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SUMMARY 

The Working Group on Assessment and Monitoring of Exposure to 
Indoor Pollutants was convened by the WHO Regional Office for Europe 
in collaboration with the Government of the Federal Republic of Germany 
to discuss the assessment and monitoring of exposure to indoor air pol
lutants and of the resulting impact on health, recognizing that this presents 
special difficulties due to the number and variety of sources and spaces 
involved. There have been many case reports of serious impacts on human 
health due to indoor exposure to formaldehyde, to carbon monoxide and 
other products of unvented combustion, and to a variety of organic 
chemicals from consumer products. The as yet inadequately evaluated 
chronic exposures to imprecisely determined concentrations of a number 
of pollutants known to be released indoors is a matter of considerable 
public health concern. 

The meeting reviewed current knowledge about the sources of a 
number of indoor pollutants of concern and considered the concentrations 
at which they have been reported. It assessed the effectiveness of the 
current technical means of measurement and the adequacy of the available 
monitoring data for estimating population exposure. It listed the adverse 
health effects to be expected from exposure to each of the pollutants, and 
assessed the adequacy of the present knowledge of the exposure-effect 
relationship for the purposes of estimating total public health impact in 
cases where acceptable exposure estimates are available. For each of the 
pollutants, the fraction of the population exposed to low concentrations 
was estimated, together with the fraction exposed to concentrations above 
the level of concern. To obtain an acceptably quantitative estimate of the 
adverse health impact of an air pollutant in a given population, the Group 
considered it first necessary to have a quantitative estimate of pollutant 
exposure, the exposed population and the exposure-effect relationship. 
They considered tobacco smoke (passive smoking), N02, CO, radon, 
formaldehyde, S02, C02, 03, asbestos, mineral fibres, organics and 



allergens. I n  general, it found that the instrumentation available for 
measuring exposure was usually of acceptable quality, but that the moni
toring data and knowledge about the distribution of sources and concen
trations were inadequate or marginal. It noted that the types of adverse 
health effect to be expected wen: largely known but that in many cases 
knowledge of exposure-effect relationships was inadequate, especially 
with regard to delayed effect of chronic exposures. 

IL wa� wndutled that current knowledge did not yet allow quantitative 
a essments of public health impact. With this understanding, and subject 
to modification in the light of improved knowledge, it prepared, for most 
of the pollutant considered, estimates of concentrations below which it 
was felt no unacceptable adverse health effects would occur in an indoor 
environment. Similarly, estimates were made of the concentrations above 
which serious concern about adverse health effects was to be expected. 

The Group made a number of recommendations on priorities and 
methodologie for research designed to produce more precise estimates of 
the impact of indoor air pollution on public health, and to develop effec
tive strategies for the improvement of ind or air quality. 

INTRODUCTION 

The increased concern about indoor air quality has led to the organization 
of a number of studies and meetings on the subject. They have included a 
first international symposium on indoor climate effects on human com
fort, performance and health {l); a working group on health aspects 
related to indoor air quality (2); a study by the Committee on Indoor 
Pollutants of the US National Academy of Sciences and the National 
Research Council (3); a symposium on health aspects of indoor air pollu
tion ( 4); a symposium on air quality in enclosed spaces (5); and an inter
national symposium on indoor air pollution, health and energy con
servation (6) . 

The Working Group on Asses mcnt and Monitoring of Exposw·e to 
Indoor Pollutants was convened by the WHO Regional Office for Europe 
in collaboration with the Government of the Federal Republic of Ger
many. It was attended by 13 temporary advisers from IO countries, as well 
as representatives of WHO headquarters and the Commission of the 
European Communities. Dr M. Fugas was elected Chairman, Dr B. Sei
fert Vice-Chairman and Dr J.A.J. Stolwijk Rapporteur. Dr M.J. Suess 
acted as Scientific Secretary. The list of participants is attached as 
Annex 3. 
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The purpose of the meeting was to review the results of prior work in 
the field of indoor air qual ity, a well as the design of work currently in 
progress or planned in order to evaluate the extent to which such work is 
likely to provide early estimates of actual population exposures and the 
extent of the health impacts tha.t can be associated with them. The meeting 
was also asked to consider the relative contributions and limitations of 
laboratory characterizations of sources of pollutants; model predictions of 
such concentrations in actual spaces; field monitoring of pollutant concen
trations; personal monitoring; and health effect determinations in the 
laboratory and in the field. Finally, it was expected that the meeting would 
discuss the need for and benefit of simultaneous studies in a number of 
countries and the coordination of such studies in time, approach and 
design, bearing in mind that the priorities of the component disciplines 
involved would not necessarily coincide with those needed to arrive at a 
rapid assessment of the overall health impact of indoor air pollution in its 
present form. 

The participants divided into ubgroups for discussion of nine main 
aspects of the problem that had been identified: state of knowledge about 
population exposure; state of knowledge about adverse health effects; 
indoor air quality concentration values of concern; examination of existing 
standards; international steering committee on indoor air qualit.y; ex
posure assessment and priorities; "sick" building syndrome; S02 concen
trations and indoor/outdoor relationships; and health effects assessment 
methodologies and priorities. The membership of the subgroups is given in 
Annex 1. 

Although indoor air quality has always been a public and personal 
health concern, in recent years the problem has come into sharper focus. 
Additional and new sources of contaminants are being introduced, and 
increased energy costs have brought a tendency to reduce ventilation and 
infiltration, with resulting complaints by occupants. In some cases, studies 
have identified particular areas of concern. ln view of the frequency of the 
occurrence of exposures and the consistency in their causes, more should 
be known about the quantitative relationships and factors governing 
indoor air quality so that the number of the problems can be reduced and 
their effects diminished. 

Several countries have undertaken comprehensive studies of the fac
tors governing indoor air quality, so that effective control measures can be 
evaluated and adopted. Such measures range from setting minimum venti
lation standards to controlling, or even totally banning, certain products 
such as urea-formaldehyde foam insulation or unvented kerosene heaters. 
It is nevertheless recognized that some of the responsibility for maintaining 
acceptable and healthy indoor air quality will continue to rest on the 
householder and occupants, who must be supplied with responsible and 
accurate information on which to base informed decisions and choices. 
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In considering the appropriate measures to be adopted, it must be 
borne in mind that for almost any pollutant in the indoor air there are 
reports of serious adverse health effects requiring immediate correction. 
At the same time, studies in which a large number Qf spaces were moni
tored carefully have shown that many of the spaces did not contain 
indoor pollutant concentrations of health concern. There is thus a 
demonstrated potential for serious harm to health from indoor air 
pollutants hut it is not possible to make a quantitative assessment of 
their overall importance for public health. 

The air quality in an indoor space, and more specifically the concen
tration of a given pollutant indoors, depends on the outdoor air quality, on 
the presence and strength of emissions from indoor sources, on the ven
tilation rate and ventilation efficiency, and on the presence and effec
tiveness of absorbers, filters or barriers. Because equipment and furnishing 
and many other materials are chosen by the owners or occupants of a space 
and influenced by their behaviour, they are at least as important in 
determining the air quality in a space as the physical and chemical 
characteristics of the space and of the materials used in its construction. 
The manufacturers of consumer products also influence indoor air qual
ity through the choice of chemicals incorporated in their products and 
through the clarity of product warnings and instructions for use. 

As a result of the large and intrinsic variability in the many factors that 
govern indoor air quality, there are special problems in attempting an 
assessment of population exposure to indoor air pollutants. We do not 
know enough about the characteristics of existing building stocks in terms 
of ventilation and infiltration rates to be sure about the distribution of 
dilution rates in them. We do not know how many cigarettes are being 
smoked in each of the spaces and our ability to estimate the distribution of 
cii:arette smoking within huilding stocks is marginal. We lack adequate 
data about the use of unventilated space heaters, wood- and coal-burning 
stoves and gas-fired cooking stoves and ovens and their distribution in 
buildings. Nor is enough known about the distribution of building ma
terials, maintenance and cleaning materials, foam insulation and other 
potential sources of indoor air pollutants, or about the ventilation habits 
of occupants. 

We should not only know about the distribution of all these contribu
ting factors but also about their associations and joint distributions and 
about the number of people exposed to these indoor environments. These 
data are important for the assessment of impact and for the design of 
effective strategies for reducing such impact. 

The first recognition of a generic health problem usually results from 
case reports of excessive exposure. For example, in the last two decades a 
special pattern of exposure has been observed and has become of sufficient 
concern to be identified as the "sick" building syndrome. Fig. I shows the 
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steps involved in the more usual "preventive" pathway leading to generic 
corrective measures and in the "curative" pathway followed in the case of 
"sick" buildings. 

1n "sick" buildings the complaint by occupants tend lo be stronger 
and more organized, with the result that specific "diagno tic" investi
gations are made and remedial action is sought for the particular building. 
The levels of exposure are often found to be very low. In the preventive 
pathway, the case re purls initiating the chain tend to refer to very high-level 
exposures, thereby giving rise to concern about much larger populations. 

ELEMENTS OF THE PREVENTIVE APPROACH 

In the preventive approach outlined in Fig. I the original stimulus for 
action may be case reports of isolated excessive exposure. In such instances 
adverse health impacts on the relatively few people exposed are so serious 
Lhal Lht: ev�nts are reported to public heallh officials and in the )jterature. If 
the sources are common, the association with the adverse health effects 
strong, and the health effects serious, health officials and expert will be 
concerned about the a yet unreported impact on the general population, 
and descriptive studies will be initiated. Such studies may consist of 
monitoring the concentration of suspected pollutants in the field. This is 
usually done in a limited number of "typical" spaces or in spaces where 
potential sources are known to be present, using conventional recording 
equipment (7,8). In other ca es it is possible to use specially designed 
eyuipment to determine personal exposure by means of active (9) or 
passive personal monitoH;. Iu tlcscriptive studies a limited number of 
spaces may be examined for exposure characteristics (7,8) without simul
taneous assessment of health effects, or for health effects without a precise 
description of the exposure (10.ll). Alternatively, both method can be 
considered in a not quite representative sample of a much larger popula
tion (12). Descriptive studies of this type improve our knowledge and 
allow sounder judgements by experts and health authorities about the 
nature and potential magnitud.e of the population impact of different air 
pollutants. 

The deficiencies in knowledge at this point in the preventive approach 
are often still multiple: the exposure is still specific to the spaces studied 
and the exposure description may be insufficiently representative. The 
nature of the adverse health effects of an acute type is usually known, but in 
general we have only marginal knowledge of the nature and the exposure
effect relationship of delayed effects, especially in respect of specific groups 
within the population. With regard to many aspects of indoor air quality 
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we find ourselves at the level of knowledge where initial concerns have 
been substantiated and there is evidence of considerable public health 
impact of indoor air pollution. Further research should be directed and 
coordinated to allow both quantitative impact assessment and the design 
of corrective measures. This implies that measurement and monitoring 
research should make it possible to estimate exposures in representative 
and general populations using models of such exposures based on selective 
but relatively limited information. Similarly, health effects research should 
concentrate on the determination of exposure-effect relationships for 
different subgroups of the population, so that the overall population 
impacts as well as remedial strategies can be evaluated with more 
confidence. 

EXPOSURE ESTIMATES 

Modelling 

In the measurement, monitoring and modelling of indoor air pollution 
levels, it is important to bear in mind that it is not possible to measure 
and/or monitor levels of all air pollutants of concern in all spaces occupied 
by a size-able population. It is thus necessary to estimate the indoor air 
pollution levels u ing ome form of mass balance equation, with the best 
possible measurements or estimates of the relevant coefficients and 
constants. 

In the simplest form such a mass balance equation for a single, well 
mixed compartment or space takes the form: 

v
dq 
dt 

where V 

c I 

(1) 

volume of air contained in the indoor space, 

concentration of the pollutant in the indoor space, 

time, 

P rate of production or release of pollutant in the indoor 
space, 

E rate of elimination through reaction, filtration or settling, 

Q rate of air exchange with the outside atmosphere, 
through infiltration or ventilation, and 

C0 = concentration of pollutant in the outdoor air. 
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In the steady state (I) reduces to: 

C1· =C +P-E 0 Q 
(2) 

Equations (I) and (2) represent clear oversimplifications in the case 
of the episodic release of an air pollutant where the requirement of a well 
mixed compartment is not met, or in Lhe:: case of the release of an air 
pollutant in one room where the concentration in another room must be 
evaluated. In many investigations versions of the model in equation (I) 
have been used. Applications have included estimates of CO and sus
pended particulates associated with smoking ( 13) .  Drivas et al. ( 14) used 
this form of modelling to evaluate ventilation systems. Jacobi (15) con
sidered the interaction between ventilation and radon concentration. 
Berglund et al. ( 16) reported on different behaviours of several com
pounds when the ventilation rate of an office building was experimen
tally varied. 

In applying modelling techniques for the investigation of indoor air 
pollution levels, the first requirement is to determine the constants and 
coefficients that characterize the space being modelled, since the model 
results can be no more accurate than those values. Hence it is essential to 
validate any application of indoor air pollution modelling estimates with 
measurements in at least some fraction of the spaces being modelled. This 
requirement and some results have been examined by Moschandreas et 
al. (17) and WHO (18). 

In some cases it may be possible to reduce equation (2) even further by 
making the additional assumption that the rate of indoor elimination of 
some pollutants generated or released indoors is quite low or zero, and that 
their outdoor concentration is also quite low and often can be ignored; 
these terms can then be eliminated from the equation. 

For a pollutant generated outdoors that does become absorbed or 
inactivated indoors there is a simplified equation, eliminating P. The 
infiltration or ventilation rate for a space is a very important characteristic 
because its magnitude is an important determinant of the indoor air 
pollutant level . In the case of unvented combustion, increasing the 
ventilation rate brings about a·proportionate reduction in steady state or 
integrated exposure to products of combustion. In estimating indoor 
ozone concentration in locations with photochemical smog, the indoor 
concentration will normally be found to be lower than that outdoors, 
owing to the reactivity of ozone with furnishings and contents. Increas
ing the ventilation rate in this case will increase the indoor ozone 
concentration. 
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Source strength 

For modelling of indoor air pollutant levels it is very important to obtain 
values of source strengths (P) for materials, equipment, human bodies and 
pets, and for activities that produce or release pollutants within the indoor 
environment under various circumstances. 

Leaderer (19) determined the emission factors for kerosene space heaters. 
M111lhave et al. (20) studied the emission from 42 commonly used building 
materials. Other sources can be characterized in terms of specific emission 
factors, such as cigarette smoking (2 /), radon from building materials tap 
water (22,23) and formaldehyde (24). Source strengths are best measured 
under high ly controlled laboratory conditions but it is also possible in 
many cases to estimate them from measurements made in the field if these 
are sufficiently complete, by applying equation (2) to find the value of P. 

In the case of products used in cleaning and maintenance, and many 
other consumer goods, source strength estimates can be made for all 
volatile constituents on the basis of the amount of material used and its 
composition and drying time. 

Exposure assessments for indoor air pollutants would be facilitated in 
the future if experiments and measurements were designed to produce 
source strength data whenever possible. 

Infiltration and ventilation rates 

All spaces, unless hermetica l ly sealed, exchange air with the outdoor 
atmosphere through infilt ration and diffusion. In very many indoor spaces 
this constitutes the only form of air change. Some rooms may have a higher 
leakage rate than others, depending on wind direction and velocity, length 
of window and door cracks, etc. 

Other buildings must rely on mechanically forced ventilation whereby 
a substantial fraction of the total air flow is usually recirculated, and a 
smaller fraction is exhausted and replenished with outside air. It is custom
ary to express the infiltration and ventilation rates in terms of air changes 
per hour, i.e. the number of times per hour that outside air equal to the 
total volume of the space enters the space. Generally the rates are not lower 
than 0.2 air changes per hour (ac/h) and, when they are higher, substantial 
energy costs are incurred for heating and cooling the outdoor air. Two 
basic methods are used for the measurement of air change rates in a space. 
The most common is to introduce a tracer gas into the indoor space so that 
the concentration is rapidly increased to a value at least 1 0- 1 00 times the 
minimum that can be measured by a monitoring instrument. If the space is 
well mixed, the reduction in this concentration, as observed by the moni
toring instrument, will show the air change rate, in accordance with 
equation ( 1 ). 
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A number of gases can be used as a tracer, including radon, N20, C02 
and SF6• More recently Dietz et al. (25) described the use of perfluorodi
methylcyclohexane as a constant-source tracer that can be used to calcu
late infiltration rates in steady-state concentrations. 

A completely different method of characterizing a building in terms of 
its infiltration resistance is to pressurize the whole structure with a slight 
overpressure and measure the air flow required to maintain that level of 
pressure (26). 

Such measurements have the advantage that they are not particularly 
sensitive to momentary wind speed and wind direction. Mattingly & 
Peters (27) studied the air infiltration rate as influenced by wind and other 
factors and found variations within the same unit space ranging from 0.2 to 
2. 3. ac/h depending on wind direction, windbreaks and the area of exposed 
outside wall of spaces within a given complex. There are a number of 
techniques that have been suggested for the estimation of infiltration rates 
based on building characteristics (28-30). 

Grot & Clark measured natural air infiltration rates in several dozen 
houses in three climatic areas in the United States (31) and reported a 
distribution of air infiltration rates averaging 1 .2  ac/h (standard error: 
0.86 ac/h) in South Carolina with a moderate climate, and 0. 77 ac/h 
(standard error: 0. 57 ac/h) in North Dakota with a severe winter climate. 

For assessment of indoor air pollution, the air infiltration or the 
ventilation rate must be measured or estimated. There are systematic 
variations determined by building types and construction practices that 
can help in estimations, but it is necessary to obtain measurements in a 
number of spaces to establish the average air change rate for each classifi
cation. Different spaces in a building often have different ventilation rates, 
and occupant behaviour can introduce an additional variation. Source 
strengths may show more variation from one indoor space to another than 
infiltration rates for some sources, but not for all. Infiltration rate or air 
change rate requirements are being incorporated into building codes and 
recommendations. In the Federal Republic of Germany, a value of 
0.8 ac/h has been proposed (32). The 1980 Swedish building regulations 
specify that detached houses may not leak by more than 3 ac/h, and 
buildings above three storeys by more than I ac/h, at an internal over
pressure of 50 Pa. At the same .time, positive ventilation must be provided 
to ensure 0.351/s of outside air per m2 floor area in residential buildings (33). 

Methods of measurement 

Indoor air measurements 

The most direct method of determining air pollutant concentrations in 
indoor spaces is by measurement. Such measurements can be made for a 
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variety of purposes, using a variety of approaches and types of instrumen
tation; most are relatively costly and time-consuming. 

When there are consistent and continuing complaints of discomfort or 
acute or chronic adverse health effects by occupants of a building, indoor 
measurements are often carried out to identify pollutants and ascertain 
their concentration. In such cases the measurement methods, location of 
sampling stations and sampling schedule are chosen to solve an acute 
problem in a specific building. The measurements are likely to provide 
only a limited contribution to further understanding of the generic prob
lem of indoor air pollution. 

Many studies involving the measurement and monitoring of indoor air 
pollutant levels are concerned with the distribution of the pollutants in 
certa in types of building, sometimes according to the presence of certain 
sources. If in such cases simultaneous measurements are made of the 
outdoor levels of the pollutants and of the air infiltration rate, the measure
ments allow an assessment of source strengths in the spaces. If the 
measurements are accompanied by detailed observations on building 
characteristics and contents, they can be used to develop predictive models 
of indoor air pollutant levels in similar buildings, or they can serve as 
validation of predictive models developed from other data sets. 

Measurement of indoor air pollutant levels is accomplished by one of 
the following methods: 

spot samples, also known as grab samples; 

time-integrated samples; 

real-time continuous monitoring. 

Spot sampling. The simp.lest procedure is to take a one-time air 
sample by filling a container with air, or by pa sing a known volume ofair 
through an absorber. The containers may be plastic bottles, Mylon or 
Tedlar plastic bag., or glass tubes filled with ab orbent (34); they must be 
impervious to the gas being sought. 

If the concentration of the pollutant is expected to vary over time, it is 
necessary to take a number of sequential samples. Spot sampling is most 
effective if the analytical equipment is available only at a central location. 
It is an inexpensive form of measurement, but suffers from the fact that it 
reflects only a relatively short time period and the concentration may be far 
from "average". 

Because only a relatively small amount of air is usually taken in spot 
sampling, the analytical equipment must be able to detect concentrations 
at the ambient and indoor levels directly. A large number of field measure
ments can be-made with a single analytical instrument, but the reduction in 
the capital cost is often offset by higher costs of data acquisition and analysis. 

11 



Time-integrated sampling. For many pollutants, including total sus
pended particulates, and radon and its progeny, the effects are assumed to 
be proportional to a long-term average of the concentration, and the 
preferred measurement methods also show a time-integrated concen
tration. Typically, suspended particulate collected on filter paper through 
which a known air flow was directed are measured as a time-integrated 
average, usually over 24 hours or longer. Methodologically, time
integrated measurements are useful whenever the instantaneous concen
tration is below the detection limit of analytical instruments and the 
concentration to be analysed can be increased by accumulation on filter 
paper or by a sorbent (liquid or solid). Soluble gases such as formaldehyde 
and S02 can be collected in bubblers or gas washers. The total flow during 
the accumulation period must, of course, be known or determined. The 
lower cost of measurements based on integrated samples, and the higher 
sensitivity of cumulative sampling, are offset to some extent by the greater 
difficulty in maintaining quality control. Integrated sampling is less desir
able when air pollutants have effects that are non-linear with concen
tration. Integrated sampling would therefore not be recommended for 
pollutants such as ozone, which has biological effects proportional to 
short-term concentrations that are not shown by longer-term integrated 
measurements. 

Two principles underlie integrated sampling. Originally most schemes 
involved active sampling: an air sample stream was actively drawn through 
an absorber or a filter by means of a pump at a known and constant rate, and 
the accumulated or collected pollutant was weighed or measured by chemical 
and colorimetric methods. Portable instrumentation for active sampling 
requires battery-powered pumps, which add bulk, weight and expense. 

Since the early 1960s a new form of integrated sampler has come into 
widespread use. An early vers10n of the device was described by 
Palmes (35). Passive samplers rely on diffusion or permeation through a 
barrier for the acquisition of pollutant molecules from the ambient air. 
They basically consist of tubes or containers with a collector, which keeps 
the concentration of the pollutant within the device at a very low level or 
zero. Depending on the configuration, the pollutant diffuses down a 
gradient to the collector at a rate determined by the ambient concentration. 

Passive monitors have beei:i developed for a wide variety of air pollu
tants including sulfur dioxide (35), carbon monoxide (36), benzene (37) 
and nitrogen dioxide (36). In principle, any gas for which a selective and 
efficient absorber is available can be monitored in this fashion. It is also 
possible to use non-specific absorbers such as activated charcoal and to 
analyse the absorbed gases by gas chromatography (9,38,39). 

Pollen concentrations in the air are commonly measured by counting 
pollen impacted on a sticky surface, using standard methods. Radon can 
be measured in the indoor environment with passive monitors ( 40). All 
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integrated samp.le monitors have the characteristic that, at low ambient 
concentrations, the sampling time must be extended if accuracy is 
required. Integration times range from days to weeks or months; in general 
they will be or the order of hours only in the case of high ambient 
concentrations. 

Real-time continuous monitoring. For many indoor air pollutants 
there are very large variations in concentration with time and location. 
Real-time continuous monitoring provides a record of instantaneous or 
short average time concentraLions. Although there is a clear advantage in 
obtaining uch a record when peak concentrations are important, or when 
ource strength or infiltration rates vary over time there are numerous 

disadvantages as well. Continuous monitoring equipment requires consid
erable electric power and is bulky. expensive and quite labour-intensive. In 
indoor air quality studie , continuous monitoring equipment is often 
placed io a mobile laboratory which draws air. ampling stream from the 
space concerned. Maintenance, adjustment and calibration, as well as 
reading of output recordings, all require considerable effort. In view of the 
competence and care required for continuous monitoring, as well a the 
inlrusiveness and expen e of the process. it is usually used only for 
research. Standardized instrumentati.on is available for a large number of 
gases and for suspended particulates. 

Monitoring of personal and population exposure 

With the growing recognition that air pollutant concentrations often vary 
considerably according to location and time, and that people often pend 
80-90% of the whole day within enclosed spaces it is necessary to deter
mine the total exposure of individuals and populations to different air 
pollutants in order to assess the adverse health effects associated wirh 
them. Epidemiological studie of the health effects of air pollution should 
ideally be ba ed on personal total expo ure, although in practice this is not 
always pos ible and per onal pa sive monitoring is often the only feasible 
way of acquiring such exposure data. 

At the same time any efforts aimed at reducing exposures will require 
monitoring of the spaces which people occupy and which contain most of 
the sources of indoor air pollutant . Alternatively the air pollutant concen
tration in such spaces may be estimated by modelling the spaces on the 
basis of certain characteristics of their tructure and contents and the type 
of activities taking place in them. 

In practice, most spaces will have to be characterized by model
ling, validated by passive monitoring in a number of the spaces, and 
further validated by real-time continuous monitoring in an even smaller 
number of spaces. 

· 
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Time-budget reports by a number of individuals in a study population 
can be used to validate time-budget data obtained from other studies ( 4 /). 

Biological monitoring 

Some pollutants and the human exposure to them can be measured by 
determining their level in the blood, urine or hair. Exposure to heavy 
metals such as lead or mercury can be assessed effectively by such mean . 

Exposure to CO can be assessed by determining the level of carboxy
haemoglobin in the blood, or the level of CO in expired air. In many cases 
of odours in the atmosphere, appropriate psychophysical measure
ments ( 42,43) applied to human observers may be the only means of 
assessment. 

ASSESSMENT OF HEALTH EFFECTS 

The methods for the assessment of adverse health effects depend on the 
features of the pollutant and the type of health effect produced. In some 
cases, we may know the exposure-response relationship, but lack infor
mation on the population exposed (e.g. to CO). In other cases, we may also 
lack knowledge about the effeets. In general, pollutants whose character
istics and effects are inadequately known (e.g. most volatile organics) must 
first be characterized chemically and studied toxicologically prior to any 
assessment of their health effects. In the case of pollutants that have been 
characterized, but are coupled chemically, further toxicological study may 
be required in order to characterize the mechanisms and interactions of the 
effects and to estimate the exposure-effect relationships (e.g. organic 
components of tobacco smoke). Some pollutants may be well character
ized, but occur in concentrations sufficient for study only in occupational 
settings, within the l imits of our present knowledge (e.g. asbestos, some 
mineral fibres, some volatile organics); the adverse health effects of those 
pollutants are therefore best characterized in occupational studies. 

To obtain more informatio� about the exposure-response relationship 
in respect of acute effects, it may be necessary to make human controlled 
exposure studies (e.g. for odorous organics, N02). When further know
ledge is required concerning chronic or delayed adverse health effects, 
partly in order to quantify the exposure-response relationship, the most 
feasible and efficient method is to make case-control epidemiological 
studies such as those undertaken to evaluate long-term effects of formal
dehyde. Descriptive surveys are often the most effective means of obtain
ing initial information about the population exposed to different levels of a 
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pollutant, as well as the effects occurring in complex unknown environ
ments (e.g. "sick" buildings). For quantitative assessments of adverse 
health effects in community populations, it is necessary to use more 
difficult and costly epidemiological techniques whereby one can measure 
interactions and try to check for confounding variables. Such studies 
normally take much longer to complete. 

Animal toxicological studies 

Most volatile organics from solvents, cleansers and maintenance products, 
and sidestream tobacco smoke are complex and poorly understood, so 
toxicological studies are required first ( 44). Synthetic mineral fibres may 
yield adverse health effects not previously een, and thus require further 
toxicological studies. These studies should be done in 1-3 species of 
animals, and require acute and chronic exposure over a wide range of 
concentrations, and biochemical and pathological techniques for evaluation. 

Occupational studies 

Some pollutants are well characterized, but occur primarily in occupational 
settings. Further definition of their effects and exposure-effect relationships 
requires additional occupational studies. 

Asbestos-related studies have mostly been conducted in an occupational 
setting, but may also be undertaken in the population or in association with 
cancer registries with case-control methods if an appropriate exposure 
assessment is possible. The pollutants that may require such studies include 
synthetic mineral fibres, and some volatile organics that have been character
ized and located in the work setting (e.g. toluene, formaldehyde). Radon 
daughter effects in uranium and non-uranium miners have provided most of 
the information on exposure-effect relationships, but only at relatively high 
dosages and in the presence of high concentrations of other pollutants such 
as dust and diesel fuels. Epidemiological studies of radon daughter effects in 
the general population would appear to deserve only a low priority, given the 
small likelihood of significant results. 

' Controlled exposure studies in man 

Knowledge is still lacking concerning acute exposure-response relationships 
in man for some well-characterized pollutants. Thus, studies of controlled 
acute exposure at different doses, in individuals with potentially different 
sensitivity (e.g. asthmatics, allergic dermatitis patients) under different con
ditions, are still needed for N02• Odours are best studied using controlled 
exposure methods, often in conjunction with other methods such as descrip
tive surveys and psychophysical assessments ( 42, 43). 
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Design of sequential studies 

There is a sequence of studies for carcinogenic substances. They usually 
start with studies of mutagenesis in cell cultures and are then followed by 
long-term studies in animals to study carcinogenicity and mutagenicity. 
Occupational and/or case-control studies may follow. To obtain more 
complete information, these are often followed by epidemiological studies 
in community populations. Studies of teratogenesis may proceed in a 
similar fashion. 

There is also a sequence of studies in "sick" buildings. Following 
exposure assessment and descriptive surveys of health, pattern analysis 
will yield hypotheses about possible exposure-response relationships. 
These are then tested using other methods, including laboratory studies. 
Studies of odours may follow a similar sequence: 

(a) mapping of symptoms, analysis of complaints (part of an early 
warning system); 

(b) determination of associations between symptoms and common 
environmental factors; 

(c) construction of hypotheses about exposure-response relationships; 

(d) testing of hypotheses in controlled studies: 

- animal 

- human; 

(e) validation of findings in the laboratory and field; and 

(j) investigation of etiology: 

- animal models 

- other studies. 

Methods used to assess specific health effects are dependent on those 
effects. Both the methods and their quality control have been widely 
discussed ( 45). They include questionnaire surveys, tests of function, 
bioassays and biological monitoring. Applications of clinical and psycho
physical methods in studies of indoor pollutants have also proved success
ful recently. 

Epidemiological studies 

The suitability of epidemiologica l methods for studying the relationship  
between a pollutant and adverse health effects is influenced by several 
factors. From knowledge provided by studies of poll u tants alone in the 
environment and by toxicological experiments, it is pos ible to make an 
a ses'ment of the information that might be obtained from pop u lation 
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studies. However, this will vary according to the expectations of the studies 
and the way in which the results are to be used. Some studies may be 
descriptive, being designed to determine possible health effects in the 
population exposed to certain kinds of pollutant. Ot hers may seek to 
quantify a dose-response relationship between a pollu tant and adverse 
health effects. In the latter case, the study design must be such that precise 
measurements can be made of the exposure and health effects, independent 
of the effects of other factors related to health. 

The following points should be considered. 

I .  The availability of methods to measure the pollutant. For example, 
some methods may be impractical or too expensive to use in large surveys. 

2. The distribution of the pollutant in time and space. As measure
ments cannot be made for an unlimited period in large surveys, exposure 
may be impossible to assess precisely. This may lead to biases or random 
error which, in turn, may weaken an epidemiological study. 

3. The availability of methods to measure the adverse health effect to 
be studied. For example, practical methods may not be available for use in 
large surveys or, alternatively, some methods or measurement techniques 
may be unsuitable for use in certain groups of the population, such as 
children. 

4. The frequency of occurrence of the health effect. For example, 
when the frequency is low, a large sample must be used if the effect of the 
pollutant on health is small, or a small percentage of the population is 
likely to be affected. 

5. The time interval expected between the exposure and the eventual 
health effect. For example, carcinogenic effects are identified several years 
after exposure to the pollutant. 

6. The interaction between pollutants and other factors such as socio
economic characteristics of the home, smoking, and occupational ex
posure which might not easily be shown in population studies. 

Consideration of these points with reference to epidemiological studies 
of the effect of indoor pollutants has important implications for the design 
of future studies. Sample size can be considerably reduced by designs that 
allow the selection of people who have undergone known heavy exposures 
and are of high sensitivity or vulnerability, together with controls of 
similar characteristics but not the exposure in question. As a result much 
better exposure determinations can be made, further increasing the power 
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of the study. What might be referred to as a staged design might thus be 
particularly suitable for epidemiological studies of the effect of indoor air 
pollutants. In a staged design, initial estimates of indoor air pollution 
exposures are made by simplified modelling of a large number of dwellings 
in a sample representative of an even larger universe. 1f the population of 
each of these dwellings is  characterized in terms of demographics, pollu
tion sources and a simple health profile, then small cohorts of people with 
particular exposures, as well as appropriate controls, can be studied using 
prospective or cross-sectional methods. This smaller sample may in many 
cases allow more decisive studies than would be possible in the much larger 
original sample, which has much greater random variation in exposure and 
vuJnerabiHty. 

LEVELS OF KNOWLEDGE 
ABOUT EXPOSURE AND HEALTH EFFECTS 

In its initial discussions, the Group agreed on the range of complex and 
single indoor air pollutants it wished to focus on, but did not establish an 
order of importance for them. The final list included: tobacco smoke 
(passive smoking), N02, CO, radon, formaldehyde, S02, C02, 03> asbes
tos, non-asbestos mineral fibres, organics and allergens (Table I ) .  In 
assessing current knowledge about exposure the Group considered, for 
each pollutant, the fraction of the population exposed to minimal or low 
levels of concentration and the fraction exposed to levels high enough to be 
of public health concern. An attempt was made to identify the types of 
location where such exposures occur. All the pollutants hnve been 
observed in homes, and most in offices, schools and other public buildings. 
CO and 03 have been noted in cars and aeroplanes, respectively, and CO 
and NO, have been measured in skating rinks when gasoline-powered ice 
treatment vehicles are used indoor . Organics and allergens have been 
noted especially in hospitals. In addition, the Group rated the present 
knowledge about sources of indoor air pollutants, about the distribution 
of such sources, and about the characteristics of sinks including ventila
tion. It also considered the adequacy of the instrumentation and current 
knowledge about population exposure based on monitoring of indoor 
concentrations and/or personal exposure. 

The consensus of the Group on these questions is presenlt:d in Table I .  
The estimates of the fraction of people exposed to either low o r  high levels 
of each pollutant were based on the following rating: "few" denotes an 
estimate of less than 10% of the population, "some" an estimate of 
between 1 0% and 50%, and "most" an estimate of more than 50% of the 
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Ta b l e  1 .  C u rrent l evels of k n owl edge about 

People 

Pollutant 
with 
low 

exposure 

Tobacco smoke 
( passive 
smoking) most 

N02 some 

co most 

Radon and 
daughters most 

Formaldehyde most 

S02 few 

C02 most 

03 few 

Asbestos few 

Mi neral fi bres few 

Organics most 

Allergens most 

8 For respirable parciculates� 

+ = adequate 
± = marginal 
O = inadequate 

po p u l at i o n  expos u re 

People 
with 

Sources 
Distri-

h igh bution 
exposure 

some + ± 

some ± 0 

few ± 0 

few ± 0 

few ± ± 

few ± ± 

few + ± 

few ± + 

few 0 0 

few 0 0 

some ± 0 

some 0 0 

I ndoor/ 
l nstrumen- personal 

tation 
monitoring 

±a ± 

+ ± 

+ ± 

+ 0 

+ ± 

+ 0 

+ + 

+ ± 

± 0 

± 0 

± 0 

± + 

population. Exposure to infectious agents was considered, but because of 
the numerous differences between these and all the other agents it was 
decided not to include them in the analysis. It was, of course, recognized 
that in the case of airborne infectious agents, the ventilation and recircula
tion rates are important parameters governing concentration as well as 
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spread through a building. In general the available instrumentation was 
judged to be adequate to determine indoor concentrations of pollutants, 
with some weaknesses in respect of the organic and gaseous fractions of 
tobacco smoke, mineral fibres, organics and allergens. The costs of much 
of the instrumentation are high and this limits its usefulness in contributing 
to population exposure estimates. In general, indoor monitoring and 
personal monitoring data were judged marginal or inadequate. It was felt 
that in many cases the identification and quantitative characterization of 
pollutant sources and their strength was marginal to adequate. Their 
distribution is known to a much smaller degree, and as a result population 
exposure data cannot easily be derived from the somewhat better know
ledge available about sources. 

The Group then assessed current levels of knowledge about exposure
response relationships (Table 2). It considered the level of knowledge 
about the population exposed to indoor pollutants, and especially the 
distribution of exposure among the population, and assessed the ability to 
estimate exposures of special groups such as young children, the elderly, 
and those with chronic cardiorespiratory impairments. Table 2 shows that 
our knowledge about exposure distribution in the population was con
sidered inadequate, and marginal for a few pollutants with mostly outdoor 
sources, such as 03 and S02• Tobacco smoke is ubiquitous and its distribu
tion was regarded as being at least marginally known. There was complete 
agreement about the nature of the adverse health effects expected or 
suspected to be associated with each pollutant. The exposure-response 
relationship is very important in making health impact assessments and in 
only a few cases was an adequate level of knowledge deemed to be avail
able. It was felt that typically exposure-response relationships were better 
understood in acute responses, but that carcinogenic and systemic effects 
tended tu be much less accurately described. Because of the nature ot 
chronic exposures and delayed effects, it is impossible to determine 
exposure-response relationships in controlled human exposures, and 
epidemiological information is scarce. Organics could not be effectively 
considered because of the variety of chemicals involved and the variety of 
specific responses to them. Once a particular chemical is identified, data on 
the responses can often be found in the occupational health literature to 
allow an initial assessment. Usually it is not possible to assess any additive 
or synergistic effect of combinations of such chemicals. The Group also 
considered for each of the pollutants the means of control that are avail
able and appropriate, in the categories of technical, regulatory, social, 
educational and preventive medical intervention. 

It is clear from the assessments in Tables 1 and 2 that the Group 
deemed the current level of knowledge inadequate to arrive at estimates of 
impact on a population. There are clear differences in the types of source 
and the public health concerns in different countries. Because of the 
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widespread use of unvented gas-fired instantaneous water heaters in the 
Netherlands ( 46), there is naturally special concern about CO and N02 
levels in that population. In Scandinavian countries where unvented com
bustion sources are uncommon or prohibited, but where building envel
opes are tighter and radon releases from the soil higher, there is greater 
concern about exposures of radon and daughters and exposures to 
formaldehyde and other organics from building materials, furnishings and 
consumer products. In other countries the major concern may be about 
indoor levels of pollutants emitted outdoors, or organic substances emit
ted indoors from the use of consumer products. The Group noted the 
regional differences in priorities based on climate, building characteristics, 
types of fuel in use, and outdoor levels of pollutants. 

Although estimates of overall public health impact are still very diffi
cult to make, the Group did arrive at a preliminary consensus regarding 
pollutant levels below which concern would be minimal, and pollutant 
levels above which enough concern exists to call for corrective action. The 
estimates are given in Table 3, together with the concentrations reported in 
indoor non-occupational environments. It should be pointed out that 
these are estimates based on current knowledge and are subject to revision 
if additional data become available. Moreover, it should be emphasized 
that all the gaseous pollutants were considered on their own, excluding 
other contaminants. 

In conjunction with its discussions on concentrations, the Group con
sidered the general problems in applying the considerable body of research 
findings, guidelines and standards concerning the outdoor environment 
and the occupational indoor environment to the non-occupational indoor 
environment. Uncritical application would clearly lead to serious diffi
culties. The concentration indoors may be higher or lower than the level 
outdoors, depending on the origin of the pollutant and the presence of 
sinks and indoor sources. The time pattern of concentration may be 
different: in the case of outdoor pollutants, the indoor concentration lags 
and its peak is lower than the peak concentration outdoors. Alternatively, 
with indoor sources, the peaks may be much more pronounced than those 
observed outdoors. Occupational exposures are of shorter duration than 
indoor non-occupational exposures, and specially sensitive populations 
tend not to experience them; conversely the indoor population that is the 
most vulnerable may also spend almost 100% of its time in the indoor 
environment. In the outdoor environment, "indicator" air pollutants such 
as S02 may be regulated in part because of their potential for conversion to 
sulfates and acid precipitation, an outcome which is not of importance in 
the indoor environment. 
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Ta ble  2 .  C u rrent l eve l s  of k n owledge a bout  
expo s u re-res p o n s e  rel ati o n s h i ps 

People People Adverse Exposu re-
Pollutant with with Population effects at response M e a n s  of 

low ex- high ex- exposed levels of relati o n s h i p  c o ntrol 
posure posure concern 

Tobacco m ost some ± i r ritation ± reg u l atory 
s m oke odour ± tec h n i c a l  
(pass ive a i rway ± soc i a l  
smoking)  res pi ratory 

carci nogen 0 educational  
systemic 0 

N02 some some 0 airway 0 tec h n i c a l  
respi ratory 

odour ± reg u l atory 
systemic 0 educat ional  

co most few 0 syste m i c  + tec h n i ca l .  
reg u l atory 

Radon a n d  most few 0 carcinogen ± tec h n i c a l .  
daug hters regu l atory 

Formal de- most few 0 1rntat1on ± tech n i c a l  
hyde odour ± reg u l atory 

a i rway ± 
res piratory 

carc i n ogen 0 
syste m i c  0 

S02 few few ± a i rway 0 technical .  
respi ratory regu latory 

C02 m ost few 0 syste m i c  ± tec h n i c al 

03 few few ± i rritation + t e c h n i c a l  
( i ndoors) 

a i rway ± 
res pi ratory 

odour + 
systemic 0 

Asbestos few few 0 res pi ratory ± tec h nical  
disease 

c a rc i nogen ± regu l atory 
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Ta b le  2 (co ntd ) 

People People Adve rse Expos u r e -
Po l l utant with with P o p u l at ion effects at  respo n s e  M e a n s  o f  

l o w  ex- h i g h  ex- exposed l evels of rel ati o n s h i p  control 
po s u re posure c o n c e r n  

M i n eral few few 0 a i rway ± 
ti b res res p i ratory 

i rr itat ion ± 

O rg a n i c s  most s o m e  0 o d o u r  0 t e c h n i c a l  
i r r itat i o n  0 regulatory 
syst e m i c  0 educat i o n a l  
a i rway 0 

respi ratory 
c a r c i n o g e n  0 

A l l e rgens most s o m e  0 a i rway ± s o c i a l  
respi ratory 

o d o u r  ± regulatory 
i rr itat ion ± medical8  

a The m e d i c a l  m e a s u res are preventive. 

+ = adequate. 
± = marginal . 
0 = inadequate. 

THE "SICK" BUILDING SYNDROME 

The first "sick" buildings were recognized prior to 1 960, and since then 
there have been increasing numbers of case reports in several countries, 
particularly during the last six years. 

Symptoms 

The symptoms reported, primarily in the Scandinavian countries and the 
United States, are of a broad spectrum but have many features in common 
such as: 

- eye, nose and throat irritation 
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""" Ta b le  3 .  C o nsensus of concern a bout i ndoor a i r  po l l uta nts at 1 9 8 2  l eve ls  of knowl edge 

Pol l utant• 

Tobacco s m o ke 
(passive s m o k i n g )  

N02 

co 

Radon a n d  
d a u g htersd 

F o r m a l d ehyde 
5 02 
C 0 2  

03 
Asbestos 
M i nera l  f i bres 
Organics 

C o n c e ntrationsb 
reported 

0. 1 -
respi ratory p a rt i c u l ate 

0.05- 1 

- 1 00 

4 -8 000 B q / m3 

0 0 6 - 1 . 3 
0 0 2 - 1 

6 0 0  - 9 000 

0.04- 0 . 4  
< 1 o s  f i b re / m l  

C o ncentrationb of 
l i m ited or no concern 

= O 

< 0 1 9 

< 1 1  
( 2 %  C O H b )  

= O 

< 0 06 
< 0. 5 
< 4 5 0 0  

< 0. 1 2 
= O 

a All gases were considered on their own without Ott.er cortaminants 

b Concentrations are given 1n mg/ml unless otherw1�e indicated 

c Because :if the complex nature of these pollutants. mea n i ngful concentrations cannot be g_ ven 

d 1 B q / m' = 0 027 n C 1 / m3 

C o ncentrationb 
of concern 

_c 

> 0. 3 2  

> 3 0  
( 3 %  C O H b )  

> 70 B q / m3 

> 0. 1 2  
> 1 . 3 5  
> 1 2 000 

> 0 1 5  
> 1 os f i b re / ml 

c 

R e m arks 

J a panese sta n d a rd 
0 1 5 m g / m3 

accord i ng to WHO E H C  4 
(4 7). 9 9 .9% 

cont i n u o u s  exposure 

Swe d i s h  sta n d a rd 
for  new h o uses 

l o n g - and short-term 
5 02• a l o n e .  s h o rt-te rm 
J a pa nese stand a rd 

1 800 m g / m3 
WHO E H C  7 (48) 
for l o n g -term exposures 

e A c c o u n l  w a s  taken o n l y  o f  short-term effects o f  502 on its own, without particulates. o r  su lfates or N01 w h i c h  m a y  be present sim ultaneously and a r e  t h e n  l i k e l y  to b e  
t h e  hm1hng factor For long-term exposures. ouldoor air  quality standards or guidelines will prov1d� a better margin of safety 



- sensation of dry mucous membranes and skin 

erythema 

mental fatigue 

headaches, high frequency of airway infections and cough 

hoarseness, wheezing, itching and unspecific hypersensitivity 

- nausea, dizziness. 

The frequency of the above symptoms is high in any population, and as a 
result it is difficult to establish an association with the indoor environment 
in a single case. 

The number of case reports describing similar symptoms is now so 
large that it is reasonable to assume that we are dealing with a true 
environmental health problem, which is often referred to as the "sick" 
building syndrome. 

Frequency 
In a nationwide survey of about 1 500 Danish citizens aged 1 5-67 years, 
1 5-30% reported symptoms of the type described above (at home and at 
work). 

In the city of Stockholm occupants of 1 10 nursery schools out of a total 
of 1800 have complained about similar symptoms. In a survey by the 
Swedish Teachers' Union more than 40% of schools, nursery schools and 
similar institutions built since 1976 are reported to have indoor climate 
problems similar to the "sick" building syndrome. 

Common features of "sick" buildines 
A first category of so-called temporarily "sick" buildings must be dis
tinguished. It comprises either newly constructed or newly remodelled 
buildings, where the symptoms decrease in time and mostly disappear after 
approximately half a year. It is possible that the decline in symptoms is due 
to evaporation of the volatile compounds in building materials, paints, etc. 

In the second category of permanently "sick" buildings, the symptoms 
persist for years and are sometimes resistant even to extensive remedial 
action. Normally no obvious cause is evident in this category, even after 
extensive investigations of the composition of the air and performance of 
the ventilation system, and of the building structure itself. However, it 
appears that such buildings have certain features in common. 

1. They almost always have a forced ventilation system, usually 
serving the whole building, or large sections of it, and relying on partial 
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recirculation of the air. Some buildings have an inappropriately located air 
intake, while others use heat exchangers that transfer pollutants from the 
return air into the air supply. 

2. They are often of relatively light construction. 

3. The indoor surfaces are to a large extent covered with textiles, 
including wall-to-wall carpets, and other features of the interior design 
favour a large interior surface-to-volume ratio. 

4. They are energy-efficient, are kept relatively warm, and have a 
homogeneous thermal environment. 

5. They are characterized by airtight building envelopes (in the United 
States windows often cannot be opened). 

Suggested causes of the "sick" building syndrome 

It has to be stressed that our present knowledge about the causes of the 
"sick" building syndrome is fragmentary, and provides only a weak basis 
for recommended control measures. 

Thermal factors often play a role, in which case it is recommended that 
an analysis of the thermal environment is carried out to ensure that 
temperatures and temperature gradients are not excessive, and that cloth
ing, air humidity and air velocity are appropriate. 

As regards airborne irritant pollutants, one should ensure that formal
dehyde is not present in adverse concentrations. It should be noted that 
other irritants may cause symptoms almost identical to those produced by 
formaldehyde. Such irritants may originate from builuiug anu surface 
materials, furnishings, and human use of household or hobby products. At 
present we know very little about interactions among low-level irritants. It 
is possible that, in the case of some compounds at subthreshold concen
trations, a summation or potentiation takes place, causing sensory reac
tions to the mixture of pollutants. It is also possible that chemical reactions 
take place, converting less irritating compounds to more irritating ones. 

The homogeneous thermal ·indoor environment and the homogeneous 
air quality produced by recirculation may increase the probability of 
locally generated pollutants spreading throughout the building and expos
ing all the occupants to them for a long period of time. 

The reasons for complaints may also be subjective. Jn a study of 
attitudes towards airconditioning, carried out in a large office building in 
Zagreb, two thirds of the respondents showed a negative attitude, mostly 
caused by psychological factors ( 49). 
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It is usually not possible to find suitable controls to establish the 
background prevalence of complaints in a comparable population, but in 
one case where this was done an identical prevalence of the same symptoms 
was reported in the other building (50). 

METHODOLOGY AND PRIORITIES FOR FUTURE STUDIES 

Future exposure studies should focus on the following three major 
objectives. 

1 .  Determination of the distribution of population exposures so that 
the exposures of different population groups at risk can be evaluated. 

2.  Improvements in health effects' evaluation by determining indi
vidual exposures of the subjects studied. 

3. Development of effective control strategies and evaluation of the 
effectiveness of such strategies. 

As previously indicated, studies of the effect of indoor air pollution 
often follow a sequence of steps. The first of these is frequently explora
tory: a few indoor spaces are selected for a study in which, using a 
predetermined approach, a number of field measurements are made of the 
pollutant concentration. Usually such a study does not involve simul
taneous health effect evaluation but deals only with exposure assessment. 
The second step consists of a more systematic investigation whereby, on 
the one hand, more complete field studies are complemented by measure
ment of source strengths and sink strengths in special chambers in the 
laboratory and, on the other, field measurements are made of ventilation 
rates and the effects of human activity patterns. Such measurements allow 
the development of a predictive model, which can be used to estimate 
pollutant concentrations in a given space if a limited number of character
istics of the space is known. Such models must be validated by field 
measurements in a number of spaces, after which they can be applied to 
many more spaces with some confidence. Epidemiological studies can then 
be mounted to give better estimates of exposure, not only to one pollutant 
but to a number of pollutants simultaneously. 

Although a large number of controlled human exposure studies have 
been performed for many pollutants, the number using subjects with 
special sensitivities or with cardiorespiratory impairment is still quite 
limited. To assess non-occupational indoor exposures it will be necessary 
to carry out such studies on vulnerable populations. 
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Especially in field studies, where a large number of measurements must 
be made in many locations, it is most important that a number of pre
cautions be carefully observed. For intercomparison and evaluation of 
measurements, information must be recorded and reported on the follow
ing points: 

(a) the type, model and sensitivity of the instruments used; 

(b) the experimental schedule, consisting not only of the daily schedule 
but also a record of the periods during which observations were made; 

(c) a detailed description of the methods used to ensure and control 
the quality of measurements (see reference 18 for recommendations con
cerning suitable programmes of measurement procedures); 

(d) the location of the sampling units, given in enough detail to allow 
the measurements to be repeated, especially if point sources are involved; 

(e) the averaging time and the time resolution of the measurement, as 
well as the data red uction procedures; and 

(j) the building characteristics, ventilation rate, sources of other 
pollutants, the pattern of smoking by occupants, and other relevant 
factors. 

Although instrumentation should be available for almost all needs, the 
Group agreed that in a number of cases it is either inappropriate or too 
costly for large-scale studies. The following needs were specifically 
identified. 

I .  For personal exposure assessment, there is a need for a portable 
monitor capable of recording N02 concentration continuously or with a 
short time constant. Similarly, there is a need for a system that can provide 
assessments of average exposure to formaldehyde over 6-24 hours, and 
exposure to allergens over short periods of time. 

2. For survey measurements of spaces, there is a need for passive 
monitors capable of 24-hour time resolution and other simple and inex
pensive detection methods. There is also a need for simpler and less 
expensive (and less intrusive) methods of measuring ventilation and 
infiltration. 

3. For laboratory applications and detailed field measurements, 
there is a need for instruments that can sense acids and reactive organic 
compounds. 
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4. There is a need for further development ofbioassay and biological 
monitoring methods. Standardized psychophysical methods are needed 
for odour evaluation. Although in principle procedures for the analysis of 
complex organic chemical mixtures are available, the existing instru
mentation is costly, complex and often inaccessible. 

The Group considered the priorities it would assign to the different pollu
tants in further exposure assessment work, taking into account the relative 
importance of the exposure and the current state of exposure assessment. 
High priority in exposure assessment was assigned to organic chemicals, 
respirable suspended particulates, N02 and allergens; medium priority to 
CO, formaldehyde, radon and infective agents; and lower priority to C02, 
asbestos, non-asbestos mineral fibres, 03 and S02• 

With regard to adverse health impact assessment it was noted that, 
although epidemiological studies have been undertaken to investigate the 
possible carcinogenicity of passive smoking and its relationship to respir
atory diseases, further work is clearly required. N02 and its effects in the 
indoor environment have been evaluated in a number of epidemiological 
studies, some using personal samplers to assess exposures (51). Since this 
method does not provide information on peak values of N02 concen
tration, which may be the relevant factor, additional studies will be 
required. It will be necessary to study controlled human exposures to N02 
on its own to observe the acute responses. 

More information is required on the distribution of population ex
posure to radon and its daughters, formaldehyde, S02, 03 and C02• The 
need for and efficacy of epidemiological studies may then be assessed. The 
practicability of performing such studies on these pollutants may be 
limited because of difficulty in determining a suitable range of exposures 
and suitable measurement methods or, as in the case of radon, the limi
tation may be the long delay between exposure and response. A consider
able amount of work has already been carried out on allergens. 

As the complexity of epidemiological studies on the effects of indoor 
pollution increases, it will become advantageous to characterize a large 
number of buildings as to structural and pollutant source characteristics, 
together with the characteristics of the occupants. Such a register will allow 
the selection of a relatively small number of spaces with their occupants for 
a particular health effect assessment. The selection process can be used to 
control for other parameters, thus increasing the power of the study and 
reducing the cost. Successive studies on different pollutants can be carried 
out using the same original registry. 

The Group recognized the need and desirability of having a steering 
committee in this complex area, that would be available to provide guidance 
and coordination on request. Suggestions concerning the objectives, mem
bership and methods of operation of such a committee are given in Annex 2. 
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CONCLUSIONS 

The Group reached a number of widely shared conclusions about the 
problem of estimating and measuring exposure to indoor air pollutants 
and the nature and magnitude of the resulting adverse health impacts. 

1 .  An abundance of case histories shows that a variety of air pollutants at 
high concentrations cause serious adverse health effects , particularly of an 
acute nature. Much less certainty exists about the delayed adverse health 
effects of chronic exposure to indoor pollutants at concentrations moder
ately above background levels. 

2. Although a considerable amount of indoor air quality monitoring has 
been carried out, the level of knowledge about population exposure is still 
inadequate. Estimates of population exposure will therefore have to be 
made from an appropriate description of the characteristics of the building 
stock and a description of the internal sources, including man. The com
bined distribution of these factors will be required for such an assessment. 

3. Reports of"sick" buildings are increasing. In many cases it is difficult 
or impossible to associate the indoor pollutants with the reported health 
effects. The reported health effects are usually the sort which are also 
found in other similar populations. 

4. The pollutants found in indoor air are also encountered in outdoor air, 
or in workplaces. For many of them, various authorities responsible for 
public health or occupational health have formulated and promulgated 
health criteria documents, concentration guidelim:s and t:vt:u ambient air 
quality standards. The Group considered the applicability of such criteria, 
guidelines and standards to the indoor environment and concluded that it 
was limited. In adopting values for guidelines and standards, a great 
number of factors are taken into account such as the fluctuation of 
concentration over time, the mixture of pollutants involved, trans
formations in the atmosphere, etc. These factors vary widely according to 
the setting and guidelines; cri.teria and standards for the occupational 
environment, the outdoor environment and the indoor environment 
(e.g. for S02) may be quite different. 

5. There was general agreement that, in principle, the required equip
ment for measuring indoor air quality is available, although the cost is 
often high. The ability to analyse and characterize complex mixtures of 
organic chemicals is still limited and cheap screening methods are not yet 
available. 
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6. Epidemiological studies of the adverse health effects of pollutants in 
the outdoor air are probably of very limited use in assessing the health 
impact of indoor pollution exposure, since most were carried out without 
taking into account how the indoor environment would modify the ex
posure. It is quite likely that new studies which do take the indoor environ
ment into account will find significant health effects at concentrations that 
gave inconclusive results in earlier studies. 

7. The level of knowledge about exposure of the population and about 
the exposure-effect relationship is inadequate, even to estimate the total 
impact on public health of indoor exposure to any one of the pollutants 
considered: tobacco smoke, N02, radon and daughters, formaldehyde, 
S02, C02, 03, asbestos, mineral fibres, organics and allergens. The most 
serious inadequacies are in the knowledge of the distribution of sources of 
pollution, of the exposure-response relationship and of the population 
exposed. Data from monitoring of exposure were also inadequate. Emis
sion characteristics of the sources, the measuring equipment and the type 
of adverse health effect to be expected were more adequately known. 

RECOMMENDATIONS 

The Group made the following recommendations. 

1 .  A critical review paper on adverse health effects of formaldehyde 
should be prepared. It could conclude with recommendations about future 
research needs. 

2. Building materials and furnishings with high rates of emission of toxic 
substances should be identified, as a first step in the process of classifi
cation of these materials according to their adverse health effects. 

3. An assessment should be made of S02 and 03 concentrations in 
multiple compartments in indoor environments, to provide data on total 
exposure and to make new risk assessments of these pollutants. 

4. Adverse health effects of N02, CO and other pollutants due to passive 
tobacco smoking and improper indoor combustion should be studied 
together. 

5. Organic substances are ubiquitous in indoor air, but very little is 
known about the form of exposure involved. Priority should be given to 
identifying and quantifying these chemicals in the indoor environment. 
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6. The exposure to radon and daughters is largely determined by the 
level of radon emission by soil, groundwater and building materials. 
Priority should be given to the study of the relative contribution of these 
three sources in various geographical areas. 

7. Consumers should be encouraged to use appropriate technical means 
for the effective control of combustion products indoors. Unvented com
bustion indoors should be discouraged or prohibited. Education of the 
public is an effective way of bringing about improved indoor air quality. 

8. It is recommended that a working group be convened to review the 
indoor air quality aspects of building and housing codes and, if appro
priate, draft recommendations for indoor air quality sections in such 
codes. 

9. In some countries, registries exist which contain specific information 
about buildings, such as construction materials, heating methods, room 
sizes, etc. Although these registries have been created for other purposes, 
they could also serve studies of the effect of building characteristics on the 
health of the occupants. 

10 .  For surveys, the development of passive monitors using 24-hour time 
integration (the accumulation over 24 hours) is recommended for nearly 
all contaminants. Surveys also require the development of proper ques
tionnaires to obtain ancillary information. For surveys measuring indoor 
air quality, a simple and inexpensive device for measuring ventilation rates 
is needed and its development is urgently recommended. 

1 1 . Field studies of exposure to indoor air pollutants and the adverse 
health effects associated with them should be carried out, whenever poss
ible, on representative sample populations. 
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Dr Seifert Dr Spengler 

Subgroup 9 on health effects assessment methodologies and priorities 
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Annex 2 

STEERING COMMITTEE ON INDOOR AIR QUALITY 

Research on indoor air quality (IAQ) has attracted increasing attention 
from the scientific community and regulatory agencies in recent years. A 
number of research institutes are involved in major investigations in this 
field. Experts from them attended the Working Group on Assessment and 
Monitoring ofIAQ, convened by the WHO Regional Office for Europe in 
Nordlingen, Federal Republic of Germany, from 8 to 1 1  June 1982. 

During that meeting the participants stressed the need to coordinate 
research activities and felt it would be useful and timely to set up a steering 
committee on IAQ research. For the purposes of such a committee, 
"indoors" should be understood to refer to such environments as homes, 
schools, public buildings, vehicles and other enclosed spaces to which 
people have access; however, industrial working environments would be 
excluded. In view of the recognized interest of the Regional Office in 
examining the problem of IAQ on an international level, the participants 
requested it to establish such a committee, and to act as a permanent 
secretariat. 

The objectives, membership and mode of action of such a committee 
were defined as follows. 

Objectives 

1 .  To identify and assess research and other relevant activities in various 
areas within the field of indoor air quality, including monitoring, exposure 
assessment, effects on human health and comfort, control strategies and 
public policy. 

2. To participate in the development and review of IAQ/environmental 
health criteria. 

3. To encourage international coordination of research and thereby 
avoid unnecessary duplication, by providing a focal point for collecting 
and distributing newly generated information in conjunction with an 
appropriate WHO collaborating centre. 

4. To provide consultant services, through WHO, to national authorities 
and intergovernmental organizations regarding specific research require
ments in the field of IAQ, and to advise, if so requested, on the develop
ment of regulatory programmes. 
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5. To advise research establishments on research gaps to be filled. 

6. To be available as a scientific programme advisory committee for IAQ 
conferences. 

Membership 

The Committee will maintain a suitable membership to enable it to discuss 
the health effects and the physical, chemical and biological characteristics 
of IAQ. 

The Committee will consist of no more than 20 and no fewer than 
14 members at any time, to enable effective operation. However, if and 
when necessary, the Committee may decide to call on the temporary 
assistance of other experts. 

Mode of action 

To pursue the stated objectives, the Committee will normally meet at least 
once a year. If and when appropriate, the Committee may be convem:d for 
other specific tasks. In a year in which an international conference on IAQ 
takes place, the meeting should preferably be held immediately following 
that conference. 
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