
ause of large inter-laboratory variations between the protocols
sed for analyses of endotoxins, it is generally recommended that
nly intra-laboratory results be directly compared.16 As such, our
iscovered concentrations should not be compared with those of
ther studies but should be comparedwithin our own study. Given
his, our lower concentrations do not detract from our primary
onclusion that, in our study, a higher concentration of endotoxin
as found in school classrooms as comparedwith home bedrooms.
e cannot, at this time, make a statement regarding the possible

mplications of these discovered concentrations on asthma mor-
idity, but we recognize that schools should be considered impor-
ant when evaluating exposures that may be related to asthma
orbidity.
One of our limitations is that our home sample was from the

edroom and not from other rooms in the home. Possibly other
ooms in the home may have higher concentrations of endotoxin
ecause of a number of factors thatmaybepresent in non-bedroom
reas, such as pets, moisture sources, more foot traffic, and closer
roximity to home entrances. We chose the child’s bedroom be-
ause this was the site of sampling for previous asthma studies,
uch as the National Cooperative Inner-City Asthma Study, which
emonstrated bedroom allergen exposure to be associated with
sthma morbidity.30 Additionally, interventional studies have
hown that reduction of allergen levels in the bedroom resulted in
mproved asthma control.31 Focusing on the bedroommakes sense,
ecause this is the placewhere the child spends at least 7 to 8 hours
ach night. Within a 24-hour period, this is likely the one room in a
omewhere children spend themost time. This bedroom exposure
s comparable to their classroom exposure, assuming that they
pend approximately 7 hours per day in school. Thus, we designed
ur study for the main comparison between the classroom and the
edroom.
Another limitation of our study is the potential bias that may

rise from selecting a population with asthma. We do not expect
heir school environments to differ from those of children without
sthma, but their home environments may differ. For example,
hildren with asthma and animal allergies may be less likely to
ave a pet in their home or to allow a pet in their bedroom, which
ould possibly decrease the amount of endotoxin in their bed-
oom. In our study, 24.1% of the enrolled subjects reported having
ats or dogs in their home. Additionally, parents of children with
sthma may be more likely to keep their child’s bedroom cleaner,
hich may result in less endotoxin compared with those of chil-
ren without asthma. Regardless of the possible bias, the impor-
ance of the comparison in children with asthma is that it may
ffect the child’s asthma morbidity. If families of children with
sthma are undertaking practices that decrease home endotoxin
xposure, then the school endotoxin exposure becomes evenmore
mportant, because parents have little, if any, control over this
nvironment.
Future studies should evaluatewhether school endotoxin expo-
ure is associated with asthma morbidity, controlling for home
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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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