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Abstract

Exposure to high molecular weight sensitizers of biological origin is an important

risk factor for the development of asthma and rhinitis. Most of the causal aller-

gens have been defined based on their reactivity with IgE antibodies, and in many

cases, the molecular structure and function of the allergens have been established.

Significant information on allergen levels that cause sensitization and allergic

symptoms for several major environmental and occupational allergens has been

reported. Monitoring of high molecular weight allergens and allergen carrier par-

ticles is an important part of the management of allergic respiratory diseases and

requires standardized allergen assessment methods for occupational and environ-

mental (indoor and outdoor) allergen exposure. The aim of this EAACI task

force was to review the essential points for monitoring environmental and occu-

pational allergen exposure including sampling strategies and methods, processing

of dust samples, allergen analysis, and quantification. The paper includes a sum-

mary of different methods for sampling and allergen quantification, as well as

their pros and cons for various exposure settings. Recommendations are being

made for different exposure scenarios.
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Table 1 Databases of type I allergens and other agents causing

occupational respiratory diseases

Allergen databases

http://www.allergen.org; WHO International Union of

Immunological Societies:

http://www.allergome.org; Allergome:

http://www.meduniwien.ac.at/allergens/allfam/; AllFam:

Causative Occupational Agents databases

http://eaaci.net/sections-a-igs/ig-on-occupational-allergy/

allergen-list/235-occupational-allergens-list

http://www.asthme.csst.qc.ca/document/Info_Gen/AgenProf/

Bernstein/BernsteinAng.htm

http://www.aoecdata.org/

http://hazmap.nlm.nih.gov/index.php

Key Message Box

• A key factor for the development of respiratory

allergy is the contact between the respiratory organ

and inhaled air containing the allergens; most air-

borne allergens are components of or carried by

particles of 1–100 lm diameter.

• Aeroallergen monitoring is a stepwise process

including selection of the suitable exposure assess-

ment strategy, sampling methods, extraction proce-

dure, allergen measurement, and data analysis.

• Choice of optimal procedures depends on the

setting and objectives of allergen monitoring: in

epidemiological (population) studies on exposure–
response relation, in intervention studies, in diagno-

sis and follow-up of individual patients, in hazard

identification for disease clusters, during identifica-

tion of cases of ‘new allergy’ or as part of routine

monitoring or health surveillance program.

• Ideally, allergen exposure assessment should be

based on (active) measurement of airborne concen-

trations (outcome: allergen in ng (or pg) per m3 or in

particles per m3). In occupational studies, low-flow

personal airborne sampling in the breathing zone is

the recommended standard procedure. For outdoor

exposures, particularly for pollen and mold spores,

stationary air sampling at high flow rates is com-

monly used. In the indoor (domestic) environment,

the allergen content of settled or reservoir dust is

typically used to provide estimates of exposure levels.

• Exposure assessment for individual patients or a

specific location requires repeated measurements to

account for temporal and spatial variations in air-

borne allergen levels. In population studies with

larger numbers of subjects in exposure categories,

repeated measurements are recommended in a lim-

ited subset to document the reproducibility of the

procedure and the within-workers variation of

exposure. In the diagnosis of individual patients,

anamnesis must include attention to the exposure

history, and if the combined evidence of anamnesis

and diagnostic tests (e.g., skin prick test, specific

IgE, provocation test) may be sufficient for a define

diagnosis, management of the patient can be pri-

marily focused on allergen avoidance without the

need for allergen measurement.

• Allergen exposure assessment procedures should be

adequately validated, and optimization of the elution

and storage protocol is important. Immunoassays

based on monoclonal or polyclonal antibodies are

the method of choice for allergen quantification.

• Results from different immunoassays are not

directly comparable and need to be standardized

against known national or international standards.

• Effectiveness of interventions to reduce allergen

exposure can only be evaluated if appropriate aller-

gen measurements are included.

• More harmonized and validated exposure monitor-

ing procedures to assess the relations between aller-

gic outcome (sensitization, disease, efficacy of

treatment, and preventive measurement) and aller-

gen exposure are needed.

Exposure to airborne allergens of biological origin is

an important risk factor for the development of allergic

asthma and rhinitis (1). For this EAACI task force

report, we defined ‘allergens’ as high molecular weight type I

sensitizers; thus, macromolecules elicit specific immunoglobu-

lin E (IgE) responses in humans and exclude microbial pro-

inflammatory components such as endotoxin or b-glucans.
Most of the thus-defined allergens are (glyco)proteins with

molecular weights between 6 and 100 kD (refer to allergen

databases in Table 1). Although low molecular weight sensi-

tizers are of crucial importance for occupational airway dis-

ease, they are also excluded because nonimmunological

methods are used for their air monitoring. In practice, how-

ever, the term allergen refers to either a single molecule, a

mixture of molecules from the same source, or allergen-carry-

ing particles such as grass pollen.

The most relevant route of exposure for developing respi-

ratory allergy is the contact between the respiratory organ

and inhaled allergens. Airborne allergens are not present as

single molecules in the gas phase but components of identifi-

able particles such as pollen grains (10–60 lm) or mold

spores (2–100 lm), or adsorbed to and carried on less well

characterized and heterogeneous inorganic or organic dust

particles as in house dust. As the site of deposition in the

respiratory tract determines health outcomes (Fig. 1A,B), the

aerodynamic size and shape distribution of the particles is of

much relevance: inhalable, thoracic, and respirable fractions

have been defined for occupational, indoor, and outdoor

environments and should be measured depending on the out-

come of interest.

Knowledge of allergenic molecules has improved consider-

ably in recent years. As a result, exposure–response relations

with regard to allergic outcomes (sensitization, allergic rhini-

tis, allergic asthma, etc.) have been described for several
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allergens (2–6), but there is still a lack of information on

exposure levels causing sensitization and allergic symptoms

for many allergens. One reason is the complexity of airborne

allergen monitoring, which is a multistep task requiring vari-

ous tools and techniques and depending on the aim of the

monitoring statistical methods (Fig. 2) (6, 7). Most of the

available evidence comes from studies focusing on factors

affecting the intensity of exposure to airborne allergens, as

for house dust mite allergens in the home environment, pol-

len and mold spores in outdoor air, and a wide range of

allergens from plants, animals, molds, or industrial products

in the work environment; other studies have included allergen

measurements when evaluating the effects of allergen avoid-

ance measures.

The validity and accuracy of allergen exposure assessment

in relation to the risk of allergies depends on well-validated

methods to quantify airborne allergens. These procedures

may consist of traditional microscopic methods to identify

and count components or fragments containing allergens

(e.g., mite, pollen or mold counting), or directly of immuno-

logical assays for which allergen molecules must be extracted

from dust particles and/or filters (8). In some of the early

measurement series, from epidemiological studies, exposure,

for example, to wheat in bakeries has been assessed by tradi-

tional total dust measurements. This indirect approach is not

meaningful to quantify potent allergens that sensitize workers

at exposures in ng/m3 range (9). Although in several epidemi-

ological studies, for example, on seasonal allergy and asthma,

monitoring of pollen count was used as proxy for environ-

mental allergen exposure, the direct allergen measurements

are needed to be validated against patients’ symptoms. These

examples demonstrate that for quantification of allergens,

surrogates or proxies (such as gravimetric dust measurement,

pollen counts, or enzymatic activity) are not recommended,

because they only provide a crude approximation of actual

exposure levels and they are often not sensitive or specific

enough to determine allergen exposure responsible for sensiti-

zation or allergic symptoms.

The aim of this EAACI task force was to summarize infor-

mation on allergen exposure assessment methods in the gen-

eral indoor and outdoor and in the occupational

environment and to appraise and assess their value for the

establishment of exposure limits and implementation of

allergen reduction strategies. The report includes exposure

assessment strategies, sampling methods, extraction proce-

dures, allergen analyses, and epidemiological and clinical

applications of allergen monitoring. It should be a reference

document for researchers and occupational and environmen-

A

B

Figure 1 Definitions of dust fractions (A) Entry and interaction of

particles with the respiratory tract. (B) particle size distribution of

allergens.

Definition of objectives and setting

Definition of the best exposure assessment strategy 

Collection of the samples 
(e.g. repeated measurements if possible)

Optimal storage and extraction procedure of the 
samples

Allergen quantification with validation and
precision control

Data evaluation and conclusion

Figure 2 Stepwise selection process of methods and tools of aller-

gen assessment. Depending on which exposure assessment strat-

egy was chosen (e.g., measurement of inhalable particles), the

sampling equipment (e.g., special filters mounted in a sampling

head) as well as the following extraction procedures to recover the

dust is needed to validate and optimize. It is not unlikely that opti-

mal conditions for extraction may differ for each particular allergen

and the type of samples from which it is to be recovered. Concern-

ing allergen quantification, the specificity of antibodies just as the

properties and purity of calibration standards are important. Results

cannot be compared between studies when different standards are

used. For more information on error rate see (9).
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tal hygiene professionals (wish to use) using such methods

and contribute to the quality of allergen exposure estimation

and knowledge of allergen exposure–response relationships.

Methods

This consensus document was prepared by an EAACI task

force panel consisting of experts in allergology and occupa-

tional hygiene and medicine, and researchers in method

development for exposure assessment, as a concerted activity

of members of the Interest Groups Occupational Allergy and

Aerobiology & Air Pollution. The document was reviewed

and accepted by the EAACI Executive Committee.

The literature was reviewed by the panel members for each

section, and meetings were held to review findings and reach

informal consensus. Further consensus was reached by an

informal iterative process with input from all panel members

into the draft document and summarized as the attached ‘key

messages’ (see Key Message Box). The intention is not to

provide a formal evidence-based guideline, but a document

with practical information to support and assist allergolo-

gists, researchers, and professionals in the area of health and

safety or occupational and environmental medicine, by sum-

marizing the most important considerations that must be

taken into account when planning and conducting allergen

exposure assessment.

Exposure assessment strategies

Before starting allergen exposure assessment, the context in

which the measurements are performed and the rationale

must be clearly defined. Each setting has its own features,

with consequences for selection of equipment and methods,

for sampling and quantification of allergens, and for the

design of the sampling strategy: that is, from which medium

should be sampled, where and when, how often repeated,

and with which time intervals? Answers may not only differ

per allergen and type of environment, but also depend on the

health effect for which allergen exposure would be a risk fac-

tor, and its presumed pathogenesis and kinetics.

It is important to recognize that the actual relevant aller-

gen exposure can never be exactly determined. Exposure is

defined as the intensity and frequency of physical contact

between an agent and the relevant port of entry of the

human body (10, 11) (Fig. 1). Thus, for induction of asth-

matic reactions, the precise number of allergenic molecules

deposited on the bronchial mucosae during a certain time

interval preceding the symptoms should be determined, but

this can only be estimated by a ‘proxy’ of exposure, such as

allergen concentrations in the surrounding air – as in per-

sonal dust samples from the so-called breathing zone. For

allergen exposure causing sensitization, one would like to

know the average or cumulative levels of inhaled allergens

deposited in the upper and lower airways during more

prolonged periods. Airborne levels, however, show consider-

able temporal and spatial variation (12, 13). Results obtained

on a single day or for one individual are usually not repre-

sentative for exposure during more prolonged periods and

cannot be generalized to a broader population with presumed

similar exposure – such as all workers with the same job,

inhabitants of the same home, or children of the same school

class.

Outdoor allergen levels vary depending on climatic condi-

tions, wind direction, and wind speed, and indoor exposures

depend on home residents’ activities, indoor sources, and on

ventilation level and frequency. In work environments, expo-

sure levels for the same environment or individual may vary

across orders of magnitude within a few hours, as illustrated

by job-task-related measurements (14–17). Such temporal

and spatial variability is considerably larger than sampling

(typically 10–50%) and analytical errors (<15–20%) for most

allergen immunoassays.

In population studies, these problems can be resolved by

grouping strategies and exposure modeling, in which individ-

ual exposure levels are not directly defined by measurements

on the same subject but by the mean levels for the groups or

categories to which he or she belongs (18). Such an approach

is, however, not possible when dealing with individual

patients or single locations. In these cases, a series of

repeated measurements is required to reach sufficient accu-

racy.

Alternatively, a less variable but more remote ‘proxy of

exposure’ can be used by measuring allergens in so-called

dust reservoirs. Dust from floors, mattresses, or upholstered

furniture mainly consists of particles with large aerodynamic

diameter, too large to become and remain airborne for more

than, for example, 15–20 min (5). Their allergen content

may, however, be a reliable indicator of long-term airborne

exposure levels. In fact, if reservoir dust allergen levels are

relatively stable over time, the estimated – or only ranked

and categorized – exposure may be more reliable than the

more valid but imprecise airborne measurements at single

moments (1).

In summary, the choice of methods, tools and the measure-

ment strategy must be based on: a clear definition of the

allergen exposure that is responsible for the induction of the

health effect of interest and the known or presumed role of

allergen exposure in its pathogenesis; validity; and precision

of methods: Which provides the best proxy of exposure?

The sampling strategy must be such that replicate measure-

ments at various moments and/or the same or different loca-

tions improve validity and precision: The best sampling and

study design narrows the gap between the measured proxies

and the actual exposure levels.

The main considerations of this paragraph are summarized

in two decision trees (Figs 3 and 4) and will be discussed in

the paragraph 6.

Sampling methods

Airborne allergen measurements make use of active volume-con-

trolled sampling equipment, allowing results in allergen/m3 level.

Outdoor measurements are usually performed at a fixed loca-

tion (stationary sampling), while in occupational environ-

ments, personal sampling is the first method of choice

(Fig. 5) to assess what an individual is inhaling. In indoor

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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environments with low air currents and turbulence, passive

sampling of settled dust may be an alternative, resulting in

allergen levels in ng per m2 and per day or week (19–22).

Passively sampled airborne dust can be collected more easily

over extended periods, thus reducing sampling errors due to

temporal variability. The relation with airborne dust allergen

Figure 3 Decision tree of possible exposure assessment strategy

for individuals or patients with allergic symptoms. If provocation

tests, for example, with the suspected allergen source in addition to

IgE measurement and skin prick testing, demonstrate sufficient evi-

dence for a definite diagnosis, management of the patient can be pri-

marily focused on allergen avoidance without the need for allergen

measurements. For practical reason, allergen measurement in most

idiopathic rhinitis patients with typical allergy symptoms seems to be

not feasible, but should be an option if the symptoms persist. To

avoid false-negatives and misclassification, elements of repetition

should be implied, for example, by measuring on various days or tak-

ing samples for all or most of the patients.

Figure 4 Decision tree of the exposure assessment strategy for

population studies. Recommended or not recommended strategies

are indicated by ‘+’ or ‘�’, respectively. Depending on the sampling

place recommendation differs, for example, a regularly cleaned

worksite should have no dust reservoirs with accumulated aller-

gens.
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levels is, however, complicated. Most of the settled particles

must have been airborne, but smaller particles (<10 lm) settle

with (much) lower efficiency, and the air volume from which

settled particles are derived is unknown. Finally, during long

sampling periods, allergens may either deteriorate or – if part

of living (micro)organisms – be further produced (e.g., aller-

gens derived from mites, cockroaches, etc. become airborne

after fragmentation of mite bodies and fecal material).

Reservoir dust from mattresses, pillows, or carpets, as used

in house dust allergen studies, is usually collected with a con-

ventional vacuum cleaner using special sampling devices (see

Settled and reservoir dust sampling), resulting in allergen lev-

els in ng per lg dust (or lg/g dust).

A specific type of outdoor allergen measurement is pollen

counting. The interest in pollen as allergen carriers has led to

the development of monitoring networks in USA (23), Eur-

ope (www.ean.polleninfo.eu), and other parts of the world.

Minimum requirements and guidelines for pollen counting

are available from the European Aerobiology Society (24).

Air sampling

Particle size

Allergens from pollen, molds, plants, or animals can be

found in all inhalable size fractions (diameter up to 100 lm),

and inhalable dust is therefore commonly collected in work-

place monitoring. The thoracic and respirable fractions con-

sist of particles penetrating the airways and alveoli,

respectively. Particles larger than 10-lm deposit in the nose

and may induce hay fever, particles of 4- to 10-lm deposit in

the lower airways and may cause asthma, and <4-lm parti-

cles can reach the alveoli and may cause allergic alveolitis.

The size limits are, however, not absolute but defined as 50%

deposition efficiency cutoffs (25). In the public health

domain, similar particle size definitions (PM10 and PM2.5)

are used to distinguish fractions depositing mainly in the air-

ways and in the alveoli (26) (Fig. 1).

Pollen grains are typically >10 lm, and >90% of their aller-

gens are detected in this >10-lm fraction (27), but under spe-

cial weather conditions, for example, thunderstorms, pollen

allergens can also be detected in the PM10 fraction (28, 29).

Fungal spores are typically <10 lm, but often occur as larger

aggregates, and therefore may cause both nasal symptoms and

effects in the lower airways (30). Therefore, for allergen expo-

sure, the larger particulate fractions are the most relevant

ones, thus inhalable dust in the work environment and PM10

or larger for outdoor air. Most pollen grains and fungal spores

are isometric particles (all three dimensions are of similar size),

and their deposition in the airways is adequately described by

their aerodynamic diameter, which includes impaction and

sedimentation mechanisms. However, spore aggregates and

fungal mycelial fragments may be more elongated, and skin

scales have a flake-like structure, which increased their deposi-

tion due to interception. Such nonisometric particles have not

only aberrant deposition, they have also aberrant dispersal

due to floating behavior. These particles deposit to a greater

extent than indicated by their aerodynamic size and are more

likely to expose the upper airways.

Samplers

The methods and their application field are depicted in Fig. 5

and some technical details of equipment in Table 2. Equip-

ment used in work environments differs because exposure

levels are usually higher than in the general indoor and out-

door environment. Personal sampling is performed in the

breathing zone of the worker with low-flow portable sam-

pling pumps, while outdoor sampling is performed with lar-

ger stationary pumps at high flow rates (up to 60 m3/h, see

Table 2).

Aerosol samplers range from impaction devices (impactors

and impingers with and without size separation) to cyclones,

filter cassettes, or sedimentation devices. Inhalable, thoracic,

and respirable dust sampling may be performed in parallel to

assess health-relevant particle size fractions and provide a

simple characterization of the allergen distribution over vari-

ous particle sizes. More elaborate measurements make use of

impactors for size-dependent fractionation, but few impactors

are suitable for personal sampling.

Figure 5 Options for allergen monitoring in occupational and environmental settings.
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A very specific type of sampler is the nasal sampler that

collects particulates directly from the air inhaled by the test

person (7). Theoretically, this should be a highly valid and

relevant method, but it has some major drawbacks: Collec-

tion efficiency of particles is poor for particles <5 lm, sam-

pling time is limited, the necessity of nasal breathing

complicates application during heavy work, and particle col-

lection on sticky substrates may complicate further analysis.

Sampling materials

Most airborne sampling is performed with capillary pore or

fiber filters from which allergens can be eluted. The use of cap-

illary pore filters has the advantage of easy access, better recov-

ery, and direct (electron) microscopic study of particles.

Alternatively, dust can be impacted in fluids (in impingers) or

in dry tubes when using cyclones. Impactors have the advan-

tage that the filters do not clog, as no air passes through the

‘filters’. However, particle bounce can be a problem that is

reduced using sticky substrates or porous ‘filter’ material.

Settled and reservoir dust sampling

Passive sampling of settled dust makes use of specific materi-

als such as aluminum foil-covered pizza boxes (21), three-

dimensional polyurethane foam (31), or electrostatic dust

clots and wipes (20, 32).

Surface reservoir dust is collected on cellulose or glass fiber

filters or in nylon bags (‘socks’), from which the dust can either

be easily removed or be extracted together with the filter or

nylon sock (33). The major advantage of the vacuum collection

method is its ability to collect a large quantity of crude dust

mass from a large surface area that can then be processed into

a uniform fine-dust specimen (34). Most large-scale studies use

the ALK device (ALK Allergologisk Laboratorium A/S, Hor-

sholm, Denmark), MITEST (Indoor Biotechnologies, Char-

lottesville, VA, USA), or Dustream� collectors (Indoor

Biotechnologies) for vacuum sampling of reservoir dust. They

can be used in domestic and occupational settings.

Sample processing: storage, transport, and extraction

Before further analysis in, for example, immunoassays, sam-

pled reservoir or airborne dust has to be converted into a parti-

cle-free supernatant, by elution from a filter or other collecting

device during incubation and agitation in a well-defined med-

ium, after which extracted aliquots can be stored frozen until

analysis (Table 3). In the case of reservoir dust specimens that

commonly contain a myriad of particulates other than aller-

genic proteins that need to be removed prior to extraction, for

example, by sieving (34). The large majority of known

IgE-binding allergens can be easily extracted in conventional

buffers at physiologic ionic strength and pH, but may also be

partially lost by adsorption to the filter, pipette tips, or the wall

of the extraction tube. The addition of a mild detergent such as

Tween-20 to the medium is therefore recommended, although

its positive effects on allergen yield have been demonstrated

systematically in only a few studies, mainly on occupational

allergens (Table 4). Experiments to compare extraction proce-

dures of airborne dust need at least two parallel filters with

same amounts of dust and allergens. Recovery of allergens has

also been studied with filters onto which allergen solutions had

been spotted (35), but such experiments do not account for

interference by other dust particle components during and

after elution of the allergen. The use of side-by-side parallel

airborne dust samples from a representative sample location

much better reflects the actual monitoring situation (36). As

dust load of parallel samples may still show substantial varia-

tion, special units for parallel sampling have been developed to

obtain series of filters with nearly identical inhalable dust and

allergen load (37, 38). With the use of such equipment in previ-

ous EU projects focusing on occupational allergens, only lim-

ited effects were found for most varying parameters in

extraction procedures, such as use of different extraction tubes,

incubation time, agitation method – whereas for both bakery

and laboratory animal allergens, recovery was consistently

better in media with a low concentration of Tween-20 (0.05%)

(36, 39, 40). However, for other agents and assay procedures,

the optimal detergent concentration may differ and other

parameters can be relevant as well and should thus in principle

be tested for each new type of allergen.

Allergen analysis

Standard methods for allergen quantification are immunoas-

says (7, 41, 42). A range of assays to detect environmental

and occupational allergens have been described and applied,

but only few of them are commercially available (Table 5).

The reagents may be antibodies from serum of specifically

sensitized patients or from immunized animals. Animal anti-

bodies can be polyclonal, recognizing a range of epitopes on

various allergen molecules from the same source, or selected

monoclonal antibodies against single epitopes on a well-

defined allergen molecule. Polyclonal antibodies may thus be

used to measure a mixture of allergenic molecules that nomi-

nally all belong to the same ‘allergen’, such as proteins from

wheat flour, natural rubber latex, or molds, of which many

contribute to the total allergenicity. Some assays, especially

in a sandwich design, are sensitive enough to quantify air-

borne allergens, at least in occupational environments (43).

Monoclonal antibody (mAbs)-based assays have a higher

specificity, by measuring one specific allergen molecule, usu-

ally a so-called major allergen, and have been widely used as

a proxy for exposure to a complete allergen source (e.g.,

assays for Der p 1 or Der f 1 to assess indoor environmental

exposure to house dust mite allergens; for complete lists see

Table 5). Both for the application polyspecific antisera or for

the monoclonal antibodies, potential pitfalls should be taken

into consideration. Polyspecific antisera obtained by immuni-

zation with crude antigenic mixtures will often react to more

than a single antigen (e.g., an antiserum to mouse urine

reacting not only with Mus m 1, but also with the mouse

serum albumin). If the dust extract contains both antigens,

and the reference material contains only Mus m 1, or con-

tains both antigens in a ratio different from the dust sample,

a potential quantitation problem has to be considered. In

addition, polyspecific antisera may contain highly cross-reac-

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

Monitoring of aeroallergens Raulf et al.



tive antibodies, which require a careful control of the speci-

ficity of the test. MAbs directed to allergens are highly spe-

cific tools in allergen standardization and quantification.

Their mono-specificity allows sensitive detection of individual

allergens. It is the same quality that asks for caution (44):

mAbs can be too specific and therefore isoforms of allergens

can be missed. On the other hand, mono-specific antibodies

can also be cross-reactive, possibly resulting in overestima-

tion of allergen content. More details have been reviewed by

international workshops on indoor allergens (1).

Immunoassays may be competitive or noncompetitive, with

the essential antigen–antibody binding reaction occurring in

the liquid or solid phase, respectively. Measuring airborne

allergens, with levels in the pg to ng/m3 range, requires high

sensitivity, and therefore usually a two-sited sandwich

enzyme immunoassay (EIA) with capture antibodies and

labeled detection antibodies are used. Such assays can be 10-

to 1000-fold more sensitive than an inhibition assay using the

same antibodies (41, 42). Assay sensitivity can be further

enhanced by signal amplification kits that utilize enzyme cas-

cade or cycle systems, or conjugates with multiple enzymes

(43, 45).

Recently, monoclonal antibodies have been used in fluores-

cent multiplex arrays that allow detection of multiple aller-

gens in a single test. This principle has been successfully

applied in a test system for up to eight allergens, which can

be measured simultaneously under the same assay conditions

(Multiplex Array for Indoor Allergens; MARIATM system,

Indoor Biotechnologies Inc, Charlottesville, VA, USA), thus

improving standardization and reproducibility, and increas-

ing the efficiency of measurements (46–48).
Other exposure assessment methods determine and count

microscopically visible material from which allergens are

released such as pollen, mold spores, or mite bodies. It is also

possible to count allergen-bearing particles with the so-called

halogen immunoassay (49, 50). Lateral flow immunoassays

(LFIA) allow direct semiquantitative identification of aller-

gens in a test solution or dust extract, as shown for alpha-

amylase (51), laboratory animal allergens (52), and house

dust mite (53); LFIA are particularly useful to quickly show

the presence of allergens in a specific situation.

Unknown optical density results of the EIA are interpo-

lated from the calibration curve in mass units per ml or units

per ml, but the potency of the reference materials in mass

units is often uncertain, for example, even for Der p 1. The

factor used for the conversion from potency relative to the

reference material into mass units has a substantial (<2-fold)
uncertainty in the current literature. It is very important to

recognize that measurement data produced by different

immunoassays can only be compared if assay calibration

standards are validated and tested against known national or

international standards, where these are available (CREATE;

47, 54). The aims of the CREATE project were to identify

candidate reference materials and ELISA reagents that would

subsequently be prepared by regulatory authorities. This has

indeed proved to be the case. The European Directorate for

Quality of Medicines (EDQM) carried out a follow-up study

(BSP090) to produce recombinant allergen reference prepara-

tions for Bet v 1 and for Phl p 5 (55). These references have

been adopted by the European Pharmacopoeia Commission

as Recombinant Major Allergen rBet v 1 CRS (Chemical

Reference Substance) and Recombinant Major Allergen rPhl

p 5a CRS, respectively. They are intended for use as refer-

ence preparations for determination of the Bet v 1 and Phl p

5a content, respectively, in allergen extracts and recombinant

Bet v 1 and Phl p 5a preparations by ELISA and are publicly

available (http://www.edqm.eu/site/News-EDQM-stan-

dards-1572.html). The EDQM is engaged in a program to

develop other allergen standards, including Der p 1, Der p 2,

and other major allergens.

Some further unresolved issues have to be kept in mind for

quantification of the allergens: With regard to the validation

of the lower limit of the detection of an allergen in a sample,

not only the dose–response curve of a purified allergen is

important but also spike recovery in actual dust samples is an

essential part of the protocol – also the parallelism of

dose–response relation between sample and standard is essen-

tial – EIA based on monoclonal as well as on polyclonal anti-

Table 3 Commonly used extraction protocols consist of five steps

1. Transfer to extraction tube

Careful transfer of the dust-loaded filter, tissue, or other sampling equipment to an extraction tube of suitable size.

2. Addition of extraction medium

Addition of an appropriate volume (from 5 to 20 or, in case of >1 g dust, up to 50 ml) of an extraction medium with physiologic salt

concentration (0.15 M) and pH (7,8), usually with added detergent (0.05–0.5% Tween-20), such that the filter, cloth, etc., and the dust

are completely immersed

3. Elution of allergens by agitation

Incubation on a shaking platform, or in an end-over-end roller, during 30–120 min at ambient (room) temperature; extra modifications may

be intermittent vigorous vortexing, sonification, or homogenization in case of fungal spores, to release dust particles from the filters and

to disrupt spores or larger particle aggregates

4. Centrifugation

Separate the solution of extracted components from the nondissolved dust, centrifugation at ~1000–1500 9 g for 10–15 min is usually

sufficient to obtain a dust particle-free supernatant

5. Harvesting and storage

Harvesting the supernatant and storage in aliquots, at �20°C/�80°C, until later analyses. In some cases, addition of ‘nonspecific’

proteins, such as bovine serum albumin or casein, increases stability of aliquots
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bodies has its specific features and therefore its specific limita-

tions (e.g., with highly specific mAbs, underestimation of aller-

gen variants with structural changes is possible and polyclonal

polyspecific antibodies are more difficult to reproduce and

define). Whether the application of other techniques such as

PCR assays or mass spectrometric methods is suitable for

allergen detection and quantification in environmental or

occupational samples should be validated in the future.

Epidemiological and clinical aspects of allergen

monitoring

Allergen measurements are applied in a range of settings,

including the following:

• Diagnosis and management of individual patients.

• Population studies on exposure–response relationships.

• Intervention studies.

• Routine surveillance, mainly in the work environment.

This section discusses strategies and selection of tools and

procedures in these settings, as summarized in the two ‘deci-

sion trees’ (Figs 3 and 4). In addition, allergen measurements

are an essential component in allergen avoidance intervention

studies and recommended in clinical trials.

Diagnosis of individual patients

Anamnesis of the allergic patient must include attention to the

exposure history to identify allergenic exposures and trigger

factors, their suspected source, intensity, peak concentrations,

and frequency. Therefore, anamnesis items, for example, ask-

ing about the definable event after the allergic symptoms began

such as moving into a new home or school environment or

workplace or the implementation of ‘new substances’ at work,

are helpful. In addition, asking whether changing their living

or working space by going on an extended vacation diminished

their allergic symptoms is also informative. A walk-through

visit to the home or worksite can be useful, and industrial

hygienists will also look at product inventory lists and material

safety data sheets (56) and compare with compendia of envi-

ronmental and workplace allergens and asthma-causing agents

(see Table 1). When skin prick or IgE test results are positive,

further conclusions will depend on the sensitizing potency of

the allergen, duration and intensity of exposure, and existing

control measures (57). Provocation tests with the suspected

allergen source have to be included in the diagnosis procedure.

If the combined evidence may be sufficient for a definite diag-

nosis, management of the patient can be primarily focused on

allergen avoidance without the need for allergen measurements

(Fig. 3, left column). But in symptomatic and sensitized

patients without clear exposure, hidden allergen exposure can

be detected by allergen measurement. (e.g., cat allergen can

accumulate in homes that do not contain cats and can cause

symptoms in allergic individuals.)

If exposure measurements are considered necessary for fur-

ther confirmation, and assays to quantify the suspected aller-

gen are available, an industrial or environmental hygienist

may conduct area or personal sampling in the home or in

high-risk departments at work. If suitable at workplace,T
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b
le

5
(C
o
n
ti
n
u
e
d
)

D
e
te
c
te
d

a
lle
rg
e
n
s

S
ta
n
d
a
rd

te
s
t
a
n
ti
g
e
n

T
y
p
e
o
f
a
s
s
a
y

A
n
ti
b
o
d
ie
s

D
e
te
c
ti
o
n

lim
it

C
o
m
p
a
n
y
/I
n
s
ti
tu
te

R
e
fe
re
n
c
e
s

A
lle
rg
e
n
m
ix
tu
re

1
–1

1
D
e
r
p
1
,
D
e
r
f
1
,
M
it
e

g
ro
u
p
2
,
F
e
l
d
1
,

C
a
n
f
1
,
B
la

g
2
,

R
a
t
n
1
,

M
u
s
m

1
,
B
e
t
v
1
,

P
h
l
p
5
,
A
lt
a
1
§

M
A
R
IA

T
M
‡,

P
ic
k
Y
o
u
rP
le
x

(A
S
-M

R
A
-C
1
-1
1
)

m
A
b

0
.0
1
–0

.9
8
n
g
/m

l
In
d
o
o
r
B
io
te
c
h
n
o
lo
g
ie
s

h
tt
p
:/
/i
n
b
io
.c
o
m
/E
U
/P
ro
d
u
c
ts
/

M
A
R
IA
-K
it
s

IR
A
S
,
In
s
ti
tu
te

fo
r
R
is
k
A
s
s
e
s
s
m
e
n
t
S
c
ie
n
c
e
s
,
U
n
iv
e
rs
it
y
U
tr
e
c
h
t,
th
e
N
e
th
e
rl
a
n
d
s
;
IP
A
,
In
s
ti
tu
te

fo
r
P
re
v
e
n
ti
o
n
a
n
d
O
c
c
u
p
a
ti
o
n
a
l
M
e
d
ic
in
e
o
f
th
e
G
e
rm

a
n
S
o
c
ia
l
A
c
c
id
e
n
t
In
s
u
ra
n
c
e
,
R
u
h
r-

U
n
iv
e
rs
it
y
B
o
c
h
u
m
,
G
e
rm

a
n
y
.

*
U
n
iv
e
rs
a
l
A
lle
rg
e
n
S
ta
n
d
a
rd

(U
A
S
)
c
o
n
ta
in
in
g
:
D
e
r
p
1
,
D
e
r
f
1
,
D
e
r
p
2
,
F
e
l
d
1
,
C
a
n
f
1
,
R
a
t
n
1
,
M
u
s
m

1
,
a
n
d
B
la

g
2
.

†L
F
IA
,
la
te
ra
l
fl
o
w

im
m
u
n
o
a
s
s
a
y
.

‡M
A
R
IA

T
M
,
M
u
lt
ip
le
x
A
rr
a
y
fo
r
In
d
o
o
r
A
lle
rg
e
n
s
.

§U
n
iv
e
rs
a
l
A
lle
rg
e
n
S
ta
n
d
a
rd

c
o
n
ta
in
in
g
:
D
e
r
p
1
,
D
e
r
f
1
,
M
it
e
g
ro
u
p
2
,
F
e
l
d
1
,
C
a
n
f
1
,
R
a
t
n
1
,
M
u
s
m

1
,
B
la

g
2
p
lu
s
in
d
iv
id
u
a
l
a
lle
rg
e
n
s
ta
n
d
a
rd
s
o
f
B
e
t
v
1
,
P
h
l
p
5
,
A
lt
a
1
.

Raulf et al. Monitoring of aeroallergens

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd



paired dust samples should be collected from areas where

symptoms are severe and compared with allergen levels in a

‘control’ specimen that has been collected from areas where

symptoms are absent. In some occupational settings, how-

ever, the allergen and its concentration may not be known

when a new work process or product is introduced into the

environment. This will require demonstration of allergens in

the source material prior to airborne allergen measurements

(58). If the suspected offending agent is a ‘new’ type of aller-

gen, it may be necessary to first develop a specific assay, for

example, using the patient’s allergen-specific IgE (Fig. 3, right

column).

Patients with a suspected indoor (e.g., house dust mite,

pets, cockroach) allergy may also benefit from evaluation of

aeroallergen exposure (34). If the question is the presence of

dust mite contamination, carpeted and upholstered surfaces

in bedrooms, living rooms, and recreation rooms are key

areas for sample collection. Nevertheless locations for ideal

sample collection vary with the specific circumstances asso-

ciated with the habits of the allergic individual. Demonstrat-

ing the presence of the allergen in their home environment

and identifying sources of high-risk exposure with the

assistance of medical indoor environment counselor will

convince the patient to pursue allergen reduction methods

(59, 60).

A specific application in individual diagnosis is airborne

allergen measurement during specific bronchial challenge in

the diagnosis of occupational asthma (56). Allergen challenge

chambers are also used for evaluating pollen-allergic rhinitis

patients. Apart from careful compliance with standardized

protocols, it is important to control and document the

airborne and inhaled allergen concentrations during the

challenge (61, 62).

Exposure–response relationships in population studies

Home environment

Many studies have demonstrated quantitative relationship

between the risk of mite, cockroach, and/or pet allergy and the

levels of these allergens in reservoir dust samples from floors or

mattresses (2, 63). The actual shape of the dose–response
curves –monotonously positive or bell-shaped optimum curves

– and the (non-)existence of ‘safe’ threshold levels have, how-

ever, been a matter of longstanding and as yet unresolved

debate (64). It further must be emphasized that only few stud-

ies have managed to relate allergen levels in reservoir dust to

the actually inhaled airborne concentrations (2).

Occupational environment

Allergen exposure assessment in the workplace is increas-

ingly used in epidemiological studies (65), especially in envi-

ronments with dominant exposures to particular allergens

such as bakeries, laboratory animal facilities, detergent

enzyme manufacturing, seafood-processing environments,

wood handling, and healthcare settings. In a dusty work-

place such as bakeries, the flour allergen levels show a high

correlation with dust concentrations (66), but for most

other allergens and worksites, the allergen content of the

airborne dust is highly variable, and dust is a very poor

proxy of allergen exposure (67). Detailed exposure charac-

terization studies are helpful in identifying high-risk groups

of workers, work processes, or tasks, and the use of such

information in exposure modeling has allowed the establish-

ment of dose–response relationships for various occupa-

tional allergens (4, 68–71).
There do not seem to be threshold exposure levels below

which risks are negligible, and the slope of the curves often

suggests that to achieve a substantial – for example, 30–50%
– risk reduction, the exposure should be lowered by at least

one or even two orders of magnitude (68, 72).

Surveillance and routine allergen exposure monitoring

Workplace exposure surveillance can reveal when exposure

controls are not functioning properly and quantify allergen

levels associated with new onset or recurrence of allergic

symptoms in exposed individuals (58). Similarly, domestic

exposure monitoring can identify inadequate control or new

allergen sources in symptomatic individuals on treatment (34,

63). Although results of routine monitoring cannot be com-

pared with absolute standards or legally imposed threshold

values, well-performed series of repeated measurements can

be very useful to monitor longitudinal changes in exposure

levels, especially when new equipment and procedures are

introduced at the workplace, allergen avoidance measure-

ments are introduced, or other major changes may affect

exposure levels.

Intervention studies

Allergen avoidance

Aeroallergen avoidance in the home environment has been

studied widely, especially for house dust mite and pet aller-

gens. Prospective longitudinal studies of cohorts of newborns,

descriptive or interventional, show the complexity of primary

prevention of allergy development. Several studies have

reported that primary prevention of allergic disease is also

possible by strict allergen avoidance from birth, but in other

cohort studies, no preventive effects of active interventions

could be demonstrated. The role of allergen exposure as a

primary cause of asthma or allergy incidence is still a matter

of controversy and rethink of strategies for mite allergen

avoidance including determination of when and how personal

airborne exposure to allergen occurs is necessary (64, 73).

Cessation or reduction of exposure is also a key to the pre-

vention and management of occupational asthma and allergy

(56, 74, 75). The most convincing example of its effectiveness

has been the substitution of powdered latex gloves with low-

protein nonpowdered gloves (76).

Obviously, the eventual outcome of interest regarding

avoidance studies is the clinical improvement of the patient

(s) or a significantly reduced incidence of new allergies. How-

ever, interpretation of positive or negative results is only pos-

sible when the studies are complemented with exposure

measurements before and after the introduction of the avoid-

ance measures.
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Clinical trials

Clinical trials to assess the efficacy of anti-allergic drugs and

specific immunotherapy must take into account as potential

confounders any changes in exposure levels during the trial.

Outdoor ambient air pollen counts are considered the most

reliable proxy for airborne pollen allergen exposure, and

daily symptom scores for allergic rhinitis depend on airborne

allergen exposure. Outdoor pollen counts should thus be used

in clinical trials and documented, according to guidelines for

Europe (EMEA, 2005), the USA (FDA, 2000), and the

WAO (77). New methods accounting for the allergen content

of pollen (27) may provide even better exposure estimates,

but studies are still lacking in this regard. Regarding drug

and immunotherapy trials in house dust mite allergy, EMEA

has underlined the importance of validated methods to mea-

sure the exposure to these allergens serially (EMEA, 2005),

even while levels of mite allergens often decrease during the

trial (78).

Conclusion

Airborne exposure to high molecular weight sensitizers of

biologic origin is a clear determinant of risk for the devel-

opment of rhinitis and asthma. Therefore, the knowledge of

exposure levels is helpful to estimate the risk of sensitization

or induction of symptoms in occupational or environmental

settings. Allergen monitoring is an important tool for expo-

sure assessment and especially for intervention control.

The stepwise process of aeroallergen monitoring, which is

summarized in the paper includes the selection of the suit-

able exposure assessment strategy, sampling methods,

extraction procedure, allergen measurement, and data analy-

sis. Nevertheless, it is clear that measuring allergen concen-

tration is only a proof of exposure and not a definite proof

of, for example, occupational airway disease. Although

more allergen exposure data are becoming available, more

methods of allergen monitoring have been described and

methods are becoming more accurate, there is a clear need

for standardization of sampling and analytical procedures.

Using different protocols for the sampling, elution and dif-

ferent immunoassays complicate the comparison of results

of different studies. The development of consensus protocols

based on validation studies and using them in studies with

exposure assessment can be helpful in the future for a better

comparison of data from different studies estimating the

exposure dose–response interaction between sensitization

and allergic symptoms.
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