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Abstract
We designed and tested a sampling and analysis system for quantitative measurement of airborne
cockroach allergen with sufficient sensitivity for residential exposure assessment. Integrated 1-
week airborne particle samples were collected at 10–15 LPM in 19 New York City apartments in
which an asthmatic child who was allergic to cockroach allergen resided. Four simultaneous air
samples were collected in each home: at heights of 0.3 and 1 m in the child's bedroom and in the
kitchen. Extracts of air samples were analyzed by ELISA for the cockroach allergen Bla g2,
modified by amplifying the colorimetric signal generated via use of AMPLI-Q detection system
(DAKO Corporation, Carpinteria, CA, USA). Settled dust samples were quantified by
conventional ELISA. Of the homes where cockroach allergen was detected in settled dust, Bla g2
also was detected in 87% and 93% of air samples in the bedroom and kitchen, respectively.
Airborne Bla g2 levels were highly correlated within and between the bedroom and kitchen
locations (P < 0.001). Expressed as picogram per cubic meter, the room average geometric mean
for Bla g2 concentrations was 1.9 pg/m3 (95% CI 0.63, 4.57) and 3.8 pg/m3 (95% CI 1.35, 9.25) in
bedrooms and kitchens, respectively. This method offers an attractive supplement to settled dust
sampling for cockroach allergen exposure health studies.
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Introduction
Mounting evidence suggests that exposure to various environmental allergens, including
those from cockroaches and rodents, can be an important risk factor in the development and/
or exacerbation of atopic asthma (Chew et al., 2008; Gruchalla et al., 2005; Matsui et al.,
2005; Phipatanakul et al., 2000; Rosenstreich et al., 1997). To date, investigators have
assessed exposures based primarily on allergen concentrations measured in settled dust (i.e.,
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`dustborne' allergens). Dustborne allergen assessment has been widely adopted because of
ease of sample collection and the availability of large dust samples that improve overall
analytical sensitivity. Settled dust allergens may also represent surrogates for time-integrated
air exposures.

However, uncertain dust settling rates and surface dust collection efficiencies complicate the
quantitative relationship between dust and air concentrations. Furthermore, home cleaning
prior to field teams arriving can make the measurements not representative of normal living
conditions. These parameters likely vary from study to study and make comparisons
difficult. As the risks of developing allergen-specific sensitization and subsequent asthma
depend to some extent on the quantity of allergens that are inhaled (as well as host factors
such as genetic predisposition), measurements of airborne allergen concentrations may
represent a more relevant measure of risk, especially if the sampling duration is sufficient to
integrate over periodic peaks.

In the past, relatively little effort had been directed at developing sensitive methods for
airborne cockroach allergen assessment in residential settings. Airborne cockroach
concentrations have been detected in a few studies that employed very high total volume
(>300 m3) air samples (Swanson et al., 1989). Detectable levels also were reported in
samples collected in 20 New York City apartments at a high flow rate (>180 l/min) over a
24-h duration (Goldstein et al., 1987). Conversely, in studies in low-income housing
utilizing low total volume (1–2 m3) air sampling, investigators did not detect cockroach
allergens without the use of aggressive sampling techniques (i.e., forced air dust
disturbance) (de Blay et al., 1997; Mollet et al., 1997). These samples were collected at a
low flow rate of 2 l/min over a 3- to 8-h sampling period.

Recent efforts to isolate airborne cockroach allergens have focused on low-flow, long-term
volumetric sampling in homes and in schools (Chew et al., 2005). Other groups have
successfully implemented the use of ion-charging devices to collect airborne allergen and
have used them to detect airborne cockroach allergens (Custis et al., 2003; Peters et al.,
2007). However, this method has two potential detracting features. First, it does not provide
quantitative data (i.e., the volumetric data necessary to calculate airborne exposure as a mass
concentration in picogram per cubic meter, which is a more relevant metric for evaluating
exposure and health risk than mass fraction results reported as nanogram per gram) (Peters
et al., 2007). In addition, the ionizers can emit significant levels of ozone in the home, thus
potentially exacerbating asthmatic symptoms in the homes of asthmatic study participants
(Consumers Union, 2005a).

Until now, there has been no reliable, feasible method for routine, quantitative measurement
and analysis of airborne cockroach allergen exposures. The goal of the present study was to
develop and evaluate air sampling as an exposure assessment tool for cockroach allergen
and to compare airborne cockroach levels to those measured in dust. These objectives were
carried out as part of the baseline home measurements in an intervention trial aimed at
reducing exposures to cockroach allergens in a cohort of asthmatic children in NYC (Kinney
et al., 2002).

Methods
Air sample collection and analysis

Asthmatic children were recruited aged 5–18 years who were allergic to cockroaches and
lived in apartments with self-reported cockroach infestation. Subjects were recruited from
emergency department logs at the New York Columbia Presbyterian Hospital (Columbia
campus). Homes were located in low-income neighborhoods of Northern Manhattan and the
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South Bronx. Sampling for airborne cockroach allergen (Bla g2) was conducted in 19
apartments of different multi-family buildings. Air samples were collected in conjunction
with home site visits scheduled as part of the parent study (Kinney et al., 2002). While many
details of apartment layout and occupancy were not collected for this study, most of the
homes were 2–3 bedroom apartments in midrise buildings with 4–7 residents. The homes
were similar to those of a larger birth cohort investigated by our research team (Chew et al.,
2003; Miller et al., 2001). The families were asked to not change their behaviors during the
sampling period, and our visits were arranged to fit the families' schedules.

A target sample volume was chosen based on the design goal of collecting a minimum of 5
mg of TSP on each filter. A sample flow rate between 10 and 15 l/min over a 7-day period
achieved this goal while also integrating over the natural variations in concentrations that
were likely to occur over time. Flows were calibrated with a primary flow Dry Cal DC Lite
calibration kit (Bios International Inc, Pompton Plains, NJ, USA). Vacuum was provided by
a Linear-Motor-Driven Free Piston vacuum pump (Medo U.S.A. Inc, Hanover Park, IL,
USA). Two such pumps were housed in each sampling system. Air samples were collected
on pre-weighed polytetrafluoroethylene (PTFE) mesh filters (Quant-Tec-Air Inc, Rochester,
MN, USA) housed in standard 37 mm cassettes (SKC Inc, Philadelphia, PA USA). PTFE
mesh filters were tested by a Model 8160 Automated Filter Tester (TSI Inc, St Paul, MN,
USA) and found to have 97% collection efficiency for 0.3-μm particles at a flow rate of 30
l/min. One sampling system was set up in the kitchen and another in the bedroom. At each
home sampling event, four 7-day air samples were collected simultaneously: two in the
child's bedroom and two in the kitchen. In each location, one air sample was located at a
height of approximately 1 m from the floor to approximate a child's breathing zone
exposures and a second sample was located at a height of approximately 0.3 m, to examine
whether a vertical gradient existed close to the floor.

The air sampling equipment was designed to be as quiet as possible and tamper resistant.
The pumps were housed in an insulated, lockable plastic shell. The assemblage was fitted
with an internal timer and counter to verify the time of pump operation. Filter cassettes were
operated in open-face mode. The effective sampling probe diameter related to a cassette
opening of 37 mm will not bias particle collection for size ranges below 20 μm (Davies,
1968). All sample lines were enclosed within a plastic pipe casing that extended vertically
from the side of the pump housing to a height of 1 m, with branches and elbows housing the
filter cassettes at 0.3 and 1 m (Figure 1). Filters were pre-weighed and post-weighed (after
conditioning in a temperature–humidity-controlled environment for at least 24 h) on a
Mettler-Toledo MX Microbalance (Mettler-Toledo International Inc, Columbus, OH, USA).
Post-weighed samples were then stored at −20°C until the extraction date. Filters were
extracted in 1 ml of phosphate-buffered saline (PBS) with 0.05% Tween 20 (pH 7.4) and
shaken at 200 rpm for 1 h at 30°C. Samples were centrifuged at 10 800 g for 1 min, and the
supernatant was removed and frozen at −20°C until assayed.

Cockroach allergen (Bla g2) was assayed by ELISA (Indoor Biotechnologies,
Charlottesville, VA, USA), as previously described (Pollart et al., 1991), and modified to
include an ELISA detection amplification procedure. The amplification procedure utilized
the AMPLIQ detection system (DAKO Corporation, Carpinteria, CA, USA) to amplify the
colorimetric signal generated by an assay that uses alkaline phosphatase as the label. The
analytical detection limit for the airborne cockroach (CR) method was 0.04 ng/ml of extract
(in comparison with earlier literature, this is equivalent to 0.001 Units/ml). A 7-point
standard curve was run in duplicate and used on each microtiter plate. Because all samples
were extracted into 1 ml of PBS, the limit of detection (LOD) in nanogram/gram for
individual samples was computed by dividing 0.04 ng/ml by grams sampled, yielding the
median LOD of 7.5 ng/g sampled (interquartile range: 0.48–15.0 ng/g).
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Amplification validation, quality control and unknown sample reported values
To validate the amplification procedure, a low-end calibration experiment was performed to
establish the LOD for the method as a whole. The procedure uses the variability of low-level
analyte responses as an estimate of the standard deviation of the blank signal (Kennedy et
al., 1995). For quality control purposes, a field blank was collected and analyzed from each
home and routine laboratory blanks were run at a frequency of 10% of the unknown
samples. All laboratory standard calibration curves and blanks were reviewed for each plate
individually to compare the reported LOD for each plate to the mean optical density signal
generated by the blanks.

Four data points were collected for each unknown sample analyzed. Each sample was run in
duplicate at full strength and at a 1:2 dilution. Using the instrument-supported software,
SoftMax Pro (Molecular Devices Inc, Sunnyvale, CA, USA), values within the linear
portion of the standard curve were selected. In some cases, the value of the full strength
samples was used, and in other cases, the average of both the full strength and 1:2 dilutions
was reported.

Collection and analysis of settled dust
Settled dust was collected from the kitchen and child's bedroom on 70-mm cellulose filters
(Whatman International, Maidstone, UK) using a canister vacuum cleaner (Eureka Mighty
Mite, Bloomington, IN, USA) and a modified collection nozzle (ALK Inc, Hørsholm,
Denmark). In the kitchen, exposed areas of the floor, the top of the refrigerator, and window
sills were vacuumed. In the child's bedroom, 2 m2 of the floor surrounding the bed was
vacuumed. The vacuuming time for each sample was 4 min. Samples were returned to the
laboratory for post-weighing and then stored at −20°C. Dust samples were not sieved. Dust
samples were extracted on a platform shaker for 1 h at 30°C in phosphate-buffered solution
with 0.05% Tween 20 solution. Cockroach allergen (Bla g2) was assayed by sandwich
ELISA, as described earlier, but without the amplification step.

Statistical analysis
Only air sampling data that met data quality criteria were analyzed, including a complete
chain of custody, proper filter loading, and adequate sample mass. Eight of 76 possible air
sampling events (19 homes × 2 rooms × 2 heights) were voided because of questionable
loading or filter damage. Bla g2 measurements below the LOD were reassigned a value of
half the LOD.

All variables were tested for normality using the Shapiro–Wilk test. After natural log
transformation, all variables satisfied this normality criterion. Correlation coefficients were
calculated for airborne measurements collected in different locations and between airborne
and dustborne measurements, using the Pearson correlation (2-tailed significance test).
Differences between simultaneously measured air samples at 0.3 and 1 m, in the kitchen vs.
the bedroom, were tested using the Student's paired t-test. Linear regression analysis was
used to further examine the relationship between airborne allergen concentrations and dust
concentrations in an attempt to predict airborne allergen concentrations from the dustborne
levels.

Results
Airborne Bla g2 and TSP concentrations

Overall, cockroach allergen (Bla g2) was measured above the LOD in 73% and 68% of the
kitchen and bedroom air samples, respectively. For homes in which dustborne Bla g2 was
detected, the detection rate was higher: 93% for kitchens and 87% for bedrooms. Expressed
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as nanogram per gram of TSP collected, cockroach allergen (Bla g2) levels in the air of the
study homes ranged from below the detection limit to 2500 ng/g of TSP. The geometric
mean in the rooms of the homes ranged from 34 ng/g at the bedroom 1-m level to 84 ng/g at
the kitchen 0.3-m level. Expressed as picogram per cubic meter of sampled air, Bla g2
concentrations ranged from below the detection limit to 51 pg/m3. The geometric mean in
the rooms of the homes ranged from 2.3 pg/m3 at the bedroom 1-m level to 4.0 pg/m3 at the
kitchen 0.3-m level (Table 1).

The location-specific geometric mean airborne TSP concentrations ranged from 47.2 μg/m3

(95% CI 31.0, 69.1) at the kitchen 0.3-m sample location to 50.5 μg/m3 (95% CI 40.2, 75.7)
at the bedroom 1-m location. Individual airborne TSP concentrations ranged from a low of
14.3 μg/m3 to a high of 134.9 μg/m3 (Table 2).

Airborne Bla g2 and TSP room air comparisons
As seen in Table 1, Bla g2 concentrations appeared higher nearer to the ground at a height of
0.3 m than at 1 m. However, these differences were not statistically significant. Kitchen air
levels also tended to be higher than those measured in the bedroom, and these differences
reached the 0.05 significance level for the nanogram per gram metric and the 0.10
significance level for the picogram per cubic meter metric. Comparison of TSP levels
showed no significant differences in concentration between the 0.3- and 1-m samples
collected within the same room or between rooms of the test apartments (Table 1).

Bla g2 room air and TSP correlations
All airborne Bla g2 variables were correlated significantly between vertical sampling
locations (i.e., 0.3 and 1 m) within each room and between the kitchen and bedroom sample
locations, whether calculated as picogram per cubic meter (Figure 2a–c) or nanogram per
gram (data not shown). Likewise, all TSP variables were significantly correlated (data not
shown). However, none of the TSP concentrations were associated with airborne Bla g2
sample concentrations (data not shown).

Bla g2 dust to air comparisons
Airborne Bla g2 concentrations were compared with surface dust Bla g2 samples vacuumed
in kitchens and bedrooms (Table 3). Expressed as nanogram per gram, airborne Bla g2
measured in the kitchen at 0.3 m was significantly associated with kitchen dust
concentrations expressed as nanogram per gram of dust (r = 0.601, P < 0.05). Associations
were significant for both kitchen and bedroom air samples at 0.3 m when dust
concentrations were re-expressed in units of nanogram per sample. Expressed as picogram
per cubic meter, airborne Bla g2 measured in the kitchen at 0.3 m was significantly
associated with the kitchen dust.

Regression of the airborne Bla g2 level (in nanogram per gram of TSP) on the kitchen dust
Bla g2 concentration (in nanogram per gram) yielded a slope of 0.43 (95% CI 0.08–0.77),
R2 = 0.38.

Discussion
In this study, a sensitive and quantitative method for measuring indoor airborne exposures to
Bla g2 was developed. The method involved collecting a 7-day integrated TSP sample at a
flow rate of approximately 10–15 l/min. We found that Bla g2 allergen was suspended in the
air at measurable levels and highly correlated across different locations within homes. The
airborne levels of both TSP and Bla g2 varied substantially from home to home, but the
within-home variability was small and the between-room concentrations were highly
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correlated. We also found that the within-home TSP and airborne Bla g2 levels were not
associated.

Dustborne sampling vs. airborne sampling for Bla g2
The majority of studies of inner city asthma and cockroach allergens have relied solely on
the concentrations of allergens found in the dust of homes (Rosenstreich et al., 1997). While
dust samples can be collected relatively quickly in the home and the process does not unduly
inconvenience occupants, dustborne sampling is an indirect measure of exposure and a
standardized protocol is very difficult to adopt (Lewis and Breysse, 1998; Mansour et al.,
2001; Wickens et al., 2004). In addition, the use of dust sampling as an exclusive exposure
assessment tool may lead to misinterpretation of the actual allergen burden within study
homes (Gold, 2000). Because analysis of allergens in settled dust has limitations, we believe
this study provides a supplementary and potentially sounder approach to the assessment of
allergen exposure. Airborne sampling has the potential to provide a more direct and relevant
measure of inhalation exposure than does dust sampling. Studies using airborne sampling
have the potential to broaden our understanding of exposure patterns in homes and to
provide more precise and relevant exposure assessments for linkage to health outcomes.

However, several factors have made the development of methods for exposure assessment
using airborne allergen sampling difficult. Airborne concentrations of allergens are low and
therefore require sensitive assays, large volumes of air, and sufficient mass of suspended
particulate to achieve reliable detection. The airborne quantity of allergen is not only
dependent on the source of the allergen but on other factors that are difficult to assess
including individual activity patterns and levels, patterns of domestic `disturbance' (i.e.,
vacuuming and/or sweeping), and home ventilation rates. It is believed that these factors
might limit the value of fixed area sampling, unless the samplers are located near loci of
indoor activity (Platts-Mills et al., 1991). Finally, like dust sampling methods, investigators
have not used standardized protocols to collect airborne allergen samples.

For airborne Bla g2 in particular, the prevailing theory is that cockroach allergen, like dust-
mite allergen, is associated with large particles (>10 μm) that do not remain airborne after
disturbance. It is assumed that airborne Bla g2 cannot be sampled without the use of
aggressive sampling techniques (i.e., using strong blowers to re-suspend settled dust) (de
Blay et al., 1997; Tovey et al., 1981). For these reasons, few studies have assessed airborne
cockroach allergen concentrations.

In this study, we addressed the methodological issues associated with airborne allergen
sampling in general and specifically for airborne Bla g2. We show that reliable air sampling
for cockroach allergen is possible without the use of aggressive sampling techniques and
without scavenging particles, which is a criticism of high volume air sampling methods. We
do not dispute the notion that cockroach allergen is associated with large particles. Rather,
we hypothesize that our samples are composed, in part, of Bla g2-carrying particles that are
of respirable size and that the significance of this airborne fraction may have been
overlooked in the past. Finally, in the absence of airborne exposure data, our reported
airborne concentrations may have important health implications in asthma sensitization and
morbidity.

Airborne Bla g2 distribution and particle size implications
The high correlations we observed for airborne Bla g2 concentrations measured throughout
the home suggest that airborne Bla g2 is distributed within homes in a relatively uniform
manner. In turn, this suggests that Bla g2 may be associated with smaller particles that have
sufficient residence time to remain airborne and spread throughout the home following
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physical disturbance events. Again, the prevailing theory for cockroach and dust-mite
allergen-carrying particles is that both are associated with large particles. This theory is
based, in part, on the fact that a peritrophic membrane encases the fecal pellet of both the
cockroach and the dust-mite. The membrane binds the allergens of both species, so they
cannot be easily suspended (Tovey et al., 1981; Zwick and Popp, 1991). However, the
ecology of these species is quite different (i.e., cockroaches are free roaming throughout an
apartment, while dust-mites are associated more closely with bedding and other fabric
furnishings). Thus, the peritrophic membranes of discarded cockroach fecal pellets are more
susceptible to desiccation and/or pulverization as part of normal domestic conditions than
the membranes of the dust-mite fecal pellet. These large cockroach fecal pellets can
breakdown to produce smaller particles, which can then become suspended and re-
suspended in the home (Lehrer and Horner, 1991).

There is supporting evidence that a considerable size fraction of the TSP in inner city homes
is of a respirable size and that this fraction contains cockroach allergen. The Baltimore
Indoor Environmental Study of Asthma in Kids reported average PM2.5 concentrations that
were approximately 30% of their mean PM10 level (McCormack et al., 2008). Most
recently, they report mean (±s.d.) indoor PM2.5–10 concentrations of 17.4 ± 21.0 and PM2.5
concentrations of 40.3 ± 35.4 μg/m3 in homes from their cohort (McCormack et al., 2009).

De Lucca et al. used air sampling under low disturbance (i.e., normal living conditions with
no dust raising or cleaning activities) and no-disturbance (i.e., overnight while occupants
were sleeping) scenarios to identify particles that adsorb and suspend Bla g1. Under low
disturbance conditions, 20% of particles eluting cockroach allergen were <10 μm. However,
under no-disturbance conditions, the particle size distribution shifted to 40% of the particles
<10 μm (De Lucca et al., 1999).

Previous work by de Blay et al. further supports the notion. When they aggressively
disturbed and suspended the dustborne reservoirs in their study homes, they found that
approximately 7.0% of the total air mass of their samples was composed of particles <5 μm
in size and approximately 15% of the suspended particle mass was in the 5- to 10-μm size
range. Thus, close to 25% of the mass of airborne particles eluting Bla g2 were below 10
μm (de Blay et al., 1997). It is crucial to point out that the two respirable size fractions were
detected only after the homes underwent artificial disturbance, when the mass of these
particle fractions was sufficient to achieve the lower LOD limit of their analytical method.

Data from the Healthy Public Housing Initiative (HPHI) in Boston, MA, also demonstrate
that a portion of the airborne particle size fraction carrying Bla g2 is smaller than 10 μm
while confirming that the detection of airborne Bla g2 is achievable without aggressive
sampling (Peters et al., 2007). The air samples in this study were collected using
commercially available ion-charging electrostatic precipitators over a period of 2 weeks.
This type of collection device has been shown to collect fine particles at a higher rate than
large particles (McCormack et al., 2008). In addition, the reported median Bla g2 levels of
60 ng/g in bedroom air samples collected from the HPHI study homes are within the
confidence interval of the geometric mean and median bedroom concentrations reported in
our study homes.

Towards a Bla g2 inhalation exposure threshold
When expressed as Bla g2 in U/g, which was the conventional units reported in previous
dustborne exposure allergen exposure studies, the airborne geometric mean concentration
from all 19 locations ranged from approximately 1 U/g to >2 U/g with the highest individual
sample concentration reaching 106 U/g. Dustborne concentrations of Bla g2 in the range of
1 to >2 U/g have been reported as a threshold for sensitization in homes of children with
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asthma (Custovic et al., 1996; Eggleston et al., 1998; Hamilton et al., 1992; Sarpong et al.,
1996). These levels are also consistent with literature on dustborne Bla g2 concentrations
predicting wheeze in first year of life and sensitization to Bla g2 in school children (Gold et
al., 1999; Sporik et al., 1999). Finally, Chew et al. (2008) reported that Bla g2 levels >1 U/g
in children's bed and kitchen dust samples were independently associated with cockroach-
specific IgE.

Exposure thresholds based on dustborne concentrations are not directly applicable to
inhalation exposure and are likely a higher estimate of the biologically effective dose
required to elicit molecular immune responses within the lung. In the absence of inhalation
thresholds, our data offer a first indication of a relationship between Bla g2 in the dust and
Bla g2 in air. This association may provide further insight into the applicability of existing
dustborne thresholds and development of future inhalation thresholds. We tested our air to
dust associations with a simple linear regression model. The slope was significantly greater
than zero, indicating that the airborne Bla g2 concentration increases as the dustborne Bla g2
concentration increases in our homes. We estimate that a concentration 80 ng/g of Bla g2 in
kitchen dust will generate a background concentration of approximately 150 ng/g or
approximately 6 pg/m3 of Bla g2 in the air of the home. This concentration represents our
median kitchen exposure and our 75th percentile bedroom exposure.

The collection rate of our air samples mimics resting breathing volumes and therefore
occupant exposure. Based on a daily inhalation rate estimated from daily activities of 15 m3/
day and the assumption that the subject will remain in the home for 24 h, the mean daily
baseline chronic exposure of our study participants is approximately 45 pg of Bla g2 per day
(95%CI 15–300) or 16 ng per year (95%CI 5–108).

Health relevance of chronic airborne Bla g2 exposure
The health relevance of chronic exposure to low concentrations of airborne Bla g2 is
unknown. Environmental factors to consider when evaluating the health relevance of
airborne Bla g2 exposures include the concentration, size, and residence time of Bla g2-
carrying particles in the surface and air compartments of the home. Important human
exposure factors include the size of the inhaled Bla g2-carrying particle, the bioavailability
of Bla g2 at the lung mucosa, the dose–response effect on the affected cellular components,
and individual susceptibility.

In terms of the airborne concentration, when reported as picogram per cubic meter, the
airborne Bla g2 levels appear to be very low. However, studies utilizing cockroach extracts
have provided evidence that exposure to low levels of cockroach allergen can lead to a
measurable immune response. Arruda et al. (1995b) found that cockroach-allergic patients
gave positive skin tests to recombinant Bla g4 at concentrations of 10−3 to 10−5 μg/ml and
that skin test reactivity was correlated with serum IgE antibody response. Pollart et al.
(1991) demonstrated the biologic activity of Bla g2 by performing skin testing on
cockroach-allergic patients and found patients gave positive reactions to Bla g2 at 10−1 to
10−4 μg/ml. In vitro studies utilizing airway epithelial cell lines have measured molecular
responses to cockroach extracts such as eosinophil release of cytotoxic inflammatory
mediators, interleukin-8 expression, and Ca2+ signaling at concentrations as low as 20–300
ng/ml (Bhat et al., 2003; Hong et al., 2004; Sohn et al., 2004).

We interpret the correlation between air concentrations in bedroom and kitchens to suggest
that a fraction of both the dustborne and airborne Bla g2 in our homes is associated with
particles <10 μm. PM10 and 2 μm particles have been shown to remain suspended for just
under 2 and 3 h, respectively, after normal domestic activity. In addition, 2-μm size particles
will persist in a home for years if they are not removed by regular vacuuming (Qian et al.,
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2008). Thus, allergens present on particles <10 μm can become suspended and resuspended
into the indoor air compartment of a home in a chronic cycle because of normal domestic
activity. Once airborne, these particles can penetrate into the lung where it is available to
react with the airway epithelium. Literature utilizing bronchial provocative tests, skin tests,
and serum IgE on human subjects and airway epithelial cell lines in vitro has demonstrated a
dose-response relationship between direct exposure to cockroach allergen and
immunological responses at high and low doses (Arruda et al., 1995b; Bhat et al., 2003;
Kang, 1976; Pollart et al., 1991). Our subjects are sensitized and highly allergic to
cockroach allergen.

Therefore, from a health perspective, an important but previously undetected burden of
airborne Bla g2 exists in homes of children who are allergic to Bla g2 and who have asthma
in New York City. This fraction of the allergen reservoir may be composed of relatively fine
particles that are suspended and re-suspended on a regular basis by normal domestic
activity, thus creating a chronic airborne allergen exposure capable of sensitizing inhabitants
to Bla g2. This chronic exposure is independent of other acute exposures that may result
from direct contact with contaminated linens and fabrics and/or unintentional disturbance of
allergen dust reservoirs.

Clearly, further study of airborne cockroach allergen is warranted to further investigate the
actual size of the Bla g2 particles in the air, their relationship to asthma morbidity, and
whether other bioactive cockroach proteins (i.e., Bla g4,5,6 and 7) are present in the
suspended particulate fraction of homes of asthmatic children. The reported airborne
cockroach levels suggest an ongoing burden of inhalation exposure.
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Practical Implications

Until now, cockroach allergen exposures have usually been assessed by collection and
analysis of settled dust, on the assumption that airborne cockroach allergen cannot be
reliably measured. In this study, a sensitive and quantitative method for measuring indoor
airborne exposures to cockroach allergens involving a 7-day integrated total suspended
particulate (TSP) sample collected at approximately 10–15 l/min was developed.
Investigators are now empowered with an alternative exposure assessment method to
supplement their studies and the understanding of allergen aerodynamics in the homes of
children with asthma. We report airborne cockroach allergen in apartments, suggesting
an ongoing burden of inhalation exposure.
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Fig. 1.
Photograph illustrating the features of the sampling apparatus utilized in the study

Esposito et al. Page 13

Indoor Air. Author manuscript; available in PMC 2013 June 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
(a) Scatter plot of log-transformed airborne Bla g2 concentrations in picogram per cubic
meter for the kitchen 0.3 and 1 m samples (r = 0.92, P < 0.001). Low end data points are
below the lower limit of detection (LOD) and were reassigned a value of ½ the detection
limit. (b) Scatter plot of log transformed airborne Bla g2 concentrations in picogram per
cubic meter for the Bedroom 0.3 and 1 m samples (r = 0.98, P < 0.001). Low end data points
are below the lower LOD and were reassigned a value of ½ the detection limit. (c) Scatter
plot of log transformed airborne Bla g2 concentrations in picogram per cubic meter for
Kitchen 1 m and Bedroom 1 m samples (r = 0.89, P < 0.001). Low end data points are below
the lower LOD and were reassigned a value of ½ the detection limit
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Table 1

Airborne Bla g2 concentrations for all samples satisfying QA criteria (see methods) expressed as (a) ng/g of
total suspended particulates and (b) pg/m3 air sampled

Percentiles

Units Sample location n mean Geom. mean min
a 25 50 75 Max

ng/g Kitchen 0.3 m 16 380 84* 1.6 17 150 620 2500

Kitchen 1 m 14 220 67 1.6 26 140 240 1500

Bedrm 0.3 m 16 160 49* 1.6 7.4 76 230 950

Bedroom 1 m 15 170 34 1.6 3.6 62 160 1100

pg/m3 Kitchen 0.3 m 16 13 4.0** 0.2 0.7 4.9 21 51

Kitchen 1 m 14 6.1 3.0 0.2 2.0 4.9 8 21

Bedrm 0.3 m 16 7.8 2.5** 0.2 0.3 4.2 12 30

Bedroom 1 m 15 7.2 2.3 0.2 0.2 4.6 14 29

One unit = 40 ng of Bla g2.

*
Significantly different at P < 0.05.

**
Significantly different at P < 0.10.

a
Min set to 1/2 limit of detection.
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Table 2

Airborne TSP concentrations for all samples (in μg/m3)

Percentiles

Sample location n mean Geom. mean min 25 50 75 max

Kitchen 0.3 m 16 56 47 14 27 49 85 117

Kitchen 1 m 14 54 45 15 26 47 69 135

Bedroom 0.3 m 16 57 52 20 38 50 75 115

Bedroom 1 m 15 57 51 18 35 55 79 113
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Table 3

Correlations between airborne Bla g2 concentrations and room dust concentrations

Correlation variables Correlations with dust

Location Air sample (units) Dust in ng/g Dust in ng/sample

Kitchen 0.3 m (ng/g) 0.6* 0.6*

1 m (ng/g) 0.5** 0.5**

0.3 m (ng/m3) 0.5* 0.6*

1 m (ng/m3) 0.4 0.5**

Bedroom 0.3 m (ng/g) 0.0 0.3

1 m (ng/g) −0.1 0.3

0.3 m (ng/m3) −0.1 0.2

1 m (ng/m3) 0.0 0.3

One unit of Bla g2 = 40 ng of Bla g2.

*
P < 0.05.

**
P < 0.10.
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