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Abstract

Rationale: House endotoxin and ambient air pollution are risk
factors for asthma; however, the effects of their coexposure on asthma
are not well characterized.

Objectives: To examine potential synergistic associations of
coexposure to house dust endotoxin and ambient air pollutants with
asthma outcomes.

Methods:We analyzed data of 6,488 participants in the National
Health and Nutrition Examination Survey 2005–2006. Dust from
bedding and bedroom floor was analyzed for endotoxin content.
The Community Multiscale Air Quality Modeling System (CMAQ)
and Downscaler Model data were used to determine annual
average particulate matter<2.5 mm in aerodynamic diameter
(PM2.5), ozone (O3), and nitrogen dioxide (NO2) exposures at
participants’ residential locations. The associations of the
coexposures with asthma outcomes were assessed and tested for
synergistic interaction.

Measurements and Main Results: In adjusted analysis, PM2.5

(CMAQ) (odds ratio [OR], 1.12; 95% confidence interval [CI],
1.07–1.18), O3 (Downscaler Model) (OR, 1.07; 95% CI, 1.02–1.13),
and log10 NO2 (CMAQ) (OR, 3.15; 95% CI, 1.33–7.45) were
positively associated with emergency room visits for asthma in the
past 12months. Coexposure to elevated concentrations of house dust
endotoxin and PM2.5 (CMAQ) was synergistically associated with
the outcome, increasing the odds by fivefold (OR, 5.01; 95% CI,
2.54–9.87). A synergistic associationwas also found for coexposure to
higher concentrations of endotoxin and NO2 in children (OR, 3.45;
95% CI, 1.65–7.18).

Conclusions: Coexposure to elevated concentrations of residential
endotoxin and ambient PM2.5 in all participants andNO2 in children
is synergistically associated with increased emergency room visits for
asthma. Therefore, decreasing exposure to both endotoxin and air
pollution may help reduce asthma morbidity.
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Both house dust endotoxin and ambient air
pollutants are ubiquitous environmental
contaminants to which humans are
commonly exposed (1, 2). Ambient air
pollutants are well known to exacerbate
preexisting asthma, and recent evidence
indicates that they may contribute to the
development of the disease (3, 4). In
addition to causing oxidative stress,
damaging airway mucosa, and impairing
mucociliary clearance, they have been
reported to enhance the effects of inhaled
allergens and endotoxin in inducing airway

sensitization and asthma (4, 5). Endotoxin
is an LPS from the cell wall of gram-negative
bacteria released into the environment during
bacterial growth and lysis (6). It is a
component of bioaerosols found in
residential, instructional, and occupational
settings. Because of its small size, endotoxin
can remain airborne for extended periods of
time and may be resuspended from settled
dust by human activities and environmental
factors (7, 8). It often binds to particulate
matter in indoor and outdoor environments
and plays a role in the inflammatory effects of
particles (7). Endotoxin is associated with
bronchial asthma and asthma-like symptoms
as well as with chronic bronchitis and
emphysema in both occupational and
domestic settings through the production of
proinflammatory cytokines (9–12). There are,
however, reports that childhood exposure to
low doses of endotoxin during a narrow
window of opportunity may protect against
the development of atopy and atopic asthma
(13–15). The mechanism for this is unclear
but seems to involve the downregulation of
the T-helper cell type 2–mediated immune
system and the inhibition of inflammatory
cytokines (10, 14).

Exposure to multiple toxicants may
have effects that cannot be predicted by
separately evaluating the individual exposures.
Animal and human studies suggest that
coexposure to house dust endotoxin and
traffic-related particulate matter may
potentiate their effects on the respiratory
system (16–20). In animal models, diesel
exhaust particles (DEP) have been reported
to synergistically exacerbate acute lung injury
caused by LPS by amplifying the expression
of proinflammatory cytokines and to
abrogate any possible protective effect of
endotoxin against atopy (16–18). In humans,
the only two studies that have investigated
coexposure to endotoxin and air pollutants
were limited to urban children (19, 20). One
suggested that coexposure to endotoxin and
traffic air particles might be synergistically
associated with an increased risk of persistent
wheezing in toddlers (19). The other found
that indoor nitrogen dioxide (NO2) and air
nicotine modify the effect of endotoxin on
childhood asthma (20). However, neither
prior study examined the effect of coexposure
to endotoxin and pollutants among adults,
and neither included children living outside
urban centers. To address this gap in the
literature, we examined the possible
synergistic association of coexposure to house
dust endotoxin and ambient air pollutants

with asthma outcomes in a nationally
representative sample of both children and
adults in the United States. Our analysis
included sensitization status to inhalant
allergens and air pollutants such as ozone
(O3) not studied in the previous human
reports.

Methods

Data Source and Study Design
We used data from the 2005 to 2006 cycle of
the National Health and Nutrition
Examination Survey (NHANES). The
NHANES is a continuous cross-sectional
survey of the U.S. noninstitutionalized
civilian population conducted by the
National Center for Health Statistics
(NCHS) of the CDC. It uses a complex
multistage sampling design to derive a
sample representative of the U.S. population
and collects data on the health status of
participants through interviews, physical
examinations, and laboratory tests (21).

Among the 10,348 participants in the
2005–2006 NHANES, 6,963 had data on
endotoxin, and 6,488 of them (93.2%) were
linked spatially and temporally to air
pollution data. The 475 participants who
did not have air pollution data were those
whose geocoded address fell outside the
contiguous United States (Hawaii, Alaska,
or U.S. territories). Compared with the
10,348 NHANES 2005–2006 participants,
the 6,488 individuals with data on
endotoxin and ambient air pollutants were
more heavily represented by those residing
in the Midwest of the United States (Table
E1 in the online supplement). NHANES
protocols were approved by the
institutional review boards of the NCHS
and CDC, and informed consent was
obtained from all participants (21).

Endotoxin Analysis
Combined bed and bedroom floor dust was
sampled in the homes of the NHANES
participants using a Sanitaire Model 3683
vacuum cleaner and a Mitest Dust Collector
(Indoor Biotechnologies, Inc.) to vacuum 1
sq. yd. of the bed surface and the adjacent
floor for 2 minutes. Sieved dust was frozen
and shipped to our laboratory at the
University of Iowa for extraction and
analysis of endotoxin employing multiple
levels of quality assurance. The dust was
extracted with 1 ml of sterile pyrogen-free
Limulus amoebocyte lysate water plus

At a Glance Commentary

Scientific Knowledge on the
Subject: Endotoxin is an LPS on the
cell wall of gram-negative bacteria
known to cause bronchial asthma and
asthma-like symptoms. Ambient air
pollutants exacerbate existing asthma
and may contribute to causing the
disease. In vitro and animal studies
suggest that coexposure to residential
endotoxin and ambient air pollutants
may have effects on the respiratory
system worse than the sum of the
individual exposures’ effects.

What This Study Adds to the Field:
We examined the synergistic
association of coexposure to house dust
endotoxin and ambient air pollution
with asthma outcomes for the first
time, to our knowledge, in a
nationwide study including both
children and adults. We demonstrated
that coexposure to elevated levels of
endotoxin and particulate matter
<2.5 mm in aerodynamic diameter
was synergistically associated with
more emergency room visits for
asthma in the past 12 months in all
participants, especially children, and
in individuals sensitized to inhalant
allergens. In children, coexposure to
higher concentrations of endotoxin
and nitrogen dioxide was also
synergistically associated with the
outcome. Therefore, comprehensive
measures to decrease both residential
endotoxin and ambient air pollution
exposures might be more effective
than interventions targeting a single
exposure for reducing asthma
morbidity.
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0.05% Tween 20 to a final concentration of
50 mg/ml. Dust was shaken for 1 hour at
228C before being centrifuged at 48C to
remove large insoluble particles, and the
supernatant was assayed. Endotoxin was
measured using a kinetic chromogenic
Limulus amoebocyte lysate assay. The lower
limit of detection was 0.000488 endotoxin
units (EU) per milligram of house dust (22).

Air Pollution
The U.S. Environmental Protection Agency
(EPA) Community Multiscale Air Quality
Modeling System (CMAQ) model data were
used to estimate the annual average of
particulate matter<2.5 mm in aerodynamic
diameter (PM2.5), the annual average NO2,
and the mean 8-hour summer maximum
O3 in the continental United States on
363 36-km grids. The CMAQ estimates
were modeled using meteorological data
and chemical reaction kinetics (23). A
secondary measurement of the annual
averages of PM2.5 and mean 8-hour
summer maximum O3 was obtained from
the Downscaler Model (DS), which
combines CMAQ model estimates on
123 12-km grids, and was used to monitor
air pollution data to provide air pollutant
concentrations at local and community
scales. The DS is a Bayesian space–time
model developed by the EPA that estimates
daily concentrations of air pollutants for
each census tract centroid in the contiguous
United States (24).

The ambient air pollution data were
generated for the years 2004–2006 and
linked to the 2005–2006 NHANES using
participants’ geocoded addresses. The air
pollution averages were estimated for each
participant for the year period before
his/her examination date. Because these
data contain identifiable geographic
information, the data are restricted from
public use. Therefore, a proposal detailing
our data request and analysis plan was
submitted to the Research Data Center of
the CDC with confidentiality assurances.
After the proposal was approved, the data
analysis was performed on-site at the CDC.

Wheeze and Asthma Outcomes and
Sensitization to Inhalant Allergens
Wheeze and asthma outcomes were
assessed using questionnaires. Wheeze
outcomes included any wheeze and
physician/emergency room (ER) visits
for wheeze in the 12 months before
examination. Asthma outcomes included

current asthma and ER visits for asthma in
the past 12 months. We also included a
combined outcome of current asthma or
wheeze in the past 12 months. Sensitization
status was defined as serum IgE specific
to any inhalant allergen greater than or
equal to 0.35 kU/L. The tested allergens
were Dermatophagoides farinae,
Dermatophagoides pteronyssinus, cat, dog,
cockroach, Alternaria alternata, ragweed,
rye grass, Bermuda grass, oak, birch,
Aspergillus fumigatus, thistle, mouse, and
rat. The serum IgE concentrations specific
to these allergens were measured using the
Pharmacia Diagnostics ImmunoCAP 1000
System, now known as ImmunoCAP
Specific IgE (Thermo Fisher Scientific).

Covariates
Data on age, sex, race/ethnicity, presence of
a smoker in the home, and annual
household income were collected using
questionnaires. Poverty/income ratio (PIR)
was calculated using guidelines and
adjustment for family size, year, and state. It
was dichotomized into levels below and
above 1.85, the cutoff for eligibility for the
Supplemental Nutrition Assistance Program
in the United States (25). Body mass index
was calculated as weight in kilograms
divided by height in meters squared and
was categorized into levels less than 25
kg/m2 (normal), from 25 to less than 30
kg/m2 (overweight), and greater than or
equal to 30 kg/m2 (obese). Area of
residence was characterized by U.S. Census
regions (Northeast, South, Midwest, and
West) and degree of urbanization
(metropolitan vs. nonmetropolitan).

Analysis
Descriptive analyses were performed to
examine the central tendency and variability
of house dust endotoxin and ambient air
pollutants as well as their intercorrelations.
Because of their significant skewness,
endotoxin and NO2 were log10 transformed
to improve the normality of their
distribution. Coexposure to house dust
endotoxin and each of the ambient air
pollutants was defined using the following
combination groups: low endotoxin/low
pollutant (reference category), low
endotoxin/high pollutant, high
endotoxin/low pollutant, and high
endotoxin/high pollutant. Low and high
concentrations of house dust endotoxin and
ambient air pollutant concentrations were
defined by exposures to levels less than

versus greater than or equal to the 75th
percentile. Given the very low levels of the
exposures and based on the literature, the
75th percentile was used as a threshold.
This cutoff has also been used in a similar
report on endotoxin coexposure with air
pollutants in children from the Cincinnati
Childhood Allergy and Air Pollution Study
(19). Multivariable logistic regression was
used to assess the associations of each
ambient air pollutant and of the coexposure
to house dust endotoxin and ambient air
pollutants with asthma and wheeze
outcomes as well as with sensitization to
any inhalant allergen. The models were
adjusted for age, sex, race/ethnicity, PIR,
the presence of a smoker in the household,
body mass index, census region, and degree
of urbanization. Odds ratios (ORs) with
corresponding 95% confidence intervals
(CIs) were reported for the associations.
Additive interaction was evaluated by
calculating the attributable proportion (AP)
due to interaction using the methods
described by Andersson and colleagues
(26). The AP quantifies the proportion of
asthma outcomes in participants coexposed
to house dust endotoxin and the ambient
air pollutants that is due to the interaction
between the single exposures. It suggests
that an interaction is synergistic when
positive or antagonistic when negative (27).
All analyses were performed using SAS
software (version 9.4; SAS Institute),
accounting for the NHANES sampling
weights and complex survey design to
obtain national estimates. P values less than
0.05 were considered statistically
significant.

Results

Descriptive Analysis
Among the 6,488 NHANES participants
included in our study, the geometric mean
(SE) of house dust endotoxin was 15.33
(0.59) EU/mg. For the ambient air
pollutants, the geometric means (SEs) were
11.06 (0.76) mg/m3 (CMAQ) and 11.69
(0.51) mg/m3 (DS) for PM2.5, 54.34 (1.12)
ppb (CMAQ) and 49.25 (1.05) ppb (DS) for
O3, and 6.98 (1.03) ppb for NO2 (CMAQ).
These concentrations were well below the
EPA National Ambient Air Quality
Standards for the annual averages of PM2.5

(15.0 mg/m3), O3 (70 ppb), and NO2

(53 ppb) (www.epa.gov/criteria-air-
pollutants/naaqs-table). The medians and
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variability of these exposures are reported
in Table 1. As expected, Figure 1 shows that
CMAQ and DS estimates were strongly
correlated, and the ambient air pollutants
were significantly interrelated. Endotoxin
had significant but weak negative
correlations with PM2.5 (CMAQ) and PM2.5

(DS) and weak positive correlations with O3

(DS) and NO2.
The concentrations of house dust

endotoxin and ambient air pollutants
differed by participant characteristics.
House dust endotoxin concentrations were
higher in homes with young children (,6 yr
old), with Hispanic individuals, located in
the western United States, occupied by
participants with a low socioeconomic
status (PIR, <1.85), or in the homes of a
smoker. O3 (CMAQ) and O3 (DS) were
both higher in metropolitan areas, whereas
O3 (DS) concentrations were also higher
in the western United States. NO2

concentrations were higher in areas with
more Hispanic participants and in the
western United States. With regard to
health outcomes, participants with ER visits
for asthma in the past 12 months lived in
homes with higher dust endotoxin
concentrations and/or in areas with higher
PM2.5 (CMAQ). Those with wheeze in the
past 12 months or current asthma or
wheeze disproportionately lived in homes
with higher dust endotoxin concentrations.
Participants sensitized to any inhalant
allergen were more prevalent in areas with
higher NO2 (Table 2).

Association of Endotoxin and Air
Ambient Pollutants with Health
Outcomes
In logistic regression adjusted for covariates,
PM2.5 (CMAQ) (OR, 1.12; 95% CI,
1.07–1.18), O3 (DS) (OR, 1.07; 95% CI,

1.02–1.13), and log10 NO2 (OR, 3.15; 95%
CI, 1.33–7.45) were associated with
significantly higher ER visits for asthma in
the past 12 months. Elevated NO2 exposure
was also associated with a higher prevalence
of current asthma or wheeze in the past 12
months (OR, 1.57; 95% CI, 1.07–2.31)
(Table 3).

Coexposure to house dust endotoxin
and ambient PM2.5 (CMAQ) was
synergistically associated with ER visits for
asthma in the past 12 months in all
participants (AP, 0.55; P= 0.0055). The
association of the coexposure with the
outcome (OR, 5.01; 95% CI, 2.54–9.87) was
significantly higher than with the sum of
the associations for the individual
exposures (for endotoxin alone, OR, 1.98;
95% CI, 1.00–3.91; for PM2.5 [CMAQ]
alone, OR, 1.29; 95% CI, 0.67–2.50). In
subgroup analysis by age and sensitization
status to inhalant allergens, the synergistic
association remained significant in children
(AP, 0.80; P, 0.0001) and in participants
sensitized to any inhalant allergen (AP,
0.56; P= 0.022) (Figure 2).

In children, coexposure to house dust
endotoxin and ambient NO2 was also
synergistically associated with ER visits for
asthma in the past 12 months (AP, 0.62;
P= 0.011). The relationship of the
coexposure with the outcome (OR, 3.45;
95% CI, 1.65–7.18) was significantly higher
than the sum of the associations for the
single exposures (for endotoxin alone, OR,
1.60; 95% CI, 0.56–4.58; for NO2 alone, OR,
0.72; 95% CI, 0.25–2.03) (Figure 2). The
departure from additivity for the
coexposures of house dust endotoxin with
the CMAQ estimates of ambient PM2.5 and
NO2 in relationship to ER visits for asthma
in the past 12 months is graphically
illustrated in Figure 2.

Although coexposures of house dust
endotoxin with other ambient air pollutants
(PM2.5 [DS], O3 [CMAQ], and NO2

[CMAQ]) were all positively associated
with ER visits for asthma in the past 12
months, the additive interaction testing for
these associations failed to reach statistical
significance (Tables E2–E4). We found no
synergistic relationships for the association
of coexposure to house dust endotoxin and
ambient air pollutants with the other
asthma and wheeze outcomes or with
sensitization to any inhalant allergen
(Tables E5–E9).

Discussion

In the present study, conducted in a large
sample representative of the U.S.
population, coexposure to elevated
concentrations of endotoxin and PM2.5 had
a synergistic positive association with ER
visits for asthma in the past 12 months. In
children, coexposure to endotoxin and NO2

was synergistically associated with a higher
prevalence of ER visits for asthma in the
past 12 months. To our knowledge, this is
the first nationwide study on the synergistic
association of coexposure to house dust
endotoxin and ambient air pollution with
asthma outcomes. It includes both
children and adults as well as pollutants
such as O3 not previously investigated in
epidemiological studies.

Interactions between endotoxin and air
pollutants have been investigated in in vitro
studies. LPS has been found to enhance the
production by alveolar macrophages of
inflammatory cytokines in the presence of
PM2.5 and airborne particles (28–30).
Animal studies have shown that exposure
to DEP, a major constituent of PM2.5 in
urban areas, interacts with endotoxin to
exacerbate neutrophilic lung inflammation
(16, 17). In humans, only two studies on the
synergistic effect of endotoxin and air
pollutants in children have been conducted.
In a birth cohort of 762 children from the
Cincinnati Childhood Allergy and Air
Pollution Study, the association of the
coexposure to house dust endotoxin and
traffic-related particles with the risk of
persistent wheeze at the age of 36 months
was examined. Daily elemental carbon
attributable to traffic was used as a marker
of exposure to traffic-related particles and
was found to interact with house dust
endotoxin to enhance the risk of recurrent

Table 1. Concentrations of House Dust Endotoxin and Air Pollutants, National Health
and Nutrition Examination Survey 2005–2006

Exposure GM (SE) Median (IQR) 5th–95th Percentiles

Endotoxin, EU/mg dust 15.33 (0.59) 16.18 (7.95–34.31) 1.41–104.95
PM2.5, mg/m

3 (CMAQ) 11.06 (0.76) 11.51 (8.22–13.81) 6.57–18.88
PM2.5, mg/m

3 (DS) 11.69 (0.51) 12.13 (9.82–13.71) 8.76–15.51
O3, ppb (CMAQ) 54.34 (1.12) 56.17 (50.79–58.60) 45.35–61.89
O3, ppb (DS) 49.25 (1.05) 49.65 (45.71–54.10) 39.69–57.14
NO2, ppb (CMAQ) 6.98 (1.03) 7.37 (3.18–13.10) 1.96–21.84

Definition of abbreviations: CMAQ=Community Multiscale Air Quality Modeling System;
DS=Downscaler Model; EU=endotoxin units; GM=geometric mean; IQR= interquartile range;
NO2=nitrogen dioxide; O3=ozone; PM2.5 = particulate matter <2.5 mm in aerodynamic diameter.
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wheeze (19). In a smaller sample of 146
children aged 5–17 years, Matsui and
colleagues examined whether indoor
concentrations of particulate matter,
nicotine and NO2 modified the relationship
between airborne endotoxin and asthma
outcomes (20). Although they found
significant effect modification by nicotine
and NO2, their results did not appear to
suggest that the coexposures to endotoxin
and nicotine or NO2 were synergistically
associated with worse asthma outcomes.
They reported a positive association of
endotoxin with asthma symptoms and
acute visits in homes with lower indoor
NO2 concentrations, whereas in homes
with higher NO2 concentrations, the
relationship was inverse (20).

In our stratified analyses, the
synergistic associations of the coexposure to
endotoxin and PM2.5 persisted in children
and in participants sensitized to any
inhalant allergens. To our knowledge, this
study is the first to show a synergistic
association of the coexposure to endotoxin
and NO2 with ER visits for asthma in
children. Although no previous study has
reported a synergistic interaction between
endotoxin and NO2 in relation to asthma,
NO2 has been found to be associated with
higher asthma prevalence and severity as
well as with sensitization to inhalant

allergens (4, 31). In the two nationwide
studies of endotoxin performed in the
United States, we have shown that
regardless of age and sensitization status,
endotoxin is positively associated with
asthma symptoms and severity (11, 12).

Yet, there are reports that early-life
exposure to low doses of endotoxin might be
protective against allergies and allergic
asthma through mechanisms not fully
understood (14). In mice, this potentially
protective effect of perinatal endotoxin
exposure against the development of atopic
asthma was found to be inhibited by DEP
(18). The study concluded that endotoxin
by itself might be protective against atopy,
whereas the coexposure to endotoxin and
DEP might be a cause of allergic asthma
(18). Inconsistent with our finding of a
synergistic effect found in participants
sensitized to inhalant allergens, Ryan and
colleagues report that the synergistic effect
of coexposure to endotoxin and DEP on
recurrent wheeze was mainly observed in
participants not sensitized (19). These
results reported by Ryan and colleagues
also contradicted previous reports that
exposure to endotoxin is associated with
worse inflammation in rats sensitized to
inhalant allergens (32).

The mechanisms by which house dust
endotoxin and ambient air pollutants might

synergistically affect asthma outcomes are
multiple. Simultaneous exposure to
endotoxin and ambient air pollutants has
been reported to synergistically produce
oxygen free radicals in the lung through the
activation of xanthine oxidase. This can
cause acute lung injury with neutrophil
influx and increased production of
inflammatory cytokines (33). In rats,
preexposure to endotoxin increased the
number of neutrophils in lavage fluid and
the secretion of mucus into airways during
exposure to ambient air pollutants such
as O3 (34). Postexposure to ambient air
pollutants may also increase endotoxin-
induced production and storage of mucin
glycoproteins and endotoxin-induced
metaplasia (34). Likewise, initial exposure
to ambient air pollutants can cause acute
airway and lung injury and secondarily
enable endotoxin to cross the epithelial
barrier and exert toxic effects, causing the
epithelial cells to produce inflammatory
cytokines (35, 36). Consistent with our
results of a persistent significant synergistic
effect in children, children have been
reported to be particularly vulnerable to the
respiratory effects of air pollutants because
of the immaturity of their lungs and their
narrower airways, as well as their ability to
inhale more air per body weight than adults
(37).

Our study has major strengths. To date,
it is the largest study to investigate
coexposure to residential endotoxin and
ambient air pollution in relation to
respiratory outcomes. The study sample is
representative of the U.S. population and
includes both children and adults. Exposure
to ambient air pollutants was estimated
using both the CMAQ and DS data. This is
the only epidemiologic study on coexposure
to endotoxin and air pollutants to quantify
an additive interaction that is an indicator of
biological synergism (38). However, our
report has limitations. Owing to the cross-
sectional design of the study, temporality
between the exposures and the outcomes
could not be established. The asthma
outcomes were self-reported and could not
be confirmed. However, ER visits for
asthma in the past year may be more
memorable events that could be reported
more accurately than the other asthma
outcomes. The number of outcome events
for ER visits for asthma in the past 12
months was limited in the subgroup
analysis. Overall, 114 reported the outcome;
in the logistic regression analysis, the
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Figure 1. Heat map for the Pearson correlation between house dust endotoxin and ambient air
pollutants. Endotoxin and NO2 logarithmically transformed to improve the normality of their
distribution. CMAQ=Community Multiscale Air Quality Modeling System; DS=Downscaler Model;
NO2=nitrogen dioxide; O3=ozone; PM2.5 = particulate matter <2.5 mm in aerodynamic diameter.
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outcome events were reduced to 103
because of missing covariate data. In the
subgroup analyses by age and sensitization
status, the number of outcome events
ranged from 40 to 63. In our study,
concentrations of air pollutants were very
low. Although the concentrations were

comparable to those previously reported in
the United States (39, 40), many other
countries have reported higher air pollution
concentrations during the same period
(41–45). Our statistical analysis included
multiple testing, which might have
increased the probability of finding

significant results at P, 0.05 across
multiple asthma outcomes. However, most
of our results on the association of the
coexposures to endotoxin and ambient air
pollutants remained significant, even after
adjusting P values for multiple comparisons
and considering the more stringent
significance level of P, 0.01. (The adjusted
P value was calculated with the Bonferroni
correction by dividing the traditional
significance level of 0.05 by 5, which
corresponds to the number of asthma
outcomes included in the study.) The
synergistic association of coexposure to
endotoxin and PM2.5 with ER visits for
asthma was observed only when the
pollutant was measured with the CMAQ
but not with the DS, although PM2.5

(CMAQ) and PM2.5 (DS) were highly
correlated. The exact reason for this is
unclear. The DS combines monitoring and
CMAQ data and adjusts for potential biases
using studies on the health effects of air
pollution. However, its performance in
nonurban areas where monitoring data are
scarce has not been adequately described.
Therefore, the association between the DS
estimates and health effects in nonurban
locations should be interpreted cautiously
(46, 47). The CMAQ, on the other hand,
has been widely evaluated but also has
limitations. It uses a coarse grid and is
vulnerable to biases from meteorological
input and emissions inventory (46, 48).

In conclusion, coexposure to house
dust endotoxin and PM2.5 measured using
the CMAQ was synergistically associated

Table 3. Odds Ratios and 95% Confidence Intervals for Association of Air Pollutants with Wheeze and Asthma Outcomes and
Sensitization to Inhalant Allergens, National Health and Nutrition Examination Survey 2005–2006

Air
Pollutants

Wheeze in Past 12 mo Asthma Outcomes

Current Asthma
or Wheeze

Sensitization to Inhalant
AllergensAny Wheeze

Doctor/ER Visits
for Wheeze Current Asthma

ER Visits for
Asthma

PM2.5
(CMAQ)

1.01 (0.98–1.04) 1.03 (0.98–1.08) 0.99 (0.96–1.03) 1.12 (1.07–1.18)* 1.01 (0.99–1.04) 1.01 (1.00–1.03)

PM2.5 (DS) 1.01 (0.97–1.06) 1.04 (0.97–1.12) 0.98 (0.94–1.03) 1.13 (0.99–1.30) 1.02 (0.98–1.06) 1.02 (1.00–1.04)
O3 (CMAQ) 1.00 (0.97–1.03) 0.99 (0.95–1.04) 0.99 (0.96–1.02) 1.06 (1.00–1.12) 1.00 (0.98–1.03) 1.01 (1.00–1.01)
O3 (DS) 0.98 (0.95–1.01) 0.98 (0.93–1.04) 0.97 (0.93–1.01) 1.07 (1.02–1.13)† 0.98 (0.96–1.01) 1.01 (1.00–1.02)
Log-NO2
(CMAQ)

1.44 (0.98–2.12) 1.53 (0.84–2.77) 1.57 (0.82–3.02) 3.15 (1.33–7.45)† 1.57 (1.07–2.31)‡ 1.29 (0.99–1.69)

Definition of abbreviations: CMAQ=Community Multiscale Air Quality Modeling System; DS=Downscaler Model; ER= emergency room; NO2=nitrogen
dioxide; O3=ozone; PM2.5 = particulate matter <2.5 mm in aerodynamic diameter.
Model adjusted for age, sex, race/ethnicity, presence of a smoker in the house, poverty/income ratio, body mass index, census region, and level of
urbanization. Bold indicates significant associations of ambient air pollutants with asthma and wheeze outcomes.
*P,0.001.
†P,0.01.
‡P,0.05.

Exposure Levels Negative association Positive association OR (95%CI)

In All Participants
Lower Endotoxin / Lower PM2.5
Lower Endotoxin / Higher PM2.5
Higher Endotoxin / Lower PM2.5
Higher Endotoxin / Higher PM2.5

In Children
Lower Endotoxin / Lower PM2.5
Lower Endotoxin / Higher PM2.5
Higher Endotoxin / Lower PM2.5
Higher Endotoxin / Higher PM2.5

In Participants Sensitized to an Inhalant Allergen
Lower Endotoxin / Lower PM2.5
Lower Endotoxin / Higher PM2.5
Higher Endotoxin / Lower PM2.5
Higher Endotoxin / Higher PM2.5

Odds ratio 1 2 5

Lower Endotoxin / Lower NO2
Lower Endotoxin / Higher NO2
Higher Endotoxin / Lower NO2
Higher Endotoxin / Higher NO2

1.00
1.29 (0.67, 2.50)
1.98 (1.00, 3.91)*
5.01 (2.54, 9.87)****

1.00
0.51 (0.24, 1.10)
1.23 (0.55, 2.77)
3.75 (1.27, 11.07)*

1.00
0.72 (0.25, 2.03)
1.60 (0.56, 4.58)
3.45 (1.65, 7.18)**

1.00
1.25 (0.48, 3.22)
1.90 (0.77, 4.67)
4.88 (2.07, 11.49)***

Figure 2. Forest plots for coexposures to endotoxin and air pollutants synergistically associated with
emergency room visits for asthma in the past 12 months. Air pollutant data were obtained using the
Community Multiscale Air Quality Modeling System. The models were adjusted for age, sex, race/
ethnicity, smoker in household, poverty/income ratio, body mass index, census region, and level of
urbanization. The squares indicate the odds ratios, and the lines indicate the 95% confidence
intervals (CIs) for the odds ratios (ORs). *P,0.05, **P,0.01, ***P,0.001, and ****P, 0.0001.
NO2=nitrogen dioxide; PM2.5 = particulate matter <2.5 mm in aerodynamic diameter.
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with ER visits for asthma. A synergistic
association of coexposure to endotoxin and
NO2 with ER visits for asthma was also
observed in children. Prospective studies
are needed to confirm these findings and
examine the association of the coexposure
to domestic endotoxin and ambient air
pollutants with other respiratory outcomes
such as chronic obstructive pulmonary
disease. If the observed associations are

indeed causal, comprehensive public health
measures to reduce asthma morbidity and
associated healthcare costs that target both
residential endotoxin and air pollution
exposure may be more effective than
interventions targeting individual
exposures. n
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