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Foreword

The World Health Organization (WHO) and its Regional Office for Europe
have recognized the potential significance of the quality of the indoor envi-
ronment for a long time. The current understanding of the magnitude of the
health effects of poor indoor air quality is still far from complete. Neverthe-
less, there is sufficient knowledge for this issue to be listed as one of the lead-
ing environmental health problems in Europe in the Declaration on Action
for Environment and Health in Europe, which was endorsed by the Second
European Conference on Environment and Health, held in Helsinki in June
1994. The WHO European Centre for Environment and Health, which is
responsible for the Regional Office programme related to air quality, is con-
tinuing the involvement of the Regional Office in projects on indoor air qual-
ity and contributing to achieving the regional target for health for all related
to air quality.

This monograph is an extension of a series of reports published by the
Regional Office devoted to indoor air quality and to methods of assessing
exposure. It is addressed to the broad public health community. The text sum-
marizes the present methods and discusses the advantages and limitations of
various approaches. The implementation of the methods presented should
optimize efforts aimed at creating indoor environments supporting the health
of people indoors, and thus improve the health of the European population.

The experts participating in the work on this publication represent vari-
ous disciplines and various experiences. I am grateful to them for their contri-
butions to the text, for their creative and constructive discussion at working
group meetings and for their critical revision of drafts of this book. I grate-
fully acknowledge the financial contribution of the Government of Germany,
which made this project possible.

J.E. Asvall
WHO Regional Director for Europe
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Preface

Most people spend most of their time indoors, where they are
subject to conditions they can control to a limited extent. The
poor quality of the indoor environment is a strong determinant
of a variety of health problems. The effects include discomfort
caused by extremes of temperature or unpleasant smells,
sensitization and asthmatic reactions related to biological aero-
sols in the indoor air, and the fatal consequences of exposure to
pathogenic organisms or chemicals. Attempts to conserve energy
and to regulate some aspects of indoor climate may adversely
affect other aspects of indoor air quality. A variety of building
materials and chemical agents contained in consumer products
used indoors may be harmful to health. Economic growth and
development induce changes in lifestyle, increase the use of these
products and indirectly affect health.

The principal method of preventing adverse health effects is
to eliminate exposure to hazardous factors. Nevertheless, the cost
of preventive measures may be excessive and not justified if the
measures are implemented in environments where the exposure
does not pose any risk to health. In some cases, the measures
may even harm health, such as when intensive ventilation in-
creases the penetration of outdoor air pollutants. People often
increase the use of household equipment without considering its
potential contribution to indoor air pollution. In other situations
they may attribute symptoms of ill health to unsatisfactory in-
door air quality even if other factors are the cause. In such situa-
tions, standardized methods of assessing population exposure to
indoor air pollution are necessary to assess the risk to health and
to select optimal risk management actions.

A working group convened by the WHO European Centre for
Environment and Health has prepared this publication with the

ix



X ASSESSMENT OF EXPOSURE TO INDOOR AIR POLLUTANTS

aim of facilitating the implementation of exposure assessment
methods in public health practice. The expertise necessary for
applying exposure assessment methods is distributed among a
number of disciplines, including chemistry, toxicology, physiol-
ogy, epidemiology, and ventilation or building design engineer-
ing. All these disciplines were represented in the working group.
This publication is meant to supplement the extensive textbooks
on indoor air quality, its effects on health and the technical inter-
ventions that can ensure adequate indoor air quality. This text
gathers information from various sources that may be familiar to
some specialists in indoor air quality problems but relatively new
to others, and identifies the entire scope of activities necessary
for exposure assessment. In this way, the publication should be
useful to a broad range of public health specialists and should
serve well to maintain and create healthy indoor environments.

Kees van der Heijden
Director, Bilthoven Division
WHO European Centre
for Environment and Health
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Introduction

The quality of air is the most essential determinant of the quality
of life. As people in temperate climates spend an average of 80-
90% of their lives indoors, this refers mainly to the quality of
indoor air. Polluted air is a health hazard that causes disease and
lost work days and reduces the quality of life. Poor air quality
may increase mortality. To be precise, the health effects are caused
by the simultaneous presence of people and air pollutants in the
same microenvironment - people's exposure to air pollutants.
Ott (1) defines this exposure as a product of the concentration C
of pollutant P at point x,y,z at time t and the presence of person A
at point x,y,z at time t.

The concentrations of both outdoor and indoor air pollutants
vary in time and space. In outdoor air both types of variation are
high. Under different weather conditions, the same overall
amount of a pollutant emitted to the air may result in very differ-
ent air pollutant concentrations at any given location. Conse-
quently, an individual living in that location experiences a mix-
ture of days with poor, acceptable and good air quality. In indoor
environments this situation is different. In warm weather, natu-
rally ventilated indoor environments (with open doors and win-
dows) may have very high ventilation rates, which effectively
dilute the emissions from whatever pollution sources might be
indoors. On such days, the level of outdoor air pollution de-
termines the individual's exposure to pollutants because the
infiltration of the outdoor pollutants indoors increases. Nev-
ertheless, on most days in most indoor environments both in-
door sources and the ventilation rates are relatively stable.
Consequently, an individual living in a highly polluted (or
nonpolluted) home experiences poor (or good) indoor air qual-
ity on most days.

1



2 ASSESSMENT OF EXPOSURE TO INDOOR AIR POLLUTANTS

The scope of this report is the quality of indoor air experi-
enced by people. This report focuses on air pollution exposure in
such indoor environments as homes, offices and various public
service buildings, but not in industrial environments, where the
occupational exposure is mostly caused by effluents from pro-
duction processes. Such occupational exposure levels to individual
chemicals may be orders of magnitude higher than exposures to
the same chemicals in office or home environments. Neverthe-
less, there are other differences. Occupational exposure is usu-
ally limited to one or a few hazardous compounds and exposure
times of 40 hours per week and to healthy adult working indi-
viduals, whereas exposure in homes can consist of hundreds of
different air contaminants, exposure times of up to 168 hours
per week and unlimited population groups (some including indi-
viduals with increased sensitivity). Indoor air quality, as discussed
in this report, includes not only toxic gaseous, particulate and
biological contaminants in indoor air but also sensory (odorous
and irritating) air pollutants, humidity and temperature. Together
these parameters determine the health impact, the perceived air
quality and the thermal comfort of indoor air.

The assessment of people's exposure to pollutants mediates
the environmental factors and health outcomes in the manage-
ment of environmental health risks. Exposure assessment (to-
gether with hazard identification, exposure- response evaluation
and risk characterization) can also be essential for the health risk
assessment, which in turn is necessary for effective risk manage-
ment and risk communication processes.

WHO's previous work on indoor air quality has focused on
identifying the hazards of various types of indoor air pollution
(see Box 1). The series of publications of the European Collabo-
rative Action "Indoor Air Quality and Its Impact on Man "2 has
reviewed various aspects of indoor air quality and its manage-
ment (see Box 2).

The methods of exposure assessment have been a subject of
previous work by the WHO European Centre for Environment
and Health. One working group reviewed exposure assessment
methods in environmental epidemiology (2) and another

Formerly called the European Concerted Action "Indoor Air Quality and
Its Impact on Man ".
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Box 1. WHO Regional Office for Europe reports
related to indoor air quality

1. Health aspects related to indoor air quality (3)

2. Indoor air pollutants: exposure and health effects (4)

3. Indoor air quality research (5)

4. Indoor air quality: radon and formaldehyde (6)

5. Air quality guidelines for Europe (7)

6. Indoor air quality: organic pollutants (8)

7. Indoor air quality: biological contaminants (9)

8. Indoor air quality: combustion products (10)
9. Indoor air quality: inorganic fibres and other particulate

matter (11)
10. Indoor air quality: a risk -based approach to health criteria for

radon indoors (12)

formulated guidelines for the use of biological markers of expo-
sure (13). This monograph uses this earlier experience to review
the main elements of the assessment of exposure to indoor air
pollutants. It summarizes the present methods for exposure as-
sessment in the inddor environment and discusses the advan-
tages and limitations of various approaches.

The monograph is addressed to the broad public health com-
munity. It cannot replace the extensive textbooks on indoor air
quality, the health effects or the technical interventions that can
improve the quality of indoor air. Nevertheless, it gathers infor-
mation from various sources that may be known to some indoor
air specialists but may be relatively new to others.

The report consists of two parts. The first reviews the back-
ground definitions and determinants of the exposure indoors and
discusses the main approaches to assessing the exposure. The sec-
ond part reviews three groups of selected pollutants, providing
examples of application of the exposure assessment methods. The
Annex illustrates the preceding text with short summaries of the
exposure assessment studies completed or initiated in various
countries.
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Box 2. Reports of the European Collaborative Action
"Indoor Air Quality and Its Impact on Man"

1. Radon in indoor air (EUR 11917 EN)

2. Formaldehyde emissions from wood -based materials: guideline for
the establishment of steady state concentrations in test chambers
(EUR 12196 EN)

3. Indoor pollution by NO2 in European countries (EUR 12219 EN)

4. Sick building syndrome -a practical guide (EUR 12294 EN)

5. Project inventory (S.P.I. 89.33)

6. Strategy for sampling chemical substances in indoor air
(EUR 12617 EN)

7. Indoor air pollution by formaldehyde in European countries
(EUR 13216 EN)

8. Guideline for the characterization of volatile organic compounds
emitted from indoor materials and products using small test
chambers (EUR 13593 EN)

9. Project inventory, 2nd updated edition (EUR 13838 EN)

10. Effects of indoor air pollution on human health
(EUR 14086 EN)

11. Guidelines for ventilation requirements in buildings
(EUR 14449 EN)

12. Biological particles in indoor environments (EUR 14988 EN)

13. Determination of VOCs emitted from indoor materials and products.
Interlaboratory comparison of small chambermeasurements
(EUR 15054 EN)

14. Sampling strategies for volatile organic compounds (VOCs) in indoor
air (EUR 16051 EN)

15. Radon in indoor air (EUR 16123 EN)

16. Determination of VOCs emitted from indoor materials and products.
Second interlaboratory comparison of small chamber measurements
(EUR 16284 EN)

17. Indoor air quality and the use of energy in buildings (EUR 16387 EN)

18. Evaluation of VOC emissions from building products. Solid flooring
materials (EUR 17334 EN)

19. The use of TVOC as an indicator in indoor air quality investigations
(in press)

Publications 1 -4 and 6 -17 have been published by the Office for Official
Publications of the European Communities in Luxembourg. Publication 5
and the two publications that are in press are published by the Joint
Research Centre of the European Communities in Ispra, Italy.
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1

General aspects of
exposure assessment

Exposure to indoor air pollutants is assessed for various reasons.
Some surveys are initiated because of problems perceived by the
(possibly) exposed individuals and others because of research
interest related to specific pollutants, health outcomes or situa-
tions. The most common reasons are investigations of problem
buildings, disease outbreaks or specific populations or environ-
ments, identification of health risks and epidemiological expo-
sure assessment.

Building investigations are assessments of problem buildings,
to control compliance with existing guidelines or recommenda-
tions for known pollutants or to identify the sources of these
pollutants.

Disease outbreak investigations are initiated by the obser-
vation of an unusual increase in the incidence of a disease that
may be caused by factors present indoors. Exposure assessment
aims to confirm and quantify the exposure and to identify its
source.

Population or environment investigations address exposure
to a specific pollutant under specific circumstances in a predefined
population. The results are used for the risk assessment of the
potential health effects of indoor air pollutants, or to set priori-
ties for preventive activities based on total exposure evaluation
and estimates of the contributions of various exposure routes to
the risk. The results of such investigations are also used as refer-
ences for future studies or to determine whether legislation on
indoor air quality is effective.

As to identification of health risks related to new products or
compounds or to their new uses, the risks may originate from

7



8 ASSESSMENT OF EXPOSURE TO INDOOR AIR POLLUTANTS

new compounds or from previously known hazardous compounds
being used in new environments.

Exposure assessment in epidemiological studies is part of in-
vestigations of the relationships between indoor or outdoor air-
borne environmental exposure and health effects.

The overall goal of all these investigations is to improve un-
derstanding of the exposure and its health effects. This, in turn,
should be used to manage more effectively the health risk re-
lated to indoor air pollutants. Nevertheless, management of the
exposure should not be limited to avoiding toxic or otherwise
harmful factors. It should include improving the overall quality
of indoor air, which will improve the comfort of the occupants
and their quality of life. Exposure assessment therefore deals with
the recognized health hazards and with the factors having effects
that may be restricted to sensory or wellbeing reactions.

The principal process dealt with in exposure assessment in-
vestigations is the chain of events initiated by emission of the
pollutant into the microenvironment of an occupant. The con-
tact of the occupant with the pollutant contained in the
microenvironment at a certain concentration leads to exposure
that, in turn, leads to a dose of the pollutant or its metabolite in
a target organ or organs. If the dose is sufficiently large, a health
effect may be observed later. Exposure assessment estimates the
exposure to the pollutant and contributes to estimating the dose
to the target organ. The concepts of exposure and its assessment
are discussed further in Chapter 2. Exposure measurements or
estimates may be based on data related to pollutant sources, en-
vironmental concentrations, personal exposure (or contact), up-
take or intake of pollutants into the body, internal dose and bio-
logical tissues or fluids. The general methods for the direct and
indirect assessment are summarized in Chapters 2 and 3.

The exposure estimates always refer to a specific population.
Additional data are required to use this information for complete
risk assessment and management. This information includes:

the situation of the occupants, including host factors control-
ling uptake (such as lung ventilation rate) and activity pat-
terns in various environments (for risk evaluation, informa-
tion on individual susceptibility to the pollutant(s) as neces-
sary);
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alternative routes of exposure, such as absorption through
skin or ingestion;
source characterization, including the compound emitted,
source type, quantity of sources, usage rates, emission rates
and cofactors for the emission such as temperature; and
a description of the building, covering type of building, venti-
lation system, ventilation efficiency, air movement and addi-
tional sources of exposure.

In some cases the actual exposure cannot be measured. In-
stead, exposure indicators are used (such as the presence of mould
as an indicator of microbial exposure or the presence of gas ap-
pliances to indicate an increase in nitrogen dioxide levels). Vari-
ous models based on indicators and their links with the exposure
are often used to estimate the exposure. This is the subject of the
chapter on indirect methods of exposure assessment (Chapter 4).

The temperature and humidity of indoor air are important
factors directly influencing the comfort and health of the occu-
pants. They may also be important in determining indoor air pol-
lution levels, thus indirectly affecting human exposure. These
factors are therefore briefly discussed further.

In addition to the estimation of individual exposure levels,
assessment of the distribution of exposure in a population is re-
quired to assess the health risk in the population. It is based on
the assessment of individual exposure levels studied in the frame-
work of a specially designed survey. Selected issues related to
survey design are presented later. The validity and precision of
the exposure assessment, on both the individual and population
levels, depend on the quality of all its steps and procedures. The
basic elements of the quality assurance and quality control pro-
grammes for exposure assessment surveys are summarized in
Chapter 8.



2

Concepts of
exposure assessment

Mathematical and conceptual definitions
Exposure of an individual to a pollutant can be defined as the
contact concentration of the pollutant experienced by the indi-
vidual (1,2). Thus, the exposure relates to the pollutant of inter-
est, to the individual and to the timing and duration of exposure.
Concentrations of air pollutants show substantial temporal and
spatial variation, and the exposed individuals move through time
and space in their daily activities. This can be taken into account
by a model of personal time -weighted average exposure E. of
individual i integrated over time [t1, t21 (3):

t2

= E Ci(t) dt
t

(1)

where C;(t) is the instantaneous concentration of air pollutant X
experienced by individual i in time t c [t, t2]. Reducing the con-
tinuous exposure information into time -weighted average expo-
sure eliminates information on the variation in concentration
over time [ti, t21. It is therefore important to choose the time
[t,, t21 according to the understanding of the health significance
of a particular exposure duration (see p. 11). Other models may
also be considered (2).

Location specificity of exposure
An indoor, outdoor or mobile location or space where the pollut-
ant exposure level can be considered to be relatively homogeneous
is often referred to as a microenvironment. The microenvironment

10
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is often defined as a category (such as all kitchens with gas stoves
in flats in central Hamburg), and an average pollutant concen-
tration or a frequency distribution of such concentrations is speci-
fied for this category. The exposure in a given indoor environ-
ment should be considered as a proportion of the total exposure.
As most people spend most of their time indoors, the contribu-
tion of the indoor air to the total exposure to an air pollutant
may be significant if the pollutant is penetrating indoors or has
indoor sources. Several pollutants can be absorbed from media
other than air: for example, by ingesting food or water contain-
ing the pollutant or through skin contact with a pollutant. This is
related to the behaviour (including activities) of the individual.

For most purposes, the room air concentration is used to esti-
mate the concentration in the breathing zone of the occupants.
In many situations, however, the room air mixing rate is too low
to ensure that the average room air concentration is representa-
tive of the concentrations in the occupants' breathing zones. Lo-
calized sources of the pollutant often create concentration gradi-
ents in the room. Further, changes in occupants' activities (such
as source use) may alter breathing -zone concentrations in time,
which may result in the time -weighted average room air concen-
tration underestimating exposure from that location. Additional data
must therefore document that the exposure measure used (such as
average room air concentration) approximates the breathing -zone
concentration of the occupants during the times they are present.

Time specificity of exposure
Most of the complexity in exposure assessment relates to the re-
lationship between the exposure level and time. An individual's
exposure over time is the result of pollutant concentration(s) in
time as the individual moves through various locations
(microenvironments) and is related to the person's activities. As
presented in the following chapters, the empirical assessment of
this exposure can be based on either continuous personal moni-
toring or a combination of concentration data (from non -personal
monitoring or indirect assessment) with varying microenviron-
ments and time -activity patterns.

Depending on the purpose of exposure assessment, it is use-
ful to consider the time of exposure in one of the following di-
mensions: calendar time, age of the people exposed, the (lag)
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time relevant to the onset of health effects and the time pattern
of exposure (its variability and duration).

Both population exposure and individual exposure can be ex-
pressed in relation to calendar time. An individual's instantane-
ous exposure at time t is the basic element of exposure. Instanta-
neous population exposure at a given point in time is a frequency
distribution of all simultaneous individual exposures, which can
be expressed as concentrations. An integrated or cumulative expo-
sure can be expressed over a specified time period: for example,
"exposure of the population of Helsinki during September 1995 ".
The unit can then be the product of concentration and time.

Another important time scale is the age of the people exposed
when exposure occurs. One can focus on lifetime cumulative (in-
tegrated) exposure from birth to death or exposure integrated
over the second year of life. The relevance of this approach is
illustrated in exposure during pregnancy; a high short -term ex-
posure at a given developmental phase of the fetus can cause
serious birth malformations, whereas the effects may be negligi-
ble during the rest of the pregnancy. Another example is early
lifetime exposure, which may create a greater risk than a similar
exposure later in life.

A third time dimension that is important in the assessment of
health effects is the length of time between the exposure and the
onset of disease (lag time). The relevant exposure period depends
on the pollutant, the health outcome, the level of exposure, the
presence of other exposures, and constitutional factors of the in-
dividual such as metabolism and genetic predisposition. Age is
one of the constitutional factors; others may be gender or atopic
disposition.

Finally, another time issue is the time pattern of the exposure
level and the duration of time required to accumulate a specific
integrated exposure. A hypothetical example of the former is that
symptoms could be caused by repeated short -term peaks, which
would be masked in integrated exposure. An example of the lat-
ter is carbon monoxide, where the same total exposure (concen-
tration in parts per million times the number of hours) may lead
to death if acquired within one hour but have no noticeable health
effect if distributed over one week. The pattern could also consist
of a sequence of several different pollutants, interactions of pol-
lutants and so on.
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Reduction of exposure data
Indices of exposure are obtained through various ways of categoriz-
ing data (such as summary statistics) from measured or estimated
instantaneous personal exposure. The largest possible set of data on
population exposure to a certain pollutant over a given period of
time is the complete time series of the instantaneous personal expo-
sure levels experienced by each individual in the population. De-
pending on the exposure assessment needs, methods and cost, such
personal exposure data are usually reduced. This should be done to
preserve all the data relevant for the occurrence of health effects or
other purposes of the study. The following discussion does not at-
tempt to cover all the possible and relevant types and degrees of
exposure data reduction but includes the main points of importance.

Personal exposure can be averaged over different time peri-
ods [t1, t2]. Ideally, the length of the time period is selected in the
basis of the physiokinetic mechanisms of the corresponding health
effects. The averaging time should be defined backwards, start-
ing from consideration of the time scales involved in the proc-
esses of the dose -response component of the exposure system
(1). Data reduction by time averaging removes all exposure vari-
ation components of higher frequency from the data (see p. 10).
If the averaging time is selected correctly, few health -relevant
data are lost. In some cases, estimating the health effects requires
information on the total exposure accumulated over a lifetime,
but in many cases exposure for a much shorter time is adequate
to assess the severity or probability of health effects.

All time- averaged exposure values of all individuals within a
population (sample) over a period of time can be further reduced
into a single frequency distribution of exposure within a popula-
tion. Such a frequency distribution preserves much of the statis-
tics of the exposure of interest, but all information about the ex-
posed individual, the timing of certain exposures, the exposure
patterns and the averaging times other than those used are lost.
The frequency distribution is suitable for estimating the prob-
ability of health effects caused by exposure to a given pollutant
over the selected averaging time in the population.

Data and indicators used to estimate exposure
The information collected in the exposure assessment process di-
rectly or indirectly contributes to deriving the exposure estimate.
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Several approaches (described in Chapters 3 and 4) are often used
simultaneously to improve the validity of the assessment. Fur-
ther, various indicators and methods may be necessary to link
the dose estimates with the pollution source(s), considering the
continuum of the processes between the source and internal (or
target organ) dose.

Sources of indoor pollutants may be identified as having con-
tinuous or intermittent release patterns. These sources may re-
lease multiple chemicals over a large area, affecting all indoor
space similarly, or the release may be limited to the immediate
proximity of the sources. Information on the patterns of source
use may be combined with emission rates and environmental
conditions (such as room volumes and ventilation rates) to esti-
mate microenvironmental concentrations. This approach is dis-
cussed on pp. 21 -22.

Microenvironmental concentrations may be measured for
specific agents of health concern or for a set of chemicals that can
be collected and analysed using specified procedures (such as to
characterize the source strength characterization or apportion the
sources). Time -activity data can be used to identify source usage
patterns (such as frequency, duration and proximity to source),
time periods spent in different locations, activity and exertion
levels by time period, and contact with surfaces. As described in
Chapter 4, activity data can be combined with microenviron-
mental concentration measurements or estimates to derive indi-
rect estimates of exposure.

Measurements from personal monitoring indicate the level
of external exposure experienced by an individual. Data on ex-
posure biomarkers confirm that the intake has occurred (within
a specific time frame). They may both be combined with
microenvironmental concentrations and time -activity data to de-
rive (or confirm) estimates of exposure profiles and to identify
the contribution of various sources and routes to the exposure.



3

Direct methods of
exposure assessment

The personal exposure level is best assessed by measuring an in-
dividual's contact with pollutants using personal monitoring
(measuring the external contact with the pollutant) or biomarkers
of exposure (focused on the amount of the pollutant penetrating
to the organism). The direct methods of exposure assessment are
often contrasted with measurements of pollution concentration
in the environment. Nevertheless, the utility of each of these
approaches to exposure assessment may be enhanced by com-
bining both of them with time -location- activity data (related to
contact and transfer). This combined data set provides the basis
for relating exposure to internal dose, making reliable estimates
of exposure -time profiles from biomarker measurements (recon-
structive exposure assessment) and indicating the relative im-
portance of di I erent exposure routes, media and sources.

Personal monitoring
The ideal method of collecting exposure data from a population
of interest would be directly measuring the exposure of individuals
as they move in time through microenvironments and activities.
All measures of exposure can be derived from a full time series of
the exposure of the individuals. Ever since reasonably inexpen-
sive and sufficiently sensitive and specific integrating personal
passive sampling devices and continuously recording personal ex-
posure monitors became available in the 1970s and 1980s, these
devices have been used in numerous smaller (experimental) and
larger (population- based) exposure studies to directly measure
personal exposure (2). Both passive sampling devices and per-
sonal exposure monitors have the advantage of providing direct

15



16 ASSESSMENT OF EXPOSURE TO INDOOR AIR POLLUTANTS

and detailed information on personal exposure if the measure-
ment is done correctly. The disadvantage of passive sampling de-
vices is that all short -term exposure information is lost. This dis-
advantage may be offset by the lower cost and burden of using
passive sampling devices, allowing for the collection of additional
samples. The disadvantage of the personal exposure monitor is
the cost of the equipment, the amount of work needed for cali-
bration and data reduction and the burden of their use, which
may reduce participation rates in population studies.

For exposure assessment in indoor environments, where peo-
ple are more or less stationary, some of the inconvenience of
carrying personal exposure monitors disappears, and the limita-
tions of battery power can be overcome by using adapters or charg-
ers. Also, the difference between personal exposure monitoring
and microenvironmental monitoring is reduced if the concentra-
tions are homogeneous within the microenvironment.

Despite the straightforward advantages of personal exposure
monitoring, it can only be used for studies of relatively short -

term exposure. The cost and invasiveness of personal exposure
monitoring set strict practical limits on the size of the population
sample and the duration of personal monitoring. Personal moni-
toring cannot be used to produce data on past exposure or to
predict the impact of alternative future scenarios on the expo-
sure. Further, identifying the contribution of different indoor
spaces to the total personal exposure requires separate monitors
for various locations (if the passive samplers are used) or logs of
the activities recording the location of the measurements (for
active or direct readout devices).

Biomarkers of exposure
A biological marker of exposure is an exogenous substance or its
metabolite or the product of the interaction between a xenobiotic
agent and some target molecule or cell that is measured in a com-
partment within an organism (4 -6). Several biomarkers are rel-
evant for typical indoor air pollutants. For example, urinary
cotinine is used for exposure to environmental tobacco smoke:
the carboxyhaemoglobin level in blood is used for exposure to
carbon monoxide and the presence of volatile organic compounds
in exhaled breath is used to mark these compounds. Biomarkers
incorporate information about the contact rates and bioavailability
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of materials transferred to the exchange boundaries together with
the absorption and distribution of the material in the body. The
biomarker confirms that exposure (contact) and uptake or in-
take have occurred and thereby checks the validity of the indi-
rect exposure model. The advantages of the biomarkers include
their ability to integrate the information on the personal expo-
sure experienced in various microenvironments and through
various routes (such as inhalation, ingestion and dermal expo-
sure). This property may not be desirable in assessing the contri-
bution of an indoor environment to exposure.

The use of biomarkers has many limitations. In principle, they
can be considered for pollutants that remain unchanged after
uptake or for those for which the pharmacokinetics is fully un-
derstood. For many biomarkers, the biological and temporal rel-
evance and background variability have to be defined before they
are applied in a population exposure assessment study (7). Fur-
ther, the use of biomarkers may be costly, and the need to collect
biological material from the study participants may influence the
study feasibility. The use of the selected, well validated biomarkers
may be useful in assessing the sensitivity and specificity of other
direct or indirect methods of exposure assessment that may be
less expensive and easier.



4

Indirect methods of
exposure assessment

Personal exposure can be estimated by indirect methods using
microenvironmental concentration data, other data on the micro-

environments, information on time -activity patterns and other
relevant characteristics of the studied individuals, supported by
exposure modelling. Such models need to be validated by per-
sonal exposure measurement. Modelling has the advantage that
the personal exposure of large numbers of people can be assessed
and the effects of future exposure scenarios can be evaluated and
compared. Further, the contribution of various microenviron-
ments to the total personal exposure can be estimated.

Microenvironmental monitoring
The average concentrations of the pollutants of interest in
microenvironments visited by the study subjects can be deter-
mined by microenvironmental monitors located in all or selected
microenvironments relevant to the study. To allocate each indi-
vidual in the study to correct microenvironments and activities,
time -activity data need to be collected using time -activity dia-
ries. If continuous microenvironmental monitoring and time-
activity data are used, the difference between such a study and a
study based on personal exposure monitoring may be quite small.
If the microenvironmental concentrations are determined by
passive sampling devices, however, a potential source of error is
the fact that these concentrations may not be the same when
people are present as when they are absent.

Such a design is optimal for prospective indoor exposure
studies, where the number of spaces is limited, individuals oc-
cupy the same spaces and the focus is the contribution of each

18
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microenvironment and of each activity to the total individual or
population distribution of exposure.

Questionnaires and time -activity diaries
Time -activity diaries and survey questionnaires can be very help-
ful in relating sources and concentrations to exposure. The infor-
mation obtained from these instruments can approximate expo-
sure and identify intervening factors. Questionnaire data may be
crucial in constructing exposure models or enhancing their qual-
ity and can help to explain the variance in exposure models de-
veloped from monitoring results. The questionnaires should be
validated in the population to be studied and compared with
standard questionnaires (8 -10). The accuracy and completeness
of individual questions and sections (such as whether all types of
activity and source are covered) should be assessed as well.

Time -activity diaries have usually addressed the activities of
individuals, whereas survey questionnaires have generally focused
on the household, with limited individual data collected. If one
individual in a household is the usual respondent for survey ques-
tionnaires, the information provided about other family mem-
bers is a rough estimate at best of the information pertinent to
each individual household member. For this reason, survey ques-
tionnaires typically phrase questions in terms of "usual" or "typi-
cal" behaviour, whereas the time -activity diaries, which are filled
out individually, can ask questions about specific exposure, events
and time usage. Time -activity diaries can also obtain informa-
tion about the level of physical activity of individuals to help de-
termine dose from exposure. They can also be used to record
morbidity and disability.

Time -activity diaries identify individuals' temporal use of
microenvironments, such as in the home, outdoors, at work or
in the basement, and may collect useful information on the ex-
posure sources there. In conjunction with microenvironmental
air samples, the data on time use serve to develop time -weighted
estimates of exposure. Time -activity diaries can also be used to
record perceived activity and exertion as a surrogate for inhala-
tion rates, which, in combination with exposure data, can serve
to estimate the amount of pollution inhaled. In addition, when
combined with personal monitoring, these diaries can identify
individuals' use of materials that might enhance their exposure
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to pollutants or increase the pollutant concentrations in the home.
For example, someone who services a coal stove or who does arc
welding may have unusually high measures of polycyclic aro-
matic hydrocarbons on a personal monitor. Identifying the source
of the exposure would be difficult without information from a
time -activity diary or questionnaire.

Self- administered questionnaires and time -activity diaries add
a temporal burden to household participants and require that
the field worker be trained in instructing them how to provide
the information and in reviewing the completeness and consist-
ency of answers. Nevertheless, these diaries and questionnaires
provide information about the frequency of activities and tem-
poral variation in the use of residential space that is difficult to

Survey tools such as a standard environmental inventory
questionnaire (9 -11) are useful in calculating estimates of indoor
pollutant concentrations. The adoption of a standard question-
naire that has already been validated will allow comparison with
other studies. Nevertheless, since standard questionnaires may
not have items that are appropriate for specific pollutants or par-
ticular studies, the specific needs of the study must be identified
and defined and the information needed for that study must be
obtained by modifying the questionnaire.

Internal and external validity questions should be a part of all
surveys and time -activity questionnaires. Typical internal valid-
ity questions obtain the same information in different formats or
require logically consistent responses. These questions are used
to determine the reliability of the participants' responses. Exter-
nal validity questions are those for which a broad body of data
already exists and for which no change is expected over time in
the study population.

Exposure modelling
Exposure modelling is based on information about the pollut-
ant concentration in the microenvironments visited by the in-
dividuals of interest, about the timing and duration of these
visits and often about the activities performed in these
microenvironments. Exposure modelling can be based on dif-
ferent representations of microenvironmental concentrations.
Time -activity data can be either collected from the population
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of interest by time -activity diaries or simulated on the basis of
existing time -activity databases.

For J different microenvironments that are visited over a cer-
tain period of time by individual i, equation 1 (see p. 10) can be
rewritten to accommodate the microenvironmental and time -
activity questionnaire measurement as:

J
E. = EC..q * t..

p

J = 1
(2)

where C1. is the average concentration of pollutant X in micro -
environment j during the period t,) that individual i remained in
microenvironment j, and J is the number of microenvironments
visited. When a limited number of microenvironment types are
distinguished that are common to all individuals (such as urban
area, rural area, high- density traffic area, home, school or of-
fice), microenvironments of the same type are considered to have
the same pollutant concentration, and Cu becomes C. (12).

Deterministic microenvironmental modelling
The concentration of a pollutant in a space is a balance between
the sources and sinks present and the quality and quantity of air
supplied to the rooms. Source control should always be the pre-
ferred strategy in trying to reduce the concentration. Such pollu-
tion sources as human beings, however, cannot be handled with
source control, and ventilation (natural or mechanical) is required.
The air supplied may be outdoor air (cleaned or uncleaned) or
cleaned recirculated air. If it is assumed that the pollutants are
equally distributed in the space (fully mixed) and that no sinks
are present, the steady -state concentration of a chemically stable
pollutant (C) depends on the pollutant production rate (G), the
air flow supplied to the space (Q) and the concentration of the
pollutant in the incoming air (Cr):

C=GIQ+Cv (3)

The concentration of a given pollutant may not be the same
throughout a ventilated space. What really counts for the occu-
pants is the air quality in the breathing zone. Such inhomogeneity
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of the air quality in a space influences the ventilation require-
ment. Further, the concentration of pollutants may vary consid-
erably over time as a result of variation in pollution generation,
the supply of outside air and, for some pollutants, the pollutant
concentration in the incoming air.

A physical model requires detailed information about the char-
acteristics of each indoor environment of interest and timed in-
formation about indoor activities and outdoor air quality. The
former data are usually collected by questionnaire and the latter
from air monitoring networks and modelled air pollution emis-
sion and dispersion data. The indoor exposure model must be
adjusted and validated for each application. When all these re-
quirements are met, a physical model can be used to estimate the
past, present and future exposure of large populations, assuming
that time -activity data can be simulated and the broad exposure
conditions remain similar for all modelled exposure settings.

Statistical microenvironmental concentration modelling
Statistical models are not based on mathematical relationships
between input and output parameters but on statistical associa-
tions between them. A statistical microenvironmental model is
based on measured microenvironmental concentration data col-
lected from a representative sample of microenvironments. The
concentration data are then statistically related to some combi-
nation of parameters based on:

questionnaire data related to exposure: housing characteris-
tics, occupational characteristics, geographical location and
behavioural factors;
building -related information; and
indirect environmental information, such as population den-
sity, regional traffic volume, emission inventory, season and
day of the week.

A statistical model is often a multiple linear regression model in
which a regression coefficient is estimated for each parameter to
assure the best fit of the model to the empirical microenvironmental
concentrations. The fraction of the variance in concentration explained
by the specific model indicates its predictive power. One could also
use other general linear models or a variety of time -series models.
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Statistical models and physical models can be used for similar
purposes. Nevertheless, they can be based on simpler and more
easily obtainable data, and the roles of parameters that are diffi-
cult to incorporate into physical equations can be included. Most
statistical models are more difficult to generalize than are physi-
cal models.
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Assessment of exposure to
mixtures: the example of
volatile organic compounds

Many air pollutants in the indoor environment are present in
mixtures at low concentrations of each of the compounds, thus
providing simultaneous multiple exposure. This is typically the
case with volatile organic compounds (VOC). Indoor air sam-
ples may typically contain 50 VOC each in concentrations of
1 -100 mg/m3.

Few of these VOC are covered by air quality guidelines. Fur-
ther, such guidelines mostly refer to the health effects associated
with each individual compound. No general procedure exists for
setting such guidelines for the indoor environment. Also, no pro-
vision is made for assessing combined exposure to mixtures of
VOC and for predicting the health and comfort effects originat-
ing from such simultaneous multiple exposures.

Given the increasing concern for the quality of indoor envi-
ronments, which is triggered in part by the large number of build-
ings in which occupants report health and comfort problems,
adequate methods are needed to assess the effects on health and
comfort of exposure to multiple air pollutants. Three types of
procedure can be envisaged for such assessment.

One approach is the use of sensory effects, such as odour and
sensory irritation, as substitutes for possible health and comfort
effects. A second approach could be to add together the risks of
causing health and comfort effects for each individual compound
(as for the occupational environment). These approaches have
not yet been developed to a level that can be recommended for
general use in indoor environments.

24
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The third approach is to use the concentration of total vola-
tile organic compounds (TVOC) to characterize the pollution load
of VOC as a whole and to assess the possible effects of the expo-
sure on health and comfort.

The TVOC concentration has been used as a practical indica-
tor in locating leaks in or contamination of ventilation systems
and in locating the sources of VOC in buildings.

Various studies have used different analytical procedures for
generating the TVOC concentration. Their procedures differ in
the spectrum of VOC types that are detected and quantified and
in how they are entered into the TVOC indicator. Reported TVOC
exposure values are therefore often not comparable. Molhave
(13) has shown that using the TVOC procedure based on adding
the concentrations corresponds to assigning a common average
guideline to all the VOC included in the TVOC summation. Such
a TVOC procedure is thus a simplification of the second approach
mentioned above: the additivity procedure used in occupational
environments. Little current toxicological knowledge, however,
supports the hypothesis that such a simplified indicator of pollu-
tion load indicates the potential effects on health and comfort
based on a general dose -response relationship independent of
the type of compounds in the mixture of VOC.

Recognition of the urgent need for an acceptable approach
for how to generate TVOC values and how to use them for health -
related statements prompted the European Collaborative Action
"Indoor Air Quality and Its Impact on Man" to establish a work-
ing group to develop guidance on this topic.

This working group has specified the spectrum of compounds
to be analysed and the analytical procedures to use (14). The group
suggests that individual compounds be quantified using a stand-
ardized gas -chromatography procedure. The group further sug-
gests that the TVOC index be calculated by adding the concentra-
tions (in pg /m3) of the specified spectrum of compounds of the
mixture. The group also suggests that the TVOC indicator can be
interpreted as a probability measure of effects (the likelihood of
sensory irritation). No effects are expected below a certain TVOC
value, and effects are most likely above another TVOC value.
The group concludes that too little scientific information exists to
allow the group to estimate scientifically an upper and a lower
value that apply to all types of VOC mixtures. Nevertheless,
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other authors have presented their tentative estimates of such
values.

It is concluded that the TVOC approach should only be used
for sensory irritation and not for odours or adverse health ef-
fects. Sensory irritation, however, is one of the most frequent
symptoms of the sick building syndrome and often appears at the
lowest concentrations. TVOC indicators may therefore be useful
in investigating the contribution of VOC to the symptoms preva-
lent in sick buildings. The working group also discusses other
limitations of the TVOC approach. The use of integrating instru-
ments such as flame -ionization detectors without separating and
correctly quantifying the individual compounds is discouraged,
and the working group indicates that some compounds may be
such potent irritants that they cannot be included in this general
procedure and must be dealt with individually.

The use of the TVOC indicator will be included in a tentative
procedure for evaluation of VOC emissions from building mate-
rials from another European Collaborative Action working group
(15). Melhave (13) has summarized the two reports.

Specific methods of assessing exposure to VOC are presented
in Chapter 11.
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Temperature and humidity

Temperature and humidity influence the indoor environment and
occupants in several ways. First, these parameters may directly
affect health and comfort, which is important when human re-
sponses to a given indoor environment are registered. Second,
temperature and humidity may indirectly affect health and com-
fort by, for example, changing the emission rates of pollutants
from materials in the space or being a determining factor for the
occurrence of microorganisms (humidity). Third, temperature and
humidity may interact with the effects of pollutants. An example
of this is interaction with perceived air quality. A certain concen-
tration of a pollutant in the air may be perceived differently (for
example, as acceptable or not) at different temperatures and
humidities. The following section briefly introduces the direct
effects on health and comfort.

In nonindustrial indoor environments, temperature that is
too high or low may cause discomfort (and sometimes disability)
(16,17). Temperatures above 23 °C combined with low relative
humidity (10 -20 %) have also been associated with the sensation
of dryness (including dry mucous membranes) and such symp-
toms as irritation of the eyes, respiratory tract and skin, as well as
headache and lethargy (17 -19).

Thermal comfort is defined as the condition of mind that ex-
presses satisfaction with the thermal environment. Dissatisfac-
tion may be caused by warm or cool discomfort of the body in
general or by an unwanted heating or cooling of one particular
part of the body (local discomfort). Thermal sensation is mainly
related to the heat balance of the body as a whole. This balance is
influenced by physical activity and clothing and by the environ-
mental parameters: air temperature, mean radiant temperature,
air velocity and the humidity of the air. When these factors are

27
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known, the thermal sensation for the body under steady -state
conditions can be predicted by using the comfort equation devel-
oped by Fanger (16). The outcome of this equation is the pre-
dicted mean vote index using a seven -point scale with the anno-
tations -3: cold; -2: cool; -1: slightly cool; 0: neutral; +1: slightly
warm; +2: warm; and +3: hot.

Owing to interpersonal differences, it is impossible to specify
a thermal environment that will satisfy everyone. A percentage
of the occupants can always be expected to be dissatisfied. The
index derived by Fanger (16) predicts this percentage for a given
thermal situation. The relationship between the predicted per-
centage of dissatisfied and the predicted mean vote is shown in
Fig. 1: at least 5% dissatisfied are to be expected at a predicted
mean vote of 0 (neutral). The thermal standard ISO 7730 recom-
mends the predicted mean vote to be in the interval between -0.5
and +0.5, corresponding to less than 10 %.

Fig. 2 shows the optimal operative temperature (correspond-
ing to a predicted mean vote of 0) as a function of activity and
clothing. The operative temperature is the uniform temperature

Fig. 1. Predicted percentage dissatisfied
versus predicted mean vote as two methods

of determining thermal comfort in a population
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Fig. 2. The optimal operative temperature as a function of activity and clothing
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of an enclosure in which an occupant would exchange the same
amount of heat by radiation and convection as in the actual non-
uniform environment. The insulation of clothing is measured in
the unit clo (1 clo = 0.155 m3 K m-2, equivalent to the insulation
of a business suit) and the activity level in met (1 met = 58 W /m2,
equivalent to the activity of a resting sedentary person).

The shaded areas in Fig. 2 show the acceptable temperature
range corresponding to a predicted mean vote between -0.5 and
+0.5 around the optimal temperature. The figure indicates that
the acceptable temperature range is wider with higher activity
and heavier clothing.

As previously mentioned, thermal dissatisfaction may also be
caused by unwanted heating or cooling of one part of the body
(local discomfort). This can be caused by excessive air velocity
(draught), by an excessive vertical air temperature difference
between head and ankles, by too warm or too cold a floor, or by
too high a radiant temperature asymmetry. Limits are listed in
ISO 7730 (20) for summer and winter conditions. If these limits
are met, it is expected that no more than 5 -10% of the occu-
pants will feel uncomfortable because of the factors mentioned
above. Draught is a serious problem in many ventilated or air -
conditioned buildings. Early studies in which human subjects were
exposed to laminar airflow showed that people could tolerate
quite high air velocities. The airflow in the occupied zone of spaces
is normally turbulent, however, and more recent studies (21) have
documented that turbulence emphasizes the nuisance of draught.
The best strategy to avoid draught is therefore to keep the mean
velocity and the turbulence intensity in the occupied zone as low
as possible.

A typical family of four produces approximately 10 litres of
moisture per day by means of normal activities such as preparing
food and washing clothes, and by evaporation from the human
beings themselves. Because of the high moisture production, air
humidifiers are not normally required in houses. On the con-
trary, adequate ventilation must be provided, especially during
food preparation, clothes washing and other activities to avoid
an excessive moisture content in the air. The moisture content of
office buildings is somewhat lower and depends more on the tem-
perature of the outdoor air. The prevalence of house dust mites,
which is one of the most widespread causes of allergic illnesses,
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rises with increasing air humidity (22). A suitable compromise
would be relative air humidity between 25% and 45 %. Higher
air humidity indoors also increases the risk of condensation on
indoor walls and windows next to the outside, with damage to
buildings and the growth of mould as a consequence.

All relevant environmental thermal parameters can be meas-
ured in the field using individual sensors, or the combined effect
of several parameters can be measured simultaneously for easy
determination of predicted mean vote or predicted percentage of
dissatisfied values. Methods to measure individual parameters
are based on:

for air temperature: volume change of media (ordinary ther-
mometer), change of electrical resistance (such as PT100),
thermovoltage;
for air velocity: power consumption required to preserve con-
stant temperature of a sensor or, alternatively, sensor tem-
perature with a constant power consumption (either one sen-
sor is used, located in an omnidirectional probe, sensitive to
the magnitude of the velocity whatever its direction, or three
directional sensors are used, which allow the component of
the air velocity to be measured along three perpendicular
axes); and
for air humidity: hair -hygrometer, psychrometer using "wet"
and "dry" temperatures, dewpoint temperature using a chilled
mirror, change of capacity of hygroscopic media, change in
electrical conductivity in non - hygroscopic media.

If humidity values measured using these principles are linked
with data -logging equipment, the long -term values of the hu-
midity in the indoor air can be calculated. Small calibrated pieces
of wood can be used for simple measurement of long -term hu-
midity in the indoor environment. Before installation in a build-
ing, the wood is gravimetrically calibrated at different relative
humidities in the laboratory. After exposure in the building, the
wood is returned to the laboratory for weighing, and the average
relative humidity is calculated.
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Design of exposure
assessment surveys

The value and validity of the assessment related to a specified
population depend on the survey design selected, its methods
and its correct implementation. All efforts focused on the precise
determination of the pollutants in an indoor environment or on
assessing individuals' exposure may be wasted if the study group
does not represent the target population or if variability prevents
estimation of sufficiently accurate and unbiased population pa-
rameters (such as the mean level of exposure or the proportion
of individuals in a certain category of exposure). This chapter
summarizes the main points that should be addressed in the de-
sign of an exposure assessment study.

Specification of the target population
The aims of the exposure assessment should be precisely formu-
lated and the target population appropriately identified. The se-
lection of the study population should focus on an optimum and
cost - effective study design to achieve the aims. The study effi-
ciency is determined by the inclusion in the study of the part
of the target population for which the exposure is relevant
(such as from a health point of view) or for which the assess-
ment can provide valid information about the indoor expo-
sure. In some studies it may be appropriate to have exclusion
criteria that specify a particular age group, individuals with
specific types of occupational exposure, or household charac-
teristics. For example, people actively smoking are often ex-
cluded from the investigation of exposure to environmental
tobacco smoke. The restrictions applied to define the study
populations should be justified and documented, since they
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determine the feasibility of the study and the range in which
the results can be generalized.

In most population studies, data cannot be collected from
all members of the population and are thus collected from a
subset of the subjects (a sample). A detailed description of the
target population containing characteristics that may restrict
possibilities for generalizing is called the sampling frame.
Within this frame, all individuals or their groups eligible for
selection (sampling units) are delineated for selection of the
study group.

Selection of the study group
The selection of the subjects for the study group (sample) is based
on probability sampling, which defines the chance of selecting the
individuals, homes or other indoor environments within the target
population that is to be sampled. Probability -based sampling allows
the study results to be generalized to the target population within a
known range of error and a predefined level of confidence (23).

The sampling strategy depends on the study question(s) to be
answered and the feasibility of various study options. There are
various types of probability sample.

In a simple random sample, each sample of size n has the
same chance of being selected.

A systematic random sample draws the members of the sam-
ple by selecting every kth member from the population.

A stratified sample takes account of the fact that the popula-
tion of interest consists of several subgroups. If it is important for
the study to sample all subgroups, then random sampling within
each subgroup will guarantee an equal probability of obtaining
each individual to be sampled. Stratified sampling may be done
when the study results have to be generalized to individuals from
each subgroup, such as occupants of buildings of differing type or
age or with various types of ventilation, or when some subgroups
of interest are small.

In cluster sampling, a random sample of groups (clusters) is
taken and sample units within the selected groups are then in-
cluded in the study sample. For example, buildings may be se-
lected randomly from the building stock registry and the expo-
sure patterns of occupants of the selected buildings studied, or
certain geographical areas may be chosen.
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Examples of conditions for the use of various sample designs
are summarized in Table 1. Different designs can be combined to
obtain optimum results.

Table 1. Summary of sampling designs and when they are used

Sampling design When design should be used

Study of all subjects from a
population

Simple random sampling

Stratified random sampling

Systematic sampling

Cluster sampling

A unique question relevant to a small
population is addressed; no extrapolation
to a larger population is desired
(for example, assessing the exposure
patterns in a problem building)

The population is homogeneous or the
specification of exposure in subgroups
is unnecessary or not desired

The population is homogeneous within
strata; the results are necessary for
individual strata

The population is small or well defined
(useful in studies of trends over time or
space)

A sample frame of individuals does not
exist, and certain buildings or
geographical areas need to be studied

The number of individuals selected and participating in the
study is one of the important determinants of the precision of the
study results. The minimum sample size necessary for estimates
of a predefined precision can be calculated by using formulas or
tables published in most basic statistical textbooks (23 -25) or by
using statistical packages (such as Epilnfo). The sample size usu-
ally increases with the desired precision of the study. Assessment
of less frequent events also requires a larger sample.

The cost of the study depends on the number of study sub-
jects and the unit cost of the exposure assessment for each
subject. There are two approaches to achieving a desired pre-
cision of parameters estimated within a study with a fixed and
minimum cost:
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the number of subjects in the study group can be increased,
requiring the use of less expensive (and usually less precise)
measurement methods; or
more precise (but usually more costly and more burdensome)
assessment methods may be used in a survey involving fewer
subjects.

Practical reasons often determine which option is used (such
as the availability of only one measurement technique or the
amount of time available for the study). Armstrong (26) discusses
the optimization of the study sample.

Basic elements of survey implementation
The exposure assessment study should aim at collecting informa-
tion that describes precisely the exposure in the target popula-
tion. Flaws in the design and conduct of the survey may intro-
duce selection or information bias. Selection bias can be mini-
mized by strictly implementing an appropriate sampling proto-
col, avoiding self - selection and minimizing nonparticipation. In-
formation bias depends on the quality of work of the study per-
sonnel, the validity of the survey instruments (including ques-
tionnaires, sampling equipment and analytical procedures) and
their appropriate use. The study methods should not unduly in-
terfere with the normal activities of the individuals in the study
and should not influence their exposure patterns.

Field personnel need to be trained in using, siting and main-
taining the air sampling equipment. The personnel must have
experience in dealing with study participants to successfully ad-
minister questionnaires and respond to participants' questions
and concerns. Field tests and pilot tests need to be carried out to
ensure that the study can be implemented successfully. In some
communities, the gender, language, appearance and ethnicity of
the field personnel influence their acceptance into homes.

The timing and frequency of sampling depend on the specific
questions the study is addressing, the pollutants of concern and
potential diurnal or seasonal influences. Contact with participants
needs to be based on an understanding of the community in which
the study is to be conducted and an appropriate communication
strategy. The success or failure of the study often depends on the
sensitivity of the personnel to the needs and concerns of the
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participants. Explaining to potential participants and to the com-
munity the objectives, benefits and possible risks of the study
and the need for cooperation will help the study to succeed. Pre-
liminary information about the study may be provided by mail
or public announcements in newspapers or community newslet-
ters, and follow -up work can be carried out in person. At the end
of the study, feedback must be provided about exposure patterns
and their relevance to health.

Typical contact and communication methods include tel-
ephone, mailing or in- person contacts (4). A combination of these
methods is often used. The effectiveness of the methods depends
on the character of the population being studied and its prior
experience with and attitudes towards community -wide studies.
In addition, if telephone service is not nearly universal in the
study population, the use of telephone surveys will introduce
bias into the sampling procedure.

Population -based sampling requires a high participation rate.
One means of enhancing the response rate is to provide incen-
tives to participants. Nevertheless, monetary incentives should
not be used to publicize the study, since people who respond to
economic inducement may not represent the population at large.
Nevertheless, reimbursement may be necessary. For instance,
since indoor air sampling often requires use of the householder's
electricity, it may be justified to provide some remuneration dur-
ing or after the study for the use of the electricity and house.

Data collection and processing
The data collected in the exposure assessment survey consist of
information from questionnaires, diaries and measurements in
the environment. Data collection protocols include instructions
for questionnaire administration, and detailed descriptions of all
analytical steps necessary to prepare the measuring devices (the
sampling media of the samplers), the placement of the samplers
in the home and the duration of the sample collection. They may
also include decision trees for the field personnel if the primary
placement site is not available. Forms for the protocols of cus-
tody should be developed to allow for documenting the process-
ing and handling of samples from the time of sample collec-
tion through laboratory analysis and data reporting. The col-
lection protocol should also include copies of the data sheets
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and forms for the protocols of custody that will accompany the
samples.

Data management systems are developed to oversee the col-
lection, processing, retrieval and analysis of information. Data
management includes developing a database file prior to the col-
lection of any data. The input and output formats for data must
be designed before the survey is started. Encoding of data may
require adjustments to coding schemes to make the data more
useful for analysis. Knowing the types of analysis to be done be-
fore information is collected will facilitate the encoding process.
Determining a strategy for identifying such data problems as in-
correct coding or missing or illegible data, and a means of data
verification before the study begins, will facilitate data encoding
and analysis.

After data have been entered into the computer, they must
be checked for errors. This typically includes checking the range
and type of data. For example, if a variable can only contain val-
ues from 1 to 5, any value outside the range is an error that must
be tracked down and corrected prior to any data analysis. Condi-
tional responses and internal validity items require checks on the
consistency of responses.

Data plots are usually produced to find any trends or patterns
and to identify outliers and inconsistencies. Basic descriptive sta-
tistics are calculated on all variables to examine their distribution
and to determine which variables may require transformation
before further analysis.

Various data -processing packages are available. A simple ex-
ample is EpiInfo, which is distributed by WHO and can be used
to design survey documents, enter and check data, maintain the
database and analyse the data statistically.

j,
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Quality assurance

High quality should be an aim of all research and should char-
acterize assessment in public health practice. Quality assur-
ance procedures provide a framework for achieving high qual-
ity. The aim of these procedures is to reduce sources of error
and enhance accuracy. These procedures need to be developed
as part of the planning of the study and to cover all aspects of
it (Table 2). The main features of the procedures relate to the
survey design, personnel training, instrumentation calibration
and validation, laboratory processing and analyses, data col-
lection and analysis, data management and the development
of a quality control protocol.

Several routine procedures described in the quality control
protocol should be included in all analytical runs. They include
the following.

First, field and trip blanks of all environmental and biological
samples should be analysed to monitor for contamination during
handling and sample collection. Field blanks are used to monitor
contamination during sample collection, and trip blanks that re-
main in the laboratory are used to monitor handling contamina-
tion that might occur on the way to field sites and on returning
to the laboratory.

Second, spiked samples and pollutant standard reference sam-
ples should be analysed to measure the accuracy of the instru-
ment by assessing the percentage recovery. The percentage re-
covery can be interpreted as the amount of analyte lost as a re-
sult of the analysis.

Third, duplicate samples, standards and laboratory blanks
should be measured to assess the repeatability of the analyses
and thus provide measures of internal validity. In addition, analysis
of standards and laboratory blanks assesses the sensitivity of the
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Table 2. Features of quality assurance

Procedures Examples of activities

Survey instruments Scanning and editing for completeness and
correctness

Air sample collection data Scanning and editing for completeness and
correctness
Flag missing and out -of -range values

Air sample storage Following protocol check -list and chain of
custody

Air sample shipment Following protocol check -list and chain of
custody

Air sampling instruments Measuring flow rate at beginning and end of
monitoring, cleaning, calibrating, checking for
drift, checking data logger, timer, duration

Samples
Field duplicates
Field blanks
Field spikes

Collecting side -by -side samples
Analysing unexposed filters or badges
Analysing spiked sample medium with known
concentrations

Instrument validation Checking for interference, instrument response
and contaminants

Analysis Replicating aliquots
Standard reference samples
Maintaining control charts

Laboratory blanks Analysing unexposed, unhandled filters or badges
Spiked samples Analysing spiked sample medium with known

concentrations

Laboratory procedures

Data validation

Background analysis of sample media
Checking system suitability and sensitivity
Multipoint calibration and checks
Checking standard reference samples
Contaminant and interference checks
Duplicate analyses (inter- and intra -laboratory)
Regular review of the completeness and
correctness or accuracy of data
Routine evaluation of descriptive statistics
Flagging and resolving discrepancies
Characterizing the distribution and identifying
outliers, temporal trends and sources of variation

Source: National Research Council (10).
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analysis and provides baseline data against which to compare field
analyses.

In the field, side -by -side sample collection can be used as a
form of instrument validation and precision. Testing of split sam-
ples or side -by -side samples and carrying out replicate analyses
of the same sample measure the repeatability and reliability.
Interlaboratory analyses of split samples permit matrix effects and
extraction and analysis differences to be evaluated.

The goals of quality assurance include the completeness, ac-
curacy and precision, repeatability, representativeness and com-
parability of the study. Completeness contributes to reducing the
random error by having an adequate study group size and re-
sponse rate and by reducing the loss of collected environmental
samples due to breakage, storage problems, technician error and
instrument difficulties. Accurate and precise questionnaires, en-
vironmental sampling and laboratory analysis instruments reduce
measurement error. The representativeness of the study popula-
tion is determined mostly by the design of the study, study group
selection procedures and how effective the field personnel are in
obtaining participation and compliance. Comparability within a
study over time and with other studies is based on the use of and
adherence to the same (or very similar) protocols and instru-
ments.

Aspects of survey conduct that determine study quality
The choice of sampling sites within the home is determined by
the objectives of the study and the pollutants involved. The
sites need to be selected on the basis of where people spend
time, the sources of the indoor air pollution and the potential
influence of ventilation and sources of moisture and cooling
or heating. Monitor placement should represent the actual
exposure of the study participant. Corners and other spaces
with limited air flow should be avoided, especially for passive
samplers. Samplers should not be placed closer to the source
than to the participant. For example, in studies of environ-
mental tobacco smoke, placing samplers in living rooms, bed-
rooms and kitchens may be more important than placing them
in bathrooms or basements.

Statistical inference from the study results based on a prob-
ability sample depends on the participation rate in the study and
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on the possibility of a selection bias. If the response rate is low
and there are no data to evaluate the characteristics of non-
participants, generalization of the results to a larger population is
not likely to be appropriate. Information must therefore be gath-
ered about all individuals or households selected, even if they do
not participate. If one can statistically demonstrate, using a vari-
ety of parameters, that the individuals or households that chose
not to participate are no different from those who take part in
the study, then even a larger nonresponse rate may be accept-
able.

The use of standard methods to obtain exposure data improves
opportunities for comparison with other studies and for general-
izing the study results. If new methods are to be introduced in a
study, comparability studies that relate the measurements to
standard methods are necessary.

Training and evaluating the performance of field personnel
are essential in quality assurance. Consistency in handling sam-
ples and equipment and in interview procedures improves the
quality of the data collected and reduces losses.

Instrument selection, calibration and validation
A wide variety of sampling and analytical instrumentation is avail-
able for some pollutants. The choice of instrumentation should
not be based merely on cost but also on the level of sensitivity,
precision and accuracy required for the study and other design
expectations. Table 3 presents some criteria for selecting analyti-
cal methods proposed by a US National Research Council com-
mittee (10). Numerous factors need to be considered when field
and analysis instruments are selected. Efforts to optimize one fac-
tor such as sensitivity may lead to prohibitive costs or to instru-
ments that are unstable in a wide variety of environmental con-
ditions.

Instruments used in the field to collect and analyse samples
need to be monitored regularly. For example, if air pumps are
used, flow rates need to be monitored and adjusted if they fall
outside the acceptable rates. Instruments need to be calibrated
periodically to prevent error. Data on instrument precision and
accuracy, both at the anticipated environmental concentrations
and the range detectable by laboratory analysis, are necessary to
interpret the data collected.
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Table 3. Selection of analytical methods

Factor Target condition

Sensitivity Detects analytes at levels below those causing adverse health
effects; sensitivity is 0.1 times the level of interest; range of
analysis is 0.1 to 10 times the level of interest; precision and
accuracy are ±5 %; has easy and accurate calibration and
reproducibility at ±2% for replicate analyses

Selectivity No response to similar compounds that might be present
with the analyte of interest

Rapidity Short sampling and analysis times compared with
significant changes in contaminant concentration

Comprehensiveness Sensitive to all contaminants that could be related to the
study objectives (such as contaminants associated with
adverse health effects)

Portability Sampling and analysis device is rugged and can be used
without modifying the normal behaviour of the individual,
has low power consumption, is battery operated, has
stabilization time of less than 15 minutes and operates
effectively at the wide temperature and humidity ranges
found in the environment

Cost Cost of sampling and analysis is not prohibitive; components
are readily available and require little maintenance

Source: National Research Council (10).
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Introduction

Part 2 considers a range of indoor pollutants found in many build-
ings and a variety of means of assessing exposure to these pollut-
ants using existing measurement and analytical methods. The
indoor air pollutants discussed here do not cover all significant
indoor air pollutants and are not listed in order of importance.
They are selected as examples representing different source cat-
egories and problem areas and requiring different approaches in
research and control.

They are divided into gaseous pollutants, particulate pollut-
ants and biological contaminants. For the purposes of identifying
and solving problems, a more appropriate grouping might be di-
vision into pollutants emitted by building materials and furnish-
ings (VOC, asbestos and fibres, formaldehyde, sensory pollutants
and particulate matter); those emitted by people and their activi-
ties (environmental tobacco smoke, VOC, carbon monoxide, sen-
sory pollutants and pesticides); those emitted by combustion (car-
bon monoxide, nitrogen dioxide, VOC, particulate matter and
environmental tobacco smoke); those emitted outside the build-
ings (carbon monoxide, nitrogen dioxide, particulate matter, ra-
don and pesticides); and those related to moisture problems (mites,
microorganisms and VOC). This division would necessitate a great
amount of overlap and is therefore not used here.

Some aspects of the methods of exposure assessment for various
pollutants are similar. This leads to a repetition of the description of
the methods. Nevertheless, in most cases this is intentionally left in
the text to provide self -contained information on each of the pollu-
tants. Also, some of the information repeats the background pre-
sented in Part 1. This is also done on purpose, to illustrate practical
aspects of the particular method. To make individual chapters com-
plete, each contains the references relevant to each pollutant.
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Nitrogen dioxide

Health effects
Nitrogen dioxide (NO2) is an oxidant gas that impairs lung func-
tion (1 -3). Although fatal pulmonary oedema and bronchopneu-
monia have been observed at very high concentrations, lower
concentrations are associated with bronchitis, bronchiolitis and
pneumonia. NO2 is not highly soluble in the mucus of the respi-
ratory tract and can therefore pass the upper airways and pen-
etrate deeper into the lung to impair primarily the bronchioles
and alveolar ducts. There is experimental evidence that NO2 af-
fects the important elements of the lung defence mechanism (4),
such as mucociliary clearance, alveolar macrophage activity and
local and systemic immune reactions. Nevertheless, these effects
have been demonstrated at concentrations about an order of
magnitude greater than those found in indoor or outdoor air under
normal conditions.

Samet & Utell (5) have summarized the adverse effects that sup-
posedly normal NO2 concentrations may have on human health:
increased incidence and severity of respiratory infections, respi-
ratory symptoms, reduced lung function and worsening of the
clinical status of people with asthma, chronic obstructive pulmo-
nary disease or other chronic respiratory conditions. Besides the
mean concentration level, the exposure pattern may influence
the likelihood of these effects. Controlled human exposure stud-
ies and epidemiological studies have indicated that the health ef-
fects of concern are primarily short -term effects of peak concentra-
tions on susceptible individuals, such as people with asthma, and
the long -term effects include a higher incidence and prevalence
of respiratory disease, especially among children (6 -8). Experi-
mental studies indicate that, for short -term exposure, concentra-
tion is more important than duration in causing adverse effects (9).
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Over the past decades, numerous epidemiological studies have
assessed and quantified the health effects of indoor exposure to
NO2. In a meta -analysis of data from 11 studies, Hasselblad et al.
(10) estimated a 20% increase in the odds of respiratory illness
among children living in houses equipped with gas appliances
(equivalent to the 30 pg/m3 increase in long -term NO2 concen-
tration). Nevertheless, several other studies not included in the
analysis of Hasselblad et al. were not consistent. Some of this
lack of consistency may result from the use of poor measures of
exposure, often based on proxy variables, and insufficient con-
trol of confounding, including the potential of indoor exposure
to environmental tobacco smoke.

Sources
Most of the NO2 that pollutes outdoor and indoor air is formed
directly or indirectly by combustion processes. Consequently,
emissions are intermittent in most cases. Transport, power plants
and industry are the major sources of outdoor emissions, and
indoor NO2 pollution is mostly caused by emissions from all kinds
of gas appliances used for cooking, space heating or heating wa-
ter. Unvented heaters using other fuels (such as kerosene and
wood), tobacco smoking and burning candles may also increase
the NO2 concentrations indoors.

Variation of exposure

The most important microenvironments that contribute to NO2
exposure are outdoor air, the air inside buildings with NO2 sources
and transport environments. As most NO2 sources do not emit
continuously, and as individual lifestyles vary for each person
and among different people, the variability in exposure can be
substantial.

Some pollutants are of concern because of their long -term
effect, and the current practice bases the evaluation of health
effects on the total daily intake. In contrast, NO2 is given atten-
tion mostly because of its acute effects, for which the total daily
intake is of less interest than a short -term excess at a given level.
If 200 pg /m3 (average over 1 hour) is considered to be the low-
est effect level (3), this concentration is probably exceeded fre-
quently in kitchens and perhaps even in the passenger cabins of
cars.
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Brunekreef (11) has estimated that the use of a gas stove in-
doors adds to the long-term mean concentration of NO2 an aver-
age of 50 pg /m3 and 30 pg /m3 in a kitchen and a living room,
respectively. The short -term peak concentration may exceed the
mean level by a factor of five.

Methods of exposure assessment
Both direct and indirect approaches to determining exposure to
NO2 are used.

In the direct approach, study subjects carry a monitor for a
certain period to determine exposure. The monitor can function
either actively or passively. Most active samplers collect NO2 over
periods of several hours (12). In practice, active NO2 samplers
have not been used in very many indoor exposure studies be-
cause the number of study subjects is limited by the cost of the
samplers and the reluctance of study subjects to carry a relatively
heavy, battery- operated instrument. In addition, these monitors
are difficult to calibrate, are subject to drift over time and may
respond (positively or negatively) to several forms of interfer-
ence. Consequently, most studies directly determining exposure
to NO2 have used passive samplers, which provide average con-
centrations over longer periods of several days to one week or
more. The most widely used personal passive samplers for NO2
are those initially described by Palmes et al. (13) and Yanagisawa &
Mishimura (14). The drawback of smoothing short -term peaks
(which may be more important in generating adverse health ef-
fects than long -term average concentrations) has been accepted
in these studies.

There are several ways to get indirect information on expo-
sure. Questionnaires can be filled in by the study subjects or an
interviewer. For example, questions would relate to the presence
or absence of one or more of the indoor NO2 sources mentioned
above and the frequency and intensity of their use. This estimate
could be made somewhat more precise by using data from a con-
tinuously recording outdoor monitor providing information on
the variation of ambient NO2 levels as a function of time. Never-
theless, as people do not spend 24 hours next to the monitor,
some correction is needed to take people's movements into ac-
count. As a consequence, the next step would be to assess expo-
sure to NO2 by measuring its concentration in the air of all
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microenvironments visited by the population and by obtaining
information on patterns of human activity. Coupling these two
sources of information would be the best indirect way of assess-
ing exposure. This kind of indirect approach has been used in
several studies on the effect of NO2 (15 -17).

Mega &T Fugas (18) investigated the difference between the in-
direct and the direct approaches. They compared the NO2 expo-
sure of 15 subjects in Zagreb as obtained by:

direct measurement of personal exposure using Yanagisawa
samplers;
calculation using data recorded by the 15 subjects on the time
spent and actual concentrations measured outdoors, in tran-
sit, at work and at home; and
calculation using the activity patterns of the 15 subjects and con-
centrations obtained from the determination of NO, in the in-
door air of 90 other subjects living under comparable conditions.

The best agreement was found between the first and second
approaches, but the third also gave a fair approximation. The
second approach was considered to be useful in estimating indi-
vidual exposure, whereas the third approach might serve for as-
sessing the average exposure of population groups stratified by
such variables as cooking fuel, area of residence and mode of
commuting.
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Volatile organic compounds

Definition
Volatile organic compounds (VOC) are a large and diverse group of
compounds that volatilize into the air at room temperature. The
range of compounds described as VOC varies between different stud-
ies, and the definition used here is that of a report by the WHO
Regional Office for Europe (1) that classes VOC as organic compounds
with a boiling point range of 50 -100 °C to 240 -260 °C. VOC consti-
tute an example of indoor air pollutants that are difficult to consider
separately as human health hazards, but they have similar effects
and considerable effects on health as a mixture. The specific ap-
proaches to exposure assessment are discussed in Chapter 5.

Sensory and health effects
The WHO report (1) identified three main health outcomes of VOC:

odour and other sensory effects such as irritation
mucosal irritation and other morbidity caused by systemic toxicity
genotoxicity and carcinogenicity.

People perceive VOC by their odorous and chemical senses.
Little adaptation occurs in VOC exposure. Human response to
VOC in indoor air includes:

acutely perceived deterioration of the environment
acute or subacute inflammation -like reactions in skin or mu-
cous membranes
subacute and weak stress -like reactions.

Sensitivity to the same stimulus can vary between people by
up to one thousand times. The potential effects of some VOC
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found indoors are presented in Table 4. Some studies have inves-
tigated the physiological effects of mixtures of VOC, and interac-
tion has been demonstrated between the effects of exposure and
air temperature (2). The total VOC (TVOC) concept, which repre-
sents a summation of individual VOC, has evolved from the need
to study mixtures, although the detailed definition of TVOC dif-
fers between studies (see Chapter 5).

Table 4. Neurotoxic effects of VOC commonly found in indoor air

Chemical Effects

Benzene

N-Butylacetate

2-Butanone (MEK)

Cyclohexane

1,1-Dichloroethane

Central nervous system depression, vertigo, convulsions,
spasm

Central nervous system depression

Central nervous system depression, vertigo, vision loss

Tremors, reflex loss, neurosis

Anaesthesia, mental retardation, ataxia

Ethylbenzene Fatigue, vertigo, irritability

Formaldehyde

N- Hexane

Toluene

p- Xylene

Excitation, insomnia, tremor, weakness, impaired vision,
paresthesias

Central nervous system depression, motor dysfunction,
peripheral neuropathy

Memory loss, visual disturbances, decreased reaction time,
tremors, impaired balance

Central nervous system depression, vertigo, convulsions,
spasm

Source: Otto (5).

There may be an association between low TVOC levels and a
complex set of unspecific symptoms among occupants of a build-
ing called the sick -building syndrome. Mendell (3) reviewed
33 studies on the environmental factors related to the sick -
building syndrome, however, and found only sparse or incon-
sistent association between the observed VOC levels and work -
related symptoms. Molhave et al. (2) reviewed field and labora-
tory experiments and concluded that health effects or discomfort
are unlikely at exposure levels below 0.2 mg/m3 and very likely
at exposure levels exceeding 3 mg/m3.
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The concentrations of individual VOC in nonindustrial en-
vironments are usually several orders of magnitude lower than
the occupational exposure limits set to protect workers from the
health effects of hazardous chemicals. Nevertheless, a review of
studies of more than 1500 homes in Europe and the United States
(4) has shown that a wide variety of VOC are present in indoor
air, with more than 300 compounds detected in some studies at
higher concentrations indoors than outdoors. Health concerns
associated with these VOC centre on the additive and /or
synergistic effects of the VOC present, about which very little is
known, and the carcinogenicity or potential carcinogenicity of
specific VOC.

Genotoxicity and carcinogenicity are expressed a long time
after exposure. It is assumed that there is no threshold concen-
tration for effect, and risk estimation is therefore extended to
very low concentrations. According to the classification by the
International Agency for Research on Cancer of the VOC com-
monly found in indoor air, only benzene has been classified as
Group 1 (proven human carcinogen) and five VOC - tetra -
chloromethane, chloroform, 1,2- dichloroethane, p- dichloroben-
zene and styrene - have been classified as Group 2B (probable
human carcinogens with insufficient human data but sufficient
evidence about carcinogenicity in animals) (6).

Sources and ventilation
The major sources of VOC in indoor air can be classified (7) as:

outdoor air penetrating indoor spaces via infiltration or ven-
tilation
building occupants and their activities
materials and equipment.

The most significant and widespread source of VOC exposure
is the use of petrol in motor vehicles. Consumer products and
building materials in homes and offices are another important
source. Primary petrol components from evaporation losses dur-
ing refuelling and from hot engines in garages, as well as partly
oxidized compounds from tailpipe emissions, are important. One
continuous TVOC monitoring study concluded that transport-

generated outdoor VOC were responsible for 60 -90% of the indoor
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TVOC level, but most studies report indoor concentrations to be
2 -20 times higher than outdoors (8).

In indoor environments the VOC are emitted by humans,
many natural materials and a large number of man -made build-
ing materials, furnishings, equipment and consumer products
(Table 5). VOC exposure is related not only to certain micro -
environments but also to such activities as painting (xylene,
ethylbenzene, decane, undecane and benzene), household clean-
ing, visiting dry cleaners (1,1,1 -trichloroethane and tetrachlo-
roethylene), the use of deodorizers (dichlorobenzene), washing
dishes or clothes, smoking and driving (benzene, xylene and
ethylbenzene) (9).

Table 5. Examples of consumer products
potentially contributing to indoor air pollution

Type of product Example

Household and cleaning products

Body care products

Gardening and pest control products

Leisure time and hobby products

Air freshener, automatic dishwashing

carpet and upholstery cleaner,
dishwashing soap, drain cleaner, floor care
products, furniture polish, household
cleaner, laundry detergent, metal polishes,
degreasers, mould and mildew remover,
oven cleaner, paint stripper, rust remover,
shoe care products, stain remover, toilet
bowl cleaner, toilet bowl deodorizer,
waterproofing agents, window and glass
cleaner, wood preservative

Alcohol- containing cosmetics, hair care
products, nail care products, skin care
products

Ant killer, fertilizer, fungicide, herbicide,
sinsecticide, mothballs, rodenticide

Glue, home repair and maintenance
products, insect repellents, office supplies,
photofinishing chemicals, swimming pool
chemicals

Source: Seifert (7).
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The materials and equipment emitting VOC include adhesive,
caulk, floor covering, floor sealant, furniture, high- volume air
conditioning systems, insulation material, lacquer, office ma-
chines, paint, particle board and wall coverings. Table 6 gives
examples of major compounds emitted by some such sources. A
study of 42 building materials identified 62 different chemicals in
the emissions. These VOC were primarily aliphatic and aromatic
hydrocarbons, their oxygen derivatives and terpenes (10). A large
number of new studies reviewed by Brown et al. (8) have not
changed this overall picture.

Table 6. Examples of volatile organic compounds
in building materials and consumer products

Material or product Major VOC identified

Latex caulk Methylethylketone, butyl propionate,
2- butoxyethanol, butanol, benzene, toluene

Floor adhesive Nonane, decane, undecane, dimethyloctane,
2- methylnonane, dimethylbenzene

Particle board Formaldehyde, acetone, hexanal, propanol,
butanone, benzaldehyde, benzene

Mothballs p- Dichlorobenzene

Floor wax Nonane, decane, undecane, dimethyloctane,
trimethylcyclohexane, ethylmethylbenzene

Wood stain Nonane, decane, undecane, methyloctane,
dimethylnonane, trimethylbenzene

Latex paint 2- Propanol, butanone, ethylbenzene, propylbenzene,
1,1- oxybisbutane, butylpropionate, toluene

Furniture polish Trimethylpentane, dimethylhexane, trimethylhexane,
trimethylheptane, ethylbenzene, limonene

Polyurethane floor finish Nonane, decane, undecane, butanone,
ethylbenzene, dimethylbenzene

Room freshener Nonane, decane, undecane, ethylheptane, limonene,
substituted aromatics (fragrances)

Source: Tichenor (11).
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Variation of exposure
A recent review (Jantunen et al., unpublished report, 1995) has
considered 198 VOC. The compounds have been studied in at
least 1 of the 27 exposure assessment studies, have been assigned
reference values such as odour and irritation threshold levels or
air quality guideline values, or are included in the WHO list (1) as
the most common VOC. This review reveals some interesting
general findings. For example, 35 of the 107 VOC that have a
reference value or have been listed by WHO as one of the most
common indoor VOC were not analysed in any of these 27 stud-
ies; 80 VOC for which no reference values are given and that
have not been listed by WHO as the most common indoor VOC
were measured in at least one of the 27 studies. Finally, 74 of the
198 VOC analysed (37 %) were measured in only 1 study.

This illustrates a common phenomenon: different VOC are
selected for analysis in different studies, and the reports often do
not explain the rationale for selection. Sometimes the selection
seems to be related more to available equipment, convenience
and experience than consideration of the relevance of the com-
pounds for either source or air quality assessment or the health
effects of concern. These problems have been dealt with by a
working group of the European Collaborative Action "Indoor Air
Quality and its Impact on Man" (12).

Brown et al. (8) reviewed 68 VOC studies and concluded that:

the mean concentration of each VOC in established buildings
is generally below 50 pg /m3, with most below 5 pg /m3,

whereas TVOC concentrations are substantially higher (often
1100 pg/m3 in dwellings, reflecting the large number of com-
pounds present);
the mean VOC and TVOC concentrations in dwellings are
generally greater than those in established public buildings;
the VOC concentrations in new buildings are much greater
than those in established buildings, often by an order of mag-
nitude or more, and appear to arise from construction mate-
rials and the contents of the building, the VOC emission char-
acteristics of which can be measured for source control; and
the VOC and TVOC concentrations in buildings that generate sub-
stantial complaints have been measured to a limited extent and
may or may not be greater than those in established buildings.
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Assessment methods
As a large number of VOC are common in indoor air, any inves-
tigation must select those to be identified and quantified. There
is no definitive guidance about which VOC should be of high-
est priority because of the poor understanding of the signifi-
cance for health of the mixtures of chemicals present indoors.
Most studies report those that are present at the highest con-
centrations and perhaps known irritants and carcinogens. It is
also common to report the TVOC concentration, although its
value depends on the air -sampling method and analytical pro-
cedure applied.

Direct approach

Exhaled air has been used successfully as a biomarker of expo-
sure for indoor air exposure assessment in normal housing and
office environments (13).

VOC can be sampled by passive personal tubes or badges con-
taining solid adsorbents (mostly Tenax), but polyurethane foam,
evacuated canisters and charcoal or multisorbent media have also
been used. The passive or diffusive sampling flows and sampling
efficiency of the passive sampler vary for different VOC. Conse-
quently, the ratios of the different VOC in the sample are not the
same as the VOC concentration ratios in the sampled air. Never-
theless, with sufficient additional information the concentrations
in air can be recovered from the sample analysis data. If the sam-
ple flow is pumped through an adsorbent containing a sampling
tube this problem disappears, but the sampler becomes heavier
and more expensive and the sampling time is limited by the life
of the battery.

The ideal sampling time should depend on the health out-
come of concern. Passive samplers cannot be used for short -term
sampling because of their very low sampling rates; active sam-
plers must be applied for short exposure periods.

The TEAM (total exposure assessment methodology) study
used monitoring periods of 12 hours with air pumped through a
Tenax cartridge with subsequent thermal desorption and gas
chromatography and mass spectrometry detection. This type of
equipment can achieve the required sensitivity for shorter
sampling periods of the order of 1 hour. The use of Tenax adsorb-
ent means that the VOC analysed are similar to the range given
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by the WHO definition (1). Nevertheless, many other organic com-
pounds of lower (very volatile) and higher (semivolatile) boiling
points are of interest for human health. These demand more
complex analytical and sampling procedures and have not been
as widely studied.

Table 7 lists some of the most common solid sorbents used for
collection of VOC in indoor air prior to their determination by
gas chromatography (14).

Indirect approach
Indirect exposure monitoring is based on a combination of
microenvironmental concentration data and personal time -
activity data (see Chapter 4). Monitoring VOC concentrations in
microenvironments can be easier than monitoring personal ex-
posure directly. As with personal monitoring, sampling pumps
that draw air through a cartridge containing a sorbent such as
Tenax are commonly applied. Some microenvironmental studies
have also used passive samplers. A technique applied particu-
larly in the United States is grab or whole -air sampling. This

Table 7. Characteristics of commonly used solid sorbents

Sorbent Sorbent type
Maximum thermal

desorption
temperature ( °C)

Useful range
or N- alkanes

CarbotrapTM C

Tenax® TA

CarbotrapTM

CarbosieveTM S-III

Graphitized
carbon black 400 C -C

Organic porous
polymer resins
(poly -m- terphenyl
ether) 250 -300 C6- C15

Graphitized
carbon black 400 C5 - C15

Spherical carbon
molecular sieve > 400 > C2 (mostly

very volatile
organic

compounds)

( >C2)Charcoal (mostly Charcoal
for passive samplers)

(Requires solvent
desorption)

Source: Knöppel (14).
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involves collecting the air sample in evacuated stainless steel
canisters that have highly polished inner walls to prevent the
adsorption and degradation of the compounds collected (14). The
canisters are then returned to the laboratory and the air analysed
by cryogenic trapping of the VOC followed by gas chromatogra-
phy analysis.

Indirect or microenvironmental monitoring also allows the
use of continuously recording TVOC monitors. TVOC have been
measured by photoionization detectors, photoacoustic spec-
trometry, nondispersive infrared spectrometry, Fourier transform
infrared spectrometry or flame ionization detection. Although
the VOC that have been sampled on solid adsorbents and ana-
lysed by gas chromatography with different detectors necessarily
represent levels averaged over the whole sampling time, these
methods have the advantage of being capable of continuously
recording TVOC levels. A recent report by Working Group 13 of
the European Collaborative Action "Indoor Air Quality and its
Impact on Man" (15) discourages the use of direct reading instru-
ments, however, because they do not sufficiently discriminate
between the different VOC.

Lee et al. (16) compared the applicabilities of flame ionization
detection, nondispersive infrared spectrometry and Fourier trans-
form infrared spectrometry for continuous monitoring of VOC in
indoor air. They concluded that flame ionization detection and
nondispersive infrared spectrometry can only be used to follow
the increases and decreases in VOC and TVOC levels with time,
and therefore to help identify sources and sinks or dilution mecha-
nisms. Nondispersive infrared spectrometry was found to be less
useful than flame ionization detection. Fourier transform infra-
red spectrometry proved to be very useful and effective for VOC
monitoring and could be used to identify specific VOC and their
sources. Nevertheless, even this method was not particularly use-
ful for monitoring and identifying a mixture of many VOC.

Working Group 13 (15) has recommended appropriate sam-
pling strategies in buildings. Any study using the indirect approach
should validate the model used to relate measurements in
microenvironments to personal exposure. The TEAM study dem-
onstrates that, for most VOC, a summation of the concentration
multiplied by the time spent in each concentration underestimates
personal exposure.
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Formaldehyde

Health effects

Formaldehyde (HCHO) can enter the body through inhalation,
ingestion and dermal absorption. Numerous adverse health con-
sequences have been ascribed to formaldehyde, including well
documented effects and others for which the evidence is contro-
versial (1). The effect for which the evidence is greatest is that of
irritation of the eyes and upper respiratory tract (2). Such symp-
toms have been reported by building occupants exposed to el-
evated formaldehyde concentrations, subjects exposed in envi-
ronmental chambers and employees exposed in the workplace.
Table 8 shows effect threshold concentrations and the range val-
ues reflect individuals' variability of response to formaldehyde (3).

Formaldehyde has been shown to cause occupational asthma,
although studies in general populations are scarce and not con-
clusive. The International Agency for Research on Cancer classifies
formaldehyde in Group 2A (probably carcinogenic to humans):

Table 8. Effects of formaldehyde in humans
after short -term exposure

Effect
Formaldehyde concentration (mg/m3)

Estimated median Reported range

Odour detection threshold
(including repeated exposure) 0.1 0.06 - 1.2

Eye irritation threshold 0.5 0.01 - 1.9

Throat irritation threshold 0.6 0.1 - 3.1

Biting sensation in nose, eye 3.1 2.5 - 3.7

Tolerable for 30 minutes
(lachrymation) 5.6 5 - 6.2

66
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sufficient evidence for carcinogenicity in animals but limited evi-
dence for carcinogenicity in humans.

Sources
Formaldehyde is released into the indoor air from a variety of
sources, including tobacco smoke, combustion gases from gas
appliances, disinfectants and water -based paints (4). Significant
contamination of indoor air is most likely from products manu-
factured using urea formaldehyde resins (5). These include parti-
cle board (flooring, panelling, cabinetry and furniture), medium -
density fibreboard, hardwood plywood panelling and urea for-
maldehyde foam insulation. The release can be caused by free
volatilizable unreacted formaldehyde trapped in the resin or from
hydrolytic decomposition of the resin polymer itself.

Variation of exposure
The sources of formaldehyde are dynamic in nature, being either
intermittent (as in tobacco smoke) or continuous but of varying
strength. Particle board is an example of a continuous source,
but the strength of the emission varies depending on environ-
mental conditions and product age. Emission tends to decline
with time after installation and to increase under conditions of
higher temperature and humidity. The resulting formaldehyde
concentration in a room depends on the combination of sources
present, dilution effects due to ventilation and adsorption and
re- emission by surfaces and materials. In homes, diurnal fluctua-
tion related to temperature change has been shown to occur, as
well as seasonal differences, with higher concentrations during
summer months (6,7). In most houses, formaldehyde concentra-
tions do not exceed 0.1 mg /m3 (averaged over a few days).

In the absence of occupational sources of exposure, the daily
intake of formaldehyde from indoor air at home dominates total
exposure for most people (4). Additional significant routes of ex-
posure exist for smokers and those occupationally exposed.

Assessment methods
Direct methods of measuring personal exposure to formaldehyde
have been used widely in occupational settings but not in
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nonindustrial environments. A number of sampling methods that
use pumps to draw air through impingers or solid solvents are
applied, but the equipment can be cumbersome. Diffusive meth-
ods in the form of various badges that use liquid or solid sorbents
are available, and these have been validated to varying degrees
(8). These are convenient for personal monitoring but require an
exposure time of 24 hours to achieve adequate sensitivity at the
usual indoor concentrations. By contrast, pumped methods can
provide sufficient sensitivity for a sampling period of 30 minutes.

The diffusive and pumped methods with a solid sorbent -col-
lecting medium containing dinitrophenylhydrazine are becom-
ing increasingly used for direct and indirect measurement of per-
sonal exposure. Such methods now form an American Society
for Testing and Materials standard and a method recommended
by the Health and Safety Executive in the United Kingdom (9)
and have been used in a number of nonoccupational studies (7,10).
The sorbents used for VOC are not applied in monitoring formal-
dehyde because it is highly volatile.

The sampling duration is important because of the documented
temporal variation in concentration, and the possibility that certain
activities, such as the use of a product, could be carried out over a
short period but cause significant exposure, in addition to the more
stable exposure related to the emission of formaldehyde from build-
ing materials and furnishings. The use of long -term diffusive sam-
plers does not provide data about peak concentrations, which may
be important for health effects such as irritation. By contrast, use of
occasional short -term measurements may not provide a representa-
tive measure of an occupant's exposure, and this may be of special
interest in the study of chronic health effects.
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Carbon monoxide

Health effects

Carbon monoxide (CO) is an odourless and colourless gas that
reacts 210 times more strongly with blood haemoglobin than
oxygen to form carboxyhaemoglobin, making CO very acutely
toxic. Carboxyhaemoglobin levels of 1 -2% are harmless and nor-
mal for nonsmoking urban adults. Symptoms appear at only
slightly above this level, including a decrease in the amount of
work time required to exhaust exercising healthy young men
(2.3 -4.3% carboxyhaemoglobin) and a shortened duration of
exercise before onset of pain among angina pectoris patients (2.9-
4.5% carboxyhaemoglobin) (1). Increased blood carboxyhaemo-
globin levels also cause headache, nausea and weakness symp-
toms with highly variable individual responses. Carboxyhaemo-
globin levels above these are very unlikely to occur in urban
ambient outdoor air. In closed environments, however, CO lev-
els can become sufficiently high to cause acute CO poisoning
symptoms and even death. CO probably causes more acute poi-
soning than any other single chemical. Most cases of fatal CO
poisoning occur indoors with unvented fireplaces and gas appli-
ances. Although the data on accidental CO poisoning in Europe
are not complete, present estimates indicate that CO causes more
than one death per million population in France and the United
Kingdom.

Sources
CO is produced during the incomplete combustion of all
carbonaceous fuels. The CO yield in poor combustion can be sev-
eral percent of the flue gases, which enables rapid build -up of
dangerous concentrations in closed environments. Most of the
CO in ambient air in modern urban environments originates from
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motor vehicle emissions, although flue gases from decentralized
heating with solid fuels and waste incineration may also be sig-
nificant in some locations. Emissions from gas stoves, gas -fired
water heaters, other unvented heating equipment and internal
combustion engines (in garages) may increase the indoor CO levels
orders of magnitude above the outdoor levels - even to acutely
dangerous levels. Within the dimensions of an urban airspace,
CO can be taken as a nonreactive gas.

Variation in exposure
Most recent studies on CO levels have concentrated on personal
exposure, mostly in indoor environments. Cortese & Spengler
(2) showed that the data on ambient CO from fixed air quality
monitoring stations underestimate personal CO exposure over
1 hour during commuting by a factor of 1.4 -2.1. The US Envi-
ronmental Protection Agency's Washington- Denver study used
miniaturized automated personal exposure monitors to produce
exposure profiles for representative population samples. Data from
fixed monitoring stations underestimated short -term maximum
exposure but estimated better the average population exposure.
The personal parameters that significantly increased personal CO
exposure were occupational exposure and commuting to work
(3,4). The personal exposure levels were also used to model blood
carboxyhaemoglobin levels, and the modelled values were com-
pared with those determined from breath samples. The agree-
ment was surprisingly poor. The model predicted too low ex-
haled air CO levels, and the scatter of values was remarkable (5).

Studies on the personal CO exposure of children in Helsinki
(6,7) have shown that:

personal exposures over 1 hour do not correlate with nearby
fixed site measurements;
personal exposure distributions are quite similar for the chil-
dren living in the downtown region and those living in the
suburbs;
children living in homes with gas stoves are exposed to
significantly higher CO levels over 1 hour (50% below
2.2 pg /m3 and 90% below 7 pg /m3) than children in homes
with electric stoves (50% below 1.3 pg /m3 and 90% below
4 pg/m3); and
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children travelling in cars or buses are exposed to CO levels
3 -4 times higher than those in other microenvironments.

The elevated levels of personal exposure to CO often indicate
increased exposure to benzene, toluene and xylenes, as motor
vehicles are the common source of all pollutants (8).

Assessment methods
The reference method for ambient air CO measurements is the
nondispersive infrared spectrometer. Personal or micro -

environmental CO levels can be continuously monitored by light-
weight personal exposure monitors based on electrochemical cells.
Such devices have been used since the mid -1970s (2- 6,9,10). The
size and weight of personal CO monitors have been reduced to
those of a portable cassette player and the operating time in-
creased to months. Passive CO sampling tubes have also been
developed and tested (11,12), but these devices have not been
applied in any other study.
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Sensory air pollutants

Definition
Humans use two senses to perceive pollutants in the air: the ol-
factory sense, which is sensitive to odourants, and the common
chemical sense, which is sensitive to irritants. Odour and sensory
irritation often lead to complaints about indoor air (1,2). The com-
bined response to perceptions from these two senses determines
the perceived air quality.

Most chemicals can stimulate both senses. In daily life people
do not clearly distinguish between the two senses, but recent
studies with clinical anosmics (people lacking a functional sense
of smell) and nornosmics (people with a functional sense of smell)
have demonstrated that the corresponding threshold for irrita-
tion or pungency for compounds with a relatively low odour
threshold is about four orders of magnitude higher. For com-
pounds with a relative high odour threshold, the gap closes to
only one order of magnitude (3).

The perception of the indoor air may be positive or adverse.
Nevertheless, in controlling the indoor environment, including
determining ventilation requirements, the main emphasis has
been minimizing the adverse perceptions (annoyance) without
taking account of a possible increase in the positive perceptions.

Effects
Annoyance caused by perception of poor air quality is an impor-
tant effect on humans. Unpleasant odours from chemical sub-
stances in harmless concentrations, such as bioeffluents from
human beings, is an example of such perception. Perception of
poor air quality can also be seen as a warning signal of potential
health effects unrelated to the perception itself. Environmental
tobacco smoke is an example of a pollutant that can be perceived
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either way. The odour is perceived as obnoxious by many, and
the perception of environmental tobacco smoke warns the ob-
server that the air may be unhealthy. Such perceptions of risk
may lead to anxiety -type reactions.

Sensory perception in exposure assessment
Several methods have been used for sensory quantification. The
commonly used method is based on acceptability after short ex-
posure time (primarily by using the nose). This involves assess-
ing the intensity and character of the odour and the level of acute
sensory irritation, which can be performed with trained or un-
trained human panels. A series of reference atmospheres (mile-
stones) is often used to assist trained panels in their assessments.

Most ventilation standards around the world are based on
assessment of the acceptability of indoor air. Numerous ventila-
tion standards further assume that human beings are the only
pollution sources indoors (bioeffluents). Nevertheless, numerous
recent studies (4 -8) have documented that the building itself (in-
cluding ventilation systems) is often a major source of air pollu-
tion. The pollution sources in the building may comprise build-
ing materials, furnishing and carpeting.
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Radon

Definition
Radon (Rn) is a gaseous member of the uranium series formed
from the decay of radium. Radon decays into two alpha- particle-
emitting progeny (220Rn (thoron) and 222Rn).

Health effects
The primary concern about radon exposure is the increased risk
of lung cancer. The actual carcinogens are the progeny of the
alpha particles rather than radon itself. The risk of lung cancer
depends on the cumulative dose, which is determined by the
duration of exposure and the concentration of radon. Recent stud-
ies indicate that the relative risk of lung cancer increases linearly
with the exposure. The excess risk is 5 -15% at 50 Bq/m3 and 40-
112% at 400 Bq/m3 (1 -3). Approximately 2 -8% of lung cancer
deaths are attributable to radon exposure in most European coun-
tries; in Sweden, which has high radon concentrations, the pro-
portion of lung cancer cases attributed to the exposure has been
estimated to reach 16% (3). Several studies have found interac-
tions between smoking and radon for individuals working or liv-
ing in high -radon environments. Radon exposure apparently has
no short -term effects. Short -term exposure to high concentra-
tions of radon is less likely to produce a dose that induces lung
cancer than a similar cumulative dose resulting from prolonged
exposure to lower concentrations.

Sources
The primary sources of radon in residences are the rock structure
and soil on which the house rests, building materials and
groundwater (4). Soil and rocks composed of uranium - containing
granite, shale and pitchblende can contain high levels of radon.
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Radon from the soil enters the home through cracks in basement
walls or floor and at the joints between the walls and the floor.
Radon from water enters the household air when the water is
aerated or heated. Community water supplies seldom contain
enough radon to be a concern within the home.

Variation in exposure
The radon concentration varies significantly between areas and
depends on the building location and construction. Within a home,
radon levels can vary in the various floors of the home, with the
highest levels typically on the floor closest to the underlying soil.
The type of wall coverings, the type of stove (gas or electric), the
smoking habits of the occupants, and the heating and ventilation
characteristics of the house also influence radon levels within
the home. Residential levels of radon show seasonal and diurnal
patterns of variation that are influenced by climatic conditions
and differences in temperature between indoors and outdoors.
The levels in the home tend to be highest in the winter, when the
temperature differential between indoors and outdoors is the
greatest, windows and doors are kept closed and an additional
drop in atmospheric pressure may be induced by vented indoor
combustion appliances (such as furnaces and water heaters). A
recent WHO report (5) reviews the results from radon surveys in
dwellings.

Assessment methods
The most frequent methods of exposure assessment are indirect:
the radon concentration is monitored in various indoor spaces
and information on activity patterns is collected using question-
naires. Several biomarkers of exposure to radon can be meas-
ured, including the presence of radon progeny in bones, teeth,
blood and hair. Some progeny in tissue, however, are not specific
to radon exposure and may result from exposure to other sub-
stances. For example, exposure to radium or uranium may also
result in some progeny in tissues, and polonium -210 is found in
the tissue of smokers.

Several methods are available for assessing both radon and its
progeny in household air (Table 9). Charcoal canisters can be
used for short -term screening for radon, and alpha particle track
detectors used over several months can assess exposure to radon.
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Table 9. Sample collection and analytical methods
for detecting radon in environmental air samples

Sample Analytical Exposure Sample detection
preparation method time limit (Bq /m3)

Radon
Activated charcoal Gamma
canisters spectroscopy A few days 48

Activated charcoal Liquid
extracted
with toluene

scintillation A few days 7.7 -13.7

Alpha particle track Microscopic
detectors analysis A few months 518

Progeny
Alpha particle track Alpha particle
detectors spectroscopy A few months 40.7

Sources: Ronca -Battista et al. (6) and Agency for Toxic Substances and Disease Registry (7).

Both continuous and integrated monitors exist for radon and ra-
don progeny. Alpha particle track detectors for progeny are used
for sampling over several months to a year. Personal radon moni-
tors have been developed using an alpha particle track film. Col-
lection of radon progeny inside the monitor is enhanced by an
electret that covers the film. A publication of the European Col-
laborative Action "Indoor Air Quality and its Impact on Man" (4)
discusses the exposure assessment methods and instrumentation
in more detail.

Screening aimed at detecting high risk buildings attempts to
maximize radon readings by collecting samples over 3 -7 days to
overcome diurnal variations. Sampling should be carried out at
the lowest point in the building. In addition, sampling should be
performed during the winter, when the house is kept shut and
the temperature differential from indoors to outdoors is greatest,
even though such measurements usually give higher readings
than those representing the exposure of the building residents.
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Particulate matter

Definition
Particles suspended in air consist of a range of finely divided or-
ganic and inorganic solids or liquid aerosols that originate from a
number of natural or artificial sources. Fine particles smaller than
2.5 mm in aerodynamic diameter (PM2 5) include combustion par-
ticles, recondensed organic and metal vapours and aerosols formed
from gaseous pollutants through chemical reactions occurring in
the atmosphere. Larger particles (over 10 mm in aerodynamic
diameter - PM,o) usually contain minerals and fugitive dust.

Health effects
PMIO do not usually penetrate into the lower respiratory system
and the smaller particles are therefore the main health concern.
PM2 often penetrate deep into the bronchioli and alveoli of the
lung. About half these particles are not exhaled, and, if insoluble,
are quite slowly removed from the alveolar tissues. Particles be-
tween 2.5 mm and 10 mm in aerodynamic diameter show inter-
mediate behaviour that depends strongly on the mode (mouth
or nose) and intensity of breathing (1).

Most of the recent evidence on the acute health effects of
particulate matter on health comes from the observation of a
temporal relationship between daily concentrations of particulate
matter in ambient air and daily changes in human health. The
health effects range from mild to severe, including changes in
pulmonary function, increased incidence of acute respiratory
symptoms, admission to clinics or hospitals and increased daily
mortality. The studies indicate that adverse health effects exist
even at very low concentrations of particles; it is difficult to indi-
cate any threshold concentration below which the effects do not
occur. The accumulated evidence suggests that the magnitude of
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the effects is proportional to the concentration of the respirable
fraction of the particulate matter mix. The results of the studies
on short -term health effects have been supported by a recent
longitudinal analysis of mortality. The studies suggest that
particulate pollution has long -term effects on mortality even at
low concentrations of PM1o. A few other cohort studies have
shown a relationship between the incidence of chronic respira-
tory diseases (chronic obstructive pulmonary disease and asthma)
and episodes with high concentrations of particulate matter oc-
curring over a period of many years. The currently understood
toxic mechanisms of the individual harmful compounds in the
particulate matter or their combinations can hardly explain the
observed mortality increases. The proposed mechanisms have yet
to be verified (2).

Sources
Particulate matter in ambient air has two different origins. Parti-
cles with an aerodynamic diameter larger than 2.5 mm are mostly
produced by motor vehicle emissions, materials handling and
mechanical erosion by wind, and mostly comprise soil minerals
and nonvolatile organic compounds. Large quantities of coarse
particulate matter can also be emitted by uncontrolled or poorly
controlled boilers and furnaces fired by solid fuel, and by indus-
trial processes that handle large quantities of dry powder and
ground or crushed solid materials. The emitted coarse particles
settle rapidly out of the air but are also easily re- entrained. Their
average atmospheric lifetime is short, and levels in the air are
highly variable in time and space. Most ventilation systems ef-
fectively remove them from ventilation air. The sources of the
coarse fraction indoors are dust carried from outdoors, textiles,
wearing indoor materials and various indoor activities.

PM2 are produced by gas -to- particle reactions of gaseous and
vapour -phase air pollutants in the atmosphere, by agglomera-
tion of nucleation -mode particles into larger particles and by con-
densation of low- vapour -pressure atmospheric reaction products
onto accumulation mode particles. This fine fraction of particulate
matter contains mostly sulfates, nitrates, elemental carbon (soot)
and semivolatile and nonvolatile organic particles. The fine par-
ticles have very low settling velocities in air. They stick to sur-
faces. Their average atmospheric lifetimes are long and, compared
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with the coarse fraction, their levels in air are relatively stable in
time and space. The sources of fine -fraction particles indoors are
outdoor air (they penetrate effectively through most ventilation
systems), combustion, tobacco smoking and cooking.

Exposure
Microenvironmental concentrations of and personal exposure to
respirable particulate matter have been studied in numerous stud-
ies since 1980, although all of these involved small numbers of
subjects. The main findings have been that:

outdoor particle concentrations (measured at fixed sites) are
not an important determinant of personal exposure; personal
exposure levels were systematically higher than indoor air
levels, which again were higher than outdoor air levels (3);
the personal exposure levels of people not exposed to tobacco
smoke are higher than ambient levels, and the personal ex-
posure levels of smoke -exposed people are nearly twice as
high as those not exposed (4);
in winter stagnation episodes, individual exposure and in-
door microenvironmental concentrations are strongly influ-
enced by the outdoor particulate matter concentration (5);
and
the most significant events for generating particles indoors
are cooking, vacuum cleaning and tobacco smoking (6).

The results of the population -based particle total exposure
assessment methodology (PTEAM) study (7 -10) showed that day-
time personal PM10 exposure levels and the concentrations of
nearly all particle -bound elements were elevated relative to in-
door and outdoor concentrations. Personal exposure levels at night
were lower than the outdoor concentrations but higher than the
indoor ones. Smoking, cooking, dusting and vacuuming were the
dominant sources of high indoor particle concentrations. Re-
entrainment of house dust could also be a source of increased
exposure. PM10 and PM2 concentrations in homes in which to-
bacco was smoked were considerably greater than those in non-
smoking homes. Correlations of personal PM10 exposures with
fixed -site outdoor concentrations were low: 0.37 in the daytime
and 0.54 at night.
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Assessment methods
For the PTEAM study, a battery -powered sampling pump was
developed (Casella /BGI AFC 400) that could be carried on a
belt and draw 4 litres /min of air for 12 h through a 2.5 -mm or
10 -mm inlet; a filter pack (MSP Inc., Minneapolis, MN, USA)
was also developed for this purpose. This new personal expo-
sure monitor and an AC- power- driven microenvironmental
exposure monitor (consisting of a Marple /Turner impactor and
a 10- litres /min pump) were tested both in the laboratory (11)
and in the field (12). Field reliability, precision and accuracy
were found to be good or acceptable; 99.7% of the field sam-
ples were captured. The precision ranged from 1.7% to 12.7 %,
was better for PM10 than PM2 and was better for the micro -
environmental exposure monitor than the personal exposure
monitor (13).

Continuously measuring personal particle monitors exist but
have not been sufficiently sensitive for monitoring environmen-
tal particulate levels. A possible exception is a new miniature
real -time aerosol monitor (Miniram) based on passive air sam-
pling and the principle of forward light scattering. It is sensitive
for particles in the diameter range of 0.1 -10 mm. The data are
updated every 10 seconds and can be integrated for up to 500 min-
utes and stored in memory. Miniram needs to be calibrated for
each type of aerosol and environmental condition, and it is espe-
cially sensitive at high humidity. No study using Miniram for
personal exposure monitoring in the general population has been
published.
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Asbestos and other
mineral fibres

The materials

Asbestos is a common name for commercial fibrous minerals from
two distinct mineral classes. Most of the asbestos that has been
used is chrysotile (white asbestos, a serpentine mineral); about
5% is made up of various amphibole mineral fibres such as
crocidolite (blue asbestos) or amosite (brown asbestos). Humans
may also be exposed to other industrial natural mineral fibres
such as various fibrous clays. Man -made mineral fibres are mostly
encountered as glass or mineral wool.

Health effects

Exposure to asbestos dust has been shown to cause cancer and
fibrosis of the lung and pleural lining of the chest (1). At the low-
est levels of asbestos exposure, hyaline plaques may develop on
the parietal pleura. These are usually benign (2). At higher doses,
cancer of the mesothelium and lung parenchyma can occur, as-
bestos exposure and cigarette smoking having a synergistic (at
least more than additive) effect in causing bronchogenic carci-
noma (3). Concentrations of asbestos likely to cause asbestosis
occur only in unregulated workplaces.

There is considerable controversy on the relative effects of
the different types of asbestos mineral, but all authorities recog-
nize that the amphibole asbestos minerals are more harmful than
chrysotile. Some believe that any adverse health effects of
chrysotile can be explained by the contamination of this mineral
with the amphibole fibre tremolite. The difference in the activi-
ties of chrysotile and amphibole fibres is believed to be related to
the lower persistence of the chrysotile in lung tissue (4). The effect
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of fibres other than commercial asbestos was shown by the dis-
covery of a high incidence of mesothelioma in several villages in
central Turkey caused by exposure to erionite, a fibrous zeolite
(5). There are reports of small increases in lung cancer during the
early history of the mineral wool industries but no evidence of
mesothelioma from exposure to these materials. The bulk of man-
made mineral fibres are less durable than even chrysotile asbes-
tos (6), although some of the new crystalline materials may prove
to be persistent.

Data on the health effects of man -made vitreous fibres in hu-
mans are very limited. Thick fibres (over 3 mm) may cause tran-
sient irritation and inflammation of the skin, eyes and upper air-
ways. Nevertheless, the risk assessment of other fibres is ham-
pered by scarcity of data from humans and the lack of agreement
as to whether available animal data can be extrapolated to humans.

Sources of exposure
Asbestos may be encountered as a friable component in insula-
tion and fireproofing materials and in a less friable form in build-
ing board, vinyl flooring and as roofing tiles and sheets. Low lev-
els of asbestos are ubiquitous and may be derived from geological
as well as anthropogenic sources. Significant exposure now mainly
occurs when installed asbestos fireproofing or insulation is dis-
turbed for maintenance or removal; damaged or friable installed
asbestos can also cause a more steady release.

Man -made mineral fibres are installed for thermal insulation
as blankets in loft or roof spaces and as loose fill in cavity walls.
As composite materials they are found in sheet building materi-
als and acoustic insulation tiles. Many domestic and commercial
appliances are insulated with man -made mineral fibres. Smaller
quantities of slag and ceramic wool are used and single crystal
whiskers (such as silicon carbide or boron nitride) have increas-
ing industrial use with occasional consumer applications. Other
mineral fibres occur as accidental contaminants of the environ-
ment; these include calcium sulfate from plaster products and
mullite (aluminium silicate), which is produced during many
combustion processes. Exposure to man -made mineral fibres is
very low, since many applications involve sealed insulation and
most products containing these materials do not release substantial
amounts of dust. The release of dust from fibre products is related
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to the diameter of the fibre and to the presence of dust sup-
pressants (7). Installation of fibrous insulation by unskilled peo-
ple and tasks involving disturbance or removal of fibrous materi-
als may lead to substantial exposure.

Exposure assessment
The direct methods of exposure assessment consist of analysis of
human lung samples, which may be collected as biopsy material
or at post -mortem. These may be plasma aahed or alkali digested,
and the resulting inorganic materials can be examined by light or
electron microscopy coupled with elemental analysis of individual
fibres. This enables the long -term exposure to persistent fibres
and short -term exposure to less persistent mineral fibres or man-
made vitreous fibres to be quantified.

The environmental concentration of the fibres is estimated by
filtering ambient air through membrane filters followed by light
or electron microscopic examination of the filters. Elemental analy-
sis using energy- dispersive X -ray analysis enables the individual
fibres to be identified. Details on sampling methods are available
from various sources (8). WHO (9) recently published a unified
method for the evaluation of airborne fibre concentrations in the
work environment. The recommended method is based on phase -
contrast optical microscopy, applicable for fibres over 5 mm long
and 0.2 -3 mm wide. The WHO publication also presents some
other methods that provide supplementary information about the
fibre type and size, such as polarized light microscopy, scanning
electron microscopy and transmission electron microscopy.

Some controversy exists on whether the direct examination
of the filters can provide reliable estimates of low -level exposure.
At a low concentration, filtering large volumes of air can lead to
small fibre numbers, which are overwhelmed by the large amount
of nonfibrous particulate matter likely to be found on the filters.
Some experts advocate that the sampled dust be resuspended and
then redispersed and refiltered to a more concentrated form. This
can include alkali digestion of the dust to remove organic mate-
rial. These procedures can result in the loss of some fibres, and
correlation between methods is not good (10). The fibre content
in settled dust has been used as an indicator; this does identify
the sources of exposure but only provides a crude indication of
quantitative exposure.
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Environmental
tobacco smoke

Health effects
Exposure to environmental tobacco smoke has both short -term
and long -term health effects. Besides annoyance, these include
irritation of the eyes and the mucosa of the respiratory tract and
possible aggravation of bronchoconstriction in asthmatic subjects
and chest pain in coronary heart disease patients. The US Envi-
ronmental Protection Agency (1) concluded that exposure of chil-
dren to environmental tobacco smoke increases the risk of lower
respiratory tract infections, such as bronchitis and pneumonia,
and causes symptoms of upper respiratory tract irritation, middle
ear effusion, reduction in lung function and both symptoms and
new cases of asthma. Exposure in adults was estimated to in-
crease the risk of lung cancer by 130 %. Combined information
from epidemiology and studies on mechanisms has led to the
conclusion that environmental tobacco smoke increases morbid-
ity and mortality from cardiovascular diseases (2). The evidence
linking environmental tobacco smoke and chronic respiratory
symptoms in adults is not consistent but suggests an effect (3,4).

Sources and definitions
Environmental tobacco smoke is produced by smoking tobacco,
and it is categorized as mainstream and sidestream smoke. Main-
stream smoke is tobacco smoke generated during puff- drawing
in the burning cone of a tobacco product, which then travels
through the unburned tobacco and is inhaled directly by the
smoker (5). Sidestream smoke is a combination of smoke emitted
into the air during the burning of a tobacco product between
puffs, smoke escaping into the surrounding air during puffs and
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smoke components that diffuse through cigarette paper. Envi-
ronmental tobacco smoke is a complex mixture containing over
4000 compounds, including more than 40 known or suspected
human carcinogens, as well as other toxic agents (1). They in-
clude such known human carcinogenic compounds as benzene,
2 -naphthylamine, 4- aminobiphenyl, nickel and polonium -210,
as well as other toxic substances such as CO, nitrogen oxides,
ammonia and hydrogen cyanide.

Exposure assessment
Exposure assessment can be based on both direct and indirect
methods.

Personal monitoring
Portable monitors can be used for sampling particulate matter
(PM2

5
or PM,0) as a nonspecific indicator of exposure to environ-

mental tobacco smoke (see Chapter 16 for methods).

Biomarkers
Biomarkers of exposure measure the dose or uptake of environ-
mental tobacco smoke. The relationship between biomarker and
exposure is affected by individual uptake, distribution and me-
tabolism. Nicotine and cotinine in the saliva, blood and urine are
widely used biomarkers of recent (within 24 hours) exposure,
and hair nicotine is a promising new biomarker for assessing ex-
posure lasting several months (6). Saliva and urine cotinine can
be quantified by a double antibody radioimmunoassay (7). Urine
nicotine is eluted from filters impregnated with sodium bisulfate
into ethanol and subsequently quantified by gas chromatogra-
phy (1,8). Urine cotinine is determined by competitive- inhibition
radioimmunoassay using rabbit cotinine antiserum (7). Hair sam-
ples are taken near the scalp behind the ears. One centimetre of
hair of the proximal segment represents approximately one
month's exposure. Nicotine content is analysed using gas chro-
matography and mass spectrometry (9).

Stationary monitoring
Rather than measuring exposure to various hazardous com-
pounds, it is more feasible to assess exposure to the entire mix-
ture. An indicator is needed for environmental tobacco smoke
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that accurately represents the total exposure. Of dozens of alter-
native compounds, nicotine in the vapour phase and respirable
suspended particulate matter have proven to be the best indica-
tors. Both active and passive methods are available (1). Air sam-
pling pumps have been developed to collect air for the assess-
ment of concentrations of nicotine and respirable suspended
particulate matter (10). Nicotine can be collected on a glass fibre
backup filter treated with sodium bisulfate and analysed by gas
chromatography with a flame ionization detector (8). Samples of
respirable suspended particulate matter can be collected on
Fluropore® or Teflon® filters (11,12).

Questionnaire information
Relevant information on exposure to environmental tobacco
smoke includes the amount of cigarettes or other tobacco smoked
indoors, the locations where the smoking occurs, the volume of
the spaces and the type and performance of the building's venti-
lation system. The total number of cigarettes smoked in a home
was reasonably well associated with urinary cotinine and ambi-
ent nicotine (13). The number of years smoked by household
members was also predicted reliably (14).

There is no validated standardized questionnaire for assessing
exposure to environmental tobacco smoke. Lebowitz et al. (15)
have reported an attempt to develop a questionnaire including
questions relevant for assessing environmental tobacco smoke
exposure in different microenvironments. The reported levels of
environmental tobacco smoke exposure were highly correlated
with the measured indoor concentrations of PM2 and PMio (16).
A questionnaire to assess time -specific past exposure in different
microenvironments has been developed at McGill University and
applied in an eight -year longitudinal study of the effect on the
development of respiratory symptoms and lung functioning in
young adults (3,17,18).
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Pesticides

Health effects
The health effects of pesticide exposure depend on the dura-
tion and intensity of exposure, the nature of the pesticide and
the vehicle in which the pesticide is administered. Health ef-
fects from pesticides have been found among agricultural work-
ers. Accidental acute poisoning with high -dose exposure can
affect the nervous system, skin, respiratory tract, kidneys, liver
and endocrine system. Prolonged exposure to pesticides has
also been found to affect health. Well established relationships
include chloracne caused by phenoxyherbicides and organo-
chlorine insecticides and sperm abnormalities caused by halo-
genated hydrocarbons. Various other chronic health effects of
the exposure have been postulated and need further confir-
mation (1). A firm association between exposure to pesticides
containing arsenic and lung neoplasia has been established.
The evidence of an association between several other pesti-
cides and cancer is being investigated (2).

Sources
Pesticides are present in indoor air because of application in-
doors or transport from outdoors. Household use of pesticides
with improper ventilation or individuals returning to the
treated area before the pesticide has settled and dried may lead
to acute exposure. Dwellings near agricultural areas that are
treated with pesticide sprays have an increased risk of pesti-
cide exposure. Since organochlorine pesticides are environ-
mentally persistent, application in a house allows for poten-
tial resuspension if the pesticide is bound to fine dust parti-
cles. Another source of exposure is the application of insecti-
cides, herbicides and fungicides in residential areas: examples
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include lawn care or the protection of building materials and car-
pets in indoor spaces (3 -5).

Variation in exposure
Oil -based pesticides or pesticides in oil vehicles produce heavy
particles that are briefly suspended in air. Similarly, pesticides
distributed in an aerosolized aqueous solution do not remain sus-
pended for very long. This means that pesticides as air pollutants
may be of little concern except during or immediately after ap-
plication. Some low -level resuspension may occur after the aque-
ous solution has evaporated. The US Environmental Protection
Agency has warned that young children are at potentially high
risk, with dermal absorption and ingestion considered to be im-
portant exposure routes besides inhalation (6).

Assessment methods
Personal exposure to pesticides can be assessed by personal air
monitors and by measuring the concentrations of pesticides or
their metabolites in blood and urine. Questionnaire information
should be obtained to identify other routes of exposure, such as
dermal contact with pesticides; direct methods of measuring der-
mal exposure are applied in the occupational setting (7).

Biological monitoring of pesticides varies with the substance of
interest. In some cases, the substance itself is measured, and in other
cases, metabolites or changes in cholinesterase levels (Table 10). Some
biomarkers, such as cholinesterase, alkylphosphates and dimethyl
phosphate, are not specific to any one pesticide, and changes in these
substances may be due to disease states rather than pesticide exposure.

Pesticides and metabolites are analysed in biological tissues
using gas chromatography coupled with electron capture detec-
tion, flame photometric detection, flame ionization detection or
mass spectroscopy. Analysis has also been done with high -per-
formance liquid chromatography coupled with ultraviolet
spectroscopy or high -performance liquid chromatography cou-
pled with mass spectroscopy.
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Table 10. Biomarkers of exposure to pesticides

Chemical agent Biological parameter Biological material

Lindane

DDT

Hexachlorobenzene

Dieldrin

Endrin

Organophosphorus
pesticides

Chlorpyrifos

Parathion

Carbamate insecticides

Lindane Blood

DDT, DDE, DDD Blood
DDA Urine

Hexachlorobenzene Blood

Dieldrin Urine, blood

Anti -12- hydroxy -endrin Blood

Cholinesterase

Cholinesterase
Alkylphosphates

p- Nitrophenol
Dirnethyl phosphate
Cholinesterase

Plasma

Red blood cells, whole blood
Urine

Urine
Urine
Plasma, red blood cells,
whole blood
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Biological contaminants

Bioaerosols, or biological contaminants of indoor air, comprise
viruses, bacteria, fungal spores, pollen, animal dander, dust mite
residues and other particles of biological origin. The biological
particles originate from outdoor air, including fungi, bacteria and
pollen, and from intramural sources, such as pet dander, house
dust mites and the emissions from microbial growth in the build-
ing. The following chapters discuss the microorganisms consti-
tuting the most important health hazard in indoor air, focus on a
common source of indoor allergen - dust mites - and discuss the
determinants of whether and how microbial growth indoors leads
to human exposure.
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Bacteria and fungi

Health effects
Viruses, bacteria and some fungi can cause infectious diseases. In
indoor environments, viral infections are common due to con-
tact between people. Such bacterial infections as tuberculosis (1)
or legionellosis (2) may be spread through ventilation systems.
Fungal infections, especially aspergillosis, are common among
immunosuppressed patients. Health effects other than infections
include allergies, irritative effects, toxic effects, allergic alveolitis
and asthma. The causative agents may be spores or vegetative
cells, fragments of mycelium, structural components such as 1,3-
beta- glucans of fungi or lipopolysaccharides (endotoxins) or
peptidoglycans of bacteria, or metabolic products such as micro-
bial volatile organic compounds or mycotoxins. A range of health
effects has been reported in damp and mouldy houses, including
an increased risk of respiratory infections, irritative symptoms of
the airways and eyes, and asthma (3 -5). Although moisture prob-
lems and microbial growth associated with a building can be re-
garded as surrogates of the exposure in these indoor environ-
ments, the role of various exposing agents and the mechanisms
of the reported health disorders are not yet fully known.

Sources
Many factors affect the airborne concentrations of microbes. The
most important sources of airborne fungi and bacteria in outdoor
air are soil and vegetation. The concentrations in the outdoor air
vary by several orders of magnitude, depending on the season,
climate and weather conditions, as well as activities affecting
source strength, such as cutting grass or handling soil. Outdoor
air is the most important source of indoor air fungi. The indoor
air concentrations and range of fungi generally follow those of
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outdoor air. The indoor air bacteria include those originating from
outdoors, but they mainly derive from the human skin and res-
piratory tract, which can be seen both in the concentrations and
the flora of the indoor air bacteria (6).

Several normal activities, such as the motion of people or
pets, vacuuming and other disturbances, and cleaning or wash-
ing vegetables, increase the indoor air concentrations of
bioaerosols (7).

Microbial growth takes place wherever water or moisture is
available. Typically, bacteria contaminate water systems, and
actinomycetes, moulds and rot fungi colonize moist building or
furnishing materials. From water systems, air may become con-
taminated through aerosols of cooling or humidifying systems or
taps. Microbial growth on materials may emit aerosols, which
may be spores or fragments of the mycelium, or VOC, which are
metabolic products of the organisms.

Exposure assessment
No sampling and analysis method yields the whole range of air-
borne microorganisms. The focus of the sampling therefore dic-
tates which methods and what sampling strategy are most ap-
propriate. In indoor air sampling, the essential goal is often to
detect an intramural source of bioaerosols. Controlling the ef-
fects of outdoor air and normal activities in a sampling situation
may be difficult, and sampling should therefore be carried out
when the confounding activities can be avoided. By careful analy-
sis of both concentrations and flora of the indoor and outdoor
samples, intramural sources can be detected. These sources in-
clude any part of the building structure in which excess moisture
allows microbial growth, such as contaminated air ducts and fin-
ishing and decoration materials (8,9).

Exposure assessment for fungi or bacteria in indoor environ-
ments can be tested with air samplers such as impactors or
impingers or with sampling directly on a filter or on a micro-
scopic slide (10). The sampling times required range from a few
minutes to several hours or several days, depending on the char-
acteristics of the sampling method and the estimated concentra-
tion of the bioaerosol particles in the air to be sampled (11). Vi-
ruses may also be sampled directly from air, but this is not yet
common.
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The collected bioaerosol material may be analysed for viable
microbes, by culturing the colonies on a suitable medium or for
the total count of viable and nonviable bioaerosol particles by
light, epifluorescence or electron microscopy. One advantage of
culturing is that individual microbial strains may be identified
and further characterized.

Microbial measurement of indoor air includes assessing con-
centrations and identifying the microbes. Some microbial flora
can be regarded as a normal background component of air, but
some indicator organisms occur only in environments with moist
materials: Aspergillus fumigatus, A. versicolor, Penicillium (some spe-
cies), Trichoderma, Eurotium, Exophiala, Phialophora, Stachybotrys,
Fusarium, Ulocladium, Wallemia, yeasts, actinomycetes (soil bac-
teria) and gram- negative bacteria (12).

The results of air sampling may be difficult to interpret. As
mentioned above, the concentrations of fungi and bacteria usu-
ally vary by several orders of magnitude in both normal and ap-
parently contaminated environments. The source strength and
the airborne behaviour of spores of different sizes vary. Even vis-
ible fungal mycelium does not sporulate or release spores con-
tinuously; release depends on moisture, light and other factors
regulating growth. Air sampling is often conducted for a short
time and does not necessarily include the time of spore release.
Further, fungal genera differ in their effectiveness in releasing
spores: Penicillium and Aspergillus produce plenty of spores,
whereas the often toxigenic Stachybotrys does not. Stachybotrys can
harm human health, although it is not necessarily detected in
short -term samples of airborne microbes. If its detection is im-
portant, long -term sampling with a filter is recommended.

The behaviour of various airborne spores depends on their
size. For example, the easy release and small size of Aspergillus
spores allows them to stay airborne for long periods and to be
inhaled into the lower respiratory tract (13). The spores of
Stachybotrys are fewer and sediment more rapidly because they
are larger. Exposure into the deeper airways may be rare, but
people may receive harmful exposure to this fungus and its
mycotoxins through skin contact (14).

Viable (cultivable) strains comprise only 1 -30% of the total
microbial material in most environments. The remaining micro-
bial cells may be viable but noncultivable, nonviable but still
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biologically active with effects on human health, or nonviable
without such effects. For example, the dead cells of gram- negative
bacteria contain endotoxin (lipopolysaccharide), a stable and bio-
logically active constituent.

If airborne microbes are to be sampled as part of exposure
assessment, focusing the goal of sampling is vital. Determination
of mere total fungi or total bacteria is not recommended; an ap-
proach based on a hypothesis on the presence of indicator organ-
isms is more useful.

The microbial ecology of buildings is not yet well known. Many
factors cause remarkable variation in short -term concentrations
in air, but the undisturbed surfaces or house dust may represent
more integrated samples in describing the microbial status of the
building. Methods of determining the total microbial mass can
be used with these samples. The fungal mass can be determined
through ergosterol concentration and the mass of gram -negative
bacteria through the concentration of lipopolysaccharide; both
constituents are characteristic of a certain group of microbes.

For personal exposure assessment, fungus- specific immu-
noglobulin G antibodies may be determined in serum samples by
using the enzyme- linked immunosorbent assay (ELISA). The
microbial status of the building is used to determine the antigen
panel for the assay. More traditional microbiological assays for
bacteria and viruses are used as well.

Indirect assessment of bioaerosol exposure, such as home sur-
veys for moisture or mould, may also be used to obtain exposure
indicators (see Chapter 22).
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House dust mites

Mites are unsegmented arachnids that lack stigmata (openings)
and organized respiratory tracts and are closely related to spiders
and ticks. Some mite species are predatory; others feed on shed
human or animal skin scales, fungi and bacteria. Numerous spe-
cies of dust mites have been identified in house dust not only in
dwellings but also in schools, offices and other buildings. The
species of house dust mite that predominate in most parts of the
world belong to the family Pyroglyphidae; the best -known exam-
ples are Dermatophagoides pteronyssinus, D. farinae and Euroglyphus
maynei. They absorb water from the air by secreting and recover-
ing a hygroscopic solution that flows over their bodies, and thus
depend entirely on ambient humidity for survival (optimal rela-
tive humidity: 75 -80 %). The preferred temperature range for
optimal growth is between 17 °C and 32 °C (1).

Health effects

Inhalation is the major pathway of exposure. Mite allergens
are a major cause of allergic sensitization, especially in indi-
viduals genetically predisposed to develop atopic disease, and
are considered the most important allergens associated with
asthma. They have also been shown to precipitate asthma,
rhinitis and eczema in atopic individuals and to play an im-
portant role in the symptoms of atopic dermatitis. Voorhorst
et al. (2) were the first to implicate mites as an important source
of allergen in house dust in 1964 by showing that individuals
allergic to house dust commonly demonstrated positive skin
tests to extracts of D. pteronyssinus. Subsequently, the major
allergens of D. pteronyssinus and D. farinae were identified as
Der p I and Der f I, respectively. These are proteolytic enzymes
secreted from the digestive tract of the mites and found at high
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concentrations in faecal pellets. The pellets are similar to pollen
grains both in size (10 -35 mm in diameter) and in the quantity
of allergen they carry (about 2 ng) (3). With respect to the health
effects of mite allergen exposure, two guidelines have been pro-
posed on the basis of two WHO international workshops in 1987
and 1990: a level of 2 mg of Der p I per gram of dust (equivalent
to 100 mites /g) has been suggested as representing a risk for the
induction of allergic sensitization, and a level of 10 mg of Der p I
per gram of dust (equivalent to 500 mites /g) as representing a
risk of acute or severe asthmatic attacks (4,5).

Sources
Mites are found in almost every home, living in accumulated
dust. They can be found in carpets and soft furnishings, but the
most important source of mite allergen is likely to be the bed,
due to both the duration and proximity of contact. All homes
contain a ready supply of food sources for mites; private resi-
dences have been shown to have higher mite allergen levels than
public places such as schools or public transport (6).

Factors influencing exposure
A number of factors have been associated with high levels of
house dust mite allergens. These can be divided into indoor fac-
tors, such as indoor temperature and humidity, and outdoor fac-
tors, such as geography and climate (7).

Mites require specific temperature and humidity levels to
flourish, and buildings with elevated relative humidity fre-
quently have elevated concentrations of mites and mite aller-
gens. Damp unheated houses have been shown to have higher
mite levels than houses with central heating (8), and thus the
relative humidity is probably the most important factor deter-
mining mite levels. Variation in microclimate can lead to ma-
jor seasonal variation in both the abundance and diversity of
mites in different parts of the home. As relatively high humid-
ity is required, most surveys find the greatest prevalence of
mites and mite allergens in humid, temperate regions of the
world and the fewest in arid regions. In addition, levels of mites
and mite allergens have been shown to be lower at high alti-
tude than at sea level, and this is similarly due to lower tem-
perature and humidity.
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Exposure assessment methods
Personal monitoring
Personal sampling for allergen exposure has not been performed
on a significant scale. Biomonitoring methods for the assessment
of exposure to mite allergens have not been developed, and this
may be difficult because the immune response varies between
individuals. Both skin prick tests and the prevalence of mite-

specific antibodies are used to assess sensitization to mite aller-
gens in individuals. These measures indicate that an individual
has been exposed but do not give information on the degree of
exposure (3).

Indirect approach
Mite allergens can be measured either in air or in dust samples.
The measurement of allergen in air depends critically on the sam-
pling strategy, as domestic activity and particle size affect both
the quantity of airborne allergen and the time that allergens re-
main airborne (9).

Samples of house dust are usually collected either onto a fil-
ter or directly into a paper bag using a special vacuum cleaner.
Sites for sampling usually include the upper surface of the mat-
tress, a floor sample near the bed and a site in another frequently
occupied room, normally the living -room.

Three types of method are available for determining mite
numbers or allergen levels in house dust: mite counts,
immunochemical assays of mite allergens and guanine determi-
nation. The method of choice depends on the specific purpose of
the study.

Mite counts were used extensively in the early studies of ex-
posure measurement. The method involves simple counting un-
der a microscope after separation from a dust sample by, for ex-
ample, flotation. These counts are technically demanding and time
consuming, and sampling strategy often varies between studies.
Nevertheless, the method enables the predominant mites to be
speciated and allows differentiation between live and dead as well
as larval and adult mites (4).

Mite allergen can be quantified in house dust extracts by a
number of immunochemical techniques; the most common are
enzyme immunoassays such as the enzyme- linked immuno-
sorbent assay (ELISA). This assay involves the incubation of dust



HOUSE DUST MITES 107

extracts with mite species- specific and then group- specific mono-
clonal antibodies and the colometric quantification of allergen
levels in the sample following addition of an enzyme substrate
system. This type of assay can be used to measure levels of indi-
vidual mite allergens such as Der p I or groups of allergen such as
total group I allergens.

Guanine is a major excretion product of arachnids and has
been used as an indirect measure of mite allergen levels in dust
(10). This assumes that the large majority of guanine in house
dust originates solely from mite faeces. Although this may often
be the case, other significant sources of guanine exist, such as
spiders and birds.

Selection of methods
In the absence of personal monitoring methods, the method most
directly related to personal allergen exposure would appear to be
measuring the allergen concentration in air. There are a number
of difficulties in using this approach, however, including sample
collection and the standardization of procedures. In addition, long
sampling times are needed for the detection of low levels of aller-
gen, and short peaks of high exposure associated with room dis-
turbance cannot be identified. Mite counts, although potentially
more straightforward, may not accurately reflect the levels of
mite allergen in house dust, as mite allergen tends to persist
throughout the year, whereas mite infestation follows an annual
cycle. The measurement of guanine in dust has poor sensitivity
at low levels of allergen and is subject to potential interference
from other sources.

Given these problems, the measurement of allergen levels in
dust reservoirs is generally accepted as a practicable surrogate for
personal exposure, although it is not clear whether peak or inte-
grated levels of allergen exposure are more relevant for health
effects. Enzyme -linked immunosorbent assay for allergen detec-
tion in dust has advantages in terms of sensitivity, specificity and
reproducibility, although trained laboratory technicians and so-
phisticated laboratory equipment are required. There is some
debate regarding the expression of results in jig per g of dust or
pg per m2 of area sampled. The former depends less on sampling
technique but has been shown to be insensitive to the reduction
in allergen levels brought about by extended vacuuming (11).
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Determinants
of microbial growth

Microbial growth in buildings requires a temperature between
5 °C and 50 °C, some nutrients and moisture. Of these essentials,
moisture is the only one that can be denied to microorganisms in
buildings. This chapter therefore concentrates on moisture in the
building structures and surfaces. This issue is different from, al-
though often related to, the issue of relative humidity of the air,
which is discussed separately in Chapter 5.

The Guidelines for the assessment of bioaerosols in the indoor envi-
ronment (1) lists eight potential microbial sources in occupied
spaces. The last source is people themselves; all the others are
different sources of moisture, including humidifiers. Excessive
levels of biological aerosols in buildings, including homes, are
caused by persistent moisture and inadequate ventilation in spaces
and building elements; proper design and construction are es-
sential to prevent these conditions (2). The first bacteria or fungal
spores to infect a surface or material and begin the growth are
always available, because: their concentrations, even in clean out-
door and indoor air, range from tens to thousands of living or-
ganisms per cubic metre of air; the organic material that provides
the nutrient base for the microorganisms cannot be eliminated
from buildings; and the temperature range of indoor environ-
ments is suitable to the growth of almost all widely occurring
microorganisms (3).

High air humidity results in a high moisture content of po-
rous building materials, but leaks, condensation, water seep-
age by capillary action and water use in kitchens and bath-
rooms can wet building materials and keep them moist, re-
gardless of the relative humidity of the air. It is the moisture
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of the growth medium, not the relative humidity of the air, that
supports microbial growth (4 -6).

Moisture in buildings exists in both liquid and vapour phases.
Normal patterns of living in houses bring in large amounts of
water per day and per occupant, and this moisture needs to be
rapidly drained or ventilated out of the building to prevent build-
up. Moisture can evaporate, condense and re- evaporate on its
way out of the building depending on air circulation, ventilation
rate and surface temperatures. Moisture accumulation in build-
ings can have several different causes (see also Maroni et al. (7)).
The first is excessive relative humidity of the air. The others are:

moisture remaining from the construction of the building (in
new buildings) or from fire fighting;
moisture condensing on visible cold surfaces and into
nonvisible constructions of the building;
water leaking from drinking- water, hot water, central heat-
ing or wastewater pipes, joints, valves, etc.;
storm- or melt -water leaking through the roofs or walls;
groundwater seeping or leaking through basement walls or
concrete slabs; and
water used in kitchens, laundries and bathrooms remaining
on the surfaces due to poor ventilation, missing drains or in-
correctly sloped floors, or seeping into porous surface materi-
als and underlying constructions.

Human perspiration and exhalation, activities such as wash-
ing and drying and the use of unvented combustion devices re-
sult in large amounts of water evaporating in buildings, and the
resulting humidity needs to be reduced by ventilation to levels at
which the dew point of water in the air stays below the tempera-
ture of the coldest surface that can be contacted by the air. Typi-
cal daily residential moisture emissions per occupant range from
5 kg to 20 kg (8).

Assessment of moisture
Several methods with different applications can be used to deter-
mine the presence and sometimes the level of structural mois-
ture in buildings. Direct reading instruments (often based on elec-
trical conductivity) can be used to measure moisture levels near
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the surface of both wood -based and mineral -based building ma-
terials. Often, however, indirect qualitative information based on
questionnaires or on spot inspections of past water spills or floods,
raised or stained lacquer, paint or wallpaper, wet concrete or
bricks, and swollen, mouldy or rotten wood are more useful in
identifying both past and present moisture problems.

References
1. BURGE, H.A. ET AL. Guidelines for the assessment of bioaerosols in

the indoor environment. Cincinnati, OH, American Conference
of Governmental Industrial Hygienists, 1989.

2. Indoor air quality: biological contaminants: report on a WHO
Meeting. Copenhagen, WHO Regional Office for Europe, 1990,
p. 67 (WHO Regional Publications, European Series, No. 31).

3. Building air quality: a guide for building owners and facility man-
agers. Washington, DC, US Environmental Protection Agency,
1991, pp. 141 -146 (EPA /400/1- 91/033).

4. JARVIS, B.B. Mycotoxins and indoor air quality. In: Morey, P.R.
et al., ed. Biological contaminants in indoor environments. Phila-
delphia, American Society for Testing and Materials, 1990,
pp. 204 -208 (STP 1071).

5. PASANEN, A -L. ET AL. Occurrence and moisture requirements of
microbial growth in building materials. International journal of
biodeterioration and biodegradation, 30: 273 -283 (1992).

6. FASANEN, A -L. ET AL. Laboratory studies in the relationship be-
tween fungal growth and air temperature and humidity. En-
vironment international, 17: 225 -228 (1991).

7. MARONI, M. ET AL., ED. Indoor air quality -a comprehensive refer-
ence book. Amsterdam, Elsevier, 1995, pp. 706 -707 (Elsevier
Air Quality Monographs, Vol. 3).

8. SAMUELSSON, I. Mogel i hus. Orsaker och dtgärder [Mould in build-
ings. Causes and measures]. Bor5s, Swedish National Testing
and Research Institute, 1985, pp. 19 -24 (Teknisk Rapport 16).



Introduction

The aim of this Annex is to illustrate the methods presented in
Parts 1 and 2 with selected studies that have been completed or
are being planned. The summaries provided indicate the com-
plexity of the studies and the scale of the work of the exposure
assessment research with various specific aims. The studies are
not examples of ideal investigations. In many cases, the experi-
ence gained in these or similar studies leads to improvements in
the study design and methods proposed for future studies.

The first study summarized examined indoor quality in the
United Kingdom; its main goals were to provide data on the range
and concentrations of the indoor pollutants in buildings and to
identify the factors, such as household characteristics and occu-
pant activities, that influence the levels of the pollutants. Similar
objectives have led to the ELIB study in Sweden (1). Second, an
environmental survey in Germany illustrates a comprehensive
exposure assessment in a population, with indoor sources com-
prising only part of the total exposure. The combination of body
burden markers and measurements in various microenvironments
has allowed the identification of the main sources of exposure to
certain pollutants (for example, lead pipes as the main source of
lead exposure). The summary provided here concentrates on
measuring lindane and pentachlorophenol concentrations in
house dust.

Third, the National Human Exposure Assessment Survey in
the United States aims to characterize the distribution of popula-
tion exposure to a wide range of pollutants and to identify and
describe the individuals with the highest exposures. This study
started in 1995, and the first results were expected in 1996 -1999.

The protocol presented as the fourth example summarizes a
planned exposure assessment study in Finland. The text contains
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a translation of the main points of a real protocol that has to be
expanded with the details relevant for a particular application.

The examples focus on exposure assessment conducted for
epidemiological studies evaluating the link between a particular
exposure and a health effect. Such studies are usually easier to
find in epidemiological literature.
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Indoor air quality
in the United Kingdom:

the Avon Longitudinal Study
of Pregnancy and Childhood

The Avon Longitudinal Study of Pregnancy and Childhood
(ALSPAC) is a health study being carried out by the Department
of Child Health at the University of Bristol, of about 14 000 women
in the Avon area who gave birth between 1 April 1991 and 31 De-
cember 1992 (1). The study began during pregnancy and will fol-
low the children until they reach the age of 7 years.

A subsample of 174 households within the main ALSPAC study
took part in a survey of indoor air quality. The survey was con-
ducted by the Building Research Establishment (BRE) on behalf
of the Department of the Environment in the United Kingdom.
From November 1990 to March 1992, ten households per month
were recruited. Samples of NO2, formaldehyde, other VOC and
biological particulate matter were collected on a regular basis from
each home over 12 months. Information on each home and its
occupants was collected prior to the study, and details on activi-
ties in the home, such as decorating or do- it- yourself repair work,
were collected monthly.

Material and methods
Gaining access to homes is often a problem. By using a sub -
sample of the ALSPAC study group, BRE was able to get the
cooperation of a large group of highly motivated household-
ers. The larger ALSPAC study also allowed data on exposure
and effects to be linked. A disadvantage is that the sample of
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households was not random, representing only young families in
one part of England.

NO2
Passive samples (Palmes tubes and a two -week exposure period)
were taken four times over the 12 months in the kitchen, living -
room and bedroom and outside each house.

Formaldehyde
Passive samples (with a three -day exposure period) were taken
each month in the main bedroom and living -room of all homes.
In a subsample of about 10% of the 174 homes, samples were
taken in the kitchen, bathroom, second bedroom and outside.

VOC
Passive samples (with a four -week exposure period) were taken
in parallel with the formaldehyde measurements. Concentrations
of TVOC, benzene, toluene, xylene, trimethylbenzene, decane
and undecane were determined.

Passive monitors minimized the inconvenience to the house-
holder. Only one visit was required to demonstrate the siting and
operation of the samplers, which were then distributed and col-
lected by post. This, along with the low cost of the samplers them-
selves, greatly reduced costs (E1.2 million for the whole study),
although passive sampling means that no short -term measure-
ment is possible and that peaks may be missed.

Biological particulate
Short -term high- volume air samples (up to 5 minutes) were taken
every 2 months in the living -rooms and bedrooms of 35 supposedly
mould -free homes to test for viable fungi and bacteria. House dust
mites were collected from carpets in these rooms (1 m2 for 3 minutes).
Long -term low- volume air samples (up to 6 hours) were taken every
3 months in the living -rooms of these supposedly mould -free homes,
plus 128 other homes in the Bristol area, to test for viable fungi and
bacteria, house dust mite antigen and nonviable fungi and bacteria.

Results
The initial analysis of the data collected by the BRE has identified
a number of trends or associations for each pollutant.
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NO2
Mean levels were higher in autumn and winter and in urban
areas for both indoor and outdoor NO2 concentrations. When
there were no indoor sources, levels tended to be lower indoors
than outdoors. Higher indoor levels resulted from burning fossil
fuels in the home, and the predominant indoor source was natu-
ral gas cooking. In homes with gas cookers, household size and
occupant density influenced the levels of NO2 significantly, per-
haps because more food is cooked in larger households. Only in
kitchens during gas cooking did increased ventilation reduce NO2
levels significantly. Living -rooms and bedrooms generally had
lower levels than outdoors, indicating that NO2 is removed by
mechanisms other than ventilation, such as adsorption by sur-
faces or inhalation by occupants.

The data suggest that future NO2 sampling for screening pur-
poses should focus on rooms where combustion occurs.

Formaldehyde
Mean indoor formaldehyde levels were about 12 times those
outdoors. The mean concentration in homes built since 1982 was
about three times higher than in homes built before 1919. Twelve
homes had at least one three -day mean level exceeding 0.1 mg/m3.

Levels were lowest during winter and highest in summer. The
higher levels in newer homes need to be investigated further.

VOC
Mean indoor VOC levels were ten times those outdoors. TVOC
typically comprised varying levels of about 85 individual VOC. A
significant relationship was found between indoor TVOC con-
centration and painting activity during the sampling period.
Homes using gas as the main heating fuel had lower TVOC levels
than those using electricity.

The major source of exposure to VOC in the home is activities
such as painting, decorating and cleaning. In principle, the levels
of any VOC adsorbed by the samplers could still be determined
since the chromatographs have been stored on computer.

Biological particulate
The most abundant fungus in homes sampled was Penicillium. Bacil-
lus was the most common bacterium in the routinely monitored
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properties, with Staphylococcus and Micrococcus being predominant in
the samples from the homes monitored intensively. The most
important environmental factor influencing fungal counts was
season (up to 4.6 times higher in summer than in winter). A
similar but less significant trend occurred for bacterial counts.
Relative humidity and temperature showed a small but signifi-
cant positive correlation with fungal counts.

Dermatophagoides pteronyssinus was the most common house
dust mite, accounting for 95% of the mites recovered. The number
of mites was highest in autumn and lowest in winter. The corre-
lation between relative humidity and the number of mites was
small but significant.

The measures of biological particulate performed during this
study were largely based on the numbers counted. This does not
indicate exposure. Improved and standardized methods of sam-
pling for biological particulate are needed to indicate better the
levels to which individuals may be exposed.

The ALSPAC study has indicated the levels of certain air pol-
lutants occurring in homes. The trends in season, house location
and room indicate that significantly fewer measurements (and
less money) will be needed for future surveys.
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An environmental survey
in Germany in 1990 -1992

A study on the environmental exposure of the population of
Germany took advantage of the availability of a representative
population sample selected for a nationwide cardiovascular pre-
vention study of adults aged 25 -69 years performed in the old
Länder (regions) of the Federal Republic of Germany (1) and a
health survey of adults aged 18 -79 performed in the new Länder
of Germany.

In 1985 -1986, a nationwide environmental survey in the Fed-
eral Republic of Germany was conducted for the first time (2,3).
In 1990 -1991 it was performed for the second time in the old
Länder of the Federal Republic of Germany, and in 1991 -1992
the study was extended to the new Länder (of the former Ger-
man Democratic Republic). Children who lived in the same house-
hold with the investigated subjects were included in the more
recent surveys (those aged 6 -14 years in the old Länder and
6 -17 years in the new Länder).

Scope and purpose
The main objectives of these environmental surveys were:

to estimate the body burden (predominantly for heavy met-
als) of adults and children as precisely as possible;
to estimate the concentrations of pollutants in the domestic
environment of the subjects;
to establish reference values and provide basic data for work-
ing out guideline values; and
to summarize the results of the survey for 1990 -1992 in a
report covering the whole country.
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Population sample
The population sample was selected from the sampling frame of
a national health survey conducted for a cardiovascular preven-
tion study in the old Länder and the health survey in the new
Länder, using a stratified two -stage random procedure. A total of
161 subjects of 4168 in the original sample in the old Länder and
185 of 2740 in the original sample in the new Länder could not
be included in the survey for various reasons (such as death or
incorrect address), leaving two sets of 4007 and 2555 subjects.
With 1523 and 803 subjects not willing to cooperate or not being
included for such reasons as illness, absence or incomplete data,
the final set included data from 2484 and 1752 subjects.

The participating subjects were distributed over 100 and 50
sample areas, respectively, located all over Germany. The popu-
lation sample was representative of the German population with
regard to age (25 -69 years in the old Länder and 18 -79 years in
the new Länder), sex and community size. As already mentioned,
children who lived in the households of the adult subjects were
included. Thus, these children were not fully representative of
their age group.

Samples and analyses
Blood, urine and hair samples were taken and the concentra-
tions of various chemicals were determined to establish a data
set on the body burden of the subjects. Samples of household
dust and drinking -water from subjects' homes were also ana-
lysed for the same chemicals to determine the exposure in the
domestic environment. Additional samples taken in the communi-
ties and sample points, respectively, were also analysed (Table 1).

Questionnaires
Trained interviewers distributed a questionnaire including about
100 questions. Information was collected on a number of param-
eters linked to exposure, including potential sources of pollut-
ants in the home, smoking and nutritional habits, location of the
home and noise level.

Analysis and quality control
Elements were analysed by atomic absorption spectrometry or
inductively coupled plasma atomic emission spectrometry. For



ANNE x

Table 1. Samples and analyses in the environmental survey
in Germany, 1990 -1992
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Material sample Sampling procedure

Human biomonitoring
Blood Samples of 3 -5 ml: Pb, Cd, Cu and Hg

Urine Morning urine sample: As, Hg, Cd, Cr, Cu,
creatinine, cotinine and nicotine

Hair 100 -mg occipital sample, 4 -cm proximal
sample: Al, As, Ba, Pb, B, Cd, Ca, Fe, Cu, Mg,
P, Sr and Zn

Indoor (household) sampling
Dust deposit Samples examined over a period of 1 year:

As, Al, Ba, Pb, Cd, Ca, Cr, Fe, K, Cu, Mg,
Mn, Na, P, Sr and Zn

Content of vacuum Samples weighing 1 g: As, Al, Ba, Pb, Cd,
cleaner bag Ca, Cr, Fe, K, Cu, Li, Mg, Mn, Na, Ni, P, Sr

and Zn (and lindane and PCP for a subsample)

Tap water Sample A: normal use; sample B: after
overnight stagnation: Cd, Cu, Fe, Pb, Zn, Na,
Mg and Ca

Community
Water -works sample Water sample: Ba, Pb, B, Cd, Ca, Cl -, Fe, Cu,

Mg, Mn, NO3-, Sr, 5042- and Zn

Dust fall outdoors Dust sampled with Bergerhoff gauge: As, Cd,
Al, Ba, Pb, Ca, Cr, Fe, K, Cu, Mg, Mn, Na, P,
Sr and Zn

routine quality control, various standard reference materials were
analysed together with the samples on a daily basis. External
quality controls of blood and urine took place by regular partici-
pation in round -robin tests organized by the German Society for
Occupational Medicine.

Preliminary results
The initial descriptive results based on unweighted data are as
follows. Comparing the body burden of the populations in the
new and the old Länder requires comparable age groups. Adults
aged 25 -69 years and children aged 6 -14 years were selected
from the study population. The observed relationships and various
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regional exposure patterns were to be tested later using infer-
ence statistics and multivariate analysis. The results concerning
the concentrations of selected pesticides in house dust are sum-
marized here. A complete description of the study results is being
prepared and will be published.

Lindane and pentachlorophenol
In the old and the new Länder, samples from the dust bags of
household vacuum cleaners were randomly selected from house-
holds and the concentrations of the pesticides lindane and pen-
tachlorophenol were measured (Table 2).

The average concentrations of lindane in vacuum cleaner bags
in the households of the new Länder were higher than in those of
the old Länder (P <0.1). The use of products containing high lev-
els of lindane for the protection of textiles and for agricultural
purposes was widespread in the new Länder.

The values for pentachlorophenol in vacuum cleaner bags
show the opposite tendency. The households of the old Länder
had higher pentachlorophenol concentrations and mean pen-
tachlorophenol burden (P <0.1). This probably results from dif-
fering products and uses for wood preservatives in the two sam-
ples. For the old Länder, the longer ago that wood was preserved,
the higher the values of pentachlorophenol in vacuum cleaner
bags, as the chemical wood preservative used contained pentachlo-
rophenol until 1989. This association is significant. Nevertheless,

Table 2. Concentrations of lindane and pentachlorophenol
in selected vacuum cleaner bags in Germany, 1990 -1992

Parameter
Lindane Pentachlorophenol

Old Länder
(N = 600)

New Länder
(N = 254)

Old Länder
(N = 600)

New Länder
(N = 254)

Median (pg/g)

Geometric mean
(Pg /g)

Maximum (pg /g)

Values below
detection limit ( %)

0.14

0.15

11.4

35.2

0.78

0.83

27.3

2.8

0.42

0.38

30.9

4.7

0.15

0.16

3.6

0.4
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as wood preservative was rarely used in private homes in the
new Länder, this analysis could only be carried out for house-
holds of the old Länder.

Another important result of the study is the identification of
lead water supply pipes as the main source of increased lead ex-
posure, detected through blood lead concentrations.
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National Human Exposure
Assessment Survey
in the United States

The National Human Exposure Assessment Survey (NHEXAS) is
an effort by the US Environmental Protection Agency to develop
an interagency surveillance system for the environmental expo-
sure of the United States population. NHEXAS is a multi -pollutant,
multi- media, multi- pathway population -based exposure assess-
ment study. Its goal is to provide critical information about the
magnitude, extent and causes of human exposure to important
chemical agents, so that citizens, public health officials, legisla-
tors and regulators can make informed decisions on environmen-
tal health risks (1). The objectives are to characterize the distribu-
tion of residential exposures to a wide range of pollutants, to
determine the high -end concentrations to which people are ex-
posed and to identify the characteristics of individuals with the highest
exposures (2). The broad categories of pollutant in this study include
VOC, polycyclic aromatic hydrocarbons (PAH), pesticides and met-
als. Multiple routes of exposure will be evaluated, and biological
monitoring will be carried out. The multiple routes of exposure in-
clude air, food, water, soil and house dust and the biological samples
include urine, blood and hair. This information will be used to re-
duce uncertainty in exposure and risk assessment. Ultimately, the
information obtained from these studies will be used to develop,
improve and test microenvironmental exposure models.

NHEXAS has three phases: feasibility studies, a population -
based exposure study throughout the United States carried out
every 3 -6 years, and the conducting of related studies. Phase 1
studies started in summer 1995. The objectives of these feasibility
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studies are to field test the survey and measurement methods to
be used in NHEXAS, to collect data useful for addressing envi-
ronmental problems of regional importance and to assess the costs
of and difficulties in carrying out NHEXAS. The phase 1 studies
are being carried out at three levels. One study is being conducted
in a region consisting of six upper midwestern states (3). The sec-
ond study is being carried out in one southwestern state (4), and
the third is within one community on the eastern coast (5).

All three studies will use the same set of questionnaires and
all groups will target several pollutants (Table 3). At the same
time, each study has a specific set of pollutants on which it will
focus. Both microenvironmental (indoor and outdoor) and per-
sonal air samples will be collected. The samples will be analysed
for lead, arsenic, cadmium, chromium, benzene and other vola-
tile organic compounds, benzo[a]pyrene and other PAH and
chlorpyrifos and other selected pesticides. Blood samples will be
collected for analysis of lead, benzene and VOC, lipid - soluble pes-
ticides and benzo [a] pyrene adducts. Urine samples will be collected
to determine concentrations of arsenic, pesticides and phenol, a
urinary metabolite of benzene.

Table 3. NHEXAS sampling characteristics

Physical
measurements

Metals Particles VOC Pesticides PAH

Environmental media
Tap water x x x

Indoor residential air x x x x x

Outdoor residential air x x x x x

House dust on surfaces x x x x

House dust on carpets x x x x

Soil x x

Personal exposure
Food and beverages x x x

Personal air x x x x x

Dermal wipe and rinse x x x

Biological markers
Blood x x x x

Urine x x x

Hair x
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Protocols and standard procedures have been developed for
collecting, handling and analysing all samples. The methods have
been tested in practice, and two pilot studies have been carried
out. Round -robin tests of the analytic efficiency and reliability of
the various laboratories have been carried out using US National
Institute for Standards Technology standards, blanks and spiked
samples. This is a highly collaborative study involving the exper-
tise of several federal agencies, including the Environmental Pro-
tection Agency, the Centers for Disease Control and Prevention,
the National Institute of Standards Technology and the Food and
Drug Administration, as well as the phase 1 study consortia. The
Region 5 consortium comprises the Research Triangle Institute
and the Environmental and Occupational Health Sciences Insti-
tute of Robert Wood Johnson Medical School and Rutgers Uni-
versity. The Arizona consortium comprises the University of Ari-
zona Medical Center and Illinois Institute of Technology, Battelle
Institute, while the Baltimore consortium consists of the Harvard
University School of Public Health, the Johns Hopkins Medical
School, Emory University and Westat Corporation.
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Draft protocol for a
proposed population -based

study of indoor exposure
to VOC in Helsinki, Finland

This research programme is needed because the harmful health
effects of urban air pollutants are not caused by the levels of these
pollutants at sites for monitoring ambient air quality but instead,
via complicated pathways, by the personal exposure of individu-
als to these pollutants in their daily activities in urban
microenvironments. Urban populations in temperate climates
spend on average more than 90% of their time in increasingly
technical and sealed indoor microenvironments.

This programme targets the exposure to VOC of adult urban
populations from Monday to Friday, because this exposure is af-
fected by all the major urban microenvironments: homes, offices,
public buildings, outdoor and recreation and commuting. Occupa-
tional exposure related to work processes is excluded from the
protocol.

Aims
The general objective of this study is to measure population ex-
posure to major VOC and to determine its most significant per-
sonal and collective determinants.

The technical goals of the study are:

to determine the frequency distribution and other basic sta-
tistics of the exposure of adult urban populations to VOC;
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to determine the distributions of the timing and amounts of
time spent by adult urban populations in different micro -
environments; and
to use these data to establish a database for the simulation of
exposure to VOC of the urban population as a whole, of se-
lected subpopulations and of populations in alternative
scenarios for future exposure.

Target population, sampling and questionnaires
The target population of this study is the adult urban population
of Helsinki, Finland. To determine the needed population sample
size, we will begin with the WHO (1) statement that a probability
sample of at least 50 individuals is needed to represent any target
population in an exposure study. Larger samples are needed if
the target population is to be divided into subpopulations to esti-
mate quantitatively the effects on exposure of:

home location (city centre, high -rise suburbs or single - family
housing areas);
indoor sources (gas stove, fireplace, smoking and wall -to -wall
carpets);
workplace type (office, shop, educational facility, health care
facility and road traffic); and
socioeconomic status (I, II, III, IV and V).

A probability sample of the population is not evenly divided
between these subpopulations along any of the dimensions listed.
Too limited and nonrepresentative subsamples produce only rough
estimates of the distributions of exposure frequency of the re-
spective subpopulations. Nevertheless, ensuring that every inter-
esting subpopulation has at least 50 representatives in the prob-
ability sample would result in a large total sample and a very
expensive study. As a compromise, only one categorizing dimen-
sion will be applied at a time in any analysis; a sample of 240 in-
dividuals will be drawn for the study and too small and nonrep-
resentative subpopulations will be excluded from the results.

A probability sample of the overall target population will be
formed by randomly drawing 2000 adults (25 -54 years of age)
from the Finnish Population Census covering the population of
greater Helsinki (Helsinki, Espoo, Vantaa and Kauniainen). This
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primary population sample will be sent an introductory letter,
which contains a short questionnaire about smoking, occupa-
tion, home characteristics, socioeconomic status and willingness
to participate in the study. The main purpose of the question-
naire is to enable the final sample of the subjects to be compared
with (and, if essential, adjusted for) the primary probability sam-
ple. The final probability sample of 240 individuals will be drawn
at random from the primary population sample after clearly un-
willing individuals and individuals with rare high- exposure oc-
cupations are excluded.

The selected subjects will be mailed general information about
the study, information intended for the subjects of the study, and
questionnaires that cover the home and work environments
(modified from Lebowitz et al. (2)), modes and duration of trans-
port to work and elsewhere, normal daily and weekly schedules
of work and other activities, and personal information about edu-
cation, occupation, socioeconomic status and family relations. The
nonresponding subjects will be contacted by telephone and, if
they consent, will be visited to persuade them of the importance
of the study and their personal participation and to complete the
necessary questionnaires.

A special data integrity protocol will be established in accord-
ance with the data security requirements. This protocol will in-
clude the structure, content and security of the databases con-
taining personal data, personal identification numbers that can-
not be traced from number to identity, and training of all staff
involved. This protocol will be submitted for approval to the na-
tional Data Confidentiality Ombudsman, along with a list and
descriptions of all personal data registers. In other participating
centres, personal data -containing registers will be submitted for
approval to the national or institute -level authorities.

Definition of the indoor microenvironments and activities
A microenvironment is a location in which the air pollutant con-
centrations at any given time can be considered homogeneous.
For the purpose of simulating distributions of population expo-
sure, all individual microenvironments in the same category are
grouped and processed as one microenvironment. The indoor
microenvironments selected here are the home and workplace
(with subcategories).
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Work environments differ more than home environments in
exposure to VOC. Work environments in public services, shops,
offices and industry have different characteristics. People work-
ing in rare occupations, who are exposed to high levels of pollut-
ants related to their work, will be excluded from this study, be-
cause sufficient data cannot be obtained from such occupational
exposure to draw meaningful conclusions.

The activities that expose individuals to VOC and other air
pollutants about which information needs to be collected sepa-
rately are cleaning, cooking and hobbies.

VOC exposure routes and measurement techniques
This study will consider only inhaled air as the route of exposure,
although people can be exposed to many VOC through the skin
and, to a lesser degree, food.

In addition to measured VOC data, comprehensive data are
needed about the timing and the extent of time that the indi-
viduals spend in each microenvironment or activity while the
personal exposure and microenvironmental concentration are
being measured. This is accomplished by applying a single -page
time -activity diary in which the subjects mark each 15 minutes
of the day in the appropriate microenvironment or activity cat-
egory.

Other questionnaires about the characteristics of the subjects'
homes and workplaces that are related to indoor air quality, and
their personal or household socioeconomic characteristics will
be translated and modified as necessary from existing validated
questionnaires when available (2). Kalton & Schuman (3) are being
consulted for questionnaire design. The questionnaires will be
pretested in the laboratory (4) and in the field at the pilot phase.
Missing survey data will be treated in accordance with the rec-
ommendations of Kalton & Kasprzyk (5).

Selection of the research team
The members of the research team are the key individuals in
ensuring the quality of the study. They will maintain the instru-
ments, contact the study subjects and instruct them on how to
use the equipment and to complete the questionnaires and time -
activity diaries, and collect the data and enter it into the compu-
ter databases. They will need to be able to orient themselves in
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the whole urban area, to work irregular hours to interview and
instruct the subjects in their homes, and to remain available and
responsive to the needs of the subjects 24 hours per day. It is
essential for the success of the study that the research team mem-
bers have sufficient background education, be trained specifically
for the study, have a personal interest in it and therefore be well
motivated. The research team members will analyse the data and
publish the results. This project will produce data for their theses
or dissertations, which will also commit their university advisers
to the success of the study.

The research team will consist of experts from different scien-
tific backgrounds: social, environmental and life sciences. Never-
theless, all the team members will perform the same tasks with
the equipment and the subjects in the same way through the
whole field study, strictly according to the standard operating
procedures described later. Changes in the research team mem-
bers must be strictly minimized during the study.

All these facts will be considered when people are selected for
the field work. The selection will be based on educational back-
ground, work history, interviews of teachers or previous employ-
ers, and an interview by a psychologist to evaluate the appli-
cant's sense of responsibility, commitment, communication skills
and ability to work with very different individuals and in groups
and to withstand occasional stress.

The measurements
VOC
The data on personal exposure and microenvironmental concentra-
tions will be collected from the subjects from autumn 199X to sum-
mer 199Y. Each subject will be equipped with personal and station-
ary equipment for measuring VOC concentrations for 48 hours.

The microenvironmental VOC concentrations will be meas-
ured inside the home, outside the home and at work. The
workplace concentrations will be determined only during work-
ing hours. The personal VOC exposure will be measured with
equipment carried by the subject for 48 hours.

Additional data from microenvironments and activities, in-
cluding cleaning, cooking and such hobbies as home and auto-
mobile repair will be collected separately by the research team
members using similar equipment.
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The VOC components to be measured in this study will be
selected after careful consideration based on:

their environmental significance (concentration and value as
a source or microenvironment marker);
their health significance (toxic and irritation potential); and
the feasibility and economics of sampling and analysing each
compound.

This selection will be based on the most recent VOC re-
views, the hazardous air pollutants list (6) accompanying the
1990 Clean Air Act Amendments in the United States and ex-
perience gained in the pilot study, and will be reported sepa-
rately.

The VOC samples will be collected in Tenax® TA adsorbent
tubes. The personal and microenvironmental VOC concentrations
will be measured by sampling tubes connected to a personally
carried or stationary microenvironmental pump. Sufficient sam-
ple sizes from indoor environments have been 5 -10 litres, pro-
viding a detection limit better than 1 pg /m3 for individual VOC.
Four consecutive 12 -hour personal samples will be collected. The
two daytime samples (07.00- 19.00) will be sampled into the same
tube, and so will the two night -time samples (19.00- 07.00) and
the two workplace samples (regular working hours). A timer will
switch the sampling from one tube to another. After each 24 hours
of sampling, the members of the research team will calibrate the
flow rates, collect the tubes and install new tubes for the next
24 hours.

VOC will be desorbed from the sampling tubes by a thermal
desorption technique and analysed using gas chromatography
equipped with a mass selective detector and a flame ionization
detector, to determine the total VOC concentration. The mass
selective detector will be calibrated with 50 -70 target compounds,
which will be used as the basis for identifying and quantifying
the most frequent VOC in the air. If the air samples contain other
pollutants, however, these will be identified with the mass selec-
tive detector using the mass libraries.

The identified VOC will be quantified by using either the de-
tector response of the identified compound or the response fac-
tor of toluene.
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Time- activity measurement
Along with the concentration information, information about the
time -activity patterns of the population will be collected. Time -
activity data will be collected using time -activity diaries during
the 48 -hour monitoring period. A time -activity diary consists of
a booklet that divides each day into I5- minute intervals. Sub-
jects select and mark their microenvironments in the time -
activity diary for each 15 minutes of the day.

Training programmes
The members of the research team will be trained to support the
subjects in completing the questionnaires, in calibrating and mov-
ing the equipment and in unloading measurement data from the
data collection equipment. The field training will be conducted
in connection with the pilot phase of the study, when the printed
support material and the standard procedures will be tested with
a group of about 20 subjects.

The pilot phase will be divided into halves. After the first half,
all junior and senior members of the research team will meet in
a one -week training course at which they will review the theo-
retical and practical aspects of population exposure research, re-
view and discuss critically the experiences accumulated in the
pilot phase, as well as their implications for the standard proce-
dures, and discuss and agree upon conclusions. In addition, the
junior members of the research team will work in small teams
for two days in the field. The second half of the pilot phase will
be carried out taking into account the results of the first half and
the conclusions from the training course.

Each study subject will receive sufficient personal training and
written instructions to be able to use the equipment, complete the time -
activity diaries and remain motivated to carry out the required tasks.

Printed support material
Each researcher and each subject will be given a set of printed
material (Table 4).

Field work
Pilot phase
The measuring equipment will be tested before the pilot phase.
The junior members of the research team will be trained before
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Table 4. Printed material for researchers and subjects

Type of material Topic covered

Questionnaires (subjects)

Motivation (subjects)

Time -activity (one page daily)
Home environment (several pages in the
beginning)
Work environment (several pages in the
beginning)
Normal daily or weekly schedule of work,
hobbies and other activities (several pages
in the beginning)
Education, occupation, socioeconomic
status and family relations (several pages
in the beginning)

General information on the study (one
page)
General information for the subject (one
page)

Equipment (researchers and subjects) Use of a passive sampling device for VOC
(one page)
Use of a microenvironmental VOC
sampler (one page)

Research team manuals (researchers) Sample population and contact
information
Detailed schedule: timetable of
equipment transfer, etc.
Users' guides for the equipment
Standard procedures: equipment
calibration and use, subject information
and support, instructions and data
recovery and storage

and during the pilot study. All equipment, techniques, training,
instructions, questionnaires, standard operating procedures and
general information materials will be tested in the pilot phase,
before the main field survey.

A group of 20 subjects will be selected from the original prob-
ability sample for pilot subjects. During the pilot study period,
the pilot subjects will also complete the time -activity diaries,
which will be validated by subject interviews. The pilot data may
be used in the final analysis, assuming that the sampling proce-
dure is not changed significantly as a result of the pilot study expe-
rience and the data meet the quality requirements for the final data.
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The field experiences will be collected from the pilot subjects
and the research team and analysed for any possible problems.
The data input, the indoor VOC database structure and data analy-
sis methods and tools will also be tested with the pilot data. A
one -week training course for all junior and senior researchers in
this study will be conducted in the middle of the pilot.

Field survey procedure
The final sample of 240 subjects will be randomly ordered for the
measurement sequence by drawing a subject for each starting
day of measurement. The measurement will be performed with
three subjects at any one time.

Before each measurement period, the subject will be inter-
viewed by a junior researcher and the information collected
through the mailed questionnaires will be controlled and cor-
rected if necessary. After the interview, a junior researcher will
give the subject a folder that contains the time -activity diaries
for the next 48 hours, written instructions for each measure-
ment and instrument and instructions on how to contact the jun-
ior researcher during the following 48 hours. The instructions
will also be given verbally with hands -on instruction, and all ques-
tions will be answered.

The measurement will be carried out during about 200 days.
Each subject will carry the measuring equipment for two days,
and stationary monitors will be located at the subject's home and
workplace during the same period. Weekends, public holidays
and the summer holiday season will be excluded for practical
reasons. One day will be reserved between two consecutive meas-
urement periods for calibrating, maintaining and moving the
equipment.

Quality assurance
Before the pilot survey, the research team members will prepare
preliminary standard operating procedures for all field procedures,
environmental measurements and time -activity diary applica-
tions; these must be accepted by the quality assurance unit and
study director. The procedures will cover the use, maintenance
and calibration of the measuring equipment, preparation of the
samplers, collection, identification and handling of the samples,
collection and handling of data (including the use of computerized
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data systems), and recording and archiving of all data from the
study. These procedures will be tested in the pilot phase and cor-
rected and retested if necessary before the field work.

The quality assurance unit will monitor the study according
to standard procedures. The unit will inspect the protocol and
review the reports, perform study inspections concerning all criti-
cal phases of the study to ensure that the research plan and stand-
ard procedures are followed, and write inspection reports to the
study director. The unit will also file the standard procedures
approved by the study director in the coordinating unit and quality
assurance unit or, in specified cases, the study management in an
individual partner unit and the quality assurance unit.

This study will apply the Good Laboratory Practice regula-
tions of the Organisation for Economic Co- operation and Devel-
opment (7) and the US Food and Drug Administration (8).

The accuracy of the VOC sampling by the Tenax® TA adsorb-
ent (except for adsorbent saturation) will not be tested in the
field, because no superior reference method is available. Preci-
sion will be tested with duplicate samples. The flow rates of the
samplers will be calibrated with a rotameter at the beginning and
the end of each measurement. All personal VOC measurements
will be performed in duplicate, and 20 stationary VOC measure-
ments will be duplicated.

After the pilot phase, the standard procedures will be revised
according to its results and experience. Depending on these re-
sults, 2 -4% of the VOC samples in the final field phase will be
duplicated and blinded from the team members.

Data analysis
Data entry, control and storage
Databases for the subject samples will be created prior to the field
study. During the field phase, the measurement periods, prob-
lems, contacts and incidents in addition to the acquired data will
be recorded in the central database, which will be stored in one
personal computer equipped with a secure data backup system
so that the whole database can be easily recovered. All data en-
tries will be dated and signed. All changes and corrections to the
data will also be dated and signed, and the original, uncorrected
data will remain in the database. Each junior researcher will use
a laptop computer that contains the portion of the main database
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he or she is supporting. The main database will be updated with
new data weekly. Data security will be ensured with password
and backup strategies.

The team members will collect the time -activity diaries daily
when visiting the subjects and file the time -activity patterns in
the subjects' time -activity files. These files will be transferred to
the office computer each week.

The research team members will also carry personal field note-
books for formal and informal data entry.

The VOC tubes will be collected after the desired sampling
period, sealed and sent to a laboratory for gas chromatographic
analysis of the selected components. A database for storing the
VOC measurement results in the analytical laboratory will be
established, designed so that the data in it can be directly
downloaded into the final database for microenvironmental con-
centration, personal exposure and time -activity patterns.

During and after the data collection, the data will be checked
for inconsistencies and abnormalities, taking into account the team
members' notebook data relative to sampling. For example, per-
sonal exposure data collected when the sampling units were not
with the subjects will be marked as microenvironmental and not
personal measurements. The measured values will be corrected
for blank and calibration values. Reports on the collected and
rejected data will be created for evaluation.

Subject names, street addresses and other identifying infor-
mation will only be stored in the central subject file. Each per-
son's measurement data will be stored in different files and coded
by a personal identification number. Access to the personal cod-
ing will be secured by limiting access to the central database.

Processing of data on personal and microenvironmental
VOC concentrations
Microenvironmental VOC concentrations from homes (indoors
and outdoors) and from workplaces will be stored in ASCII files.

Personal VOC exposure values will be stored separately and
the frequency distributions of personal exposure levels will be
computed for the total population and different subgroups. With
the help of time -activity data, multivariate regression analysis
will be used to calculate the average microenvironmental con-
centration estimates for the microenvironments when they were
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occupied by the person. The target population exposure levels
and frequency distributions will be analysed for different popu-
lation subgroups.

Time -activity data processing
The time- activity data will be stored in one database in each cen-
tre containing the subject code, date and time information, the
marked microenvironment for each individual and 15- minute
period, and any comments.

Time -activity profiles will be created for the whole study popu-
lation and specified subpopulations, such as men and women or
city centre versus suburban areas, for working and nonworking
days.

Using the results of the study
This project is designed to improve the scientific understanding
about the sources (relative importance), distributions and risk
factors of VOC exposure of adult urban populations in Europe.
The results should also be applicable to children and elderly peo-
ple, whose exposure scenarios are simpler than those of adults
working outside the home.

Thus, this survey will improve the technical capability of esti-
mating the effects on air pollution exposure of such urban devel-
opment alternatives as:

zoning of housing and industrial areas
heat and power generation and conservation
building, furnishing and everyday living practices.

Developing comparable exposure assessments for these alter-
natives enables a better economic and social basis for making
these decisions - especially those related to reducing pollution.
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Most people spend most of their time indoors,
and the poor quality of the indoor environment

is a strong determinant of a variety of health problems.
The principal way of preventing adverse health effects

is to eliminate exposure to hazardous factors.
But first, standardized methods of assessing exposure

are necessary to assess the risk to health and
to select optimal risk management actions.

This book aims to facilitate the implementation of
exposure assessment methods in public health practice.

The expertise necessary for applying exposure assessment
methods can be found in a number of disciplines:

chemistry, toxicology, physiology, epidemiology and
ventilation or building design engineering.

All these disciplines have contributed to this publication,
which is intended to supplement the extensive textbooks

on indoor air quality, its effects on health and
the techniques available to optimize indoor air quality.

It identifies the entire scope of activities
necessary for exposure assessment.
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