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Introduction

Personal exposure to airborne allergens indoors is a dynamic and
complex interaction between the environment and the patient that
results in the deposition of allergen-carrying particles in the upper
and/or lower respiratory tract. This exposes various components of the
immune system to soluble allergens, which may have a range of clini-
cal consequences including sensitization and the induction of acute or
chronic symptoms of disease. Many factors determine this exposure;
environmental and physical factors influence the diversity, total
amount, and size of particles that can be airborne at any time. Mean-
while, personal factors, such as the level of activity and proximity to
the allergen sources, influence the amount of allergens in the breathing
zone of the patient and the proportion of these that are inhaled.

Measurement of personal allergen exposure allows the exploration
of the relationship between allergen exposure and allergic disease. A
range of collection devices and immunoassays have been used to esti-
mate the concentration or amount of allergens in either reservoir dust,
or the air, in a variety of occupational and domestic settings. From these
proxy measurements of doses of exposure, relationships have been
sought for clinical outcomes ranging from sensitization to the changes
in acute and chronic indices of such diseases as asthma and hay fever.

Many of the systems used to quantify allergen exposure only
provide some measurement of allergens in a standardized sample
recovered from a component of the individual’s environment. It is dif-
ficult to know the relationship between such measurements and what
is actually deposited in the upper and/or lower respiratory tract of an
individual. This is further complicated by the nature of the allergen
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exposure, which may be either over a short period in one location or
during an activity, or cumulatively over extended time-frames. At
present we are unable to determine allergen exposure profiles and
therefore the relevance of certain types of exposure. Continual devel-
opment of both sampling and assay technology recently has made it
possible to both collect and examine samples in a way that more
closely allows the analysis of actual exposure that an individual
receives. This provides new insights into the nature of such exposure,
enables its relationship to disease to be better established and also
allows more relevant, simple sampling methods to be validated. This
review examines the characteristics of personal allergen exposure, the
methods for assessing exposure, and the data available on personal
allergen exposure to indoor allergens.

Measuring Personal Allergen Exposure as a Rational
Strategy for Prevention and Management
of Allergic Disease

It is important for the management of allergic disease not only to
establish that the patient has an allergy, but also the presence of an
allergen in the patient’s environment. A rational approach to reducing
allergen exposure and assessing its effect on patient health can only be
developed through the measurement of personal allergen exposure.

Allergen Exposure, Sensitization, and Symptoms

Sensitization to a specific allergen remains the strongest risk fac-
tor for the development of allergic diseases (1-3). It is clear that there
is a strong relationship between allergen exposure and the level of
sensitization in a community (3,4). The earlier proposals of allergen
“thresholds” for sensitization within the population have recently
been refined. Wahn and colleagues (4) quantified the increasing inci-
dence of sensitization to cat and mite allergens with increasing expo-
sure both in a group of infants with atopic parents and in another
group without atopic parents.

The relationship of allergen exposure and symptoms of asthma
has been more difficult to define directly than the more measurable
and simple outcome of sensitization. Support for the role of allergens
in asthma comes from a number of sources and fulfills all of Bradford-
Hills criteria for proof of an association between a disease and an
environmental cause (5). Experimental supportive data for the role of
natural exposure in causing symptoms comes in several forms. There
is data from provocation of acute symptoms with natural aeroallergen
exposure (6-9), data from the worsening of airways hyper reactivity
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with either season fluctuations (9,10) or with differences in commu-
nity allergen levels (11,12), and data from studies where asthma
symptoms improve when allergen exposure has been reduced (see, for
example, Custovic (13).

The model of how allergen exposure “causes” the symptoms of
asthma needs to be considered in terms of chronic and acute asthma.
Allergen exposure initially stimulates a genetically predisposed per-
son to become sensitized (that is, to produce allergen-specific IgE),
usually as a young child. Further allergen exposure gradually leads to
the development of nonspecific airways hyper-reactivity in a sub-
group of such individuals. Such hyper reactive airways are a common
feature of asthma and will respond to a range of stimuli—such as
exercise, cold, some viral infections, and additional allergen exposure—
to produce the acute symptoms of asthma. It is the ongoing back-
ground stimulation by allergens that is important in maintaining
the state of hyper-reactivity (14) and there will not necessarily be a
link between discrete episodes of asthma and identified episodes of
exposure. Such a model is strongly supported by observations of oc-
cupational exposure (15), including the experience that the hyper-
reactivity may become persistent if allergen exposure is maintained.
Acute asthma from allergen exposure is a subset of this; it occurs
when there is sufficient exposure of particles that directly interact
with the airways, as in the inhalation of animal allergens (6) or small
granules derived from burst pollen (16), that are in sufficient dose and
are small enough to directly enter the airways.

In a recent editorial, Platts-Mills (17) considered three factors to
obscure the relationship between the measurement of allergens in
houses and asthma symptoms. These were:

1. The lack of accuracy of reservoir measurements in providing
information about allergen exposure;

2. Individual differences in the local inflammatory responsiveness of
the lungs (measures based on specific IgE are not very useful for
quantifying lung inflammation); and

3. The existence of multiple factors, in addition to allergens, that can
trigger an attack of asthma, including chemicals, cold air, and res-
piratory viral infections.

It is likely that the prevalence of sensitization can be linked to an
exposure level based on reservoir dust levels multiplied by time in
years (18). It is unlikely that this index will be of sufficient sensitivity
to the pathological events involved to be a useful index for asthma
symptoms. The improved measurement of personal allergen exposure
will greatly facilitate the understanding of its role in asthma. Modeling
the quantity, particle size, and timing of such exposure will provide the
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only logical foundation for a measure that can be related to clinical
effects. It will also be very useful for designing and validating mea-
sures to reduce allergen exposure.

Allergen Exposure, Diagnosis, and Disease Reduction

The relationship between a patient’s allergen exposure and
symptoms of allergic disease is currently explored by skin-prick test-
ing with allergen extracts or measuring the level of specific IgE in the
patient’s serum. The utility of this information is highly dependent on
the patient’s history and the correct choice of allergens for screening
the patient against. The information that both these tests provide is
limited in that it does establish whether a patient is currently exposed
to any of the allergens to which they are sensitized, but the level of
exposure to the allergen, and therefore whether this allergen is
responsible for the patients current symptoms, cannot be determined.
It is known that IgE is persistent and that circulating IgE may remain
high in the absence of exposure. In patients who are sensitized to
multiple allergens, allergy testing cannot determine current exposure
to relevant allergens. A second limitation of allergy testing is that it
cannot detect unknown or unsuspected allergens. In Australia, epi-
demiological studies have found that 8% of patients who have symp-
toms of allergic disease are skin-prick test negative to a panel of 14
inhalant allergens (19,20). These people do not have specific IgE to
any of the standard test-panel allergens used in skin-prick testing and
thus are classified with unknown atopy. In a recent survey across Cal-
ifornia, it was found that 57 different inhalant allergens were required
to detect 90% of allergies (21); however, patients are rarely tested
against such an extensive panel and even if they are, the question of
current exposure still remains. Clinically, undiagnosed atopy may be
very important because unsuspected allergens may contribute to cur-
rent acute or chronic symptoms.

A number of recent publications have reviewed the role of allergen
avoidance in reducing both symptoms of allergic disease and the rate
of sensitization to aeroallergens (13,22). The most dramatic demon-
strations of the effects of allergen reduction on disease severity have
come from observations in low-allergen environments, such as hospi-
tal rooms (23) or temporary residence in the European mountains (24).
Clinical studies in houses have met with more mixed success, as was
recently pointed out in the Cochrane Review of allergen avoidance
(25). However several well-designed, case-controlled, and prolonged
studies in houses have demonstrated gradual improvements in clinical
outcomes (26,27). The major difficulty with such trails is that it is un-
clear to what extent personal aeroallergen exposure was actually
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reduced by the avoidance methods employed, despite some reductions
in reservoir levels. Several large studies in progress worldwide are ex-
amining the effect of allergen reductions on sensitization and the de-
velopment of allergic diseases. Meanwhile allergen-avoidance strategies
have been endorsed by a number of researchers and health organiza-
tions worldwide (3,13,22,28-30). 1t is of critical importance that meth-
ods are developed to assess the level of personal allergen exposure
that is likely to facilitate meaningful allergen-avoidance strategies.

Components of Personal Exposure to Aeroallergens

An indoor environment contains large reservoirs of allergens and
a relatively small amount of this allergen is airborne at any point in
time. The contribution of individual sources within an environment is
likely to be highly variable and to influence the amount of allergen that
is airborne, the size of particles in the air carrying allergen, and there-
fore the dose of allergen inhaled by an individual in that environment.

The many components of personal exposure to aeroallergens are
illustrated in Fig. 1. The sources of most domestic aeroallergen are the
large quantities of accumulated mite, pet, and other allergens in the
dust of beds, carpets, soft furnishings, and clothing. The contribution
of each source to airborne allergen levels varies with time, distur-
bance, ventilation, and source characteristics, such as the materials the
sources are made from. All these factors influence the amount of aller-
gen that is airborne and the characteristics of the particles carrying
allergen. Further, this is a dynamic equilibrium where allergen expo-
sure is changing as determined by its generation from sources and
removal by ventilation and settling.

It is worth noting that the fraction airborne (nanograms) is of the
order of millionths of the total in reservoirs (milligrams) in the house.
It is also likely that the fraction of smaller particles that become and
remain airborne are only partly representative of all the particles that
carry allergen in the settled dust reservoirs. The amount and sizes of the
particles that are inhaled will also depend on the characteristics of the
airborne particles carrying allergen, the proximity of the patient to the
source, the level of activity, the rate of inhalation, and the amount of air
inhaled. The site of deposition is in turn influenced by the size of par-
ticles that are inhaled.

The Physical Nature of Aeroallergens:
Amount, Size, and Shape

The size and shape of particles carrying allergen affects their
behavior when disturbed, when airborne, and when inhaled. Many
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Fig. 1. Personal exposure to airborne allergens. Large reservoirs of allergens
exist in normal indoor environments, including bedding, soft furnishings, and
pets. Allergens become airborne from a range of reservoirs and sources and are
influenced by the level of activity and dust disturbance in the environment.
Methods for measuring allergen exposure include: reservoir measurements from
carpets and soft furnishings (1); measurement of allergen in the ambient air (2)
using a static or breathing zone air samplers, or through the collection of aller-
gen settling from the air using settling plates (2a); measurement of true personal
exposure to allergens (3), through the collection of inhaled allergens (3a) or the
measurement of allergen deposited into the lung (3b).

studies have examined the amount and particle-size distribution of
airborne allergens. Aeroallergens are very heterogenous both in terms
of the quantities that can be found in the air during normal domestic
activity and the particles on which they are carried. Mite and cock-
roach allergens are reported to be carried on large particles and dur-
ing normal domestic activity can only be detected in airborne samples
using highly sensitive assay techniques or after dust disturbance. Dog
and cat allergens are carried on a smaller particles and can readily be
detected in airborne samples. Personal sampling has consistently
demonstrated large variations in individual exposure to aeroallergens.

In order to develop an appreciation of personal allergen exposure,
it is essential that we attempt to understand the nature of airborne
allergenic particles, including the amount of allergen that is airborne,
the size of particles carrying the allergen, the shape and source of par-
ticles carrying allergen, and their behavior. The amount of allergen that
is inhaled is one of the factors that determines the development of
symptoms in sensitized individuals; this is most readily demonstrated
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in allergen-exposure challenge rooms or occupational settings, but has
only been indirectly examined in normal domestic circumstances (6,8).
In addition to the total amount of allergen inhaled, particle size and
shape have strong influences on the site of deposition in the respira-
tory tract and the resultant symptoms. Some studies suggest that few
particles above 10 um in diameter enter the lungs (31), whereas others
have shown that particles larger than this clearly do enter the lung
(32). Thus particles greater than 10 um may make an important con-
tribution to the amount of inhaled allergen, even if only a small frac-
tion is deposited in the lung.

A number of studies have examined airborne levels of the major
indoor allergens (Tables 1-5). These studies have found that there is a
large variation in the amount of a specific allergen that is airborne in
different environments and the size of particles that carry airborne
allergens. In addition, the shapes and sizes of the particles that carry
aeroallergens differ within and between allergens, which affects their
behavior when disturbed, when airborne, and when inhaled. It is
surprising that for domestic allergens there have been few studies of
personal exposure using breathing-zone samplers (see section on “Per-
sonal Breathing Zone Samplers”), whereas for occupational exposures
they have been widely used.

House Dust Mite

For the house dust mite allergens Der p 1, Der p 2, and Der f 1,
the levels that can be detected in the air are low, highly variable, and
often undetectable by conventional assays in the absence of distur-
bance (Table 1). This apparently is not a universal finding because
others have been able to detect airborne Der p 1 during normal
domestic activity (33), after prolonged sampling (34) and have found
that levels taken 1 yr apart are highly correlated (33). During dust
disturbance, there is often a 50-fold difference in the concentrations
of airborne allergen detected in different homes within the one
experiment.

Based on reported levels of airborne Der p 1 (Table 1), and
assuming a minute volume of 20 L, the average individual would be
exposed to the order of 0-3000 pg of allergen (Der p 1) in a 1-h period
in an undisturbed environment. This is clearly an enormous range in
allergen exposure, but is consistent with measurements of personal
exposure to Der p1 made with breathing zone samplers by Sakaguchi
(35) (91.1-643 pg/m3), Oliver (36) (0-2500 pg/m3), and Sakaguchi (34)
(6485 pg/m3). Given the reported vast differences in personal expo-
sure to mite allergen, it is clearly impossible to speculate on an indi-
vidual’s personal exposure and therefore such exposure should be
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Table 2
Particle Size Distribution of Airborne Cockroach and Mite Allergens

Allergen Size range (mm) % Conditions Reference
Blag1 >10 80 Disturbed, impinger (42)
1.5-10 10 @175 L/min (n=7)
<5 <10
Bla g 2 >10 74 Disturbed, impinger (42)
1.5-10 16 @175 L/min (n=7)
<5 <10
Derp 1 (Der1) >20-6 88.8  Domestic activity (93)
15-2 6.7
5-1 1.8
2.5-0.3 1.4
<0.5 1.3
Mite >4.1 11 Disturbed (bedmaking) (80)
<23 22 Andersen @ 1130 L/min
<2.3-14 24
<-0.8 30
<0.8 13
Mite >4.1 14 Nondisturbed Andersen (80)
<4.1-23 30 @ 1130 L/min
<23-14 13
<1.4-0.8 27
<0.8 17
Der 1 >20-6 76.1  During disturbance (37)
15-2 13.2 (Vacuum), cascade
5-1 5.5 @ 17 L/min (n = 6)
2.5-0.3 3.9
<0.5 1.2
Der p 1 >20-6 78 Disturbed, cascade (85)
15-2 18 @ 18-19 L/min (n = 16)
5-1 1
<25 2
Der p 2 >20-6 62 Disturbed, cascade (85)
15-2 21 @ 18-19 L/min (n = 18)
5-1 11
<25 5
Derp1 Flakes 5-50 um 30 Natural disturbance, (40)
Fibers 10-150 um 34 IOM sampling
Feces 1540 um 36 @ 2 L/min, microscope

assessed using a personal sampling device (see sections on “Personal
Breathing Zone Samplers” and “Nasal Air Samplers”).

In most homes, during dust disturbance, 80-95% of airborne mite
allergen is carried on particles >5 um diameter (Table 2). After 15 min,
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Table 5
Particle Size Distribution of Airborne Cat and Dog Allergens
Allergen Size (um) % Conditions Reference
Canf1l >9 41 Normal domestic, Andersen (47)
5.8-9 22 @ 28.3 L/min
4.7-5.8 13
3.3-4.7 11
2.1-3.3 7
1.1-2.1 3
0.65-1.1 2
Cat >4.1 29, 18 Disturbed (bed making), (80)
<4.1-2.3 16, 17 undisturbed Andersen
<2.3-14 6,12 @ 1130 L/min (same home)
<1.4-0.8 16, 15
<0.8 30, 39
Feld 1 >20-6 39 Undisturbed, cascade, (81)
15-2 27 @ 18-22 L/min
5-1 8 n=1)
<25 26
Feld 1 >10-3 42 Undisturbed, impinger (81)
10-1.5 35 @ 18-22 L/min
<5 24 (same house as above)
Feld 1 >20-6 23,10 Disturbed, undisturbed (81)
15-2 29,12 cascade @ 18-22 L/min
5-1 8, 16 (n =1, same home)
<25 41, 62
Feld 1 >20-6 33 Undisturbed, cascade (81)
15-2 34 @ 18-22 L/min (n =9)
5-1 8
<25 26
Feld 1 >20-6 30 Undisturbed ACH = 1.6, (86)
15-2 32 cascade @ 18-19 L/min (n = 3)
5-1 24
<25 14
Feld 1 >20-6 15 Undisturbed ACH = 0.3, (86)
15-2 45 cascade @ 18-19 L/min (n = 3)
5-1 15
<25 25
Feld 1 >20-6 47,26 Disturbed, undisturbed, (85)
15-2 25,34 cascade @ 18-19 L/min
5-1 11, 18 (mean of same 8 samples)
<25 16, 22
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Table 5 (continued)

Allergen Size (um) %o Conditions Reference
Feld 1 >28 6-53 Normal domestic, (48)
17-28 8-80 Anderson cascade
7-17 0-36 @ 3-3.4 L/min (n = 15)
4-7 4-33
2.64 0-20
1.5-2.6 0-6
<15 0-12
Feld 1 >20-6 14 Undisturbed, cascade (79)
15-2 64 @18 L/min (n = 4)
5-1 15
<25 11
Feld 1 <1 ? Undisturbed, 4 L/min (n = 10) (51)
1-10 ?
Feld 1 >9 46 n =10, Andersen @ 28.3 (49)
5.8-9 22 L/min, normal domestic
4.7-5.8 14
3.3-4.7 15
2.1-33 3
1.1-2.1 2
0.65-1.1 3

10-20% remains airborne and is mainly associated with smaller parti-
cles (37), whereas hours later, <0.1% may remain airborne (38).
Using new and more sensitive techniques that identify individual
particles carrying allergens (see section on “Particle Immunostaining;:
A New Technique”), Poulos (39) detected inhaled particles carrying Der
p 1 under nondisturbed conditions during 10-min sampling periods.
Der p 1 was inhaled while lying in bed and in a room with low levels
of reservoir allergens and no soft furnishings. These new techniques
have also demonstrated that airborne Der p 1 is not only carried on
mite feces, but is also carried on amorphous flakes and fibers of a wide
range of sizes (39,40). The equivalent aerodynamic diameter of such
particles is considerably less than their largest diameters, and because
their orientation in air-streams may confound their collection by inertial
impaction systems, it is difficult to predict their behavior on inhalation,
but it could be anticipated they would carry allergen into the lung.
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Cockroach

Despite the emerging importance of cockroach allergens, airborne
Bla g 1 and Bla g 2 have not been detected in public buildings (41)
or in homes under normal domestic circumstances (42) (Table 3). So far,
they have only been detected by conventional techniques in the same
homes following massive dust disturbance (42). From these studies it
has been inferred that cockroach allergens are carried on particles that
are a similar size to those carrying house dust mite allergens (Table 2);
however, particle size distribution for cockroach allergens has not been
investigated. Using IRM nasal air sampling (see “Nasal Air Samplers”)
and particle immunostaining (see “Particle Immunostaining: A New
Technique”) airborne cockroach has been detected under nondisturbed
conditions in a domestic living room and kitchen (43).

Cat and Dog

In contrast to the results for mite and cockroach allergens, most
studies that have collected and measured airborne cat allergen have
found detectable levels in undisturbed rooms (Table 4). The develop-
ment of an amplified enzyme-linked immunosorbent assay (ELISA)
for the detection of Fel d 1 (44) has further enhanced the detection of
Fel d 1 from airborne samples. Using this enhanced assay Bollinger
(45) re-analyzed samples taken from homes without cats (6) and found
that in all 30 that were previously negative detectable, Fel d 1 was pre-
sent (Table 4). For allergens such as cat and dog it has been suggested
that airborne measurements are better than reservoir measurements
as they are easy to detect and give a better index of exposure (46,47).
However, this does not mean that these levels are static because
massive weekly fluctuations in airborne Fel d 1 have been described
(0-880 ng/m3), especially in homes without cats (6). Assuming a
minute volume of 20 L, the average individual in a 1-h period would
inhale 1200 L of air, containing in the order of 100-50,000 pg of aller-
gen in an undisturbed room. Once again, this is a very large range and
is supported by personal exposure measurements made with breath-
ing zone samplers by Wood (48) (2000-468,500 pg/m3), Bollinger (6,45)
(32) (1000-578,000 pg/m3), and Custovic (49) (0-28,000 pg/m3). It is
likely that a 500-fold difference in personal allergen exposure would
have consequences for the atopic patient and therefore such exposure
should be assessed using a personal sampling device (see “Personal
Breathing Zone Samplers” and “Nasal Air Samplers”).

Fel d 1 is carried on a wide range of particle sizes and the dis-
tribution of particles carrying Fel d 1 varies markedly between homes
(48). Generally 40-80% of Fel d 1 is carried on particles above 5 pm
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in diameter (Table 5). The subfraction of particles <5 um may remain
airborne for prolonged periods (days) (49) and this persistence of
aeroallergen may explain why cat-allergic people may develop
asthma symptoms on entering a building without any dust distur-
bance. In addition to the role of traditional reservoirs, it is now clear
that clothing can be a major source of inhaled Fel d 1 (50).

Airborne Fel d 1 and Can f 1 are found on carbon aggregates
(soot), not only in homes with a cat or dog, but also in homes where
no pet is present (51,52). However, Fel d 1 appears to be to be largely
associated with flakes, which again may behave as smaller particles
in an air stream, which is likely to assist their entry into the lung.
Inhaled particles containing cat allergen that were trapped in the nose
during nasal air sampling show a similar distribution to those col-
lected from the ambient air (Fig. 2; Table 2).

Airborne dog allergen has been detected in all homes with dogs
that have been sampled, whereas in homes without dogs, Sakaguchi
(53) was unable to detect Can f 1, and Custovic (47) found detectable
levels in one-third of the homes. Using high volume sampling, Cus-
tovic (54) was able to detect Can f 1 in the outpatient department of
a hospital on 10 consecutive sampling days.

Few studies have examined the size distribution of airborne par-
ticles carrying dog allergen. These studies would suggest that Can f 1
is carried on a similar range of particles to those carrying cat allergens
(Table 5).

Airborne Fungi

Airborne levels of fungi have been examined in a number of in-
door environments (Table 6). Generally fungi are easy to detect (within
5-10 min) using personal air samplers. The most abundant species
found indoors are: Basidiospores, Alternaria, Cladosporium, Penicillium,
yeasts, Aspergillus, and Smut spores (55-57). The concentration of air-
borne fungi indoors was related to the concentration outdoors, although
this has a seasonal confounder and is not related to the concentration in
reservoir samples (55,57,58). Large variations in different rooms within
the one building and between different buildings occur (55,56,58).

Rodent

Airborne guinea pig, mouse urinary, rat urinary and Rat nl
allergens have been examined in either domestic or occupational
environments (Table 6). Occupational sampling has concentrated
on comparisons of allergen exposure between various occupations
associated either directly or indirectly with rodents and activities
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Fig. 2. Histogram of particle-size distribution of inhaled particles eluting
Fel d 1 that were collected in IRM nasal air samplers (see section on “Nasal
Air Samplers”). Size is the averaged diameter, which is the square root of
the length by width. The number given for each frequency bin is the upper
limit for that bin; for example, 20 um includes all particles in the range
15.1-20 pum.

performed within a specified occupation (37,59-64). There were large
differences in rodent allergen exposure between occupations with
animal handlers/technicians exposed to the highest levels (569-62). In
addition, there were large differences in task related exposures,
which some studies have found be of the order of four orders of
magnitude difference in people performing similar job descriptions
(60). Tasks that involve cleaning cages or handling nonsedated ani-
mals result in the highest allergen exposures.

Few studies have examined the particle sizes associated with air-
borne rodent allergens (Table 7). During disturbance it has been found
that about 90% of rat allergen is on particles above 5 um (37), whereas
during “normal” levels of activity, about 60% of rat allergen is on par-
ticles above 5 um when collected using a 300 L/min sampler (65).

Pollen

Although pollen exposure is usually considered to occur out-
doors, it is recognized that the pollen that remains aloft in outdoor
turbulent air will settle in the still air of houses and can be found in
house dust. Such penetration of pollen is facilitated by summer ven-
tilation with open windows and unfiltered fans. A Finnish study
found a 3-wk lag between outdoor and indoor dust pollen peaks and
suggested that traffic of outdoor dust on clothing and footwear also
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contributed (66). In a study of the houses of subjects with emergency
room asthma admissions in northern California, grass pollen allergy
was the major risk factor, and 13 of 15 houses examined had very
high seasonal levels of grass pollen allergen in their house dust (67).
It was concluded by the authors that, as subjects spent much more
time indoors than outdoors, indoor exposure could make an impor-
tant contribution to their pollen exposure. The levels of pollen aller-
gen (>10 pg dust) were 10-100-fold higher than those recorded
indoors in the Virginia pollen season (68). In a Texas study of mobile
homes, airborne levels of pollens were found to be 4-27-fold less than
the simultaneous outdoor levels (69).

It has been recognized since the 1870s (70) that pollen grains
may fragment in humid conditions to produce granules, which more
recently have been associated with outbreaks of “thunderstorm
asthma” (16). Because of their small size, such particles are more likely
to remain airborne and to penetrate buildings during regular air
exchange. Such studies of nontraditional indoor allergens demonstrates
the advantages of personal sampling to identify both the circumstances
of exposure and the importance of personally relevant allergens.

Flour Proteins

Wheat proteins and a-amylase have been measured in the air of
bakeries using static samplers, and personal exposure has been
assessed using breathing zone samplers worn by workers (Table 6). A
range of bakeries have been examined and a number of occupations
within each bakery (71-75). Wheat antigen was detected in personal
samples from many bakery workers (85%); in contrast, o-amylase was
detected in only 15% of samples. Individuals performing different
jobs were exposed to vastly different amounts of wheat antigen
(33-252,407 ng/m3) and o-amylase (040 ng/m3); generally, dough
makers were exposed to the highest levels of both allergens. Once
again it was evident that there were large differences in individual
exposure between employees performing the same job and that daily
fluctuations in exposure were high (72-74).

o-Amylase is found mainly on particles above 5 um in diameter
(Table 7), with more than half present on particles greater than 9 um
in diameter.

Latex

Airborne latex allergens have been measured in a medical center,
physicians’ offices, and a range of rooms in different hospitals (76,77).
Levels range from 400-205,000 pg/m3 and were found to be 100-fold
higher in areas where latex gloves were worn frequently, compared to
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Table 7
Particle Size Distribution of Airborne Flour, Latex and Rodent Allergens

Allergen Size (um) Y%o Conditions Source
o—amylase >9 14-90 normal activity, 74
9-5.8 9-49 cascade @ 28.3 L/min
5.8-4.7 0-75 (n=7)
4.7-3.3 0-8
33-<04 04
Latex 14 67 normal laboratory 76
7 14 environment, cascade
4 7
2 6.5
<2 6.5
Rat allergen > 20-6 27 non disturbed/some 37
15-2 45 disturbance, cascade
5-1 12 @17 L/min (n = 5)
2.5-0.3 6
<0.5 10
Rat allergen > 20-6 44 during disturbance 37
15-2 46 (dust raising), cascade
5-1 5 @17 L/min (n = 8)
2.5-0.3 3
<05 3

areas where latex gloves were seldom used (Table 6). Personal exposure
to latex aeroallergens has also been measured using breathing zone sam-
plers and it was found that anesthesia personnel had the highest level
of exposure (mean 411 ng/m3; range 8-978 ng/m3), whereas exposure
of different individuals performing the same job varied by over 100-fold.

Environmental Factors that Influence Personal Exposure

Reservoir levels of allergens are not good markers for short-term
personal allergen exposure. The major determinants of personal expo-
sure to airborne allergens are the levels of disturbance of reservoir in
a room, the proximity of the individual to the allergen source(s), and
the nature of the allergen source.

Reservoir Levels

A review of the data on correlations between reservoir levels of
allergens—many collected from the carpet and bed—and airborne aller-
gen concentration suggests that for some studies a relatively small
number of samples have been taken, and the correlations found have
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largely been owing to a single outlier in the data rather than a clear
trend. Generally the data suggests that reservoir concentrations of Der
p 1, Derfl, Derp2 Feld1, and Can f 1 are poor predictors of airborne
concentrations taken from the same location (6,33,34,36,38,45,47,78,79).
In these studies, six significant correlations were found out of 29 tested,
with correlation coefficients in the order of 0.3-0.92; however, four of
these strong correlations came from a single study where an outlier
appears to have greatly influenced the correlation coefficients. In con-
trast to these findings, Bollinger (6) found that airborne Fel d 1 could be
detected in the absence of detectable levels of Fel d 1 in reservoirs. Some
studies have found that airborne Fel d 1 or other animal allergens cor-
relates with the number of cats or other pets living in the house (6, 80),
whereas others have found it does not (48,81).

Reservoir concentrations of allergens do not account for much of
the variation in airborne concentrations. A confounder in these stud-
ies may be that the level of allergen measured in reservoir samples is
expressed as pg of allergen/gram of dust, according to recommenda-
tions of the Second International Workshop (82). A more appropriate
measure of reservoir allergen for the purposes of predicting airborne
levels may be the level of allergen per unit of collection area (ug/m?),
which would also reflect the total level of dust in the reservoir.

Dust Disturbance

The level of dust disturbance in a room has a large influence on
the amount of allergen that is airborne as well as the particle size dis-
tribution of airborne allergens. Tovey (83) reported that mite allergen
could not be detected in the absence of disturbance, whereas during
disturbance the levels of Der p 1, Der f 1, and Der 2 have been shown
to increase by over 1000-fold to levels that can readily be detected in
relatively short sampling periods (38,83,84). Swanson (80) found that
bed making resulted in a 50-fold increase in airborne mite allergen
and a 100-fold increase in airborne cat allergens. Others have found
more modest increases in airborne cat allergen (81,85).

Although it has rarely been examined in domestic environments,
in occupational environments there is not a strong relationship
between the total levels of airborne dust and the level of airborne
latex (77) and wheat antigens (72,75), and there is much greater vari-
ation in exposure to airborne allergen than total airborne dust.

The authors thoroughly agree with de Blay (42) that “it is difficult
to establish whether the allergen particles detected in the air following
disturbance correspond to those inhaled during natural exposure, and
this continues to be a problem for the interpretation of experiments on
aeroallergens.”
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Humidity/Air Conditioning/Ventilation

In two houses with air exchange rates of 0.3 and 1.6 air changes
per hour (ACH), the house with the higher ACH had less Fel d 1 asso-
ciated with particles less than 2.5-um, and it has been suggested that
higher air exchange rates remove small particles from the air (86).
This has been confirmed in cat challenge rooms; however, increasing
the ACH appears to have little effect on the total amount of allergen
that is airborne (48,81,86).

A considerable number of studies have examined the effect of
humidity and central heating on the levels of reservoir Der p 1; in con-
trast, there has only been one report of the effect on airborne Der p 1
where such environmental factors were not important (33).

Types of Reservoirs: Different Types of Carpets,
Different Fabrics

Allergen reservoirs consist of carpets, bedding, soft furnishings,
curtains, clothing, and for pet allergen the pet itself. There have been
few studies that have examined the properties of reservoirs and their
influence on aeroallergen. It is likely that different reservoirs accumu-
late allergens at different rates, release different levels of allergen into
the air on disturbance, and also effect the particle-size distribution of
allergens released into the air (33,81,85,86). It has been reported that
airborne Der p 1 was higher above wool carpets than synthetic car-
pets or hard floors, although the same concentration of allergen was
recovered from these reservoirs (33).

Individual cats differ in the levels of Fel d 1 that can be washed
from their skin and male cats produce more Fel d 1 than female cats
(3,87,88). Higher Fel d 1 production by the cat results in higher levels
of airborne Fel d 1 (87), because it has been shown that airborne
Fel d 1 levels rise when a cat enters a room and repeated washing of
the cat reduces the airborne level of Fel d 1 (81,86).

Proximity to Sources

Proximity to the source and level of disturbance of the immedi-
ate source have large effects on the level of personal allergen expo-
sure. Within a single room a person inhales threefold more particles
containing Fel d 1 when grooming a cat sitting on their lap than
when sitting in the room beside the cat or walking around the room
where the cat is sleeping. In addition there is a strong correlation
between the total number of particles inhaled and the number
inhaled containing Fel d 1, when grooming or sitting beside the cat,
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but not when the person is at a distance form the cat (39,50). Simi-
larly, clothing is a very important source of allergen owing to its abil-
ity to accumulate allergens (89-91) and its proximity to the breathing
zone of the wearer. Very high levels of Fel d 1 can be inhaled from
clothing in environments where other reservoirs are very low in Fel
d 1 (39,50). In a recent study where cats were removed from houses,
total cat aeroallergen decreased by 67% within 2 d, owing predomi-
nantly to the reduction in large particles, which fell to 13% of base-
line (49). The amount of cat allergen associated with smaller particles
(>4.8 um) decreased more slowly over 14 wk to 33% of baseline.
Interpretation is confounded by the direct contribution made by the
animal by shedding and from the contribution made by it disturbing
dust. Consistent observations of differences in particle size and quan-
tities of aeroallergen were demonstrated in a study of mouse allergen
(Mus m 1) (92). Here, in the room housing the mice, the airborne
level was 0.5-15 ng/M3 and associated with particles of a mean
diameter of 3.3-10 um, whereas in the adjacent room in the facility,
the airborne level was only 0.2-1.5 ng/m3 and mean particle size
0.43-33 pm.

The bed is commonly cited as the most important domestic site for
mite allergen exposure. This is owing to the relatively high concentra-
tions of allergen at this site, the proximity of the head to the allergen
source, the proportion of indoor time spent at this site, and the oppor-
tunity for dust disturbance. These are probably true, although this has
never been modeled definitively. The studies of mite allergen exposure
that have been performed in and around beds (34,35,93,94) would all
support the importance of this site. Sakaguchi (35) measured the mean
level of mite aeroallergen occurring near sleeping subjects as 223 pg
Der 1 allergens/m3 (range 91-653), which was 10-fold higher than dur-
ing normal domestic life in the living room of the same house. When
the bedding was replaced with new allergen-free bedding, the airborne
level dropped by 20-fold, indicating that the source was the bed rather
than the bedroom floor and demonstrating the importance of proxim-
ity and disturbance for exposure. Based on our calculations of the data,
there was no correlation between the level in the bedding (in pug/g) and
the associated aeroallergen (R? = 0.129, p = 0.485), reinforcing the need
to measure relevant exposure.

Physiological Factors that Influence Personal Exposure

The amount of allergen that is deposited in the upper and lower
respiratory tract is influenced by a number of physiological factors
that are unique to the individual. These factors include the amount of
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air inhaled, the rate of inhalation, breathing pattern, and partitioning
between nasal and oral breathing.

Personal exposure to allergen involves the inhalation of particles
from the ambient air into the respiratory system, generally via the
nose. With increased respiratory demand, driven for example by a
higher level of activity, there is a transition to mainly mouth breath-
ing, although some component of mouth breathing occurs in a small
proportion of the population at all times. Even when the nose is
partly occluded, for example, during a respiratory viral infection,
there is still a strong tendency to nose breath despite the increased
load.

The drawing of particles into the nose from the ambient air dur-
ing inhalation is a complex local event. The acceleration of particles
with the inhaled airstream depends on their size, shape, and aero-
dynamic behavior. This is further complicated by any movement of
the airstream relative to the nose itself, for example, air currents,
thermal body drafts, and movement of the head during activity.
Compared to isokinetic sampling (where the sampler is moved into
the air at the same rate as the air is drawn into the sampler, in effect
“sweeping” up a “tube” of particles), during inhalation most small
particles (<10 m) are accelerated and inhaled, whereas about 30% of
large particles may have too much inertia to be accelerated and are
not inhaled.

Once inhaled into the nose, most of the particles are deposited at
various sites within the respiratory system, although a few smaller
particles not deposited will be exhaled, as observed with the exhala-
tion of cigarette smoke.

Minute Volume

The total volume of air inhaled by an individual (termed the
“minute volume” and measured in units of L./min) varies both with the
individual and with their level of activity. The mean value determined
by Silverman (95) for healthy young men when sedentary was 10.3
L/min, gradually rising with increasing intensity of exercise, up to a
maximum mean of 113.8 L/min at 1660 kg-m/min (extreme) exercise.
The accompanying respiration rate rose from 14.6 to 47.6 breaths/min.
Similar figures have been published elsewhere. Another study gave
rates of 19, 37, and 61 L/min for slow, medium, and fast exercise, the
fast being what would be performed by an average person for 2
min/day. The values for women were 16, 24, and 32 L/min, respec-
tively (96). A cohort study of 15 men and 5 women, aged 19-50, gave
group means of 7 + 3 L/min for sleep, 12 L/m + 7 for slow activity, 14
L/min + 8 for medium activity, and 44 + 36 L/min (highly skewed) for
fast activity (97).
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A commonly used figure for minute volume regarded as repre-
sentative of an adult performing light manual work is 20 L/min (98).
However in reality, such rates are highly variable depending on both
the individual and the activity, and any communal mean used to rep-
resent exposure could be expected to contain a significant error if
used to extrapolate an exposure dose from data on allergen concen-
tration per unit volume of air.

Breathing Pattern

The shape of the inspiratory airflow wave occurring during seden-
tary activity is approximately sinusoidal, but changes to approximate a
more energy-efficient rectangular wave form with increasing levels of
exercise (99). It would not be anticipated that the differences in the
wave form would affect the intake of particles as much as other accom-
panying factors such as nasal-oral partitioning and minute volume.

Nasal-Oral Partitioning of Breathing

Normal subjects at rest generally breath through their noses (100).
However, in subjects with rhinitis and asymptomatic asthma, some
proportional distribution of breathing through both the mouth and the
nose at rest is more common. This distribution of oronasal airflow
does not correlate with the level of inspiratory nasal airflow resistance,
in both subjects with and without an allergic disease (101). As the
minute ventilation increases with exercise, there is a switch from nasal
to oronasal breathing. This switch in adults occurs at a mean minute
ventilation value of 35 + 6 L/min (100,101). Once again, this change-
over is not heavily influenced by the levels of nasal airflow resistance
encountered in moderate nasal obstruction. In all subjects during such
exercise, both oral and nasal breathing will be present and exclusive
oral breathing is uncommon. There is a wide variation between indi-
viduals in the distribution of their oro-nasal ventilation and some sub-
jects approximate their resting distribution even during exercise. In
addition, naive normal subjects who are observed with their mouth
open during quiet breathing, on investigation were exclusively nasal
breathing, as the soft palate closes the oropharyngeal isthmus (102). It
has been proposed that the tidal volume increases with oral breathing
compared to nose breathing (103), but others have not confirmed this
and report no difference in the breathing pattern components in peo-
ple with and without rhinitis and asymptomatic asthma (101).

Distribution of Airflow Between Nostrils

It has long been recognized that there is fluctuation in nasal
patency, a phenomena known as the “nasal cycle,” which is driven by
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alternating partial congestion and decongestion of the region around
the nasal turbinates. More recent objective measurements have de-
tected this phenomena in slightly under half the adult population,
whereas the rest change randomly and a few change in parallel.
Where it does occur, the length of the periods, their repeatability, and
the magnitude of the proportional distribution of airflow all differ
between individuals. Further, most young children exhibit a random
or parallel airflow rather than a reciprocal pattern and the distribu-
tion of the characteristic adult pattern emerges around 7-10 yr of age
(104). Overall the major pattern is thus not cyclic, but is random or
reciprocal.

Deposition of Particles in the Airways

The site of deposition of differently sized inhaled particles within
the respiratory system has long been of interest. This is because the
airways are a principle route for many toxic, irritant, and radioactive
substances, which provide an occupational exposure hazard, as do the
many particles with biological activity (e.g., allergens, fungi, viruses,
bacteria, and so forth) of public health importance. Extensive reviews
have been published elsewhere, and only a summary of relevant
aspects will be provided here.

For definition, the regions of the human respiratory tract are
described as follows (105). The “head” region consists of the nose or
mouth, which together form the nasopharynx, plus the larynx. The
remainder is termed the “thoracic” (or “lung” region), which con-
sists of the trachea. The thoracic region leads to the branching air-
ways known as the bronchi, then the conducting or terminal
bronchioles, and finally to the alveolar region, consisting of the res-
piratory bronchioles, alveolar ducts, and alveolar sacs (where gas
exchange occurs).

The behavior of inspired particles is rather complex. During
breathing, particles are transported with the inspired and expired air.
Not only are these particles affected by airway surfaces, but they are
also deposited in the airway by a variety of mechanisms including
gravitational sedimentation, inertial impaction, diffusion, and elec-
trostatic forces. Deposition by each of these is determined by differ-
ent particle characteristics. Inertial impaction occurs mainly in the
upper airways and is determined by particle diameter, velocity, den-
sity, and shape. Deposition by diffusion and sedimentation is deter-
mined by particle size, density, and residence time in the airways (as
determined by breathing cycle period) (106) and mainly occurs in the
lower airways.
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Deposition with Oral and Nasal Breathing

The route of entry into the body provides obvious large differences
in deposition site for the larger particles but only minor differences for
the deposition of small particles. In both cases the total deposition (the
total amount of the entire inhaled sample) has two maxima of 100%
for large particles (i.e., >10 um) and >80% for very small particles
(< 0.01 um). Perhaps surprisingly, for some particles of an intermediate
size (in range 0.2-1.0 um), only ~30% are deposited.

In the case of oral breathing most large particles (>10 um) are
deposited in the laryngeal region whereas particles 1-10 um are dis-
tributed between the laryngeal, bronchial, and alveolar regions. For
nasal breathing, the nose replaces the larynx as deposition site for
large particles, whereas particles 1-10 um are distributed mainly into
the nose with a small component deposited in the larynx and bronchi.
Deposition in the alveolar region is bimodal, with high deposition
rates for the 1-5 um particles that penetrate this far and for an increas-
ing proportion of particles <0.2 um. The size for minimum deposition
is around 0.2-1 um particles, the majority of which are exhaled.

Despite the similarities of general theories for particle deposition
in the lung, there are many exceptions that question the proportion
of large particles that may enter the lung (31,32,566,107,108-110).
Although few particles above 10 um may be expected to enter the
lungs (31), particles larger than this clearly do enter the lung (32).
Swartengren (32) reported that in healthy nonsmoking men, 21% of
a mono-dispersed Teflon particles (density 2.13 g/m3) with an aero-
dynamic diameter of 13.7 um could deposit in the lungs. Although
amount and size of particles are regarded as the most important
determinants of personal exposure to allergens, it is clear that addi-
tional factors such as particle shape, density, hygroscopicity, airway
congestion, and inspiratory flow are important determinants of the
amount and site of deposition of inhaled particles.

Sleep and Breathing

The characteristics of breathing during sleep are important be-
cause they will affect the inhalation and deposition of allergen at this
time when the potential for allergen exposure is high. Indeed most
asthmatics report a worsening of asthma at night and it is unclear
whether this is entirely owing to pathophysiological mechanisms or
whether allergen exposure is exacerbating symptoms.

Breathing patterns during sleep are well-characterized (111). The
minute volume is generally similar to that in a sedentary awake state
and breathing occurs through the nose unless this is obstructed or the
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person is a habitual mouth breather. During sleep onset and during the
early phases of non-REM sleep, the breathing is irregular and becomes
more regular as sleep deepens. Sighs, involving an approximate dou-
bling of total volume, are not uncommon, occurring 34 times/h in
adults and teenagers and perhaps 10 times/h in young children. Dur-
ing REM sleep the breathing is less regular, with both the frequency
and volume being more variable, including patches of quick shallow
breaths and slow deep breaths.

Snoring is only associated with sleep and involves the vibration of
the soft pallet and other soft tissues on the pharynx. Snoring occurs
with both mouth and nose breathing and varies with body position,
being most common in the supine position. Children snore, particularly
if there is some upper airways obstruction, and snoring is common in
both male and female adults, particularly where alcohol intake and
obesity are combined.

The actual quantity of allergen inhaled during sleep has not yet
been measured. A possible estimate was provided by Ferguson and
Brodie (112) where segments of the lung were lavaged the morning
after sleeping at home, but it is speculative that such allergen was
inhaled during sleep the previous night. Several studies (Tables 1 and
4) have measured the concentration of allergen in bedroom air under
different conditions, but these cure only an estimate of the inhaled
amount.

Methods Used for Sampling Allergen Exposure

A number of methods and devices have been developed to col-
lect environmental allergen samples. In most applications, the aim has
been to measure not personal exposure to airborne allergens, but
rather the amount of allergen that is suspended within a volume of
air. The use of personal samplers, such as breathing zone samplers
and especially nasal air samplers, should improve our understanding
of personal allergen exposure.

Reservoir Measurements

The Distribution and Sampling of Reservoir Dust

The most commonly used index of domestic allergen exposure is
the concentration of allergen, in units of weight of allergen per weight
of dust, in dust collected with a vacuum cleaner from various sites in
the vicinity of the exposure. Commonly used sites are floors (particu-
larly carpets), mattresses, and bedding, although such items as soft fur-
niture and clothing are sometimes sampled. Such collection is simple
to perform and has been standardized in terms of area and collection
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time as far as is practical (82). This dust is sometimes referred to as
“reservoir dust,” “settled dust,” or sometimes just “dust.”

The allergens in such dust may either be produced locally, for
example by mites or fungi living at the collection site (as with beds,
carpets, or clothing), or may come from sources at other locations, and
the allergen will have been ubiquitously distributed by circulating
aeroallergen and by other vectors such as clothing. An example of the
latter is the distribution of pet allergens to distant places where there
are no cats, such as schools and public buildings (41,89,113), anec-
dotally even to the space shuttle.

Within a house, the level of reservoir allergens vary for different
locations in a room (114,115) and with seasons (116,117). Indeed the con-
centration of allergen in dust collected from carpets can vary markedly
(say 10-fold) over short distances (e.g., 1 m) within a room (115). There
is no recognized basis to such variation in distribution. By convention,
in studies where associations are sought between allergen levels and
clinical indices and where multiple samples are taken in a room or
house, the highest site has been used as the index of exposure (116).

There are numerous minor differences in the details of protocols
used by different research laboratories to collect samples and it is not
known to what extent these are important. For example, floor samples
may be collected from either the middle or edge of rooms, samples may
be collected with mains or battery-powered vacuum cleaners, or the fil-
ter units vary in their pore size and air-flow resistance. The dust is
either extracted without sieving or after sieving to give a fine fraction,
thus avoiding the large fibers but including the fine mineral compo-
nents. The extraction conditions and buffers used differ and again may
influence the amount extracted (117).

Despite these sources of variation, reservoir sampling has formed
the backbone of epidemiological studies and contributed tremendously
to our general understanding of allergen exposure and allergic disease
(3,82).

Aeroallergen Measurement

The measurement of aeroallergen depends on two separate steps
that are of equal importance for the accurate determination of per-
sonal exposure to airborne allergens. The first essential step is the col-
lection of airborne particles carrying allergen, for which a number of
devices have been developed. These devices range in flow rate, porta-
bility, cost, and most importantly in their ability to mimic personal
exposure to airborne particles carrying allergen. Once airborne parti-
cles have been collected, the second step in the process is the mea-
surement of the allergen levels collected by the device. Allergen
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measurement is performed largely using a number of different
immunoassays, which may generate vastly different results.

Collection Devices

A number of devices have been developed or adapted to collect
airborne allergens. Several innovative designs were described by
Blackey (1873) (70) including a sticky trap carried aloft by a kite and
operated by a clockwork mechanism, as well as a device placed in
the mouth, similar to a smoking pipe, which was used to collected
inhaled pollens. The latter was the first attempt to examine personal
exposure to airborne allergens. Others developed individual passive
samplers that were used to collect pollens and fungi (118); however,
no methods for determining the volume of air sampled or the
relationship between passive exposure and inhaled pollen or fungi
were available. Other forms of passive sampling, such as the electro-
static Airpoint sampler (46), would appear to suffer from the same
problems.

HIGH-VOLUME STATIC SAMPLERS

High-volume filter samplers with flow rates in the range 60-1100
L/min have been used to collect airborne allergens. These static sam-
plers are normally placed in a fixed position in a room and do not
measure personal exposure to allergens. In many cases they have been
used for prolonged sampling periods and the amount of allergen col-
lected and measured is likely to be equivalent to 10 d cumulative
exposure in an average individual (20 L/min). In addition, the higher
volume samplers may fragment particles and therefore reduce the
apparent particle size (37,119). When used for prolonged periods of
time, high-volume samplers may remove allergenic particles at a faster
rate than the are released into the air and therefore underestimate the
level of allergen in the air (33). The converse may also be true; because
of the high velocity of the air intake, particles larger than would be in-
haled are collected. This would result in an overestimate of the amount
of allergen compared to the amount that would be inhaled. An addi-
tional problem with using high-volume samplers is that they are too
noisy for domestic use (120).

Other static filter samplers (i.e., those at a fixed location in a room)
have used lower flow rates (6-20 L/min) and more likely approximate
the minute volume of humans. This may result in the collection of a
more meaningful sample; however, sampler design in addition to flow
rate are important considerations because they can greatly influence
the relative percentages of different-sized particles sampled (121). The
major shortfalls of these types of samplers is their static nature, and the
fact that they do not reproduce the changes in flow rates and particle
accelerations associated with human respiration.
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PERSONAL BREATHING ZONE SAMPLERS

Personal samplers, which are worn by the subject, have some
advantages in that they do monitor the air by which the subject is sur-
rounded. These samplers are typically battery-powered, portable, and
have constant flow rates of 1-10 L/min. Such samplers are referred to
as breathing zone samplers and sample air within a 1-ft zone of the
wearer. Breathing zone samplers do not monitor what is actually
inhaled and do not take into account the change in respiration asso-
ciated with activities and fluctuations in a breathing cycle. Mark and
Vincent (98) examined a number of sampling heads for use with breath-
ing zone samplers and found that there were wide variations between
the efficacy of sampling heads for different particle sizes in the range
of 674 mm. The Institute of Occupational Medicine (IOM) sampling
head was developed to conform to the aerosol sampling characteristics
of a mannequin aspirating a “breathing” waveform through the mouth.

There is a vast amount of literature comparing the capture effi-
ciency of different breathing zone samplers (see review, ref. 122), and
it is apparent that certain samplers perform well over a range of par-
ticle sizes and ambient wind velocities, whereas others do not. The
efficacy of such samplers for collecting personal exposure to aeroal-
lergens has not been assessed. However, performance criteria for
breathing zone samplers has been published (121), and it is likely to
be a strong guide for personal allergen sampling. Despite many short-
comings, this form of sampling is vastly superior to static sampling
for the determination of personal exposure to aeroallergens.

NASAL AIR SAMPLERS

We have developed intranasal air samplers (IRM nasal air sam-
pler), which is a single-stage, slotted, impaction sampler with inhaled
and exhaled air flowing through the same ducts. Each sampler consists
of a polyurethane body shaped to fit the nose (Fig. 3). An adhesive tape
is placed onto this body, upon which particles are collected. The soft
silicon seal is placed around the body of the sampler to secure the tape.
Each pair of nasal samplers is attached by a flexible silicon connector.
The device is concealed in the nasal vestibule (Fig. 4). It has a nasal
resistance of 5.13 cm water/L/s at a pressure of 1 cm water, which is
at the low end of noticeable change of nasal flow, similar to that expe-
rienced with mild nasal congestion. The particle capture efficiency of
the device is influenced by particle size and inspiratory flow. This
device has a collection efficiency of 100% for particles with an aerody-
namic diameter of 10 um or greater, and 50% for particles of 5 um at a
flow of 25 L/min. At 40 L/min, 100 and 90% of 10 um and 5 pm par-
ticles are collected It has been worn for up to 4 h when the limiting fac-
tor is nasal irritation owing to the physical pressure of the seals (123).
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Fig. 3. The IRM nasal air sampler consists of three components: 1) An
inner core that accelerates particles toward the adhesive strip; 2) an adhesive
strip on which inhaled particles are impacted and remain bound; and 3) a soft
outer shell that provides comfort and fit for the wearer.

nasal vestibule

adhesive strip

soft sleeve

Inner core

collection surface

Fig. 4. Cross-section of the nose showing the IRM nasal sampler. The sam-
pler fits into the nasal vestibule and is designed to provide minimum resistance
both during inhalation and exhalation. Inhaled particles are impacted onto an
adhesive strip inside the sampler where they remain.
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Samples collected using this technique may be analyzed by ELISA
(see section on “ELISA and RIA”) or by particle immunostaining (Fig. 5;
see section on “Particle Immunostaining: A New Technique”).

SETTLING PLATES AS A PROXY MEASURE OF AEROALLERGEN

Indoor aeroallergen exposure has also been estimated using set-
tling plates (124). This involves placing a pair of large Petri dishes in
an open location and measuring the allergen content of the dust that
settles over a 7-14 d period. This provides a nonvolumetric index of
aeroallergen “turnover” described in units of ng of allergen/m3/d.
Because mite aeroallergens become airborne when disturbed by
human activity and thus provide exposure, collecting the settling
material in a plate provides a longitudinal index of this. The settling
plate technique has been used for grab sampling of indoor and out-
door fungi over short time-frames, and is not regarded as particularly
accurate for this compared to volumetric sampling (125) because it is
biased towards larger spores. However such confounders are less
important when applied to sampling of indoor mite allergens, which
are mainly associated with large particles.

In climates and houses were reservoir mite levels are high, using
standard ELISA assays of approx 1 ng/ml sensitivity, it is possible to
detect the quantities of allergen that settle out in a day, although such
collections are usually performed for 2 wk. However, when reservoir
concentrations are lower, the quantity collected in the plate is often
below the limit of detection. Using amplified ELISA assays, the sen-
sitivity can be increased about a 100-fold and low levels of cat aller-
gen can thus be detected in houses without a cat by this method (44).

In two allergen-avoidance interventions, although there was a re-
duction in the concentration of allergen in reservoir samples collected
from the treated sites, there was no significant reduction in aeroaller-
gen as measured by the plate method (27,124) in the same room, ques-
tioning the likely clinical effectiveness of the intervention.

Longer-term airborne allergen sampling, through the use of settling
plates, suggests a stronger correlation between reservoir and airborne
allergens with correlation coefficients of 0.1-0.52 for house dust-mite
allergens from a range of reservoirs (mattress, duvet, pillow, and carpet)
(36) and 0.56 for Fel d 1 (126).

How Do the Current Methods Compare?

STATIC VS BREATHING ZONE SAMPLERS

During high levels of dust disturbance, there are minor differ-
ences in the amount of allergen collected by a breathing zone sampler
carried by a person and the amount of allergen collected by a static
sampler with the same flow rate placed in the center of the room
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Fig. 5. Particles collected on the IRM nasal air sampler and immuno-
stained with a range of anti-allergen probes. (A) A particle eluting Fel d 1 and
immunostained using monoclonal 6F9 (Indoor Biotechnologies), bar = 50 pum.
(B) Particles eluting Der p1 and immunostained using MAb 5H8. Three halos
can be seen surrounding particles eluting Der p1, bar = 100 um (C) Particles

collected by a patient while lying in bed and immunostained with the patient’s
IgE, bar = 50 um.
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while an activity is undertaken (62,64). However as the room size or
level of activity and dust disturbance changes, it is apparent that static
samplers give a poor index of personal exposure to airborne allergens.
Price and Longbottom (127) examined three different types of samplers
for the collection of mouse, rat, and rabbit allergens in laboratory ani-
mal rooms. It was found that a person wearing a breathing zone sam-
pler (2 L/min) collected 2-3 times the amount of allergen that a static
samplers, with higher volumes (10 and 140 L/min) collected when
placed in the same room. This was not true of all activities and rooms,
highlighting the variation in personal allergen exposure. Gordon (60)
found that breathing zone samplers (2 L/min) attached to animal tech-
nicians collected an order of magnitude more rat allergen than static
samplers operating in the same room. Swanson (76) also found that
breathing zone samplers worn by medical staff collected fivefold more
latex allergen than static samplers in the same room. Renstrom (62)
found a median coefficient of variation of 23% for 28 pairs of samples
collected by 2 IOM samplers placed 15 cm apart in the same room.

BREATHING ZONE SAMPLING VS NASAL SAMPLING

In order to truly monitor personal exposure to airborne allergens
it is essential to take into account the amount of allergen that is actu-
ally inhaled by the subject. This was clearly demonstrated by Van
Metre (8), who measured the fall in FEV; in cat allergic asthmatics
when exposed to different challenges with cat allergen. The two types
of challenges were “natural” exposure in a cat-challenge room and
bronchial provocation using nebulized cat allergen. In the cat-challenge
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room, personal exposure was measured using breathing zone samplers.
For each challenge the dose of cat allergen causing a 20% fall in FEV;
was recorded. It was found that there was a strong correlation between
doses used in the two methods only if allergen exposure in the cat
challenge room was adjusted for mean minute ventilation of the sub-
ject while in the cat challenge room.

Nasal air samplers have been compared with breathing zone sam-
plers fitted with IOM sampling heads (39,50), however, the assays used
for quantification of the allergens were different for the two forms of
sampler. The nasal air sampler uses a more sensitive assay system and
detects more allergen. When using the same particle immunostaining
assay, the IOM samplers appear to collect more smaller particles
carrying allergen than the nasal air sampler. The development of
amplified ELISA assays will facilitate measurement of the small quan-
tities of allergen associated with normal domestic exposure and allow
comparison of these two methods of personal allergen sampling.

Methods Used for Measurement of Allergen Exposure

A range of assays have been used to quantify the level of allergen
exposure. For immunoassays, there is a lack of standardization between
assays and for some of the major allergens the conventional assays do
not appear to be sensitive enough for the detection of normal levels of
allergen exposure. The use of amplified ELISAs and particle immuno-
staining assays has enhanced our ability to detect airborne allergens
and will facilitate the quantification of personal allergen exposure.

The choice of assay has often been dictated by the availability of
detection reagents and assay technologies. Initial assays were based
on radioallergosorbent (RAST) inhibition, then radioimmunoassay
(RIA), ELISA, polymerase chain reaction (PCR), and more recently
particle immunostaining and rapid chromatographic assays.

Immunoassays

Over time, many immunoassays have been developed by differ-
ent groups for the measurement of airborne allergens; this has resulted
in the development of a number of different antibodies and a process
of continual improvement in assay sensitivity, reliability, speed, and
accuracy. It is important that we continue to improve our immuno-
assays and to develop new and novel assays that bring us closer to
measuring true personal allergen exposure. It is also important to real-
ize that at present many different assays are being used to measure the
same allergens; this makes comparisons of allergen levels virtually
impossible. Setting of threshold values for occupational (including
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classroom) exposure, defining relationships between symptoms and
level of exposure, and assessing the efficacy of allergen avoidance
practices is extremely difficult, since a 10-fold reduction in the allergen
level in one assay may only be equivalent to a twofold reduction in
another. In order to be able to compare allergen levels it is essential
that we move toward standard assays.

RAST Inhibition

Initial assays used for the measurement of indoor airborne aller-
gens were RAST inhibition assays, such as inhibition of binding to
human IgE, human IgG, or rabbit sera (IgG). RAST inhibition has
been used to measure total mite allergen (128), Der p 1 (78,80), Fel d 1
(78,80), flour proteins (71), rat urinary allergens including Rat n 1
(569,60,129,130), mouse urinary allergens (80), cockroach allergen (80),
guinea pig allergen (80), and latex allergen (76). In these assays radio-
labeled purified or semi-purified allergen was mixed with pooled sera
from allergic individuals (or polyclonal rabbit sera) and allergen
extracted from the filters of air samplers. This assay does not measure
the levels of a specific allergen in an extract; instead, it equates the
level of binding to an extract with the level of binding to a standard-
ized solid-phase bound allergen. Therefore antibodies that crossreact
with other components in the extract will cause the assay to record
higher values of allergen than are present. Swanson (80) reported that
the sensitivity of the RAST inhibition assay was highly dependent on
the purity of the allergen source.

Swanson (78) found poor correlations between RAST inhibition
and monoclonal radioimmunoassays used to quantify Der p 1 and Der
f 1 in the one sample. The RIA assays had 10-fold lower detection lim-
its than the RAST inhibition assay and gave values of 30 times lower
than the RAST assay, but had coefficients of variation that were twice
those of the RAST inhibition assay. Renstrom (64) found that despite
strong correlations between RAST inhibition and monoclonal ELISA
assay for rat urinary allergen, levels from the RAST inhibition assay
were several hundred-fold higher (median 316, range 7-2680). Such
differences were largely found to be to the antibody sources used in
each assay (63). It was demonstrated that the IgE pool used in the
inhibition assay reacted with equal affinity to rat urinary allergen and
dust from the rat rooms, despite there being a 700-fold difference in
rat urinary allergen between the pure allergen and the rat room dust.
Therefore a disadvantage of the RAST and other inhibition assays is
the heterogeneity of the antibodies, however, one benefit from such
antibodies is that they will bind allergens in a range of forms that may
be found in an airborne sample and do not require an intact allergen
molecule, which is the basis of some two-site monoclonal assays.
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ELISA and RIA

ELISA is the most widely used assay for the detection of airborne
allergens. RIAs have also been use for quantification of airborne aller-
gens; however, they have been largely replaced by ELISA. For detec-
tion of aeroallergens, the allergen is eluted from the filter used in air
or breathing zone samplers. ELISA has been used for the detection of
airborne Bla g 1, Bla g 2, Can f 1, Der f 1, Der p 1, Der p 2, Fel d 1,
Rat n 1, mouse urinary allergen, rat urinary allergen, and o-amylase
inhibitor. These assays generally use two antibodies, one for capture of
the allergenic protein and the second for detection of the captured
allergen. Such capture assays are highly specific for intact allergenic
proteins because the MAbs and PAbs must recognize two epitopes on
the one allergen molecule for detection. The use of a defined set of
MAbs and standards enhances our ability to compare results from dif-
ferent studies. However, the ability of the assays to detect partially
degraded allergens is likely to be limited, although such partially
degraded allergenic proteins may still present themselves as allergen
sources in the patient’s environment.

ELISA assays are often not sensitive enough to detect the relatively
low amounts of allergen associated with normal short-term personal
exposure in both occupational and domestic environments. Recent
improvements in assay sensitivity by the use of an amplifying step
(44,45,62) has resulted in 10-100-fold improvements in the sensitivity of
assays for the detection of rat op,-globulin and Fel d 1. It is likely that
the use of this amplified ELISA and its extension to other allergens will
provide a method for accurate measurement of the quantities of aller-
gen associated with personal exposure to aeroallergens.

Conventional sandwich ELISAs used for the detection of Fel d 1
or Der p 1 (81,131) were not sensitive enough to detect consistently
the quantities of allergen inhaled in 5-20 min under normal domestic
situations (39,50). The use of amplified ELISAs for detection of
inhaled allergens are currently being investigated in collaboration
with Dr. Anne Renstrom (Institute of Working Life, Solna, Sweden).
For use in an ELISA assay, the allergen is eluted from the adhesive
material used as the capture surface in the nasal sampler in the same
way it would be eluted from the filter of a breathing zone sampler.

Particle Immunostaining: A New Technique

An immunostaining technique for the direct staining of particles
collected in the IRM nasal air sampler has also been developed and is
similar to the techniques described by Tovey (83) for identifying par-
ticles containing mite allergens and more recent press-blotting meth-
ods described by Schumacher (132) and Takahashi (133).
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Several variants of this assay have been published; all rely on bind-
ing the allergens eluting from a particle onto a permanently associated
protein-binding membrane. This association between particle and eluted
allergen is retained, so that when the bound allergens are visualized by
immunostaining, each particle that is an allergen source is surrounded
by a halo of immunostained allergen (Fig. 5).

In the first variant of this assay (40,50), the particles are captured
on a nitrocellulose membrane that has previously been coated with a
very thin layer of a porous adhesive agarose and backed by a humectant-
containing layer. After collection of particles, and prior to immuno-
staining, the membrane is coated again with a second layer of agarose
to hold the particles in association with their eluted allergen. In this
system the membrane remains moist throughout the collection period
and elution of allergens starts as soon as they are captured.

In a second variant, the particles are collected by impaction onto
a transparent adhesive tape in the nasal sampling device. The particle-
laden tape is removed from the sampler and pressed onto a protein
binding membrane, sandwiching the collected particles between the
tape and the protein-binding membrane. The adhesive tape forms a
strong and permanent bond with the protein-binding membrane and
particles are spatially fixed between the two layers. Laminated sam-
ples can be stored for at least 6 wk without deterioration. The first
step in the immunostaining process is elution of the allergens, which
takes place as soon as the tape-particle-membrane sandwich is placed
in aqueous buffer. Following elution the assay is similar to other
membrane-based immunoassays and involves blocking, primary anti-
body incubation, washing, secondary antibody (or conjugate) incuba-
tion, washing, and substrate development. The immunostaining
process occurs through the protein binding membrane. We have opti-
mized the protocols for immunostaining for a range of allergens using
different antibodies and conjugates, including allergen-specific mono-
clonals, polyclonals, and human IgE or IgG. A range of fluorescent
and enzyme conjugate systems and substrates may be used.

Once the immunostaining process is complete, samples can be
examined under a microscope and the number and sizes of particles
with allergenic halos can be enumerated. The density of immuno-
staining around each particle and the size of halos can be determined
using image analysis. As described, the allergen eluting from each
particle binds to the membrane in its immediate vicinity, which allows
absolute certainty of the source of the allergen and also serves to con-
centrate the allergen around the particles, therefore enhancing the
sensitivity of allergen detection.

Further variants of this general method have been described.
With Burkard samplers, the usual silicone grease medium used to
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trap airborne particles was replace by the dry adhesive tape and all
particles (both pollen grains and smaller carriers) that were sources of
allergens were detected by association with their immunostained al-
lergens (134). The method can also be used in a converse format (39,40)
where particles are directly collected by filtration onto a dry protein-
binding membrane (e.g., in an IOM sampler filter), which is subse-
quently sandwiched with adhesive tape; the sandwich is then assayed
for allergens as described earlier.

We have found this technique to be extremely sensitive because it
allows us to measure a single particle that is inhaled and carrying aller-
gen (Fig. 5). The amount of allergen associated with such particles is
likely to be in the order of sub picograms. This has allowed us to exam-
ine individual activities and a range of locations within homes to docu-
ment more fully the nature of personal allergen exposure (39,50). We
have been able to measure airborne mite (Der p 1 & Der p 2), cat (Fel
d 1), cockroach (Bla g 1), dog (Can f 1), and Alternaria in undisturbed
indoor environments (39,40,43,50). We have also examined the mor-
phology and particle-size distribution of inhaled particles containing
allergen in the absence of dust disturbance. Mite allergens are as-
sociated with a range of particle types including feces, fibers, and flakes
that range in size from <10 um to >150 um (40). The particle-size dis-
tribution of particles inhaled that contain cat allergen is given in Fig. 2.

The repeatability of this technique in combination with nasal air
sampling is high, with similar levels of particles eluting cat allergen
recorded when the same activity is repeated in the same location a
number of times and over a number of weeks (Fig. 6). There is a mod-
erate-high and highly significant relationship between the total num-
ber of particles inhaled and the number of particles inhaled that are
carrying a particular allergen from certain environments; however,
this relationship is influenced by the proximity of the sampler to the
allergen source and the level of dust disturbance. For a range of
domestic activities performed in a single home in close proximity to a
cat, or wearing a sweater that contains cat allergen, the correlation is
strong (12 = 0.74, p < 0.0001); however, it is apparent that in a low cat-
allergen environment, no such correlation exists (r?2 = 0.46, p = 0.21).

Rapid Chromatographic and Dipstick Methods

The increasing demand for cheap, simple, and rapid diagnostic
assays has stimulated the development of a wide range of assays for
both antigens and antibodies that function along or through a strip of
porous membrane. A common example is a pregnancy test available
in many supermarkets, but assays for a wide range of diseases
(malaria, HIV, tuberculosis) are being transformed to this format.
These usually provide a result above or below a threshold value

Clinical Reviews in Allergy and Immunology Volume 18, 2000



Monitoring Personal Allergen Exposure 383

40

354
30+

Particles inhaled that contained cat allergen

1 2 3 4 5 6

Week number

Fig. 6. Repeatability of inhaled allergen sampling using the IRM nasal air
sampler. Allergen was collected for eight consecutive, 10-min sampling peri-
ods on one day, which was repeated weekly for 6 wk. The sampling activity
involved lying on a bed with the cat present in the room. Sample number one
in wk 1 was collected under a higher level of disturbance than the other sam-
ples and had significantly more cat particles and total number of dust parti-
cles. The mean number of particles inhaled containing cat allergen (excluding
sample 1, wk 1) was 13.0, the standard deviation was 3.38, and the coeffi-
cient of variation was 26%.

although more quantitative determinations can be made based on
staining intensity or area. At least two “dipstick” assays that measure
allergens have appeared on the market (135), and a more rapid chro-
matographic assay (136) that provides semiquantitative data within
minutes is being proto-typed. All these are only semiquantitative and
require dust to be collected with a vacuum cleaner.

Nonimmunoassay

Genetic Probes

Genetic techniques have the potential to provide specific iden-
tification of biological particles containing a genome such as pollens
and fungi, which are recognized as allergen sources by other meth-
ods. Although this technique for the identification of allergen
sources is in its infancy, it has a number of advantages. It potentially
could be used where it is difficult to make identifications because
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the particles are of similar morphology; for example, distinction
between fungi of the genera Aspergillus and Penicillium or between
individual species of either of these genera. Although such fungi
could potentially be distinguished using specific antibodies, this
requires access to the antibodies and the surety that they are neither
crossreactive or that common epitopes are not present. Immuno-
identification of fungi also is dogged by their inconsistent expres-
sion soluble antigens. A third circumstances where genetic systems
may be useful is where fungi have lost their viability and so cannot
be cultured, but will have retained their genetic material. This is not
uncommon for aerospora.

Oligonucleotide probes capable of differentiating between air-
borne fungi of the genera—Alternaria, Aspergillus, Cladosporium, and
Penicillium—have been developed (137). These probes have been de-
signed from the more variable internal transcribed spacer regions of
the ribosomal DNA gene repeat unit. When PCR amplification of
these regions with universal primers followed by oligonucleotide
probe hybridization is performed, highly specific identification can be
achieved. Oliogonucleotide probe hybridization following PCR has
been used successfully to identify a range of other clinically impor-
tant fungi (138).

Pollen and Spore Counts

Morphological identification of pollen grains and fungal spores
and manual counting under a microscope has been used extensively
by aerobiologists for the measurement of airborne exposure to pollens
and fungi. There is some evidence that counting of pollen grains may
not always give an accurate indication of the level of plant-derived
airborne allergens in environments (139,140). Similarly, there is some
doubt as to whether fungal spore counts are an accurate representa-
tion of the fungal allergenic content of the air (120). The majors fac-
tors that seems to determine the validity of pollen or spore counts is
the amount of allergen carried on particles that are not pollen grains
or fungal spores, such as diesel particles, starch granules, and other
pauci- and sub-micronic particles. Some studies have suggested that
more than half of the airborne allergen is not associated with intact
pollen grains or spores, but is carried on pauci- or sub-micronic par-
ticles that may readily enter the lung (120,133,139,140). Pollen grains
and fungal spores can also contain varying amounts of allergen
(132-134), which cannot be assessed by morphological techniques.
The development of immunological techniques (132-134), such as par-
ticle immunostaining (see section on “Particle Immunostaining: A
New Technique”) for the identification of all particles carrying pollen
and fungal allergens may be the future direction in measuring expo-
sure to these allergens.
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cat 0.23 8.42 3.45 6.31
mite 0.82 0.21 >100 5.33

Patient 1 Patient 2 Patient 3 Patient 4

Fig. 7. The percent of all particles inhaled from a given environment car-
rying allergen (% P + H, is percent of particles inhaled with allergen halos) as
determined by specific MAb staining (mite or cat) or by staining using the
patient’s IgE. Total IgE and specific titers to cat and mite in each of the four
patients are given.

Specific Allergen vs Total Allergen Load

In assessing personal allergen exposure, consideration should be
given to the source of antibody probe to be used. If allergen exposure
is to be related to symptoms it is important to measure all allergens
the individual is exposed to in a given environment and not restrict
measurement to a specific allergen.

In order to examine the relationship between personal allergen
exposure and symptoms of allergic disease in individuals, it may be
necessary to examine the entire spectrum of allergens in a patient’s
environment, rather than the level of a single allergen, to which the
individual is sensitized. Many studies have examined the concentration
of a single allergen in an environment, this measurement may greatly
underestimate the allergen challenge an individual with multiple
atopies would face in this environment. For example, in an environ-
ment high in cat, dog, cockroach, and mite allergen, measuring the con-
centration of a single allergen is unlikely to give a reflection of the total
allergen load to which an individual who is allergic to all four allergens
is exposed. Using nasal air samplers, we have commenced experiments
to monitor total allergen load, i.e., all allergens in the patient’s envi-
ronment to which they are allergic. Taking nasal samples from the same
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environment, we examined the differences in allergen load as deter-
mined by staining inhaled particles with either the patient’s IgE, mite,
or cat-specific MAbs. It was found that an individual patient’s total IgE
reacts with vastly different number of particles inhaled compared with
the number of particles containing a specific allergen. Figure 7 illustrates
the results for four patients with a range of concentrations of total IgE,
mite, and cat-specific IgE. A similar percentage of particles carrying
cat and mite allergens were detected on each nasal sample, which
indicated a similar specific allergen exposure. However, Patient 1 only
reacted to 5.2% of the particles inhaled, whereas patient 4 reacted to
20.2%. We have found that highly atopic individuals may react to
20-50% of the particles they inhale from their environment, whereas
a single allergen, such as cat or mite, is unlikely to account for 10% of
the particles in their environment. Thus, in such environments, mea-
surement of a single allergen may underestimate the total allergen
load by two to fivefold.

Future Directions

More than ever before there is a public interest in assessing envi-
ronmental exposure to airborne allergens. This heightened interest is the
result of an increase in the prevalence of allergic diseases in our com-
munity, which is now around 20-30% for asthma in children, and an
increase in the understanding of the likely role that inhalant allergens
play in such allergic diseases. Airborne allergens have a recognized role
in the aetiology of asthma and maintenance of airway hyperreactivity.
There is an increasing emphasis on the role of allergen avoidance in the
management of asthma. A number of large-scale allergen avoidance tri-
als are under way throughout the US, UK, and Australia. If these trials
demonstrate the efficacy of allergen avoidance for primary reduction of
allergy and allergic disease, then it is likely that the community’s inter-
est in domestic allergen exposure will be expanded further. It is also rec-
ognized that for immunotherapy to be effective it must be targeted at
the clinically relevant allergens.

Despite the acknowledged importance of allergen exposure, for
both the public and physicians it is difficult to determine the identity
and the level of exposure to allergens. Indeed, it seems counter-intuitive
that physicians should recommend, and patients should accept advice
to practice allergen avoidance based on a skin test or RAST test. Such
avoidance practices are not based on knowledge of exposure levels,
whether methods to reduce exposure have been effective, what are
the dominant allergens, or where in the subject’s environment most
exposure is occurring. Although their impact has not been adequately
tested, again it would seem intuitive that there were massive demand
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for methods to determine the identity and level of allergens in an
environment that were relevant to the individual patient.

Over the past five years there have been a number of improve-
ments in the methods available to researchers for monitoring personal
exposure to aeroallergens. The development of amplified ELISAs has
permitted the quantification of the levels of allergen that are normally
associated with short-term personal exposure under natural condi-
tions. Particle immunostaining also offers high sensitivity and can be
used to examine the size, shape, and morphology of particles carry-
ing allergens. The sources of individual particles carrying allergen in
a patient’s environment can be determined and therefore the allergens
identified.

Collection systems for allergens have also undergone a number
of changes over the past 20 years. Reservoir measurements continue
to be widely used and their utility for establishing the relationship
between sensitization and exposure across communities has been of
fundamental importance to our understanding of asthma. Measure-
ment of airborne allergens has advanced from the use of high volume
static samplers to personal samplers worn by the individual, which
attempt to collect true personal exposure. Personal samplers include
a number of breathing zone samplers and more recently the nasal air
sampler, which may be the most accurate method for obtaining a true
index of personal exposure.

These new developments in sampling and assay technology have
resulted in the development of another set of tools for researchers to
explore the relationships between allergen exposure and sensitization,
symptoms, and remission of allergic diseases. This is likely to result
in some fine tuning of our understanding of the role of allergens in
allergic diseases. Through the accurate measurement of personal al-
lergen levels, exposure profiles can be determined and can be used to
assess the differences in clinical outcomes between, for example, chronic
low-level exposure and periodic high-level exposure.

It is apparent that the next challenge for monitoring personal
allergen exposure is the development of technologies for the measure-
ment of personal allergen exposure in the wider community. The prop-
erties of such technologies could be predicted to provide a system that
is safe and simple to use; inexpensive; allows sampling of multiple
sites; measures levels in a way that is relevant to personal exposure; is
easily accessible; is able to measure the major allergens recognized to
be associated with symptoms, or is able to better measure allergens
that are relevant to the patient’s symptoms. The development of such
technologies will provide patients and physicians with clear indica-
tions of the most important allergens in a patient’s environment and
the most effective strategies for reducing these allergens.
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