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Abstract

Microbial pollution is a key element of indoor air pollution. It is caused by hun-
dreds of species of bacteria and fungi, in particular filamentous fungi (mould),
growing indoors when sufficient moisture is available. This document provides
a comprehensive review of the scientific evidence on health problems associated
with building moisture and biological agents. The review concludes that the most
important effects are increased prevalences of respiratory symptoms, allergies
and asthma as well as perturbation of the immunological system. The document
also summarizes the available information on the conditions that determine the
presence of mould and measures to control their growth indoors. WHO guide-
lines for protecting public health are formulated on the basis of the review. The
most important means for avoiding adverse health effects is the prevention (or
minimization) of persistent dampness and microbial growth on interior surfaces
and in building structures.
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Foreword

Healthy indoor air is recognized as a basic right. People spend a large part of their
time each day indoors: in homes, offices, schools, health care facilities, or other
private or public buildings. The quality of the air they breathe in those buildings
is an important determinant of their health and well-being. The inadequate con-
trol of indoor air quality therefore creates a considerable health burden.

Indoor air pollution - such as from dampness and mould, chemicals and other
biological agents - is a major cause of morbidity and mortality worldwide. About
1.5 million deaths each year are associated with the indoor combustion of solid
fuels, the majority of which occur among women and children in low-income
countries.

Knowledge of indoor air quality, its health significance and the factors that
cause poor quality are key to enabling action by relevant stakeholders - including
building owners, developers, users and occupants — to maintain clean indoor air.
Many of these actions are beyond the power of the individual building user and
must be taken by public authorities through the relevant regulatory measures
concerning building design, construction and materials, and through adequate
housing and occupancy policies. The criteria for what constitutes healthy indoor
air quality provided by these guidelines are therefore essential to prevent disease
related to indoor air pollution.

These guidelines were developed by the WHO Regional Office for Europe in
collaboration with WHO headquarters as part of the WHO programme on in-
door air pollution. Further guidelines on indoor air quality in relation to pol-
lution emanating from specific chemicals and combustion products are under
development.

The WHO guidelines on indoor air quality: dampness and mould offer guid-
ance to public health and other authorities planning or formulating regulations,
action and policies to increase safety and ensure healthy conditions of buildings.
The guidelines were developed and peer reviewed by scientists from all over the
world, and the recommendations provided were informed by a rigorous review
of all currently available scientific knowledge on this subject. We at WHO thank
these experts for their efforts, and believe that this work will contribute to im-
proving the health of people around the world.

Marc Danzon
WHO Regional Director for Europe
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Executive summary

This document presents World Health Organization (WHO) guidelines for the
protection of public health from health risks due to dampness, associated micro-
bial growth and contamination of indoor spaces. The guidelines are based on a
comprehensive review and evaluation of the accumulated scientific evidence by
a multidisciplinary group of experts studying health effects of indoor air pollut-
ants as well as those specialized in identification of the factors that contribute to
microbial growth indoors.

Problems of indoor air quality are recognized as important risk factors for hu-
man health in both low-income and middle- and high-income countries. Indoor
air is also important because populations spend a substantial fraction of time
within buildings. In residences, day-care centres, retirement homes and other
special environments, indoor air pollution affects population groups that are par-
ticularly vulnerable due to their health status or age. Microbial pollution involves
hundreds of species of bacteria and fungi that grow indoors when sufficient
moisture is available. Exposure to microbial contaminants is clinically associated
with respiratory symptoms, allergies, asthma and immunological reactions.

The microbial indoor air pollutants of relevance to health are widely heteroge-
neous, ranging from pollen and spores of plants coming mainly from outdoors,
to bacteria, fungi, algae and some protozoa emitted outdoors or indoors. They
also include a wide variety of microbes and allergens that spread from person to
person. There is strong evidence regarding the hazards posed by several biologi-
cal agents that pollute indoor air; however, the WHO working group convened
in October 2006 concluded that the individual species of microbes and other bio-
logical agents that are responsible for health effects cannot be identified. This is
due to the fact that people are often exposed to multiple agents simultaneously,
to complexities in accurately estimating exposure and to the large numbers of
symptoms and health outcomes due to exposure. The exceptions include some
common allergies, which can be attributed to specific agents, such as house-dust
mites and pets.

The presence of many biological agents in the indoor environment is due to
dampness and inadequate ventilation. Excess moisture on almost all indoor ma-
terials leads to growth of microbes, such as mould, fungi and bacteria, which
subsequently emit spores, cells, fragments and volatile organic compounds into
indoor air. Moreover, dampness initiates chemical or biological degradation of
materials, which also pollutes indoor air. Dampness has therefore been suggested
to be a strong, consistent indicator of risk of asthma and respiratory symptoms
(e.g. cough and wheeze). The health risks of biological contaminants of indoor
air could thus be addressed by considering dampness as the risk indicator.
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Health hazards result from a complex chain of events that link penetration
of water indoors, excessive moisture to biological growth, physical and chemical
degradation, and emission of hazardous biological and chemical agents. The re-
view of scientific evidence that supports these guidelines follows this sequence of
events. The issues related to building dampness and its effect on indoor exposure
to biological and non-biological pollutants are summarized in Chapter 2, which
also addresses approaches to exposure assessment. An important determinant of
dampness and biological growth in indoor spaces is ventilation, and this issue is
discussed in Chapter 3. The evidence for the health effects of indoor exposure is
presented in Chapter 4, based on a review of epidemiological studies and of clini-
cal and toxicological research on the health effects of dampness and mould. The
results of the epidemiological and toxicological studies are summarized in the
appendices.

The background material for the review was prepared by invited experts and
discussed at a WHO working group meeting, convened in Bonn, Germany, 17-
18 October 2007. The conclusions of the working group discussion are presented
in Chapter 5 and are reproduced in this executive summary, as follows.

o Sufficient epidemiological evidence is available from studies conducted in dif-
ferent countries and under different climatic conditions to show that the oc-
cupants of damp or mouldy buildings, both houses and public buildings, are at
increased risk of respiratory symptoms, respiratory infections and exacerba-
tion of asthma. Some evidence suggests increased risks of allergic rhinitis and
asthma. Although few intervention studies were available, their results show
that remediation of dampness can reduce adverse health outcomes.

e There is clinical evidence that exposure to mould and other dampness-related
microbial agents increases the risks of rare conditions, such as hypersensitiv-
ity pneumonitis, allergic alveolitis, chronic rhinosinusitis and allergic fungal
sinusitis.

e Toxicological evidence obtained in vivo and in vitro supports these findings,
showing the occurrence of diverse inflammatory and toxic responses after
exposure to microorganisms isolated from damp buildings, including their
spores, metabolites and components.

e While groups such as atopic and allergic people are particularly susceptible to
biological and chemical agents in damp indoor environments, adverse health
effects have also been found in nonatopic populations.

e The increasing prevalences of asthma and allergies in many countries increase
the number of people susceptible to the effects of dampness and mould in
buildings.



Xiv WHO GUIDELINES FOR INDOOR AIR QUALITY: DAMPNESS AND MOULD

The conditions that contribute to the health risk were summarized as follows.

The prevalence of indoor dampness varies widely within and among coun-
tries, continents and climate zones. It is estimated to affect 10-50% of indoor
environments in Europe, North America, Australia, India and Japan. In cer-
tain settings, such as river valleys and coastal areas, the conditions of damp-
ness are substantially more severe than the national averages for such condi-
tions.

The amount of water on or in materials is the most important trigger of the
growth of microorganisms, including fungi, actinomycetes and other bacteria.
Microorganisms are ubiquitous. Microbes propagate rapidly wherever water
is available. The dust and dirt normally present in most indoor spaces provide
sufficient nutrients to support extensive microbial growth. While mould can
grow on all materials, selection of appropriate materials can prevent dirt ac-
cumulation, moisture penetration and mould growth.

Microbial growth may result in greater numbers of spores, cell fragments, al-
lergens, mycotoxins, endotoxins, f-glucans and volatile organic compounds
in indoor air. The causative agents of adverse health effects have not been
identified conclusively, but an excess level of any of these agents in the indoor
environment is a potential health hazard.

Microbial interactions and moisture-related physical and chemical emissions
from building materials may also play a role in dampness-related health ef-
fects.

Building standards and regulations with regard to comfort and health do not
sufficiently emphasize requirements for preventing and controlling excess
moisture and dampness.

Apart from its entry during occasional events (such as water leaks, heavy rain
and flooding), most moisture enters a building in incoming air, including that
infiltrating through the building envelope or that resulting from the occu-
pants’ activities.

Allowing surfaces to become cooler than the surrounding air may result in
unwanted condensation. Thermal bridges (such as metal window frames), in-
adequate insulation and unplanned air pathways, or cold water plumbing and
cool parts of air-conditioning units can result in surface temperatures below
the dew point of the air and in dampness.

On the basis of this review, the following guidelines were formulated.

Persistent dampness and microbial growth on interior surfaces and in build-
ing structures should be avoided or minimized, as they may lead to adverse
health effects.

Indicators of dampness and microbial growth include the presence of conden-
sation on surfaces or in structures, visible mould, perceived mouldy odour
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and a history of water damage, leakage or penetration. Thorough inspection
and, if necessary, appropriate measurements can be used to confirm indoor
moisture and microbial growth.

o Astherelations between dampness, microbial exposure and health effects can-
not be quantified precisely, no quantitative health-based guideline values or
thresholds can be recommended for acceptable levels of contamination with
microorganisms. Instead, it is recommended that dampness and mould-re-
lated problems be prevented. When they occur, they should be remediated be-
cause they increase the risk of hazardous exposure to microbes and chemicals.

o Well-designed, well-constructed, well-maintained building envelopes are crit-
ical to the prevention and control of excess moisture and microbial growth, as
they prevent thermal bridges and the entry of liquid or vapour-phase water.
Management of moisture requires proper control of temperatures and ventila-
tion to avoid excess humidity, condensation on surfaces and excess moisture
in materials. Ventilation should be distributed effectively throughout spaces,
and stagnant air zones should be avoided.

e Building owners are responsible for providing a healthy workplace or living
environment free of excess moisture and mould, by ensuring proper building
construction and maintenance. The occupants are responsible for managing
the use of water, heating, ventilation and appliances in a manner that does not
lead to dampness and mould growth. Local recommendations for different
climatic regions should be updated to control dampness-mediated microbial
growth in buildings and to ensure desirable indoor air quality.

e Dampness and mould may be particularly prevalent in poorly maintained
housing for low-income people. Remediation of the conditions that lead to ad-
verse exposure should be given priority to prevent an additional contribution
to poor health in populations who are already living with an increased burden
of disease.

The guidelines are intended for worldwide use, to protect public health un-
der various environmental, social and economic conditions, and to support the
achievement of optimal indoor air quality. They focus on building characteristics
that prevent the occurrence of adverse health effects associated with dampness
or mould. The guidelines pertain to various levels of economic development and
different climates, cover all relevant population groups and propose feasible ap-
proaches for reducing health risks due to dampness and microbial contamina-
tion. Both private and public buildings (e.g. offices and nursing homes) are cov-
ered, as dampness and mould are risks everywhere. Settings in which there are
particular production processes and hospitals with high-risk patients or sources
of exposure to pathogens are not, however, considered.

While the guidelines provide objectives for indoor air quality management,
they do not give instructions for achieving those objectives. The necessary action
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and indicators depend on local technical conditions, the level of development,
human capacities and resources. The guidelines recommended by WHO ac-
knowledge this heterogeneity. In formulating policy targets, governments should
consider their local circumstances and select actions that will ensure achieve-
ment of their health objectives most effectively.



1. Introduction

1.1 Background

Problems of indoor air quality are recognized as important risk factors for hu-
man health in both low-income and middle- and high-income countries. In-
door air is important also because populations spend a substantial fraction of
time within buildings. In residences, day-care centres, retirement homes and
other special environments, indoor air pollution affects population groups that
are particularly vulnerable due to their health status or age. Microbial pollution
involves hundreds of species of bacteria and fungi that grow indoors when suf-
ficient moisture is available. Exposure to microbial contaminants is clinically as-
sociated with respiratory symptoms, allergies, asthma and immunological reac-
tions.

Indoor air plays a special role as a health determinant, and management of in-
door air quality requires approaches that differ from those used for outdoor air.
For these reasons, the working group preparing the global update of the WHO
air quality guidelines (WHO Regional Office for Europe, 2006a) recommended
that WHO also prepare guidelines for indoor air quality. This is in line with the
recommendations of an earlier WHO working group that formulated The right
to healthy indoor air and, in particular, with its Principle 6, which states that “Un-
der the principle of accountability, all relevant organizations should establish ex-
plicit criteria for evaluating and assessing building air quality and its impact on
the health of the population and on the environment” (WHO Regional Office for
Europe, 2000a).

The subsequent working group meeting in Bonn in October 2006 acknowl-
edged the applicability of the existing WHO guidelines for air quality (WHO Re-
gional Office for Europe, 2000b, 2006a) to indoor air and identified a number of
chemical substances for which specific indoor air guidelines was recommended.
The working group also recommended guidelines for two additional categories
of risk factors of particular importance to health in indoor environments: biolog-
ical agents and indoor combustion (WHO Regional Office for Europe, 2006b).

Biological agents of relevance to health are widely heterogeneous, ranging
from pollen and spores of plants (mainly from outdoors), to bacteria, fungi, algae
and some protozoa emitted outdoors or indoors. They also include a wide vari-
ety of microbes and allergens that spread from person to person. There is strong
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evidence regarding the hazards posed by several biological agents that pollute
indoor air; however, the WHO working group convened in October 2006 con-
cluded that the individual species of microbes and other biological agents that
are responsible for health effects cannot be identified. This is due to people often
being exposed to multiple agents simultaneously, to complexities in accurate esti-
mation of exposure and to the large numbers of symptoms and health outcomes
due to exposure. The exceptions include some common allergies, which can be
attributed to specific agents, such as house dust mites and pets.

While quantitative guidelines could not be provided for the concentrations of
many biological agents, recommendations, guidance or guidelines (all referred
to ‘guidelines’ in this text) have been formulated to protect health and identify
health risks by defining indicators of a safe indoor environment. Thus, the guide-
lines define problems and the circumstances in which risk is likely to occur but
do not include recommendations on acceptable levels of exposure to biological
agents. The aim of these guidelines is to help public health authorities and the
general public to identify the hazards and reduce the risks. They do not, however,

Definitions of some terms used in the guidelines

Air-conditioning system: assembly of equipment for treating air to control simultaneously
its temperature, humidity, cleanliness and distribution to meet the requirements of a
conditioned space.

Dampness: any visible, measurable or perceived outcome of excess moisture that causes
problems in buildings, such as mould, leaks or material degradation, mould odour or
directly measured excess moisture (in terms of relative humidity or moisture content) or
microbial growth.

Excess moisture: moisture state variable that is higher than a design criterion, usually
represented as moisture content or relative humidity in building material or the air. Design
criteria can be simple indicators (e.g. no condensation or relative humidity value) or more
complicated representations that take into account continuous fluctuation of moisture (i.e.
mould growth index).

Moisture: (1) water vapour; (2) water in a medium, such as soil or insulation, but not bulk
water or flowing water.

Moisture problem or damage; water damage: any visible, measurable or perceived
outcome caused by excess moisture indicating indoor climate problems or problems of
durability in building assemblies; moisture damage is a particular problem of building
assembly durability; water damage is a moisture problem caused by various leaks of water.

Moisture transport: moisture can be transported in both the vapour and the liquid phase
by diffusion, convection, capillary suction, wind pressure and gravity (water pressure).

Mould: all species of microscopic fungi that grow in the form of multicellular filaments,
called hyphae. In contrast, microscopic fungi that grow as single cells are called yeasts, a
connected network of tubular branching hyphae has multiple, genetically identical nuclei
and is considered a single organism, referred to as a colony (Madigan, Martinko, 2005).

Ventilation: process of supplying or removing air by natural or mechanical means to or
from any space; the air may or may not have been conditioned.




INTRODUCTION 3

make recommendations for specific actions to manage indoor air quality, which
must be addressed at the national or local level, as has already been done in some
countries.

Although the literature on biological contaminants in indoor air is vast, there
is no universal agreement on the precise meaning of the terms used to describe
the (micro-)environmental conditions determining their presence and prolifera-
tion. The definitions used in these guidelines are shown in Box 1.

The presence of many biological agents in indoor environments is attributable
to dampness and inadequate ventilation. Excess moisture on almost all indoor
materials leads to growth of microbes, such as mould, fungi and bacteria, which
subsequently emit spores, cells, fragments and volatile organic compounds into
indoor air. Moreover, dampness initiates chemical or biological degradation of
materials, which also pollute indoor air. Dampness has therefore been suggested
to be strong, consistent indicator of risk of asthma and respiratory symptoms
(e.g. cough and wheeze). The health risks of biological contaminants of indoor
air could thus be addressed by considering dampness as the risk indicator.

Several widely acknowledged global trends contribute to the conditions asso-
ciated with increased exposure to dampness and mould:

e energy conservation measures that are not properly implemented (tightened
building envelopes, ventilation deficits, improper insulation);

e urbanization (migration, building type and density, urban degradation, hous-
ing availability and social inequity);

e climate change (increasing frequency of extreme weather conditions, shifting
of climate zones); and

o the quality and globalization of building materials and components, construc-
tion concepts and techniques.

These conditions increase the risks of adverse health effects due to biological
contaminants of indoor air.

1.2 Scope of thereview
One of the recommendations of the WHO working group that met in October
2006 was to identify the main health risks due to dampness, the associated mi-
crobial growth and contamination of indoor spaces and to formulate relevant
guidelines for the protection of public health. As separate guidelines are to be
prepared specifically for allergens from pets and from house-dust mites, these
aspects are mentioned only briefly in these guidelines and only if moisture and
dampness determine their presence.

The review covers not only mould but also covers to some extent other bio-
logical agents, such as bacteria associated with excess moisture in indoor envi-
ronments. As it was not feasible to include all the exposure factors in the title,
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Figure 1. Pathways linking sources of dampness with health
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dampness and mould were accepted as a compromise between brevity and preci-
sion concerning the content of the guidelines.

The need for definitions of terms such as dampness and moisture was discussed
extensively during the review. The working group agreed, however, that while it
is important to use terms consistently, explicit definitions have limitations. In the
scientific studies reviewed, various definitions were used, and even native lan-
guage speakers could not recognize subtle differences in the different definitions.
Therefore, the terms used had to be evaluated separately in each context.

The complex causal chain of events that constitute a health hazard links
sources of water through excessive moisture to biological growth and physical
and chemical degradation and further to emission of hazardous biological and
chemical agents (Figure 1). The review of evidence follows this chain, summariz-
ing the issues related to building dampness and its impacts on indoor exposure
to biological and non-biological pollutants in Chapter 2, which also presents ap-
proaches to exposure assessment.

An important determinant of dampness and biological growth in indoor
spaces is ventilation, which is discussed in Chapter 3. The working group ac-
knowledged that ventilation plays a major role in building operation and occu-
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pants’ health and that these aspects should be covered in another volume of the
Indoor air quality guidelines (e.g. in guidelines on indoor combustion). Mois-
ture control in building structures is the second important issue summarized in
Chapter 3. Unfavourable combinations of air humidity and temperature differ-
ences in building structures may lead to condensation of water on surfaces and
consequent decomposition of building materials and microbial growth.

The evidence for the health effects of indoor exposure to dampness and mould
is presented in Chapter 4, which is based on reviews of epidemiological studies

and clinical and toxicological research.

1.3

Preparation of the guidelines

The planning meeting in 2006 recommended that a steering group? be estab-
lished to guide preparation of the guidelines. The group recommended poten-
tial authors and reviewers for the first draft of the background material, which
was submitted to WHO in August 2007 and, after compilation, distributed for

2 Steering group members: Ross Anderson, Aaron Cohen, Séverine Kirchner, Lars Mglhave, Aino
Nevalainen, Bernd Seifert, Kirk Smith and John Spengler
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external review. The drafts and the reviewers’ comments provided the back-
ground for the discussions of the WHO working group meeting in Bonn, 17-18
October 2007, which evaluated both the scientific evidence and the comments
made in the review. The working group then summarized their evaluations of
the health risks and recommended the guidelines presented in Chapter 5 of this
document. The comments collected before and during the working group meet-
ing were used by the primary authors of the background material to prepare the
second drafts of Chapters 1-4. These drafts were reviewed by the working group
members. The final versions of the chapters incorporated the comments of all
reviewers and were accepted by the steering group.

It is anticipated that the recommendations in these guidelines will remain
valid until 2018. The Department of Public Health and Environment at WHO
headquarters in Geneva will be responsible for initiating a review of these guide-
lines at that time.

1.4 Guidelines and indoor air quality management

The guidelines are intended for worldwide use, to protect public health un-
der various environmental, social and economic conditions and to support the
achievement of optimal indoor air quality. They focus on building characteristics
that prevent the occurrence of adverse health effects associated with dampness
or mould. The guidelines are applicable to various levels of economic develop-
ment and different climates, cover all relevant population groups, and propose
feasible approaches to reducing health risks due to dampness and microbial con-
tamination. Chapters 2-4 summarize the scientific evidence on the relationships
between dampness, mould and health effects. Both private and public buildings
(e.g. offices and nursing homes) are covered, as dampness and mould are risks
everywhere. Settings with particular production processes and hospitals with
high-risk patients or sources of exposure to pathogens are not, however, consid-
ered.

While the guidelines provide objectives for indoor air quality management,
they do not give instructions for achieving those objectives. The necessary action
and indicators depend on local technical conditions, the level of development,
human capacities and resources. The guidelines recommended by WHO ac-
knowledge this heterogeneity. In formulating policy targets, governments should
consider their local circumstances and select actions that will ensure achieve-
ment of their health objectives most effectively.
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2. Building dampness and its effect
on indoor exposure to biological
and non-biological pollutants

Jeroen Douwes

2.1 Frequency of indoor dampness
A review of studies in several European countries, Canada and the United States
in 2004 indicated that at least 20% of buildings had one or more signs of damp-
ness (Institute of Medicine, 2004). This estimate agrees with those of a study of
16 190 people in Denmark, Estonia, Iceland, Norway and Sweden, which gave
an overall prevalence of indoor dampness of 18%, with the lowest prevalence in
Goteborg, Sweden (12.1%), and the highest in Tartu, Estonia (31.6%) (Gunn-
bjornsdottir et al., 2006). Dampness was defined on the basis of self-reported
indicators, such as water leakage or damage, bubbles or discoloration of floor
coverings, and visible mould growth indoors on walls, floors or ceilings. From
several studies conducted in the United States, Mudarri and Fisk (2007) esti-
mated the prevalence of dampness or mould in houses to be approximately 50%.
Although few data are available for low-income countries, several studies sug-
gest that indoor dampness is also common in other areas of the world. For ex-
ample, a study of 4164 children in rural Taiwan, China, showed that 12.2% of
the parents or guardians considered their dwelling to be damp, 30.1% reported
the presence of visible mould inside the house in the past year, 43.4% reported
the appearance of standing water, water damage or leaks, and 60% reported at
least one of these occurrences (Yang et al., 1997a). In a study in Singapore of
4759 children, the prevalence of dampness in the child’s bedroom was 5% and
that of mould was 3% (Tham et al., 2007); the overall prevalence of mould and
damp in the rest of the house was not given. About 11% of parents of 10 902
schoolchildren in a study in three cities in China (Beijing, Guangzhou and Hong
Kong Special Administrative Region) reported mould on the ceilings and walls
(Wong et al., 2004). In a study in Japan of the residents of 98 houses built within
the past 4 years, condensation on window panes or walls was reported by the
residents in 41.7% of all houses, and 15.6% had visible mould (Saijo et al., 2004).
Indoor damp was reported by 13% of 3368 adults living in Nikel in the Arctic
area of the northern Russian Federation (Dotterud, Falk, 1999). A case-control
study of asthma in the West Bank and Gaza Strip, involving participants in vil-
lages, cities and refugee camps, showed that 62 of 110 dwellings (56%) had visible
mould on the walls and ceilings (El Sharif et al., 2004). The prevalence of houses
characterized as damp with visible mould was highest in the refugee camps, with
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an estimated 75% of houses affected. Another study in the West Bank in 188 ran-
domly selected houses in the Al-Amari refugee camp south of Ramallah City
showed that 78.2% of the houses had damp problems, leaks or indoor mould (Al-
Khatib et al., 2003).

As dampness is more likely to occur in houses that are overcrowded and lack
appropriate heating, ventilation and insulation (Institute of Medicine 2004), the
prevalence of indoor damp in low-income communities can be substantially
higher than the national average. For example, in a study of 1954 young moth-
ers in the United Kingdom, those who lived in owner-occupied or mortgaged
accommodations (relatively affluent) reported damp (52%) and mould (24%)
significantly less often than those who lived in council houses or rented accom-
modations (relatively deprived), 58% of whom reported damp and 56% of whom
reported mould (Baker, Henderson, 1999). Similarly, a study of 25 864 school-
children in eastern Germany showed that the children of parents with a low edu-
cational level were 4.8 times more likely (95% confidence interval (CI), 3.4-5.4)
to live in damp houses than those of parents with a high level of education. Chil-
dren whose parents had received education at the intermediate level were 1.8
times as likely to live in a damp house (95% CI, 1.6-2.1) (du Prel, Kramer, Rantft,
2005).

Indoor damp is likely to remain an important issue in less affluent countries
and neighbourhoods, particularly since an increasing shortage of affordable
housing provides little incentive for landlords to improve rental accommoda-
tion. Similarly, the substantial costs involved in remediation may dissuade low-
income home owners from improving substandard housing conditions. This will
add to the already high burden of poor health in those communities.

Most of the estimates of prevalence are based on self-reports and may there-
fore be biased. To address this problem, self-reports of dampness were compared
in several studies with results obtained through inspections by trained person-
nel. Although in most of these studies the occupants reported more dampness
than the trained surveyors (Bornehag et al., 2001), some studies showed that oc-
cupants reported less dampness (Williamson et al., 1997; Nevalainen et al., 1998).
Studies by Engman, Bornehag and Sundell (2007) and Sun, Sundhell and Zhang
(2007) also showed poor agreement between self-reported and inspectors’ obser-
vations of dampness and mouldy odour. Douwes et al. (1999), however, found
that occupants’ reports of damp spots or fungal spots correlated better with an
objective measure of indoor fungi than investigators’ reports of these visible
signs; a similar finding was reported by Sun, Sundhell and Zhang (2007). This
result was not confirmed by another study, in which objective measures of fungal
concentrations and questionnaire reports were compared (Dales, Miller, McMul-
len, 1997).

The exact prevalence of home dampness cannot be established in the absence
of a gold standard, but occupants’ and inspectors’ reports indicate that it is likely
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to be in the order of 10-50% in the most affluent countries. Although the evi-
dence is more limited for less affluent countries, the magnitude of the problem
appears to be similar, the prevalence sometimes even exceeding 50% (e.g. in refu-
gee camps in the West Bank and Gaza Strip, see above). As problems of damp are
commonest in deprived neighbourhoods, a substantial proportion of that popu-
lation is at risk of adverse health effects associated with damp indoor environ-
ments (see Chapter 4).

Climate change and its effects on the weather (i.e. storms and heavy rain-
fall) and the subsequent rise in sea level and increased frequency and duration
of floods are likely to increase the proportion of buildings with damp problems
further, particularly in flood-prone areas such as river valleys and coastal areas.
In addition, high energy costs will prevent adequate heating in winter in many
houses (so-called fuel poverty), leading to increased condensation and indoor
dampness.

Dampness and indoor mould also occur in school buildings, day-care cen-
tres, offices and other buildings (Mudarri, Fisk, 2007). The health risks associ-
ated with dampness-related exposures in these building are likely to be similar to
those in damp houses; however, no systematic surveys have been conducted to
assess the prevalence of dampness and mould in these establishments.

2.2 Effects of dampness on the quality
of the indoor environment

Indoor environments contain a complex mixture of live (viable) and dead (non-
viable) microorganisms, fragments thereof, toxins, allergens, volatile microbial
organic compounds and other chemicals. The indoor concentrations of some of
these organisms and agents are known or suspected to be elevated in damp in-
door environments and may affect the health of people living or working there
(see Chapter 4). In particular, it has been suggested that dust mites and fungi,
both of which favour damp environments, play a major role. Dust mites and sev-
eral fungi produce allergens known to be associated with allergies and asthma;
many fungi also produce toxins and irritants with suspected effects on respira-
tory health.

Dampness may also promote bacterial growth and the survival of viruses, but
this has received little attention in the literature (see sections 2.3.2 and 2.3.7).
In addition, dampness is an indicator of poor ventilation, which may result in
increased levels of a wide range of other potentially harmful indoor pollutants
(see Chapter 3). Excess moisture may also result in increased chemical emissions
from building materials and floor covers (see section 2.3.6). Furthermore, stand-
ing water may attract cockroaches and rodents, which can transmit infectious
diseases and are also a source of indoor allergens. These pests are not specific
to damp buildings, however, and are therefore not be discussed further in this
document. Damp indoor environments (particularly damp soil and wood) may
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also attract termites, which can cause substantial damage to buildings, signifi-
cantly compromising the integrity of the structure and therefore the health and
safety of its occupants. Also, the presence of termites may indirectly affect the
indoor environment by inducing the use (and misuse) of potentially hazardous
pesticides. As termites are not known to affect indoor air quality directly, they are
not discussed further in this document. Although outbreaks of legionellosis are
commonly associated with water sources in buildings, they are not typically as-
sociated with damp buildings and are also not discussed further.

2.2.1 Dust mites

As indicated in Chapter 1, the focus of these guidelines is dampness, mould and
microbial agents (see below). The close association between damp indoor envi-
ronments and dust mites is, however, discussed briefly. The reader is referred to
the report of the Institute of Medicine (2000) on house dampness and asthma
for a more detailed overview of the literature on the associations between indoor
damp, house dust mite allergens and asthma.

House dust mites are arachnids, and many different species have been iden-
tified; however, only a few are of concern with respect to damp indoor envi-
ronments (see section 2.3.1). The natural food source of house-dust mites in-
cludes skin scales, although many other sources may be used. Therefore, in most
houses, nutrition is abundantly available, particularly in mattresses and carpets
or rugs. Laboratory studies have shown that most dust mites require a relative
humidity in excess of 45-50% for survival and development, but they feed and
multiply more rapidly at higher relative humidity (Arlian, 1992). Indoor humid-
ity is therefore the main influence on the presence and propagation of house dust
mites, as confirmed in several field studies (van Strien et al., 1994; de Andrade
et al., 1995; Simpson et al., 2002; van Strien et al., 2004; Zock et al., 2006). Damp
houses therefore significantly increase exposure to dust-mite allergens, at least in
populations living in mild and temperate climates.

2.2.2 Fungi
Fungi are ubiquitous eukaryotic organisms, comprising an abundance of species.
They may be transported into buildings on the surface of new materials or on
clothing. They may also penetrate buildings through active or passive ventila-
tion. Fungi are therefore found in the dust and surfaces of every house, including
those with no problems with damp. Once fungi are indoors, fungal growth can
occur only in the presence of moisture, and many fungi grow readily on any sur-
face that becomes wet or moistened; that is, virtually all fungi readily germinate
and grow on substrates in equilibrium with a relative humidity below saturation
(i.e. below 100%).

The species that grow on a given substrate depends largely on the water activ-
ity of the substrate. Water activity is a measure of water availability and is de-
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fined as the ratio of the vapour pressure above a substrate relative to that above
pure water measured at the same temperature and pressure. The minimum wa-
ter activity required for fungal growth on building surfaces varies from less than
0.80 to greater than 0.98 (Grant et al., 1989; see also Table 1). On the basis of
their water requirements, indoor fungi can be divided into: (1) primary colo-
nizers, which can grow at a water activity less than or equal to 0.80; (2) second-
ary colonizers, which grow at a water activity level of 0.80-0.90; and (3) tertiary
colonizers, which require a water activity greater than 0.90 to germinate and start
mycelial growth (Grant et al., 1989; see also Table 1). Although high levels of
humidity and some surface and interstitial condensation may be sufficient for
most primary and secondary colonizers, tertiary colonizers generally require se-
rious condensation problems. These problems may be due to construction faults,
including inadequate insulation, in combination with poor ventilation, or water
damage from leaks, flooding and groundwater intrusion.

Fungi also need nutrients, which may include carbohydrates, proteins and lip-
ids. The sources are diverse and plentiful, ranging from plant or animal matter in
house dust to surface and construction materials (such as wallpaper and textiles),
condensation or deposition of cooking oils, paint and glue, wood, stored prod-
ucts (such as food), and books and other paper products. Nutrients are therefore
generally not a limiting factor for indoor fungal growth. In fact, fungi are known
to grow even on inert materials such as ceramic tiles and can obtain sufficient
nutrients from dust particles and soluble components of water. As most indoor
fungi grow at 10-35 °C, common indoor temperatures are also not a limiting
factor; however, although temperature and nutrients are not critical, they may
affect the rate of growth (see section 3.3) and the production of certain allergens
and metabolites (Nielsen et al., 1999; Institute of Medicine, 2000). Thus, water
remains the most critical factor in indoor fungal growth, as also indicated in field
studies, which show elevated numbers of fungi and fungal spores in damp houses
(Gallup et al., 1987; Waegemaekers et al., 1989; Douwes et al., 1999). House
dampness therefore significantly contributes to fungal spores, fragments and al-
lergens (see section 2.3).

Fungi not only have adverse effects on health but also cause considerable
damage to buildings, the wood-rotting fungi being particularly destructive to
(wooden) building structures. The commonest and possibly the most destructive
wood decay fungus found in buildings in temperate regions, including Australia,
Europe and Japan, is the dry-rot fungus Serpula lacrymans (previously known
as Merulius lacrymans) (Singh, 1999). This fungus can grow quickly and may
spread throughout a building from one timber to another, potentially causing
devastating effects in the whole building. There are many other dry- and wet-rot
fungi that can cause wood decay and subsequent damage to the built environ-
ment (reviewed by Singh, 1999). They have also been implicated in the causation
of hypersensitivity pneumonitis (extrinsic allergic alveolitis).
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Table 1. Moisture levels required for growth of selected microorganisms in
construction, finishing and furnishing materials

Moisture level Category of microorganism

High (aw, > 0.90; ERH, > 90%) Tertiary colonizers (hydrophilic)

Alternaria alternata
Aspergillus fumigatus
Epicoccum spp.
Exophiala spp.
Fusarium moniliforme
Mucor plumbeus
Phoma herbarum
Phialophora spp.
Rhizopus spp.
Stachybotrys chartarum (S. atra)
Trichoderma spp.
Ulocladium consortiale
Rhodotorula spp.
Sporobolomyces spp.

Actinobacteria (or Actinomycetes)

Intermediate (aw, 0.80-0.90; ERH, 80-90%) Secondary colonizers
Aspergillus flavus
Aspergillus versicolor®
Cladosporium cladosporioides
Cladosporium herbarum
Cladosporium sphaerospermum
Mucor circinelloides
Rhizopus oryzae

Low (aw, < 0.80; ERH, < 80%) Primary colonizers (xerophilic)
Alternaria citri
Aspergillus (Eurotium) amstelodami
Aspergillus candidus
Aspergillus (Eurotium) glaucus
Aspergillus niger
Aspergillus penicillioides
Aspergillus (Eurotium) repens
Aspergillus restrictus
Aspergillus versicolor®
Paecilomyces variotii
Penicillium aurantiogriseum
Penicillium brevicompactum
Penicillium chrysogenum
Penicillium commune
Penicillium expansum
Penicillium griseofulvum
Wallemia sebi

Note. ay, water activity; ERH, equilibrium relative humidity
Sources: Grant et al. (1989); Gravesen, Frisvad, Samson (1994); ISIAQ (1996)
2at12°C;*at25°C
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2.2.3 Bacteria

Bacteria are ubiquitous prokaryotic single-cell organisms, comprising an abun-
dance of species. They can be found in the dust and on the surfaces of every
house, including those with no damp problems. The main sources of bacteria
in the indoor environment are outdoor air, people and indoor bacterial growth.
Bacteria from outdoor air and those originating from people are considered to be
fairly harmless; bacteria growing actively or accumulating in the indoor environ-
ment, however, may affect health, but this has not been studied extensively.

As described for fungi, water is a critical requirement for bacterial growth.
In fact, bacteria require higher water activities than most fungi. The tempera-
ture and nutrient demands are generally met in most indoor environments. Sur-
prisingly, few studies have been conducted on bacterial growth in damp houses.
Those that have suggest that bacteria grow in the same areas as fungi. In particu-
lar, Streptomycetes (Gram-positive spore-forming bacteria that are not normal
indoor flora in urban environments) may grow on damp or wet building materi-
als (Hyvirinen et al., 2002). Their presence in indoor air may therefore indicate
that a building has a moisture problem (Samson et al., 1994). Although no clear
association with dampness has been found, it has been suggested that endotoxins
from Gram-negative bacteria occur at increased levels in damp buildings (Bis-
chof et al., 2002; Solomon et al., 2006).

2.2.4 Protozoa

It has been proposed that protozoa play a role in the complex mixture of expo-
sures that contribute to adverse health effects associated with damp indoor envi-
ronments (Yli-Pirila et al., 2004). In their study, amoeba were detected in 22% of
124 material samples from moisture-damaged buildings. Most of the 11 samples
of materials that were badly damaged by moisture were found to contain ciliates
and flagellates. No field studies have been conducted to assess the airborne con-
centrations of protozoa or fragments thereof. Although a study in vitro suggested
that amoeba enhance the pro-inflammatory properties of certain microbes (Yli-

Pirila et al., 2007), it is not clear whether protozoa in damp buildings contribute
to ill health.

2.3 Dampness-related indoor pollutants

In this section, we describe the most important indoor pollutants that have been
associated with damp indoor spaces and related health effects. The health effects
associated with these pollutants are discussed in Chapter 4.

2.3.1 Allergens

All agents that can induce specific immune responses (resulting in the produc-
tion of specific antibodies) are also potential allergens. The term allergen can re-
fer to a single molecule, a mixture of molecules or a particle from which allergen
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molecules can be eluted. The latter can be dead material, like mite faecal particles,
or viable propagules, such as bacteria or mould spores. Thus, allergens comprise
a large variety of macromolecular structures, ranging from low-relative-mo-
lecular-mass sensitizers (mainly chemicals such as formaldehyde) to high-rela-
tivemolecular- mass sensitizers (such as polymeric carbohydrates and proteins).
In damp indoor environments, those with a high relative molecular mass are
most relevant, in particular house dust mite allergens and fungal allergens.

2.3.1.1. House dust mite allergens

Dust mites produce the predominant inhalation allergens in many parts of the
world. The most common mite species that produce allergens are Dermatopha-
goides pteronyssinus and Dermatophagoides farinae. The major allergens pro-
duced by D. pteronyssisus (called Der p I and Der p II) are proteases, which are
present in large amounts in faecal pellets (Institute of Medicine, 2000). The ma-
jor allergen produced by D. farinae is Der f I. Elevated levels of these allergens
have been detected in house dust, mattress dust and bedding in damp houses
(van Strien et al., 1994; Simpson et al., 2002; van Strien et al., 2004). As the focus
of these guidelines is indoor dampness and microorganisms, dust mite allergen
levels are not discussed further.

2.3.1.2. Fungal allergens

Many fungal species produce type I allergens, and immunoglobulin (Ig)E sen-
sitization to the commonest outdoor and indoor fungal species, like Alternaria,
Penicillium, Aspergillus and Cladosporium spp., is strongly associated with aller-
gic respiratory disease, especially asthma (Chapter 4). Fungi are also well-known
sources of type III (or IgG-inducing) allergens. The species involved include
many common genera such as Penicillium and Aspergillus, which can be found
in most houses. At high concentrations, fungi may also be involved in combined
type III and IV allergic reactions, including hypersensitivity pneumonitis.

Many fungal allergens are glycopeptides with enzymatic properties. They
are found in spores, hyphae and fungal fragments but are released in greater
amounts during germination and mycelial growth, which may occur inside the
airways (Green et al., 2006). The viability of spores is therefore important for
allergenic expression, as confirmed in some studies in experimental animals. Al-
though non-viable fungal spores and hyphae release allergens at lower concen-
trations, they are still likely to play an important role in fungi-related allergies
and respiratory effects. Non-viable fungal spores and fungal fragments also con-
tain potentially harmful compounds such as (153)-3-D-glucans and mycotoxins
(see sections 2.3.4 and 2.3.5). Species of the genera Cladosporium, Alternaria and
Aspergillus have been shown to produce a variety of allergens, including several
major ones: Cla h I (Cladosporum herbarum), Alt a I and Alt a II (Alternaria al-
ternata) and Asp fI and Asp f IIT (Aspergillus fumigatus). Nonetheless, the most
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potent allergenic proteins, identified as major allergens in fungal extracts pro-
duced in vitro, might not be the same as those to which people are actually ex-
posed in indoor environments. This might explain the negative skin-prick test
and IgE results in people with asthma (see Chapter 4).

Commercial assays are available for only a limited number of indoor fungal
allergens (including Alternaria allergens, see section 2.4.3) because of difficulties
in the manufacture and standardization of fungal allergen extracts. Therefore,
little information is available on exposure to these allergens.

Many fungi and some yeast replicate by producing numerous spores that
are well adapted to airborne dispersal. Spores are typically 2-10 pm in length.
They can stay airborne for long periods and may deposit in the respiratory sys-
tem, some smaller spores reaching the alveoli (Eduard, 2006). Fungi also release
even smaller fungal fragments (Gorny, 2004), which are derived from broken
or fractured spores and hyphae and can be categorized into submicron particles
(< 1 pm) or larger fungal fragments (> 1 um). Even more fungal fragments than
spores may be deposited in the respiratory tract (Cho et al., 2005); like spores,
they are known to contain allergens (Green et al., 2006) and mycotoxins (Brasel
et al., 2005a). Both spores and fungal fragments may therefore be involved in
mould-related adverse health effects.

The aerosolization of fungal matter and its subsequent inhalation are only
partly understood, but two mechanisms are believed to be of particular impor-
tance: (1) release of spores or fungal fragments by active discharge, indoor air
movement or physical disturbance caused by people or pets; and (2) resuspen-
sion of settled fungal matter due to human activities. Factors that may affect the
rate of release of spores or fungal fragments include air velocity, time, colony
structure, desiccation stress, moisture condition and vibration. These factors
may affect the rate of aerosolization of spores and fungal fragments differently
(Gorny, 2004).

Fungal spores are ubiquitous in outdoor air, the levels ranging from less than
100 to more than 10° spores/m*. The indoor levels are usually lower than those
outdoors but may be increased by unintended fungal growth in damp buildings
(Flannigan, Samson, Miller, 2001). Studies in damp indoor environments have
shown a wide diversity of fungal species and genera, probably due to differences
in climate, indoor temperature and humidity, and building materials, as well as
differences in sample collection and subsequent culture. Fungi are often found
on wet window frames and damp walls of bedrooms, living rooms and kitch-
ens. Mattresses constitute an important reservoir for mould, with measured con-
centrations of 10°-~107 spores/g of dust (Verhoeff et al., 1994a). Several extensive
reviews on fungal species found in damp indoor environments have been pub-
lished (e.g. Flannigan, Samson, Miller, 2001).

The airborne concentrations of viable fungi in indoor environments are usu-
ally in the order of a few to several thousand colony-forming units (CFUs) per
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cubic metre of air. In a given space, concentrations of fungi are highly variable
and depend on such factors as: climate and season, type of fungus, construction,
age and use of the building, and ventilation rate. They also depend largely on the
sampling and analytical methods used, making valid comparisons between stud-
ies difficult.

Indoor fungal fragments are not commonly measured in field studies, but a
study with an aerosolization chamber showed that submicron fungal fragments
from culture plates and mould-contaminated ceiling tiles aerosolized simulta-
neously with spores but at substantially higher concentrations (320-514 times
higher) (Gorny et al., 2002; Cho et al., 2005). This suggests that indoor exposure
to fungal fragments is at least as important as exposure to fungal spores.

2.3.2 Bacteria

As mentioned above, few studies have addressed bacteria in damp indoor en-
vironments. Some identified Streptomycetes on damp or wet indoor surfaces
(Hyvirinen et al., 2002; Rintala, Nevalainen, Suutari, 2002; Rintala et al., 2004).
Streptomycetes are Gram-positive, spore-forming actinobacteria, which are typi-
cal soil organisms that produce a wide range of metabolites, including some tox-
ins, such as valinomycin (Andersson et al., 1998). The metabolites produced are
substrate-dependent (Hirvonen et al., 2001; Roponen et al., 2001; Murtoniemi et
al., 2001a, 2003). Mycobacteria have also been shown to be common in moisture
damaged buildings, their presence increasing with the degree of fungal damage
(Torvinen et al., 2006). Cell wall components of mycobacteria are known to be
highly immunogenic, and exposure to mycobacteria may cause inflammatory re-
sponses (Huttunen et al., 2000, 2001).

The concentrations of total viable bacteria in indoor environments may range
between 10! and 10° CFU/m?® (Gorny, Dutkiewicz, Krysinska-Traczyk, 1999),
probably representing the degree of occupancy of the building and the efficiency
of its ventilation. The literature does not provide typical airborne concentrations
in damp indoor environments as compared with non-damp environments. Also,
although the presence of Streptomycetes and mycobacteria may be an indication
of bacterial growth, normal levels have not been established.

2.3.3 Endotoxins

Endotoxins are integral components of the outer membrane of Gram-negative
bacteria and are composed of proteins, lipids and lipopolysaccharides. The term
endotoxin refers to a toxin on the bacterial cell wall, which is often liberated as a
result of cell lysis. In the environment, airborne endotoxins are usually associ-
ated with dust particles or aqueous aerosols. They have a broad size distribution,
but the levels may be higher in the coarse fraction (Schwarze et al., 2007). Heavy
exposure to endotoxins can cause respiratory symptoms, including non-allergic
asthma, but moderate-to-low exposure may protect against allergies and asthma
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(Douwes, Pearce, Heederik, 2002). It has been hypothesized that endotoxins play
arole in the pathogenisis of rheumatic diseases in damp buildings (Lorenz et al.,
2006).

Lipopolysaccharides are a class of pure lipid carbohydrate molecules (free of
protein and other cell-wall components) and are responsible for most of the im-
munological properties of bacterial endotoxins. Lipopolysaccharides are stable,
water-soluble, non-allergenic molecules composed of a lipid and a polysaccha-
ride and have not been found in the cell walls of Gram-positive bacteria, myco-
bacteria or fungi (Morrison, Ryan, 1979; Rietschel et al., 1985). The lipid moiety
of lipopolysaccharides, called lipid A, is responsible for their toxic properties. Al-
though the terms endotoxins and lipopolysaccharides technically have different
meanings, they are often used interchangeably in the scientific literature.

The concentrations of endotoxins in the indoor environment range from a
few to several thousand endotoxin units per milligram of house dust (Douwes,
Pearce, Heederik, 2002). When the concentration is expressed per square metre,
it varies even more. The endotoxin levels in different studies vary only moder-
ately, regardless of the geographical area, which is remarkable, as the analytical
methods used were not standardized. Few studies have focused on airborne con-
centrations in the indoor environment. Park et al. (2000) reported a mean air-
borne endotoxin level of 0.64 units/m? in 15 houses in Boston, United States, and
mean levels of endotoxins in dust of 44-105 units/mg. The mean inhalable level
of endotoxins measured in nine houses in Belgium was similar, i.e. 0.24 units/m?
(Bouillard, Devleeschouwer, Michel, 2006). Indoor concentrations may be
higher in damp houses, but a study conducted in areas of Louisiana affected by
hurricane Katrina and the subsequent flooding did not confirm this (Solomon et
al., 2006). Other studies also found no evidence for a relationship between endo-
toxins in house dust and observed dampness or mould (Chen et al., 2007; Gio-
vannangelo et al., 2007).

2.3.4 Fungal (1-3)-B-D-glucans

(1>3)-B-D-glucans are non-allergenic, water-insoluble structural cell-wall com-
ponents of most fungi, some bacteria, most higher plants and many lower plants
(Stone, Clarke, 1992). They consist of glucose polymers with variable relative
molecular mass and degree of branching (Williams, 1997) and may account for
up to 60% of the dry weight of the cell wall of fungi (Klis, 1994). In the fungal cell
wall, (1>3)-B-D-glucans are linked to proteins, lipids and carbohydrates such as
mannan and chitin, and they contain (1-6)-p-glucan side-branches, which may
connect with adjacent (1>3)-p-D-glucan polymers (Klis, 1994). The (1->3)-p-D-
glucan content of fungal cell walls has been reported to be relatively independ-
ent of growth conditions (Rylander, 1997a; Foto et al., 2004). (1>3)-p-D-glucans
have immunomodulating properties and may affect respiratory health (Douwes,
2005; see also section 4.2.1).



18 WHO GUIDELINES FOR INDOOR AIR QUALITY: DAMPNESS AND MOULD

The methods used to analyse (153)-B-D-glucans in environmental (settled
or airborne) dust samples have not been standardized, and studies are therefore
not comparable. In Sweden and Switzerland, the concentrations in buildings
with fungal problems ranged from about 10 to more than 100 ng/m?®in a Limulus
amoebocyte lysate assay in airborne dust samples generated by rigorous agitation
of settled dust in the buildings (Rylander, 1999) (see section 2.4 for a description
of analytical methods). The concentrations in buildings with no obvious fungal
problems were close to 1 ng/m?. The mean levels of (1>3)-p-D-glucans in house
dust in Germany and the Netherlands, determined with a specific enzyme im-
munoassay, were comparable: 1000-2000 pg/g dust and 500-1000 pg/m?* (Dou-
wes et al., 1996, 1998, 2000; Gehring et al., 2001; Chew et al., 2001). Samples
were taken in houses that were not selected because of fungal problems and were
analysed in the same laboratory with identical procedures. No airborne samples
were taken.

2.3.5 Mycotoxins

Mycotoxins, or fungal toxins, are low-relative-molecular-mass biomolecules
produced by fungi, some of which are toxic to animals and human beings. Myco-
toxins are known to interfere with RNA synthesis and may cause DNA damage.
Some fungal species may produce various mycotoxins, depending on the sub-
strate. In the case of Penicillium, one such compound is penicillin, a strong anti-
biotic. Several mycotoxins, e.g. aflatoxin from Aspergillus flavus and Aspergillus
parasiticus, are potent carcinogens. Many mycotoxins are immunotoxic, but the
trichothecene mycotoxins are immunostimulating at low doses (Eduard, 2006).
Numerous mycotoxins have been classified by their distinct chemical structures
and reactive functional groups, including primary and secondary amines, hy-
droxyl or phenolic groups, lactams, carboxylic acids, and amides.

The mycotoxins that have perhaps received most attention are the tri-
chothecenes, produced by Stachybotrys chartarum. Bloom et al. (2007) showed
that several mycotoxins produced by S. chartarum and Aspergillus versicolor (i.e.
macrocyclic trichothecenes, trichodermin, sterigmatocystin and satratoxin G)
could be present in most samples of materials and settled dust from buildings
with current or past damage from damp or water. Charpin-Kadouch et al. (2006)
compared the levels of macrocyclic trichothecenes in samples from 15 flooded
dwellings known to be contaminated with S. chartarum or Chaetomium, and
a group of nine dwellings without visible mould. The level of macrocyclic tri-
chothecenes was significantly higher in floor dust from the mouldy houses than
from the reference dwellings; the levels in wall samples from mouldy houses were
also higher (of borderline statistical significance), but no statistically significant
difference in air concentrations was observed. In a study by Brasel et al. (2005a)
in seven buildings known to be contaminated with S. chartarum, the airborne
level of macrocyclic trichothecenes was significantly higher than that in four



BUILDING DAMPNESS AND ITS EFFECT ON EXPOSURE 19

control buildings (i.e. with no detectable S. chartarum or history of water dam-
age). The same authors also showed that S. chartarum trichothecene mycotoxins
can become airborne in association with both intact conidia and smaller fungal
fragments (Brasel et al., 2005a,b). Sterigmatocystin was shown to aerosolize from
a finishing material (Moularat, Robine, 2008), at an airflow rate of 100 cm/sand a
relative humidity of 30%. These studies demonstrate that mycotoxins are present
in the indoor environment and that the levels may be higher in buildings affected
by mould or damp. It is still not clear, however, whether the levels of airborne
mycotoxins in damp buildings are sufficiently high to cause adverse health ef-
fects (see section 4.2.2).

2.3.6 Microbial and other volatile organic compounds

Several fungi produce volatile metabolites, which are a mixture of compounds
that can be common to many species, although some also produce compounds
that are genera- or species-specific. Microbial volatile organic compounds are
often similar to common industrial chemicals. To date, more than 200 of these
compounds derived from different fungi have been identified (Wilkins, Larsen,
Simkus, 2000, 2003), including various alcohols, aldehydes, ketones, terpenes,
esters, aromatic compounds, amines and sulfur-containing compounds. As few
of those compounds are specific to fungi, measuring (microbial) volatile organic
compounds is therefore of limited use in identifying indoor fungal growth. De-
tection of specific organic compounds does, however, permit a conclusion of
fungal growth (visible or hidden), even if the results are not quantitative (Mou-
larat et al., 2008a,b). No larger field studies have been conducted to compare
mouldy and control buildings, and microbial volatile organic compounds have
been measured only rarely in health surveys. Data on airborne concentrations
are therefore scarce.

Some exposures with adverse health effects associated with damp indoor en-
vironments include emissions of volatile organic compounds from damp and
mouldy building materials (Claeson, Sandstrom, Sunesson, 2007). Emissions are
a consequence of competition between moisture and some chemicals for adsorp-
tion sites. Volatile organic compounds can be similar to microbial ones, as both
often occur in the same environment. The main difference is the source of emis-
sion, i.e. mould or building materials. Damp concrete floors have been shown
to increase chemical degradation of the plasticizer in polyvinyl chloride floor
coatings and glues, resulting in emissions of volatile organic compounds such as
2-ethyl-1-hexanol (Norbéck et al., 2000; Tuomainen, Seuri, Sieppi, 2004). Simi-
larly, damp concrete floors may emit ammonia from the self-levelling flooring
compound used in the late 1970s and early 1980s in Europe. Furthermore, the
offgassing of formaldehyde from composite wood products and the rate of for-
mation of ozone increase with relative air humidity (Arundel et al., 1986; God-
ish, Rouch, 1986). Formaldehyde concentrations may also be elevated in damp
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indoor environments because moist air holds more formaldehyde. The levels of
semi-volatile compounds, such as pentachlorophenol (a wood preservative) and
other pesticides, may also be elevated in damp indoor environments. No studies
have systematically addressed the link between levels of volatile organic com-
pounds and dampness in indoor environments.

2.3.7 Viruses

It has been hypothesized that damp indoor environments with sufficiently high
air humidity prolong the survival of respiratory viruses, so that the occupants are
at greater risk of respiratory infection and, possibly, the onset of allergic disease
(Hersoug, 2005). Although some experimental evidence shows significantly bet-
ter survival times for several common cold-causing viruses, no real-life data are
available. It is therefore unclear whether exposure to viruses should be consid-
ered as a risk associated with damp indoor spaces.

2.4 Exposure assessment

Exposure can be defined as an event during which people come into contact with
a pollutant at a certain concentration during a certain length of time (WHO Re-
gional Office for Europe, 2006a). In most circumstances, however, exposure de-
fined in this way cannot be determined confidently, and exposure indicators are
used instead. Thus, when the word exposure is used without qualification in this
document, it refers to indicators. The indicators of exposure in indoor environ-
ments used most commonly are derived from answers to questionnaires. A more
objective approach (but not necessarily a more valid one; see below) might be to
measure the airborne or surface concentrations of indoor pollutants, such as the
amount of pollutant per cubic metre of air or per gram of house dust. These are,
however, generally relatively crude proxies of the true exposure and thus lead to
at least some misclassification of exposure and subsequent bias.

The relative lack of knowledge about the role of specific exposures in health
problems related to house dampness is due mainly to a lack of valid, quantitative
methods for assessing exposure, particularly of bioaerosols. This may explain
the relatively large number of studies that have failed to demonstrate a direct as-
sociation between bioaerosol concentrations and health effects in damp indoor
environments (see Chapter 4). This section discusses the issues of exposure as-
sessment related to observed and perceived dampness and of bioaerosol meas-
urements. Measurement of humidity in the air and of the moisture content of
building materials is discussed in Chapter 3.

2.4.1 Measurement of indicators of dampness

Occupants’ perceptions are the basis used for assessing house dampness in most
epidemiological studies, and questionnaires are therefore often the method cho-
sen. The questions typically elicit information on whether conditions such as
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leaks, flooding, wet basements, window condensation, visible fungal growth or
mouldy odours are or have been present. Sometimes, the extent of water dam-
age and damp is also assessed. Prevalence estimates may vary widely, however,
depending on the way in which such questions are framed, the type of question,
the level of detail requested and the judgement of the people filling in the ques-
tionnaire.

Reliance on self-reporting, which is by definition subjective, may be a source of
error in cross-sectional studies, as demonstrated by Dales, Miller and McMullen
(1997), who reported that under some conditions people with allergies are more
likely than non-allergic people to report visible fungal growth. Other studies have
shown that such bias is unlikely (Verhoeff et al., 1995; Zock et al., 2002). To over-
come the problems associated with the bias of self-reporting, trained inspectors
have been used in several studies to visit houses and assess indoor dampness,
including its severity. This method has the advantage of being more objective
and allows a more standardized approach; nevertheless, it is often a single snap-
shot, which lacks the longer perspective of the occupants. These differences in
approaches may lead to different estimates of the prevalence of house dampness,
as demonstrated in several comparisons of the two methods (see section 2.1).

Measurements of humidity in air, the moisture content of building materi-
als, their interrelationships and their relationship with indoor climate dynamics
more generally are discussed in Chapter 3.

2.4.2 Measurement of microorganisms and microbial agents

The assessment of indoor concentrations of microorganisms presents distinct
challenges. Pathogenic microorganisms may be hazardous at extremely low lev-
els, while other organisms may become important health hazards only at con-
centrations that are orders of magnitude higher. Some organisms and spores are
extremely resilient, while others are inactivated during sampling. Certain fungal
spores are easily identified and counted, while many bacteria are difficult to char-
acterize. Sensitive, specific methods are available for quantifying some microbial
agents, while there are no good methods for others. Many of the newly devel-
oped methods (e.g. measurement of microbial agents such as fungal (1->3)-p-D-
glucans or fungal extracellular polysaccharides; see below) have not been well
validated and are often unavailable commercially. Even with some well-estab-
lished methods (e.g. the Limulus amoebocyte lysate assay for measuring bacte-
rial endotoxins; see below), significant variations in concentrations have been
found (Thorne et al., 1997; Chun et al., 2000; Reynolds et al., 2002). Issues about
the storage and transport of bioaerosol samples have often not been addressed,
although these conditions can affect the activity of some biological agents, such
as endotoxins (Thorne et al., 1994; Douwes et al., 1995; Duchaine et al., 2001).
Furthermore, not all the biological agents that might be associated with damp
indoor environments and their health effects may have been identified.
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Most studies of dampness and health have focused on visible fungi or water
damage, and in most of these studies exposure was assessed from questionnaires.
The extent to which questionnaire reports of fungal growth correlate with actual
exposure to relevant fungal components is, however, not known. In studies with
objective measurements of fungal concentrations, spores were generally cultured
from indoor air (Garrett et al., 1998) or from settled dust (Jacob et al., 2002). The
section below gives the options available for measuring concentrations of micro-
organisms (particularly fungi) in indoor air.

2.4.2.1. Culture-based methods

Airborne concentrations of microorganisms can be studied by counting cultur-
able propagules in air samples or settled dust samples. Sampling of culturable
microorganisms is based on impaction (in which microorganisms are collected
from the airstream due to an inertial force that deposits them onto a solid or
semisolid collection surface), liquid impingement (in which inertia as a princi-
ple force collects microorganisms in a liquid medium) or air filtration (separa-
tion of microorganisms from the airstream by passage through a porous medium
such as a filter). After sample collection, colonies of bacteria and fungi are grown
on culture media at a defined temperature for the length of time required for
colony development (usually 3-7 days). Colonies are counted manually or by im-
age analysis techniques. To date, no standard methods are available for detecting
and enumerating fungi in indoor environments, which significantly limits the
potential for comparing data from different studies. International standards are,
however, being prepared by the International Organization for Standardization
(ISO) technical committee 147/SC on indoor air for sampling by filtration and
impaction and for the cultivation of fungi (ISO 16000-16, -17,-18).

Counting culturable microorganisms has some serious limitations. These in-
clude poor reproducibility; selection of certain species because of, for example,
the choice of sampling method, culture media or temperature chosen; and the
lack of detection of non-culturable and dead microorganisms, cell debris and mi-
crobial components, although they too may have toxic or allergenic properties.
In addition, no good methods for sampling personal air for culturable micro-
organisms are available, and air sampling for more than 15 minutes is often not
possible, whereas air concentrations usually vary widely over time (see section
2.4.5). Nevertheless, counting culturable microorganisms is potentially a very
sensitive technique, allowing the identification of many different species.

Traditional culture methods have proven to be of limited use for quantitative
assessment of exposure. Culture-based techniques thus usually provide qualita-
tive rather than quantitative data. The former can, however, be important in risk
assessment, as not all fungal and bacterial species pose the same hazard. Further-
more, a qualitative comparison of indoor and outdoor microbiota (in samples
collected at the same time) may provide important information about poten-
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tial indoor sources of contamination. More extensive reviews of techniques for
sampling and culturing microorganisms are available (Eduard, Heederik, 1998;
Macher, 1999).

2.4.2.2. Non-culture-based methods

In non-culture-based methods, organisms are enumerated regardless of their vi-
ability. Non-culturable microorganisms are generally sampled by air filtration
or liquid impingement methods. Microorganisms can be stained with a fluoro-
chrome, such as acridine orange, and counted under an epifluorescence micro-
scope (Thorne et al., 1994).

Slit impaction on glass slides and staining with lactophenol blue is a com-
mon method for microscopic determination of the total concentration of fun-
gal spores. The possibility of classifying microorganisms taxanomically is lim-
ited because little structure can be observed. Electron microscopy or scanning
electron microscopy allows better determination (Eduard et al., 1988; Karlsson,
Malmberg, 1989). Bacteria collected on impingers or filters can be counted by
flow cytometry after staining with 4°,6-diamino-2-phenylindole or by fluores-
cent in situ hybridization (Lange, Thorne, Lynch, 1997).

The main advantage of microscopy and flow cytometry is that both culturable
and non-culturable microorganisms can be quantified, selection effects are lim-
ited, personal air sampling is possible, the sampling time can - for many micro-
organisms — be varied over a wide range, and results are available quickly. The
disadvantages include the unknown validity of these techniques, lack of detec-
tion of possibly relevant toxic or allergenic components or cell debris, limited
possibilities for determining microorganisms, laborious and complicated proce-
dures, and high cost per sample of the more advanced methods. An extensive
review of microscopy and flow cytometry methods for counting nonculturable
microorganism has been published (Eduard, Heederik, 1998). Little or no ex-
perience has been gained in non-industrial indoor environments with more
advanced non-culture-based methods, such as scanning electron and epifluores-
cence microscopy and flow cytometry. Therefore the usefulness of these meth-
ods for indoor risk assessment is unknown.

2.4.2.3. Methods for assessing microbial constituents

Constituents or metabolites of microorganisms can be measured to estimate
microbial exposure, instead of counting culturable or non-culturable microbial
propagules. Toxic (e.g mycotoxins) or pro-inflammatory components (e.g en-
dotoxins) can be measured, and non-toxic molecules can be used as markers of
large groups of microorganisms or of specific microbial genera or species. The
availability of methods, such as those based on the polymerase chain reaction
(PCR) and immunoassays, has opened new avenues for detection and identifica-
tion of species, regardless of whether the organisms are culturable.
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Markers for the assessment of fungal biomass include ergosterol, measured by
gas chromatography-mass spectrometry (Miller, Young, 1997), and fungal extra-
cellular polysaccharides, measured in specific enzyme immunoas says (Douwes
etal.,, 1999). These allow partial identification of the mould genera present. Vola-
tile organic compounds produced by fungi, which may be suitable markers of
fungal growth (Dillon, Heinsohn, Miller, 1996; Moularat et al., 2008b), are usually
measured in air samples by gas chromatography with or without mass spectrom-
etry or high-pressure liquid chromatography. Other agents, such as (1->3)-p-D-
glucans (Aketagawa et al., 1993; Douwes et al., 1996) and bacterial endotoxins,
are measured because of their toxic potency. Endotoxins are measured with a
Limulus amoebocyte lysate test, prepared from blood cells of the horseshoe crab,
Limulus polyphemus (Bang, 1956). Analytical chemistry techniques with gas
chromatography-mass spectrometry for quantifying lipopolysaccharides have
also been developed (Sonesson et al., 1988, 1990); however, these methods re-
quire special extraction procedures and have not been widely used. Two methods
for measuring (1-3)-p-D-glucans have been described, one of which is based on
the Limulus amoebocyte lysate assay (Aketagawa et al., 1993) and the other on an
enzyme immunoassay (Douwes et al., 1996).

PCR techniques are available for the identification of species of bacteria and
fungi in air (Alvarez et al., 1994; Khan, Cerniglia, 1994), and several quantita-
tive PCR methods have been validated for use in the indoor environment. For
example, real-time PCR methods have been described to detect and quantify
Cladosporium (Zeng et al., 2006) and Aspergillus (Goebes et al., 2007) at the ge-
nus level. Similar methods have been developed for measuring species of com-
mon indoor fungi (Vesper et al., 2005; Meklin et al., 2007). PCR methods allow
the assessment of large groups of microorganisms. For instance, a quantitative
PCR method is available for measuring 36 indicator species commonly associ-
ated with damp houses in the United States and has been used to define an “en-
vironmental relative mouldiness index” for houses in that country (Vesper et al.,
2007). PCR methods for quantitative assessment of exposure to fungi and other
microorganisms have significant advantages, including sensitivity and specifi-
city. Also, they can be used for quantitative assessment; they provide results rela-
tively quickly; they can be used to measure a wide range of microorganisms, both
genus and species; and they are independent of the culturability of the organism.

Most methods for measuring microbial constituents (with the exception of
that for bacterial endotoxins) are experimental and have yet to be used routinely
or are unavailable commercially. Important advantages of these methods include
the stability of most of the measured components, allowing longer sampling
times for airborne measurements and frozen storage of samples before analysis;
the use of standards in most of the methods; and the possibility of testing for
reproducibility. These methods do not, however, leave fungal isolates for further
investigation.
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2.4.3 Measurement of indoor allergens

Antibody-based immunoassays, particularly enzyme-linked immunosorbent
assays, are widely used to measure aeroallergens and allergens in settled dust in
buildings. These assays involve use of antibodies specific to the target allergen
and an enzymic reaction with a substrate for detection. In radioimmunoassays,
radiolabelling is used for detection. The house dust mite allergens Der p I,
Der f I and Der p/f I have been widely investigated and the methods well de-
scribed (Luczynska et al., 1989; Price et al., 1990; Leaderer et al., 2002). Methods
for assessing exposure to allergens from rodents (Swanson, Agarwal, Reed, 1985;
Schou, Svendson, Lowenstein, 1991; Hollander, Heederik, Doekes, 1997), cock-
roaches (Pollart et al., 1994) and storage mites (Iversen et al., 1990) have been
published.

Methods for measuring fungal allergens are not widely available, mainly be-
cause of difficulties in manufacturing and standardizing fungal allergen extracts
(see section 2.3.1). Nonetheless, some enzyme-linked immunosorbent assays
have been described in the literature, and a commercial assay is available for A.
alternata allergen (Alt a I). A comparison of several monoclonal and polyclonal
antibody-based assays for measuring Alt a I (including a commercially available
method) showed, however, wide disparity (Barnes et al., 2006). It is therefore un-
clear whether these assays provide valid estimates of the true Alternaria allergen
concentrations in indoor samples.

2.4.4 Strategies for monitoring exposure

In addition to questionnaires, personal or environmental monitoring is com-
monly used for exposure assessment. Although monitoring can potentially result
in a more valid, accurate assessment, this may not always be the case. Validity is
strongly dependent on the sampling strategy chosen, which in turn depends on a
large number of factors, including: the type of exposure and disease or symptoms
of interest; whether the health outcomes are acute or chronic (e.g. exacerbation
versus development of disease); whether the approach is population- or patient-
based; suspected variations in exposure over both time and space and between
diseased and reference populations; the methods available to assess exposure;
and the costs of sampling and analysis.

2.4.4.1. What should be measured?

With regard to health problems associated with indoor air, many exposures
should be considered, as it is often unclear which microorganisms or agents
are causing the symptoms or diseases. Some studies are conducted specifically
to assess which exposures are contributing to the development of symptoms. In
practice, both funding and the availability of methods for measuring agents are
limited, as many methods are not commercially available and are used only in
research, severely limiting the possibility of measuring all agents of interest.
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2.4.4.2. How useful are routinely collected data?

Data collected for use in monitoring may be of limited value in epidemiological
studies. For example, monitoring is often done in areas where the concentrations
are likely to be highest, to ensure compliance with exposure limits. In contrast,
epidemiological studies require information on average concentrations. Special
surveys may therefore be necessary, with random sampling, rather than relying
on data collected during monitoring.

2.4.4.3. When should sampling be done?

To the extent possible, samples should be taken so that they represent the true
exposure at an appropriate time. For acute effects, exposure measured shortly
before the effects occur is the most useful. The situation is more complicated
for chronic effects, as, ideally, exposure should be assessed before the effects oc-
cur and preferably at the time they are biologically most relevant - that is, when
the exposure is considered the most problematic or when people are most likely
to be exposed. This is possible only in prospective cohort studies or in retro-
spective cohort studies in which information on past exposure is available; even
then, it is often unclear when people are most likely to be exposed to the agent
of interest. In cross-sectional studies, exposure measurement can be valuable for
assessing past exposure, but only when the environment has not changed sig-
nificantly.

2.4.4.4. How many samples should be taken?

Measures of exposure should be sufficiently accurate and precise that the effect
on disease can be estimated with minimal bias and maximum efficiency. Preci-
sion can be gained (i.e. measurement error can be reduced) by increasing the
number of samples taken, either by increasing the number of people for whom
exposure is measured or by increasing the number of measurements per person.
In population studies, repeated sampling is particularly effective for exposures
known to vary more widely over time within people than among people. If the
within-people variation is lower than that between people, repeated measure-
ments will not reduce the measurement error significantly. If there is known
within- and between-person variation (from previous surveys or pilot studies,
for example), the number of samples required to reduce bias in the risk estimate
by a specific amount can be computed in the manner described by Cochran
(1968) (see also section 2.4.5).

2.4.4.5. Should settled dust or airborne samples be taken?

In many studies, reservoir dust from carpets or mattresses is collected, and the
concentrations are usually expressed in either weight per gram of sampled dust
or weight per square metre. Although both measures are generally accepted,
the latter may better reflect actual exposure (Institute of Medicine, 2004). The
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advantage of settled dust sampling is the presumed integration over time that
occurs in deposition of the pollutant on surfaces (Institute of Medicine, 2000).
Microorganisms can also proliferate in carpets, provided there is sufficient access
to water; however, surface samples allow only a crude measure that is probably
only a poor surrogate for airborne concentrations.

Airborne sampling requires very sensitive analytical methods. In addition,
for an accurate assessment, large numbers of samples must be collected, as the
temporal variation in airborne concentrations is probably very high (see section
2.4.5). Airborne sampling after agitation of settled dust has been used in some
studies (Rylander et al., 1992, 1998; Rylander, 1997b; Thorn, Rylander, 1998),
but it is questionable whether this results in a more valid exposure assessment.
Therefore, exposure assessment is generally uncertain and this may obscure ex-
posure-response relationships in epidemiological studies.

The recently described dustfall collector, a simple passive tool for long-term
collection of airborne dust, combines the two methods to some extent (Wiirtz et
al., 2005). Collectors are placed on shelves or cupboards at least 1.5 m above the
floor and receive airborne dust by sedimentation; they can be used for up to sev-
eral months. This method is not affected by short-term temporal variance in air-
borne concentrations and is probably a better surrogate for airborne exposures
relevant to indoor health. The dustfall collector is cheap to produce and simple
to use, and the microbial levels measured with this device appear to correlate
with the degree of moisture in school buildings. Although the initial results look
promising, more validation is required to assess the usefulness of the device for
measuring indoor exposure.

2.4.4.6. Should ambient or personal airborne sampling be conducted?

In general, personal measurements best represent the risk of the relevant ex-
posure, and personal sampling is therefore preferred to area sampling. Modern
sampling equipment is now sufficiently light and small that it can be used for per-
sonal sampling, and several studies of chemical air pollution have demonstrated
its feasibility both indoors and outdoors (Janssen et al., 1999, 2000). Personal
sampling might not always be possible, however, for practical reasons, such as
being too cumbersome for the study participants or a lack of portable equipment
for making the desired measurements (of viable microorganisms, for example).
Nonetheless, it is expected that greater use of new, sensitive exposure assessment
methods, including quantitative PCR techniques to measure indoor microbial
concentrations (see section 2.4.2), will overcome some of these constraints, in
particular when used in combination with passive personal samplers.

2.4.5 Problemsin measuring indoor exposure
Exposure to microorganisms in the indoor environment is most frequently as-
sessed by counting culturable spores in settled dust or the air, but this approach



28 WHO GUIDELINES FOR INDOOR AIR QUALITY: DAMPNESS AND MOULD

has serious drawbacks (see section 2.4.2). Perhaps the most important problem,
which has rarely been acknowledged in the literature, is that air sampling for
more than 15 minutes is often not possible, since air concentrations usually vary
a great deal over time. The few studies in which repeated measurements were
made of fungi in air or in settled dust showed considerable temporal variation
in concentrations, even over short periods (Hunter et al., 1988; Verhoeff et al.,
1994b). The variation in the concentrations of isolated genera was even more
substantial (Verhoeff et al., 1994b; Chew et al., 2001).

It has been suggested that in order to achieve a ratio of 3-4 for within- and
between-house variation in concentration, which appears to be realistic for cul-
turable indoor fungi (Verhoeff et al., 1994b), 27-36 samples should be taken
per h