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Respiratory health and indoor air pollutants

based on quantitative exposure

assessments
Marion Hulin*,#, Marzia Simoni", Giovanni Viegi",+ and Isabella Annesi-Maesano*,#

ABSTRACT: We reviewed the main epidemiological studies that evaluate the respiratory effects of

indoor air pollutants quantitatively in industrialised countries. Consistent results support short-term

(aggravation) and, although more rarely, long-term (prevalence augmentation) effects on asthma,

chronic bronchitis and chronic obstructive pulmonary disease (COPD) in indoor settings with poor

air quality. Environmental tobacco smoke is one of the most important risks for respiratory

symptoms and diseases worldwide. The evidence is also reliable for indoor nitrogen dioxide and

particulate matter, which have been associated with asthma, bronchitis and COPD. Whereas

formaldehyde and volatile organic compounds seem to be the main pollutants in indoor settings,

relevant papers on their respiratory effects are still scarce, and limited to asthma and bronchitis.

Moulds have been associated with an increased risk of asthma and COPD. Contradictory results

have been found between endotoxins and asthma. The role of phthalates, persistent organic

pollutants and flame retardants in respiratory diseases remains to be established. Results from

rural areas of industrialised countries indicate that exposure to some indoor bio-contaminants

might be protective in early life, while it is associated with adverse respiratory adverse effects in

adulthood. Studies focusing on indoor air pollutants should be developed to better understand their

involvement in the inception and aggravation of respiratory diseases.
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U
ntil a few years ago, most investigations on
the health effects of air pollution focused
on outdoor air pollutants. Strong evidence

exists that such pollutants, mainly from road traffic
in recent decades, adversely affect respiratory
health [1]. Since then, concern over the health effects
of indoor air pollution has increased. People spend
as much as 90% of their time in confined environ-
ments, especially at home, and the concentrations of
some air pollutants may be two- to five-fold higher
indoors than outdoors. Lastly, improvement of
thermal insulation, in order to reduce heat loss,
and scarce ventilation in modern dwellings lead to
deterioration of indoor air quality (IAQ) [2]. Poor
IAQ poses a risk to the health of over half of the
world’s population, especially affecting poor peo-
ple. Indoor air pollution is the eighth most

important risk factor, being responsible for 2.7%
of the global burden of disease (between 1.5 and
2 million deaths yearly) [3]. Among disorders
associated with poor IAQ, respiratory diseases
are important as inhalation is the major pathway
for air pollutants. Previous studies have reported
significant associations between asthma symptoms
and indoor sources of chemical pollutants, materi-
als or activities, such as recent painting or new wall
covering, volatile organic compounds (VOCs),
gas appliances, or exposure to particles through
environmental tobacco smoke (ETS) or heating
appliances using wood/coal. However, the lack of
data obtained by objective assessments limit the
determination of the air pollutants that are actually
responsible for the observed respiratory effects.
Indeed, although the presence of sources of indoor
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pollution may be a good proxy of exposure, quantitative
measurement-based exposure assessments may be more useful
for assessing the health effects of exposure, understanding the
underlying mechanisms and for implementing preventative
policies in terms of standards and guidelines.

Our aim was to review the main population-based studies that
evaluate the respiratory effects (mainly asthma, chronic bron-
chitis and chronic obstructive pulmonary disease (COPD)) of
quantitatively measured indoor air pollutants in industrialised
countries.

METHODS
For the purpose of the present review, we summarised papers
published in English in peer-reviewed journals on the associa-
tions between major indoor air pollutants and respiratory
outcomes, in people of all ages living in high-income (wester-
nised) countries, that simultaneously reported data on objectively
quantitative assessments of indoor air pollutants (‘‘existing
concentrations/levels’’) and documented asthma, chronic bron-
chitis or COPD. More precisely, the following MeSH terms were
used to search the PubMed database up to the year 2011:
‘‘indoor(s)’’ and ‘‘levels (concentrations)’’ of ‘‘NO2’’/‘‘Particulate
Matter (PM)’’/‘‘volatile organic compounds (VOCs)’’/‘‘formal-
dehyde (FA)’’/‘‘phthalates’’/‘‘persistent organic pollutants
(POPs)’’/‘‘flame retardants (FRs)’’/‘‘allergen’’/‘‘endotoxin’’/
‘‘moulds’’ as well as ‘‘sources of indoor air pollution’’ as risk
factors and ‘‘asthma’’/‘‘COPD’’/‘‘chronic bronchitis’’, as respira-
tory health outcomes. Overall, there were 29 articles for NO2, 24
for PM, 11 for VOCs, 42 for FA, 11 for phthalates, 708 for
allergens, 53 for endotoxins, 173 for moulds and 12 for POPs and
flame retardants. Only the articles that reported population-
based data were included in the present systematic review.

INDOOR AIR POLLUTANTS AND RELATIVE SOURCES
Epidemiological studies on respiratory health have mainly
assessed the effects of exposure to bio-contaminants, such as
allergens, moulds and endotoxins, and chemical air pollutants,
such as nitrogen dioxide, particulate matter, formaldehyde and
VOCs. Figure 1 shows the main indoor air pollutants and related
sources.

Indoor allergens mainly originate from house dust mite (HDM),
furred pets (primarily cat and dog dander), insects (cockroaches),
moulds and, to a lesser extent, plants and rodents. The most
common species of HDM living in Europe are Dermatophagoides
pteronyssimus and Dermatophagoides farinae; allergens Der p 1 and
Der f 1, respectively, are proteolytic enzymes present in their
bodies and faeces. The mostly studied species of cockroaches are
Periplaneta americana, Blattella germanica and Blatta orientalis;
allergens can be produced by dead bodies and faecal matter.
Hundreds of mould species are found indoors. Common genera
are Alternaria, Cladosporium, Aspergillus, Penicillium and Fusarium
[4]. The presence of water, nutrients or elevated temperature
facilitates the proliferation of moulds, cockroaches and mites,
thus increasing the concentration of allergens. Major sources of
mould growth indoors are flood, leaks in building fabric,
condensation, unattended plumbing leaks and household mould.
Endotoxins are components of the outer membrane of various
Gram-negative bacteria. Several sources of endotoxins have been
suggested, such as contaminated humidifiers, pet keeping and
contact with livestock, or storage of food waste.

There are more chemical pollutants indoors than outdoors: they
stem from outdoor–indoor transfers or specific indoor sources.
The European Commission Scientific Committee on Health and
Environmental Risks (SCHER) reports that .900 different com-
pounds have been detected indoors [5]. Most indoor pollutants
derive from anthropogenic activity (combustion processes,
redecorating/remodelling/repair or cleaning activity).

Nitrogen dioxide and particulate matter are common air
pollutants both indoors and outdoors. Indoors, they can be
generated by tobacco smoking, the use of devices running on
gas, kerosene, wood or coal, and, to a lesser extent, by cleaning
and renovation activities. In developing nations, biomass fuel
(wood, charcoal, dung, etc.) is frequently burned in households
in open fires or inefficient stoves. The consequence is a large
production of substances harmful to health derived from
incomplete combustion, including particulate matter, carbon
monoxide, nitrogen oxides and polycyclic aromatic hydro-
carbons (PAHs). In houses where biomass fuels are used,
particulate matter levels may be 10–50 times higher than the
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FIGURE 1. Main indoor pollutants and related sources. PAH: polycyclic aromatic hydrocarbon; PM: particulate matter; VOC: volatile organic compound; HDM: house

dust mite.
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guideline values for good IAQ. About 3 billion people (almost
half of humanity) rely on solid fuels for cooking/heating, with
little or no access to modern forms of energy [6]. The World
Health Organization (WHO) reports that, globally, ,1.5 billion
people have no access to electricity, and .80% of them live in
sub-Saharan Africa and South Asia [7]. Only 27% of people
relying on solid fuels use improved cooking stoves. Biomass
fuels are much more commonly used in rural than in urban
areas. The exposure to biomass fuels is strongly poverty-
related and, consequently, is a major health concern in the
developing world, especially for children and females, who
generally spend much time in the kitchen for cooking.

One of the major sources of indoor air pollution is tobacco
smoke. It contains .4,500 compounds. Out of them, o250
chemicals are known to be toxic and .50 can cause cancer [8].
In indoor environments where people smoke, tobacco smoke is
the major source of particulate matter.

Formaldehyde is another hazardous pollutant principally found
indoors. It is mainly produced by off-gassing from wood-based
products assembled using urea–formaldehyde resins but can
also be generated by cigarette smoking, painting, or the use
of varnishes and floor finishes [9, 10]. VOCs are chemical
compounds including aromatic hydrocarbons, aldehydes, ali-
phatic halogenated hydrocarbons and terpenes.

Recently, there is new interest in phthalates, a group of chemicals
added to plastic materials to make them soft and flexible that can
be found on surfaces and in the air. Their many uses lead to
multiple routes of exposure, including inhalation, thus repre-
senting a potential risk for respiratory health. The major source
of phthalates in the average home is most likely vinyl flooring.
Emerging indoor pollutants include also persistent organic
pollutants (POPs) and flame retardants, which are potentially
hazardous for respiratory organs because they can be inhaled.
POPs are organic compounds that are resistant to environmental
degradation. They have been observed to be capable of
bioaccumulating in human and animal tissue, and to have
potential significant impacts on human health and the environ-
ment. POPs are employed in pesticides, solvents, polyvinyl
chloride and pharmaceuticals. Of the commercialised chemical
flame retardants, brominated flame retardants (BFRs) are most
widely used as a mean of reducing the flammability of the
products in plastics and textile applications, e.g. electronics,
clothes and furniture.

GEOGRAPHICAL VARIATIONS IN IAQ IN
INDUSTRIALISED COUNTRIES
Differences in cultural habits of people throughout the world
result in large quantitative and qualitative differences in IAQ.
Nowadays, a large number of studies include measurements of
indoor pollution; however, they have often focused on a local or
regional geographical zone. National studies have now been
conducted in industrialised countries in order to obtain repre-
sentative data of indoor exposure to biological and chemical air
pollutants at the population level.

Quantity or concentrations of allergens and endotoxin are
mainly assessed in reservoir samples such as mattresses, carpets,
sofas and other furnishings by collecting dust with a vacuum
cleaner. It has been estimated in a national survey including 831
representative housing units in 75 locations throughout the USA

that 52% of homes had at least six detectable allergens and 4%
had at least high concentrations of three allergens [11]. In France,
the ‘‘dwellings’’ campaign, conducted by the Observatory on
Indoor Air Quality in 567 representative houses, showed that
50% of homes had concentrations of cat and dog allergens higher
than quantification levels; the same proportion had HDM
allergens concentrations higher than the threshold level for risk
of sensitisation proposed at 2 mg?g-1 of dust [12]. Data for the
European Community Respiratory Health Survey (ECRHS)
showed that across Europe, Der 1 and Der 2 allergens were
detectable (o0.1 mg?g-1) in 68% and 53% of the samples,
respectively [13]. Large differences in allergen levels between
study centres were observed, and geographic patterns for Der p
1 and Der f 1 were different. Low winter temperatures reduced
Der p 1 rather than Der f 1. Important risk factors for high
allergen levels included an older mattress, a lower floor level of
the bedroom, limited ventilation of the bedroom, and dampness
for Der p 1 but not for Der f 1. The same survey on the basis of
quantitative cat allergen assessments found that people who do
not own cats may be exposed to high levels of cat allergen in their
home, particularly if they live in communities with high levels of
cat ownership [14]. Endotoxin is ubiquitous in the environment,
with higher concentrations in occupational settings (frequently
.100 ng?m-3) than in the home (,1 ng?m-3). In the US NSLAH
(National Survey of Lead and Allergens in Housing), weighted
geometric mean endotoxin concentration ranged from 18.7 to
80.5 endotoxin units (EU)?mg-1 for the five sampling locations,
and endotoxin load ranged from 4,160 to 19,500 EU?m-2 [15]. In
Europe, the median endotoxin concentration in mattress dust
collected in the ECRHS ranged from 772 EU?g-1 dust in
Reykjavik, Iceland, to 4,806 EU?g-1 in Turin, Italy. High average
outdoor summer temperature of the study centre, cat or dog
keeping, a high household crowding index, and visible damp
patches in the bedroom were significantly associated with higher
endotoxin concentrations in mattress dust [16]. At the population
level, exposure to moulds is mainly based on visual detection by
inhabitants or technicians. It has been estimated, based on
several European countries, the USA and Canada, that o20% of
buildings have one or more signs of dampness [17]. This
prevalence can vary among countries. In a study conducted in
Iceland, Norway, Sweden, Denmark and Estonia, 18% of houses
presented indoor dampness [18], whereas in the USA, ,50% of
the dwellings had dampness and/or fungi [19]. However, it has
been shown that such qualitative methods can lead to an
underestimation of mould exposure [20, 21]. The use of
quantitative methods, based on fungal colony counts or mould
marker assessment, is more and more used, but reliability of
such methods is questioned.

Chemical pollution can be assessed by active or passive air
samplers (active for particulate matter, passive for nitrogen
dioxide, and both for VOCs and formaldehyde). The EXPOLIS
(Exposure Distribution of Adult Urban Populations) study
assessed indoor (in both dwellings and working places) and
outdoor concentrations of different pollutants (fine particles,
VOCs, nitrogen dioxide and carbon monoxide) in seven
European cities [22–24]. Mean indoor concentrations of fine
particles (particles with a 50% aerodynamic cut-off diameter of
2.5 mm; PM2.5) or nitrogen dioxide were two to three times lower
in Helsinki, Finland, than in Prague, Czech Republic (12.1 versus
35.9 and 24 versus 61 mg?m-3, respectively) and up to six times
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lower for benzene between Helsinki and Milan, Italy (2.2 versus
13.2 mg?m-3, respectively). In GerES II (German Environmental
Survey II), conducted in 502 German dwellings [25–27], the
median concentration of formaldehyde was 70 mg?m-3, but even
concentrations up to 816 mg?m-3 have been measured. In the
Survey of English Housing, performed in the UK, the median
concentration in the 833 bedrooms was 24.0 mg?m-3 with a
maximum value of 171 mg?m-3 [28]. In France, in the OQAI
sample of 567 homes, it has been estimated that the median
concentration of formaldehyde was 19.6 mg?m-3 with a maximum
value of 86.3 mg?m-3 [29]. Similar differences could be found for
the majority of pollutants. Such results were also observed in US
studies, such as the National Human Exposure Assessment
Survey [30], as well as in the numerous international and national
epidemiological studies focusing on the health effects of indoor
pollution. Recently, LOGUE et al. [31] calculated mid-range and
upper bound concentrations relevant to chronic exposure to 267
pollutants. By compiling results from 77 published studies
reporting measurements of chemical pollutants in the USA and
in countries with similar lifestyles, they estimated that median
concentrations of nitrogen dioxide, PM2.5, formaldehyde and
benzene were 16.2, 15.7, 23 and 2.1 mg?m-3, with concentrations
up to 144.2, 86.0, 10 and 99 mg?m-3, respectively. Similar
concentrations were found in offices or schools [32–35]. In
developing or emerging countries, compared with industrialised
ones, higher indoor concentrations are often observed [3], in
particular for nitrogen dioxide and PM2.5, due to differences in
cooking and heating habits (see section on rural areas).

Important variations can be observed between dwellings but
also inside dwellings due to spatio-temporal variations. IAQ is
indeed determined by a number of factors, including type and
emission rates from sources, as well as ventilation rate, adsorp-
tion and absorption of compounds on/in materials. Concen-
trations of pollutants can also vary by season due to differences in
ventilation and activities between summer and winter. Therefore,
assessing population exposure is very difficult.

INDOOR AIR POLLUTION AND RESPIRATORY HEALTH
IN THE URBAN ENVIRONMENT
The main respiratory health effects of common indoor
pollutants are summarised in figure 2.

Biological pollutants
The mostly studied respiratory effects of biological pollutants in
the indoor environment are those of allergens. It has been
estimated that more than half of asthma cases in the USA can be
attributed to allergic sensitisation [36]. Numerous studies have
found associations between exposure to indoor allergens and
respiratory health, especially in the case of HDM [37, 38]. Some
suggested implication of allergens in asthma development
[39, 40]. We will not detail these results in this section as several
recent reviews have discussed this subject [40, 41]. However, we
would like to underline recent results, which suggest a nonlinear
relationship between exposure to allergens and allergic diseases
[42, 43]: high exposure to HDM allergens might be protective
against the risks of asthma and allergic sensitisation. This has
been suggested by the ‘‘high-dose tolerance’’ hypothesis put
forward for exposure to the cat allergen [44]. Nevertheless,
whether this hypothesis can be applied to other aeroallergens is
not clear and still controversial [45].

Two other pollutants related to microbial exposure have been
assessed in the indoor environment and associated with
respiratory diseases: moulds and endotoxins.

Moulds
The epidemiological evidence for a relationship between
respiratory health and exposure to indoor moulds is sum-
marised in table S1.

The WHO has recently indicated that there is sufficient evidence
to conclude that a relationship exists between exposure to
indoor dampness and eight outcomes including asthma exacer-
bation/development and wheezing [7]. MENDELL et al. [46],
using epidemiological studies and meta-analyses, showed that
indoor dampness or mould are associated consistently with
increased asthma development and exacerbation, current and
ever diagnosis of asthma, dyspnoea, wheeze, cough, respira-
tory infections, bronchitis, allergic rhinitis, eczema, and upper
respiratory tract symptoms in both allergic and nonallergic
individuals. However, studies included in this analysis were
mainly based on inhabitants’ or technicians’ report of dampness
or moulds. Reliability of such assessment methods have been
questioned. In fact, only weak associations have been found
between visible signs of mould and objective assessment, such
as spore counts [47–49], which could be due to underestimation
of exposure in the case of hidden moulds. This was recently
confirmed by MENDELL et al. [46] in their review of the impact of
mould on respiratory health, in which suggestive evidence was
available for only a few specifically measured microbiological
factors and was in part equivocal, suggesting both adverse and
protective associations with health.

Epidemiological studies based on objective assessment of
mould exposure have mainly measured the number of fungal

Combustion products, ETS
(COx, NOx, SO2, PM, 

wood/coal smoke)

Respiratory symptoms
Lung function reduction
Bronchial hyperresponsiveness
Asthma 
COPD

Upper lower tract irritation
  asthma

Respiratory infections

VOCs (alkanes, formaldehyde, 
esters, ketones)

Biological organisms
(fungal spores, bacteria, 

viruses)

Allergens
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cockroaches, insects, dander, 
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Sensitisation (specific/total IgE)
Respiratory allergic diseases
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FIGURE 2. Main respiratory health effects of common indoor pollutants. ETS:

environmental tobacco smoke; COx: carbon oxides; NOx: nitrogen oxides; PM:

particulate matter; COPD: chronic obstructive pulmonary disease; VOC: volatile

organic compounds; Ig: immunoglobulin.
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colonies in dust samples. Positive associations were found
between the number of fungal colonies and the risk of allergic
sensitisation [50–52], asthma [50, 52], wheezing [53, 54] or cough
[53], but several results were not statistically significant [51–56].
The assessment of moulds through fungal colonies in dust
samples presents several drawbacks: poor reproducibility, bias
towards certain species, and nondetection of dead moulds or
mould components. Thereafter, other methods have been
developed in order to evaluate indoor exposure to moulds.
They are based on objective measurements of mould markers
such as ergosterol [52, 55] or extracellular polysaccharides [57].
The results are conflicting. Whereas increased risks of wheezing
and allergic sensitisation to moulds were observed in relation to
high ergosterol exposure in an Australian cohort [52, 55], negative
associations were found in other studies. More recently, some
epidemiological studies evaluated mould exposure based on b-
glucans, a component of the fungal cell wall, or fungal products
such as microbial volatile organic compounds (MVOCs) or
mycotoxins, because of their pathogenic potency. However, the
results by using such approach are still scarce and not conclusive.
Some associations have been observed between b(1R3)-glucan
concentration and signs of airway inflammation, such as peak
expiratory flow rate variability in children [58]. Other studies did
not find significant results [57, 59]. Only one case–control study in
children found higher concentrations of this marker in the
dwellings of subjects with asthma-like symptoms compared with
the concentration found in controls’ homes [58]. It is important to
point out that adjusted associations were not assessed in that
latter study. MVOCs have been assessed in only three epidemio-
logical studies [33, 60, 61]. Two investigations have dealt with
MVOC concentration in classrooms, and found a significant
relation between it and the risks of wheezing, asthma and
nocturnal breathlessness [33, 60]. More recently, positive associa-
tions were observed between a fungal index assessed with
MVOCs and current asthma (8.6%) and chronic bronchitis-like
symptoms (8.4%) in the inhabitants of the OQAI representative
sample of the 24 million dwellings of metropolitan France
(n5567), especially in rural areas (OR 2.95 (95% CI 1.10–7.95)
and OR 3.35 (95% CI 1.33–8.48), respectively). With regard to
respiratory effects associated with fungal contamination, the role
played by MVOCs is still controversial, because of their low
specificity towards fungi and their very low concentrations in
indoor air [62].

Although most studies focused on adverse respiratory effects
of moulds, inverse associations were also observed between
mould exposure and the risk of allergic/respiratory symptoms
in young children [33, 57, 63]. The PIAMA (Prevention and
Incidence of Asthma and Mite Allergy) study suggested a
protective effect of early exposure to mould on asthma [57].
Indoor concentrations of b-glucan have also been negatively
related to the risk of recurrent wheezing in a cohort of 574
children [63]. Moulds might therefore be involved in the
protection conferred by microorganisms as suggested by the
hygiene hypothesis, according to which, infections and unhy-
gienic contacts may confer protection from the development of
allergic illnesses (see later). Based on this hypothesis, the possible
role of environmental exposure to microbial compounds and
their effect on adaptive immunity have been explored.

Results of epidemiological studies, associated with clinical and
toxicological studies, give good evidence of the effect of mould

exposure on respiratory health. However, further studies are
necessary to understand better the involvement of these various
components on mould-related respiratory effects. Several
mechanisms have been suggested to explain the associations
between exposure to moulds and allergic and respiratory
symptoms found in many studies. It has first been suggested
that these microorganisms could induce an allergic response,
through the production of immunoglobulin (Ig)E in response to
mould allergens. Allergic sensitisation to moulds, and particu-
larly to Alternaria alternata, has indeed been associated with
asthma development and severity [64–67]. However, significant
associations have also been found between exposure to moulds
and respiratory symptoms among nonatopic subjects [68, 69]. A
longitudinal study, including 622 children, has observed an
increased risk of doctor-diagnosed asthma among nonatopic
children, whereas no association was found among atopic ones
[69]. At the same time, it has been suggested that some mould
compounds might have respiratory effects through nonallergic
pathways. Experimental studies on animals have indeed found
that b-glucans and MVOCs may lead to inflammation and
irritation [70, 71]. Moulds may also lead to toxic effects through
the production of mycotoxins. As previously discussed, there is
insufficient evidence to implicate these compounds in mould-
related respiratory effects.

Endotoxins

The epidemiological evidence for a relationship between
respiratory health and exposure to indoor endotoxins is
summarised in table S2.

In animal models and human challenge studies, endotoxins can
induce an airway inflammation [72, 73]. Findings from epide-
miological studies are less consistent [74]. Whereas some reports
suggest a protective effect of endotoxins on the development
of allergies [57, 75–77], others found that the exposure to
endotoxins constitutes a risk factor for respiratory symptoms
[78–84], which might depend on the amount of exposure [85].

The first studies that evaluated the respiratory effects of
endotoxin exposure in an urban environment observed positive
associations with asthma and wheezing [78–84]. In a cohort of
1,884 German newborns, a two-fold increased risk of wheezing
during the first 6 months of life was found in children exposed
to high endotoxin concentrations (OR 2.37, 95% CI 1.40–4.03)
[78]. Such associations have been confirmed in other long-
itudinal studies [79, 80, 84], as well as in case–control or cross-
sectional studies [81–83]. Moreover, exposure to endotoxins has
been linked to asthma severity and morbidity [86, 87].

However, several population-based studies have shown a
decreased risk of wheezing [76], asthma [57, 76] and atopy
[76, 88] in children living in urban homes with high endotoxin
concentrations. Such a protective effect has been observed
previously in rural populations, especially in the case of allergic
sensitisation and atopic wheezing [75, 89]. Based on these results,
endotoxins have been suggested as a model of the protective
effects played by microbial exposure on allergic diseases [75], as
described in the hygiene hypothesis. The hygiene hypothesis
states that exposure to allergens in the environment early in life
reduces the risk of developing allergies. This hypothesis was put
forward in 1989 STRACHAN [90], who, by observing a lower
incidence of allergy in children of large families with three or
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more older siblings, proposed the existence of an inverse
relationship between infectious diseases and allergies in the
early childhood: the higher the number of older siblings (and,
thus, of expected circulating infections in a family) the lower the
risk of suffering from an allergic condition. Infections due to
microbial compounds might, during the maturation of the
immune system, promote a T-helper cell (Th) type 1-like
response and avoid the Th2-like response responsible for the
allergic cascade [91, 92]. Nowadays, new data suggest that
components other than microbial compounds, such as moulds,
might explain the hygiene hypothesis and therefore put into
question the protective effect of endotoxin [93, 94].

Overall, exposure to biological contaminants in the indoor
environment seems to have adverse effects on allergic and
respiratory diseases. However, epidemiological findings also
suggest that these pollutants might protect from allergies by
simulating immune responses [95]. In addition, there is
insufficient evidence of a potential protective effect of micro-
organisms on respiratory health [95, 96]. Several questions are
still unanswered. It has been shown that endotoxin could not
only modulate the immune system but also lead to or exacerbate
asthma through inflammation [74]. Such observations suggest
that these compounds might have protective or adverse effects
according to atopic status. Indeed, epidemiological studies have
found positive [68, 69, 88] and negative [57, 76] associations either
in atopic or nonatopic asthma phenotypes. Moreover, timing of
exposure seems to be crucial in order to understand how these
components could be implicated in asthma. Some studies suggest
these compounds could have respiratory effects, especially
during early life [97]. Lastly, several contaminants have been
suggested to be responsible for this protection and further studies
are needed to clarify the contribution of each of them.

Chemical air pollutants
More studies exist on the links between indoor chemical air
pollutants and respiratory health. They have mainly focused
on exposure to nitrogen dioxide, particulate matter, formalde-
hyde and, to a lesser extent, VOCs.

Nitrogen dioxide
The epidemiological evidence for a relationship between
respiratory health and exposure to indoor nitrogen dioxide is
summarised in table S3.

Results of longitudinal studies on asthmatic populations or
subjects at risk of developing asthma are quite conclusive: an
increase in nitrogen dioxide concentration was associated with
increased reporting of respiratory symptoms, including wheez-
ing, breathing difficulty, chest tightness, shortness of breath and
cough [98–103]. However, data at the general population level
are more controversial. Few studies have found significantly
increased risks of respiratory symptoms and asthma in associa-
tion with higher concentration of nitrogen dioxide at home or at
school [104–106]. Moreover, whether chronic exposure to indoor
nitrogen dioxide contributes to the development of respiratory
illness is unclear. Two longitudinal studies including children
found a positive association between long-term exposure to
indoor nitrogen dioxide and the risk of lower respiratory
symptoms [107, 108]. In a Japanese cohort, exposure to nitrogen
dioxide was associated with an increased risk of doctor-
diagnosed asthma and bronchitis, but not with the incidence of

these diseases [109]. Two birth cohort studies that followed 1,611
infants for 1 yr and 1,205 for 18 months, and one cohort survey
including 842 children enrolled at 9–10 yrs of age did not
confirm these results [109–111]. Reasons of these conflicting
results are unknown, but the difficulties in determining real
exposure to indoor nitrogen dioxide could explain them in part.
In homes, exposure can fluctuate depending mainly on the
season of measurement in conjunction with the use of specific
sources, as gas appliances. Therefore, assessment over 1 week
could not be representative of nitrogen dioxide exposure and, in
particular, of peak concentrations during cooking or heating
activities. Evidence of an association between exposure to indoor
combustion, such as gas appliances, and asthma development
and severity exists [112]. In a randomised controlled trial, the
replacement of unflued gas heaters with flued gas or electric
heaters showed a decrease in nitrogen dioxide concentration
(15.5 versus 47.0 ppb, p,0.0001) and a significantly reduced risk
of breathing difficulty during the day and the night, chest
tightness during the day and daytime asthma attacks in the
intervention group [113]. Finally, inconsistencies among studies
may also be due to modification by other pollutants or higher
susceptibility in some subgroups, such as female children [109].

Particulate matter

The epidemiological evidence for a relationship between
respiratory health and exposure to indoor particles is sum-
marised in table S4.

In relation to particle size and chemical composition, particu-
late matter can have different adverse respiratory health effects
depending on its deposition in the respiratory tract and the
ability of the respiratory tree to remove it. Particles .10 mm
are usually removed at the upper airways, PM10 (inhalable
particles) tend to deposit in the nasal, pharyngeal and laryngeal
regions of the respiratory systems, whereas PM2.5 (respirable
particles) tend to deposit in the tracheobronchial region and
alveoli. Recently, concern has grown about health effects of
ultrafine particulates, defined as particulate matter ,100 nm in
diameter.

Abundant literature suggests an effect of outdoor concentra-
tions of particles on respiratory diseases [114]. Indoors, most
studies have focused on particulate matter sources such as ETS
[115] or cooking and heating appliances, but few on measured
particulate matter concentration. A review of the effect of
second-hand smoke concluded that there was evidence of a
causal relationship between ETS and asthma severity and
development, especially in children [116].

More than half of the epidemiological studies using objective
measurements of particulate matter have been published during
the last 4 yrs. Significant associations were mainly observed
among symptomatic subjects. In this population, indoor parti-
culate matter concentration has been related to a decrease in lung
function, in particular among children with asthma [117–120]
and, to a lesser extent, to an increased risk of asthmatic and
bronchitis-like symptoms [121, 122]. In a cohort of 150 asthmatic
children, PM2.5 and PM2.5–10 concentrations, assessed three
times every 3 months, were positively associated with the
incidence rate of several respiratory symptoms, including cough,
asthma symptoms and wheezing [121]. A pilot study on IAQ in a
sample of schools in five European countries found that nasal
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patency was significantly lower in schoolchildren exposed to
PM10 concentrations .50 mg?m-3 than in those exposed to
concentrations ,50 mg?m-3 [34]. An increased risk of past-year
asthma was found in 401 classrooms with high levels of
particulate matter (OR 1.21, 95% CI 1.05–1.39) [35].

Results in dwellings are less conclusive. Only one longitudinal
study [122] and one cross-sectional study [123] found significant
associations with the risk of respiratory symptoms. More work
is needed to clarify whether or not there is an association
between indoor exposure to particles and asthma or bronchitis
severity in the general population as well as with respiratory
diseases development.

Formaldehyde and VOCs
Sources of formaldehyde and VOCs at home, such as indoor
residential materials and coatings as well as renovation or
cleaning activities, have been associated with respiratory effects
[3, 124]. However, health studies using objective measurement
of VOCs are scarce and have mainly been conducted within
paediatric populations.

Formaldehyde is one of the mostly studied pollutants in indoor
air (table S5). Several cross-sectional studies showed an increased
risk of asthma with high exposure to indoor formaldehyde
[3, 125–127], whereas some did not find any significant result [33,
83, 128]. The first longitudinal study on the respiratory effects of
indoor formaldehyde found a significant positive association
between formaldehyde concentration and incidence of asthma
diagnosis (OR 1.7, 95% CI 1.1–2.6, for each formaldehyde
increment of 10 mg?m-3), but only among non-atopic children
[69]. In a recent meta-analysis, McGWIN et al. [129] calculated a
17% increase in the risk of asthma (OR 1.17, 95% CI 1.01–1.36) for
each 10 mg?m-3 unit increase in formaldehyde concentration.
Lastly, there is some convincing evidence of an effect of
formaldehyde in asthma morbidity, such as respiratory symp-
toms or lung function [35, 106, 125, 128, 130–132].

Other indoor VOCs have been studied in relation to respiratory
health (table S6). Among the seven epidemiological studies
having dealt with this topic, three highlighted significant
associations between indoor concentration of VOCs and asthma
or asthma-like symptoms [127, 131, 133]. This was confirmed by
a survey using personal assessment of VOC exposure [134],
showing an increased risk of doctor-diagnosed asthma among
those exposed to VOCs and, in particular, to aromatic
compounds (OR 1.63, 95% CI 1.17–2.27). While two studies
suggest that exposure to VOC in utero could have an impact on
immune status of newborns [135, 136], no epidemiological study
using objective measurements reports significant associations
between exposure to formaldehyde and allergic sensitisation.

Overall, despite a still scarce literature, evidence of an association
between chemical pollutants from the indoor environment and
respiratory health of the residents is increasing. A large number
of studies evaluated the relations between respiratory health and
nitrogen dioxide exposure, whereas relatively little research
has focused on particles, formaldehyde or VOCs. For these
pollutants, data on asthma exacerbation are quite consistent but
other studies are needed to suggest their implication on asthma
morbidity or development. Moreover, analyses of specific VOCs
and not only on total VOCs could enable us to identify some
adverse pollutants.

Emerging air pollutants
Phthalates and POPs have scarcely been considered in connection
to respiratory health because the greatest concern about these
chemical materials is over effects on reproduction and human
development. However, recent work supports the hypothesis of
phthalates as a potential additional risk factor for respiratory
health. Airborne phthalate esters are endocrine disruptors that
may act as modulators of the immune system and induce an
allergic response. One of the main sources for phthalate esters
indoors is the plasticised polyvinyl chloride (PVC) materials that
are used in floor and wall covering materials, shower curtains,
adhesives, synthetic leather, toys, cosmetics, and many other
consumer products. The phthalate concentration in indoor air is
usually lower than that in dust. Human exposure to phthalates
has been studied mainly by monitoring concentrations of
metabolites in body fluids. There is evidence that people are
exposed to a variety of phthalates and that children often are
more exposed than adults. Although the greatest concern about
phthalates is regarding reproduction and human development, a
relationship has been shown between indoor exposure to
phthalates, within the range of what is normally found in
dwellings, and allergic symptoms in children [137]. The effects of
phthalates in indoor air might have been confounded by the
presence of other PVC surface materials, moulds or dampness.
Dampness enhances both microbial growth and degradation of
PVC materials, both of which are potential determinants of
asthma. Large-scale epidemiological studies in different popula-
tions and housing conditions are needed to investigate respira-
tory effects of indoor exposure to phthalates. Recently, a USA
study showed a significantly elevated risk of asthma (rate ratio
(RR) 1.09), infectious respiratory disease (RR 1.15) and COPD (RR
1.19) in individuals living in a zip code with a POP waste site
[138]. So far, only experimental or occupational data exist for
BFRs, such himic anhydride powder. These observations are
consistent with the hypothesis that exposure to emerging
substances may contribute to respiratory diseases.

Potential mechanisms
Several mechanisms have been suggested to explain the
observed associations, but full comprehension is lacking and
certainly has to be modulated according to the type of air
pollutant. Two mechanisms have been privileged. One impli-
cates oxidative stress and the production of reactive oxygen
species leading to inflammation [139] according to a dose-
dependent response to air pollutant exposure. At high exposure,
oxidative stress leads to the activation of additional intracellular
signalling cascades and then increase expression of pro-
inflammatory cytokines (such as tumour necrosis factor-a and
interleukins-8 and -6). These products are produced locally in
target tissues as well as systemically and they lead to widespread
pro-inflammatory effects remotely from the site of the damage.
The other mechanism suggests interactions between allergen
and pollutants [140]. Some pollutants, in particular, diesel
exhaust particles (DEPs), nitrogen dioxide, ozone and sulfur
dioxide, could enhance airway responses to inhaled allergens. It
has been shown that DEP, in synergy with allergens, could
enhance allergen-specific IgE production by initiating a Th2
cytokine environment in the human upper respiratory mucosa.
Recently, it has been shown that VOCs and formaldehyde could
also have such interaction effects [133, 140]. Only a few studies
have evaluated the relationship between exposure to indoor
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pollution and asthma according to different phenotypes. Such
results could bring novel elements to better understand the
adverse effect of indoor pollutants and associated mechanisms.

INDOOR AIR POLLUTION AND RESPIRATORY HEALTH
IN THE RURAL ENVIRONMENT
Most of the epidemiological studies evaluating the associations
between indoor air pollution and respiratory health in indus-
trialised countries have focused on urban areas. Only a few
studies have been conducted in rural areas where air pollution
differs in intensity and sources from the ones in urban areas.
Most researches conducted in rural areas of developing and
emerging countries studied the impact of the use of biomass
fuels. In the European Respiratory Journal Series on Air Pollution,
the first series article discusses indoor pollution in low and
medium countries. Studies on respiratory effects of indoor air
pollution in rural areas of industrialised countries are of
particular interest as individuals living since birth in these
zones suffer less from allergies but are more affected by COPD
and this in spite of the fact that they smoke less. Indoor air
pollution of the farming environment, characterised by an
excess of bio-contaminants, might partly explain such effects.
We summarise in this section the effects of air pollution found in
the rural setting as its comprehension could lead to a better
understanding of respiratory and allergic diseases.

In children
The epidemiological evidence for a relationship between
respiratory health and exposure to indoor pollutants in rural
areas in children is summarised in table S7.

The protective effect of farming environment against allergies
has been discussed extensively [141, 142]. Several studies have
observed reduced prevalence of allergic sensitisation and,
to a lesser extent, of asthma in children exposed to farms,
compared with rural peers [143, 144]. Based on the hygiene
hypothesis, it has been suggested that exposure to high
concentrations of biological compounds in this environment
could explain the observed protective effect [75, 93, 145].

Initially, endotoxin was designated as the ‘‘ideal’’ candidate to
explain such a protective effect. Higher indoor concentrations
were found in farming environments compared with those
assessed in homes of the surrounded rural areas [146]. Exposure
to animals, especially farm animals, has been suggested to
explain such differences [147]. However, moulds have also been
suggested as potential candidates [93, 145]. Even after adjust-
ment for endotoxin concentration, a negative association was
found between exposure to moulds, assessed through muramic
acid concentration, and the risk of wheezing [93]. Based on the
recent observation of very high concentrations of allergens on
farms [148], the hypothesis of tolerance induction by antigen
exposure in early life [44] has been raised to explain the
protective effect of farming environment. However, the only
study that objectively assessed allergen concentrations at home
did not find any significant association with allergic sensitisa-
tion [42]. As a consequence, because of a lack of data, the
hypothesis of immune tolerance induction is controversial, and
further studies are needed in order to replicate previous results
and to better understand how biological exposure might interact
with the immune system [149].

To summarise, indoor air biological pollution seems to be an
important factor to explain the protection afforded by the
farming environment in the case of allergic diseases in early life.
Results using objective assessment of indoor bio-contaminants in
this environment enable us to highlight several candidates that
could be responsible for this effect during the first years of life, a
period that has been suggested to be crucial in the protective
effect of the farming environment [141]. In the framework of the
Prevention of Allergy-Risk Factors for Sensitization Related to
Farming and Anthroposophic Lifestyle (PARSIFAL) study
including five European countries, dust samples from mothers’
mattresses were collected just after childbirth [150]. Only weak
associations were found between endotoxins and extracellular
polysaccharides concentrations and pro-inflammatory cytokines
concentrations in cord blood. Moreover, exposure to pollution
has been assessed in homes and not on farms, whereas high
concentrations can be found in this environment due to farming
activities. Therefore, more studies are needed to better under-
stand which specific aspect of this environment, especially
associated with indoor pollution, might explain the low preva-
lence of allergies among farm children. In PARSIFAL and the
Genetic and Environmental Causes of Asthma in the European
Community (GABRIEL) Advanced study, children who lived on
farms had lower prevalences of asthma and atopy, and were
exposed to a greater variety of environmental nonpathogenic
microorganisms than the children in the reference group [151].
The diversity of microbial exposure was inversely related to the
risk of asthma (OR for PARSIFAL 0.62, 95% CI 0.44–0.89; OR for
GABRIEL Advanced 0.86, 95% CI 0.75–0.99). In addition, the
presence of certain more circumscribed exposures was also
inversely related to the risk of asthma; this included exposure to
species in the fungal taxon Eurotium spp. (adjusted OR 0.37, 95%
CI 0.18–0.76) and to a variety of bacterial species, including
Listeria monocytogenes, Bacillus spp., Corynebacterium species and
others (adjusted OR 0.57, 95% CI 0.38–0.86). These results
illustrate the complexity underlying the development of asthma
and allergies.

In adults
The epidemiological evidence for a relationship between
respiratory health and exposure to indoor pollutants in rural
areas in adults is summarised in table S8.

Exposure to farming environment has been associated with an
increase in respiratory symptoms [152, 153]. During agricul-
tural work, farmers and farm workers are exposed to a wide
variety of air pollutants such as organic dusts, toxic gases,
endotoxin, microorganisms and chemicals, including herbi-
cides and pesticides [154–156]. These pollutants are some of
the most common occupational and environmental health
hazards encountered by the individuals working on farms.
Specific tasks (cow-shed work, cattle foddering, cereal mixing
for animals and cow-shed cleaning) have been associated with
an increased risk of some respiratory symptoms, including
chronic cough, dyspnoea and chronic phlegm [157, 158]. This
increased risk of respiratory symptoms was confirmed by
studies that objectively assessed pollution exposure. Exposure
to dust and endotoxin was significantly associated with a
decline in lung function [159–161], and the risk of COPD-like
symptoms [162, 163], chronic bronchitis and COPD [164, 165].
Only two studies reported similar associations with mould
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exposure [164, 166]. Results on asthma are few but suggest
different effects of pollution according to atopic status. In 2004,
EDUARD et al. [167], in a population of 1,614 animal farmers,
found that exposure to fungal spores was associated with an
increased risk of nonatopic asthma and a decreased risk of
atopic asthma. A recent study including 427 farmers found that
high endotoxin exposure is a risk factor for bronchial hyperre-
sponsiveness and wheezing, whereas, at the same time, it is
related to a reduced risk of atopy and IgE to grass pollen in
adults [168]. The observation that farm environment is asso-
ciated with either an increased or a decreased risk of respiratory
diseases has been named the ‘‘agricultural asthma paradox’’
[169]: early farm exposures, especially those in the first year of
life, reduce the incidence of atopy and atopic asthma, while
exposures later in life increase the risk of nonatopic asthma.

Overall, epidemiological studies focusing on indoor exposure
of farmers suggest that the farming environment might be
responsible for both adverse and protective respiratory effects.
However, as for the child population, the responsible compounds
have not completely been identified. Several pollutants, includ-
ing biological contaminants and PM2.5, could be implicated.
Evaluation of exposure in this environment is very difficult. First,
pollutant concentrations depend on the type of farm, specific task
realized during the work and agricultural practices (use of
machinery, of specific animal food, etc.). Therefore, long sampling
periods during a wide variety of tasks and on different farms are
necessary to obtain a thorough assessment of farmers’ exposure
and better understand the responsibility of such exposure on
respiratory health. Moreover, high correlations between biologi-
cal compounds lead to multicollinearity, and make it more
difficult to study the independent effects of specific biological
agents.

In rural areas, specific habits can lead to different pollutants or
concentrations than in urban areas. Therefore, particular effects
associated with indoor pollution have been suggested. In
farming environments, the study of indoor pollution and its
relationship with respiratory health might enable researchers to
better understand the mechanism associated with such effects.

CONCLUSION
Growing interest in IAQ and related health effects have led to the
publication of important results, especially in the last 10 yrs.
Diversity of indoor pollutants and inhabitants habits can lead to
a wide variety of IAQ profiles throughout the world. Results of
epidemiological studies suggest that respiratory effects are
associated with exposure to air pollution. Even at a low con-
centration, indoor chronic exposure might be responsible for
important adverse effects on health. Studies focusing on the
association between dwelling characteristics or occupants’
activities reinforce the hypothesis of implications of IAQ in
respiratory health. However, for some pollutants, more results
are necessary in order to have sufficient information about
associations between exposure and respiratory health. Data on
birth cohorts are necessary to evaluate potential effects of IAQ on
respiratory disease development. Several mechanisms have been
suggested to explain the relationship between exposure to air
pollution and adverse respiratory effects, based on both allergic
and nonallergic pathways. For some pollutants, both types of
mechanisms could act. Specific exposure, mainly biological,
seems to have contradictory effects according to pollutants, time

and duration. In the rural environment, such a paradox has often
been observed. Therefore, studies are needed to better under-
stand the mechanisms associated with the exposure to indoor air
pollutants and to evaluate the potential implication of indoor
pollution on respiratory disease development. Moreover, data
on the rural environment are needed, as this environment seems
to be particularly interesting for evaluating the impact of indoor
air pollution on allergic and respiratory diseases.

Such information is essential to evaluate the risk associated
with indoor pollution and establish public policies on IAQ.
SCHER indicated, in its opinion on risk assessment on indoor
air quality [5], that ‘‘indoor air constitutes a complex case for
risk assessment and management due to a wide variety of
pollutants, exposure levels, different possible health outcomes,
differences in sensitivity of the population, cultural habits, way
of living, building stock and climate across Europe.’’ However,
as concluded by SCHER, the database for indoor air risk
assessment is in general limited and more data on exposure, in
quantitative terms, are required. Therefore, the development of
exposure assessment and its use in epidemiological studies is
needed to better evaluate the risk associated with indoor
pollution and protect the population.
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