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Abstract: (1) Background: There is increasing awareness that the quality of the indoor environment
affects our health and well-being. Indoor air quality (IAQ) in particular has an impact on multiple
health outcomes, including respiratory and cardiovascular illness, allergic symptoms, cancers,
and premature mortality. (2) Methods: We carried out a global systematic literature review on indoor
exposure to selected air pollutants associated with adverse health effects, and related household
characteristics, seasonal influences and occupancy patterns. We screened records from six bibliographic
databases: ABI/INFORM, Environment Abstracts, Pollution Abstracts, PubMed, ProQuest Biological
and Health Professional, and Scopus. (3) Results: Information on indoor exposure levels and
determinants, emission sources, and associated health effects was extracted from 141 studies from
29 countries. The most-studied pollutants were particulate matter (PM; 5 and PMjg); nitrogen dioxide
(NO,); volatile organic compounds (VOCs) including benzene, toluene, xylenes and formaldehyde;
and polycyclic aromatic hydrocarbons (PAHs) including naphthalene. Identified indoor PM; 5
sources include smoking, cooking, heating, use of incense, candles, and insecticides, while cleaning,
housework, presence of pets and movement of people were the main sources of coarse particles.
Outdoor air is a major PM; 5 source in rooms with natural ventilation in roadside households.
Major sources of NO, indoors are unvented gas heaters and cookers. Predictors of indoor NO; are
ventilation, season, and outdoor NO; levels. VOCs are emitted from a wide range of indoor and
outdoor sources, including smoking, solvent use, renovations, and household products. Formaldehyde
levels are higher in newer houses and in the presence of new furniture, while PAH levels are
higher in smoking households. High indoor particulate matter, NO, and VOC levels were typically
associated with respiratory symptoms, particularly asthma symptoms in children. (4) Conclusions:
Household characteristics and occupant activities play a large role in indoor exposure, particularly
cigarette smoking for PMj; 5, gas appliances for NO;, and household products for VOCs and PAHs.
Home location near high-traffic-density roads, redecoration, and small house size contribute to high
indoor air pollution. In most studies, air exchange rates are negatively associated with indoor air
pollution. These findings can inform interventions aiming to improve IAQ in residential properties in
a variety of settings.

Keywords: indoor air; chemicals; particulate matter; VOC; PAH; benzene; toluene; formaldehyde;
naphthalene; residential exposure; ventilation; asthma
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1. Introduction

There is increasing awareness that the quality of the indoor environment can affect our health and
well-being. Indoor air quality (IAQ) in particular has an impact on multiple health outcomes, including
respiratory and cardiovascular illness, allergic symptoms, cancers, and premature mortality [1]. As the
world is becoming increasingly urbanised, with urban residents typically spending over 90% of
their time indoors [2,3], it is important to characterise IAQ and understand which pollution sources,
housing characteristics, and occupancy patterns have the largest impact on our exposure to pollutants
present in the home environment.

Exposure to high concentrations of air pollutants indoors can cause both acute and chronic health
effects. Examples of acute effects include exacerbation of allergic symptoms, such as atopic dermatitis,
rhinitis, conjunctivitis and hay fever, and intoxication and death due to short-term exposure to very
high concentrations of carbon monoxide (CO) [4]. Examples of chronic health effects include cancer
and non-cancer effects associated with organic chemicals [5], respiratory effects related to second-hand
tobacco smoke (e.g., chronic obstructive pulmonary disease (COPD)) [6], increased susceptibility to
respiratory infections, and cardiovascular disease [7]. Certain pollutants, such as tobacco smoke and
other combustion products, may aggravate asthma symptoms [8], while formaldehyde and other
volatile organic compounds (VOCs) have been associated with the sick building syndrome (SBS) [9].

IAQ is a complex function of outdoor and indoor sources of pollution, environmental conditions,
housing characteristics, and behavioural factors [1]. Outdoor air pollution concentrations associated
with anthropogenic and natural sources, such as road traffic, wildfire smoke and re-suspension of dust,
can affect indoor air pollutant levels. In addition, dispersion characteristics of pollutants surrounding
the building influenced by, e.g., the type, position and distance of pollutant sources; size, shape,
orientation and arrangement of buildings; topography and meteorological conditions also play a
role [10-13].

Furthermore, IAQ levels are highly variable over time, depending on a range of internal factors
that include (i) the physical and chemical properties of pollutants (gaseous or particulate, reactivity,
deposition, size for particulates); (ii) use of household products, such as cleaning products, cosmetics
and insecticides, and appliances, such as gas cookers and stoves, and building and furnishing materials
such as chemical flame retardants; (iii) building characteristics including infiltration and ventilation
rates; (iv) occupant behaviour and activities, e.g., opening of windows, tobacco smoking, cleaning,
cooking, and use of extractor fans [14,15].

The aim of this review is to characterise air pollution exposure levels and associated health
effects in homes around the world and provide evidence-based recommendations for improving IAQ.
To achieve this, we carried out a systematic search and review of the evidence in relation to IAQ
and human exposure in domestic environments. This review focused on measured concentrations of
common chemical pollutants from a wide range of outdoor and indoor sources, related health effects,
building characteristics, and locational, seasonal and occupancy patterns.

2. Methods

2.1. Literature Searches

Peer-reviewed articles published between 2000 and 2017 were included in our searches.
We excluded studies published prior to 2000, as these were largely covered by a comprehensive
review on IAQ and health by Jones (1999) [9], and excluded studies published in languages other
than English or if their main focus was on the evaluation of outdoor air pollution or household air
pollution from biomass burning in rural settings. We also excluded publications related to asbestos,
radon, methane, biological pollutants, and acute carbon monoxide exposure. Furthermore, we focused
on measured exposures to chemical air pollutants and particles in the domestic indoor environment,
excluding studies that relied entirely on IAQ modelling. Although we extracted health information,
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a comprehensive review of the health effects of specific indoor pollutants (e.g., including epidemiological
and toxicological studies) was beyond the scope of this review.

The following online bibliographic databases were used: ABI/INFORM, Environment Abstracts,
Pollution Abstracts, PubMed, ProQuest Biological and Health Professional, and Scopus. The search
results from the databases were stored in the online reference manager RefWorks. Additional manual
searches in the reference lists of review papers were carried out. The search strategy adopted, including all
search terms used in bibliographic database searches, is documented in Supplementary Materials.

2.2. Paper Screening and Data Extraction

After the searches were completed, the titles and, where available, abstracts were screened to
identify studies of relevance in accordance with the inclusion criteria. In all cases, a conservative strategy
was adopted, where, if the relevance or otherwise of a paper was not apparent from the title/abstract,
the paper was retained for full-text scanning. Following the screening of the titles and abstracts,
copies of the full papers were obtained for those included. A data extraction template was developed
and trialled before being applied to the included papers. The final data extraction template included
publication title, authors, pollutant(s), country, location, study design, indoor sources, occupancy
patterns, dwelling characteristics, exposure levels, method(s) of measurement, number and duration of
measurements, and health effects (if reported). Title, abstract and full-text screening, and data extraction
for each eligible paper were undertaken independently by two reviewers, with disagreements resolved
by a third reviewer. From the data extracted, summary tables were prepared to aid the assessment
process, and a narrative synthesis of the evidence was carried out.

3. Results

Overall, 2982 titles were identified and screened, 226 full-text articles were obtained and assessed
for eligibility, with 141 of them included in the evidence synthesis (Figure 1). Studies from 29 countries
were included, with a relatively high number of studies from the USA, UK, Japan, Canada, and China
(Figure 2). IAQ studies were very sparse for the Middle East, Central Asia, Latin America and Africa.
The most-studied pollutants were particulate matter (PM) as PM; 5 and PM;; nitrogen dioxide (NOy);
volatile organic compounds (VOCs) including formaldehyde, acetaldehyde, benzene, ethylbenzene,
toluene, and xylenes; and to a lesser extent polycyclic aromatic hydrocarbons (PAHs) including
naphthalene; and carbon monoxide (CO) (Figure 3). Fewer studies focused on other individual VOCs
(limonenes, pinenes), sulphur oxides (SOy), and ozone (O3). Carbon dioxide (CO,) levels were reported
as an indicator of indoor ventilation in a number of studies.

A full list of the extracted information with a summary of the studies included can be found in
Supplementary Materials (Table S1). Sources, exposure levels and health effects of selected chemicals
and groups of pollutants are discussed in Sections 3.1-3.7. Housing characteristics, occupancy,
ventilation and activity patterns, seasonal and climatic influences, and dwelling location, setting and
within-building variability are discussed in Sections 4.1-4.4.
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Figure 1. Numbers of papers at each stage of the review process (PRISMA diagram).

Figure 2. Number of IAQ studies included per country. Studies with IAQ data from multiple countries
have been counted separately for each country.
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Figure 3. Number of studies included for each indoor pollutant. Studies reporting indoor concentrations
of multiple pollutants have been counted separately for each pollutant. (PMy5: particles with
aerodynamic diameter < 2.5 pm; PM;: particles with aerodynamic diameter < 10 um; PNC: particle
number concentration; UFP: ultrafine particles.)

3.1. Particulate Matter

3.1.1. Exposure Levels, Sources and Determinants

Particulate matter (PM) is a complex mixture of organic and inorganic chemicals, including
organic carbon (OC) and elemental carbon (EC), which vary by season and geographic location [16,17].
Indoor particles comprised ambient particles of different size fractions (typically reported as PMjj,
PM, 5, and UFP) that infiltrated from outdoors, and particles that were generated indoors [18,19].
Major indoor PM sources included smoking, cooking (particularly using kerosene and biomass fuels),
wood stoves and furnaces, use of incense and candles for fine particles (PM; 5), and cleaning, presence
of pets, and people’s movements for coarse particles [20-26].

Seventy-three studies reported indoor PMj 5, with mean concentrations ranging between 1.7 pig/m?
in Quebec City, Canada [27], and 428.6 p1g/m3 in homes with hookah (i.e., water pipe) smoking in
Dubai, UAE [28] (Table S1). Cooking and smoking were major indoor sources of PM; 5 in homes in the
UK [29,30] and USA [31]. In addition to indoor smoking [32,33], PM; 5 levels were strongly influenced
by the use of coal for cooking [34] and motor vehicle emissions [35] in China. The use of kerosene
and biomass fuels for cooking increased indoor PM; 5 concentrations to a level 7-fold greater than the
World Health Organization (WHO) guidelines in Dhaka, Bangladesh [36].

Thirty-seven studies reported indoor PMy, with mean concentrations ranging between < 11.0
in Quebec City, Canada [37], and 1275 ug/rn3 in houses with soil floor in Lao PDR [38]. Very high
PM; levels were also reported in Delhi and Agra, India [39,40]. Relatively high indoor PM; in
southern Europe compared to northern and central Europe was possibly due to higher ingress of
mineral dust from outdoor sources [41]. Higher indoor PM;( was reported in Portuguese [41] and UK
homes [42] compared to outdoor levels, although outdoor sources were a significant contributor to
indoor concentrations. OC content of PM;( was higher indoors than outdoors showing the influence of
indoor sources such as smoking, cooking, biomass burning and movement of people, while EC sources
were mainly outdoors [41].

Indoor UFP concentrations were affected by outdoor UFP concentrations, building characteristics
and infiltration, air exchange rates (AERs), indoor and outdoor meteorological parameters,
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personal behaviours, as well as indoor sources and human activities such as cooking, candle burning,
heating devices, environmental tobacco smoke (ETS), and office equipment [43-45]. In a study in
California, USA, cooking caused the highest indoor UFP exposures [46].

3.1.2. Health Effects

Exposure to ambient PM has been linked to decline in pulmonary function and cardiovascular
events possibly through inflammation. Indoor UFP exposure is of particular concern due to the
enhanced ability of UFP to cause oxidative stress and inflammation in the lungs [47]. However, less is
known about individual exposure to UFP inside and outside modern homes and associated health
effects [48].

Higher concentrations of indoor (fine and coarse) PM were associated with increases in asthma
symptoms and relief medication use in children in Baltimore, USA [49,50]. Significantly positive
associations were found between indoor PM; 5 and new wheeze in children in New York City, USA [51].
However, a study in California, USA, showed mixed respiratory effects of PM in children with asthma
in various microenvironments [52]. Indoor exposure to PM increases the risk of acute lower respiratory
tract infections, which are the leading cause of death in young children in low-income countries [36].
Increased indoor PM levels have been associated with worse respiratory symptoms and increased risk
of exacerbation in patients with COPD [53,54].

3.2. Nitrogen Dioxide

3.2.1. Exposure Levels, Sources and Determinants

NO; is a by-product of combustion produced by motor vehicles, energy generation and other
outdoor sources involving combustion, as well as indoor sources such as gas appliances and kerosene
heaters (e.g., [55,56]).

Indoor NO, levels reported in forty-six studies ranged between 3.4 pg/m3 in homes in Quebec
City, Canada [27], and 1210 ug/m3 in houses with indoor smoking and/or cooking in Lao PDR [3§],
in cases exceeding the WHO guidelines [1] for acute (200 ug/m3) or chronic (40 pg/m3) exposure
(Table S1). Indoor levels where NO, sources, such as gas appliances, were present were much higher
than outdoors, where the primary source of NO, was road traffic [57]. NO, concentrations were higher
in all rooms in houses in the UK [58] and Germany [59] where gas cookers were used. NO, levels in
kitchens with a gas cooker in the UK were twice as high as in those with an electric cooker during
winter [58]. Nitrogen oxides (NOy) and NO, were higher in homes with cooktop pilot burners,
relative to gas cooking without pilots. In homes in California, USA, where residents cooked 4 h or
more per day with gas, self-reported use of kitchen exhaust fans was associated with lower NOy and
NO; exposure [60].

Seasonal effects were also identified with increased indoor concentrations of NO, in winter in
Japan [55], which was thought to be due to the use of gas heaters. Cyrys et al. [59] observed outdoor
NO, concentrations approximately twice as high as indoor levels in Germany, while Cibella et al. [61]
and Zipprich et al. [62] observed significantly higher indoor NO; concentrations than outdoor
concentrations in Italy and USA respectively. Overall, the most important predictors of indoor NO,
concentrations were gas cooker use, followed by ventilation and outdoor NO, levels.

3.2.2. Health Effects

Most reviewed evidence, mainly from US studies, suggested that exposure to higher indoor NO,
concentrations leads to symptoms in children with asthma, including chest tightness, shortness of
breath, wheeze, cough, nocturnal symptoms, increased number of asthma attacks and inhaler use,
and decreased forced expiratory volume in one second (FEV1) [63-67]. Children living in inner
cities appeared to be at higher risk for the adverse effects of NO; given their relatively high indoor
exposure [64], although increased risk of asthma morbidity also occurred at NO, concentrations common
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in urban and suburban homes [57]. In addition, exposure to higher indoor NO, concentrations was
associated with increased respiratory symptoms and risk of COPD exacerbations in former smokers
with moderate to severe COPD [56].

3.3. Volatile Organic Compounds

3.3.1. Exposure Levels, Sources and Determinants

VOCs are emitted from a very wide range of indoor and outdoor sources through combustion
and evaporation, e.g., cigarette smoking, solvent-related emissions, renovations, household products
and pesticides [5,68]. Typical VOCs found in the indoor environment include benzene, toluene,
ethylbenzene and xylenes (BTEX) from fuel combustion and evaporation, and house renovations;
benzene and styrene from cigarette smoking; alkanes from natural gas; 1,4-dichlorobenzene from moth
repellents; a-pinene from wood-based building materials; and limonene from fragranced household
cleaning and laundry products (e.g., [69-72]).

Forty-two studies reported indoor concentrations of one or more VOCs (excluding studies that
only reported formaldehyde or other carbonyls). VOC levels in homes depended on many factors,
such as the strength of emission sources, ventilation rates, and the indoor oxidative environment,
which reflected differences in chemical use, building design and materials, occupant behaviour,
and season (e.g., [32,73,74]). Reported VOC concentrations were generally higher indoors than
outdoors, including for benzene, particularly in colder seasons due to reduced ventilation and the
use of oil and gas heaters [75-81]. Indoor sources were dominant for most VOCs and particularly for
limonene, a-pinene, hexanal, pentanal, o-xylene, and n-dodecane [76,82]. Use of artificial air freshener
was significantly associated with total VOC (TVOC), benzene, toluene and ethylbenzene [78].

Thirty-nine studies reported indoor levels of benzene and/or toluene, ranging from 0.6 and
3.0 ug/m3 in Kaunas, Lithuania [75], to 24.8 ug/rn3 in Perth, Australia [74], and 325.5 pg/m?’ in Sapporo,
Japan [83], respectively (Table S1). Studies previously reviewed by Sarigiannis et al. (2011) reported
similar, though narrower, ranges of benzene (1.2-17.0 pg/m?) and toluene (4.3-86.2 pg/m?) in homes
within the European Union [5]

Homes where ETS was present had higher concentrations of almost all VOCs including
benzene [70,72,76,84,85]. Indoor toluene, ethylbenzene and xylenes concentrations were mainly
dominated by outdoor sources such as road traffic [75,77], although toluene and o-xylene concentrations
were also elevated in smoking homes [85] and toluene levels were affected by the presence of carpets [76].
Elevated levels of benzene and toluene were also found in basements and garages adjacent to residences,
probably due to the use and storage of solvents, petrol and petrol-powered equipment [70,82].

Use of low-emission and non-absorbent indoor materials, and climatic conditions that favour
natural ventilation, resulted in reduced indoor benzene, toluene and xylene levels in Athens, Greece,
and in Seoul, Korea [77,78]. However, two studies from northern Europe reported indoor concentrations
of toluene and xylene significantly higher than outdoor levels [86,87]. An international study showed
that levels of VOCs in new homes decreased dramatically and were close to the mean values for the
older homes after one year from construction [88]. However, a study from Hong Kong [89] found no
relationship between VOC concentrations (other than formaldehyde) and building age.

Occupant density was positively associated with indoor VOC and BTEX concentrations in
Australia [71] and Canada [70], respectively. Indoor VOC concentrations were negatively correlated
with ventilation. Indoor alkanes and aromatics were associated with proximity to major roads. Levels of
VOCs in Australian dwellings were lower than those from studies in North America and Europe,
probably due to the leakier nature of Australian dwellings [71].

3.3.2. Health Effects

Many VOCs are classified as known or possible carcinogens (benzene in particular is a known
human carcinogen mainly associated with leukaemia risk), irritants and toxicants, and measurement
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of TVOCs may underestimate the risks associated with individual compounds [5,70]. Most VOCs have
also been reported to be significant risk factors for asthma [73,74,90-92], with the strongest association
with benzene followed by ethylbenzene and toluene. However, after adjustment for confounding
factors, no significant associations were found between residential benzene exposure and respiratory
health in infants in Spain [79], or between low-level exposure to VOCs (except for d-limonene) and
asthma status in children in Portugal [93]. Exposure to high concentration of VOCs during infancy
increased the risk of atopic dermatitis in Korean children [94]. Residential exposure to a-pinene was
associated with throat and respiratory symptoms in Japan [83]. However, there were no significant
effects of a-pinene on SBS symptoms [95]. Overall, there was less attention on the SBS in the studies
reviewed here than in the earlier IAQ review by Jones (1999) [9].

3.4. Formaldehyde and Other Carbonyls

3.4.1. Exposure Levels, Sources and Determinants

Formaldehyde is mainly emitted from building materials (e.g., insulating materials and
pressed-wood products), household products (e.g., paints, cleaning products, pesticides, adhesives),
parquet flooring and carpets, smoking (although not a dominant source), and unvented fuel-burning
appliances (e.g., [5,55,89,96]). Carbonyl compounds can also occur in the indoor environment as
secondary pollutants as products of the reaction of a primarily pollutants with ozone.

Thirty-three studies reported indoor formaldehyde levels with concentrations ranging from
7.5 ug/rn3 in Quebec City, Canada [37], to 134 ug/m3 in new homes (first year) across various cities in
Japan [88] (Table S1). Studies previously reviewed by Sarigiannis et al. (2011) reported a narrower
range of formaldehyde concentrations (12.3-46.1 pg/m?) in homes within the European Union [5].
Differences among indoor concentrations of formaldehyde were due to differences in building ages,
geography, building materials, furniture, and household products. Formaldehyde levels were generally
higher in newer houses [55,78,89], particularly in those with wooden frames or furniture bought new
or restored [76,97]. Maruo et al. (2010) estimated the relationship between formaldehyde levels and the
age and temperature of homes in Japan [98]. They obtained the highest formaldehyde concentrations
for apartments 0-2 years after their renovation, with a linear relationship between formaldehyde
concentration and years after renovation. Formaldehyde and a-pinene related to wooden materials
needed a longer flushing period than other VOCs in new homes [88].

Indoor formaldehyde and styrene levels in Hong Kong were higher than in other East Asian
cities in Japan, China, Korea, Hong Kong and Taiwan, reflecting the higher prevalence of household
products and materials containing these chemicals in Hong Kong [89]. An Italian study [97] reported
lower indoor concentrations of formaldehyde than those reported in Japan [99] and France [96,100].
Formaldehyde levels ranged very widely in households in England [101] and Canada [102,103].

Indoor sources were dominant for formaldehyde, acetaldehyde and acetone [76,104].
Formaldehyde concentrations tended to be higher in summer when temperatures were higher.
For example, Ranciere et al. [105] found an increase in the concentrations of formaldehyde as a result
of indoor chemistry involving oxidants such as ozone, which is present at higher concentrations
in summer, and unsaturated organic compounds, such as terpenes, in homes in Paris. However,
formaldehyde and acetaldehyde levels were significantly higher in winter than in spring-summer in
dwellings in Bari, Italy [97], possibly because of windows kept open during good weather.

3.4.2. Health Effects

Formaldehyde is carcinogenic to humans, based on increased risk of nasopharyngeal cancer
and leukaemia [1]. It is also an irritant of the upper respiratory tract with symptoms such as eye,
nose and throat irritation commonly associated with indoor exposure. Exposure to low concentrations
of formaldehyde for a short period of time influences the skin barrier function in patients with atopic
dermatitis. Low level exposure to indoor formaldehyde may increase the risk of allergic sensitization
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to common aeroallergens in children [78], although this risk was low in households in south Italy [97].
Young children experiencing recent indoor renovation in German houses showed increased risk of
eczema [106]. Formaldehyde was associated with neurological symptoms (difficulty concentrating)
in a study in UAE [107]. Elevated levels of indoor aldehydes increased the possible risk of SBS in
residents living in new houses in Japan [108].

3.5. Polycyclic Aromatic Hydrocarbons

3.5.1. Exposure Levels, Sources and Determinants

PAHs are products of incomplete combustion generated through wood, coal, oil, and gas
burning, smoking, waste incineration, industrial power generation, and vehicle emissions (e.g., [75]).
PAHs with low molecular weight (i.e., with 2 or 3 rings) are emitted in the gaseous phase,
while high-molecular-weight PAHs (i.e., with 5 or more rings) are emitted in the particulate phase [109].

Twelve studies reported indoor levels of PAHs, with the sum of different groups of PAHs ranging
from 1.5 ng/m3 inhomes in Agra, India [40], to 9568 ng/m3 in homes in Hangzhou, China [110] (Table S1).
A number of studies, mostly from China and Japan, have shown residential indoor PAH concentrations
generally higher than outdoor [110,111], but the opposite was observed in a suburban home in Brisbane,
Australia [112]. Indoor air PAHs, especially low-molecular-weight PAHs, mainly came from indoor
emission sources. Higher PAH concentrations were observed in smoking houses in China, Japan,
and the UK [84,113]. In non-smoking houses, moth repellent and cooking practice were the main
sources of 2- and 3-ring PAHs, respectively. Low-molecular-weight PAHs were also associated with
kerosene heating and the outdoor pollution in non-smoking houses. In a study in Italy, the presence
of fireplaces could explain the higher indoor levels of total PAHs and pyrene (4-ring PAHSs) found in
rural households compared to urban households [114]. High-molecular-weight (5- and 6-ring) PAHs
in indoor air were mainly associated with outdoor sources and their levels tended to be the same or
lower than those in outdoor air.

PAH concentrations both indoor and outdoor were significantly higher in the gaseous fraction
(2-, 3-, and 4-ring PAHs) than in the particulate fraction (5- and 6-ring PAHs) in India (Masih et al.,
2010). PAHs in the indoor environment were mainly attributable to gas usage, cooking (frying and oil
combustion), smoking and incense burning, whereas outdoors the most common sources of PAHs
were petrol and diesel vehicles.

3.5.2. Health Effects

There is evidence for the genotoxicity and carcinogenicity of many PAHs in animal species,
and epidemiological studies demonstrated that there is a correlation between PAH exposure and cancer
incidence for various human tissues [115].

3.6. Naphthalene

3.6.1. Exposure Levels, Sources and Determinants

Naphthalene (both a VOC and a 2-ring PAH) is a ubiquitous pollutant, and very high concentrations
are sometimes encountered indoors when it is used as an insect repellent or deodorant [82,116].
Other sources that have an impact on indoor levels include (to lesser extents) cigarette smoking and
motor vehicle emissions.

Fourteen studies reported naphthalene levels in domestic indoor environments,
with concentrations ranging from 0.12 ug/m3 in homes in Kaunas, Lithuania [75], to 26.3 pg/m3
(and in one case exceeding 1000 pg/m®) in houses in Michigan, USA [82]. Jia and Batterman
(2010) suggested typical naphthalene concentrations ranged from 0.18 to 1.7 pg/m? in non-smokers’
homes [117], which were less variable than the indoor concentrations reported in this review (Table S1).
Outdoor concentrations in urban areas reported by Jia and Batterman (2010) were typically lower than
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indoor levels [117]. Naphthalene was the dominant PAH at both urban background and roadside
locations (indoors and outdoors) in Agra, India [118].

3.6.2. Health Effects

Large amounts of naphthalene in the air can irritate the eyes and respiratory system. The WHO
(2010) established an annual average IAQ guideline (10 pg/m3) based on respiratory tract lesions,
including tumors in the upper respiratory tract demonstrated in animal studies, and hemolytic anemia
in humans [1]. Overall, naphthalene presents health risks in a subset of homes where inappropriate
use of repellents and deodorants takes place [116].

3.7. Other Indoor Pollutants

A number of other indoor pollutants were examined, often in multipollutant monitoring studies.
Thirteen studies measured CO, a product of incomplete combustion, in domestic indoor environments
with generally low (below 1 mg/m?) non-acute concentrations observed in houses in USA [7,119] and
England [101], but with much higher levels (mean 6 rng/m3 ) in houses close to heavy traffic in summer
in Delhi, India [39], and in rooms with hookah smoking in Dubai, UAE [28]. Relatively high CO
concentrations (max 8 h mean 2.5 mg/m?®) were recorded in kitchens with gas cookers in California,
USA [60].

Five studies examined O3 concentrations in indoor air, and those that did (e.g., in Southern
California, USA [120], Canada [121], and Japan [55]) generally found very low mean indoor O3 levels,
ranging between 0.03 and 29.7 pg/m?3, compared with outdoor concentrations (Table S1). Ozone is a
respiratory irritant formed in the atmosphere from the chemical reaction of precursor gases (NOy, CO,
and VOCs) in the presence of sunlight. Penetrating from outdoors, O3 can be decomposed quickly by
chemical compounds present in indoor air. Uchiyama et al. (2015) suggested that the indoor/outdoor
(I/O) ratio of O3 can represent the ventilation of the indoor environment [55].

From the five studies which included indoor SO, monitoring, detectable levels (0.6 pg/m?) were
reported from a study in Durban, South Africa [122], with much higher levels reported from Agra
(26.2—-44.5 ug/m3) and particularly Delhi (67-220 ug/m3) in India [39,40] (Table S1). Concentrations
of SO,, which is a product of combustion of sulphur-containing fuels such as diesel, kerosene and
coal, were much higher during the rainy season in Delhi, particularly outdoors, compared to other
seasons [39].

4. Key Determinants of Indoor Air Pollution

4.1. Housing Characteristics

Indoor air pollution levels were influenced by housing characteristics, such as type of cooking
and heating system, presence and type of windows, building materials and age, and presence of
attached garages (e.g., [84,88,98,123,124]). For example, housing characteristics and occupants’ activities
could explain up to approximately 50% of the variability in indoor air pollutant concentrations in
Canadian houses, with ventilation, home age, and attached garage being important predictors for
many pollutants [121].

Ventilation in particular, often expressed as AER, was a key determinant of IAQ. AER was an
important determinant of indoor formaldehyde, acetaldehyde, and acrolein levels [102], and of both
indoor and personal PM; 5 [125]. When AERs were higher (>1 exchange/hour), the impact of indoor
sources was less pronounced, as indoor PM concentrations tracked outdoor levels more closely [126].
Lower indoor PMj 5 levels were associated with the presence of airtight windows in winter in Italy [123]
and with larger homes in California, USA [127]. Lajoie et al. (2015) suggested that enhanced ventilation
improves IAQ and may prevent wheezing in children with asthma [27].

Indoor NO, and PMj; 5 levels in Italy were positively related to the presence of a gas boiler at home
in summer [123]. A study in New Zealand showed that replacing unflued gas heaters was associated
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with a 67% reduction in NO; levels in living rooms [128]. Replacing unvented gas stoves with electric
stoves or placement of air purifiers with high-efficiency particulate air (HEPA) and carbon filters
decreased indoor NO, concentrations in homes in Baltimore, USA [129]. However, NO, concentrations
in the kitchen and bedroom did not significantly change following range hood installation.

Attached garages affected indoor levels of VOCs such as benzene [91]. Concentrations measured
in houses with integral garages in the UK showed higher concentrations for almost all VOCs, but not for
PAHs [84]. Wang et al. (2017) identified the most abundant VOCs in 25 homes in the UK, which included
benzene, toluene, xylenes, d-limonene and a-pinene [90]. Although concentrations within homes
varied considerably, no statistically significant association with the building age, size, single/double
glazed windows, or occupancy patterns was found in this study (possibly due to the small number of
houses examined).

Green eco-friendly housing, which includes approaches to reduce indoor air pollutant sources
and to increase energy efficiency, reduced the penetration of outdoor pollutants. Colton et al. (2014)
observed lower PM; 5 and NO; levels in green vs. conventional apartments, and improvements in
self-reported health and reductions in SBS symptoms in Boston, USA [130]. However, making houses
more airtight could result in increased build up of indoor pollutants and building overheating [131,132].

Informal building structures made of low quality building materials were characterised by
unregulated AERs, which were likely to contribute to indoor air pollution. In informal houses,
surfaces (e.g., walls made of corrugated sheet, mud or wood) were likely to release or re-suspend
particles into the air when disturbed. Informally constructed houses in a study in Durban, South Africa
had higher PM;( concentrations when compared to formally constructed houses [122]. Gurley et al.
(2013) found that each additional external window and/or door was associated with a 22 ug/m3
decrease on average in indoor PM; 5 in households in Dhaka, Bangladesh [36]. PM;( concentrations
were significantly lower in houses in which cooking occurred on a stove with a chimney, compared to
houses in which cooking occurred on stoves without chimneys in Lao PDR [38].

4.2. Occupancy, Natural Ventilation and Activity Patterns

Indoor pollution levels were positively associated with household and personal activities, such as
cooking, smoking, use of a fireplace, stove, candles, incense or vacuum cleaners, and interior rebuilding
or renovation (e.g., [132-136]), as well as with the number of occupants in the household [137,138].
Extremely high indoor concentrations of chemicals (naphthalene, p-dichlorobenzene) were associated
with inappropriate use of insecticides and space deodorisers [55,116].

Natural ventilation and window opening were beneficial or in cases detrimental for IAQ,
depending on the location of the household, the emission source and the season. Open windows were
generally beneficial in houses with smokers [20,139]. In Denmark, opening of windows in infants’
bedrooms during the summer decreased PM, 5 concentrations, whereas open windows during winter
resulted in a higher indoor concentrations possibly due to greater contributions of outdoor PM, 5 [139].
Open windows were associated with significantly lower indoor PM; 5 and PMj levels in Baltimore,
USA [134]. In the same study, the use of air conditioning did not have a significant impact on indoor
PMj; 5 or PMyq [134]. Klepeis et al. (2017) did not observe an association between particle counts and
window opening, use of kitchen exhaust fans, or other ventilation activities in low-income households
in San Diego, USA [127]. In a study in Italy, indoor NO, concentrations increased with increasing
number of hours of open windows in summer [123].

PM, 5 concentrations were reduced by use of a range hood for frying, by not using candles,
a fireplace or a stove, by increasing the distance between the bedroom and the smoking area and by
opening windows in houses of smokers in Denmark [139]. Agricultural and housing variables were
poorly associated with indoor and outdoor PMjy and PM; 5 in rural lowa, USA, except for home
cleanliness which was highly associated with indoor PMjq [140]. Major determinants of indoor NO,
concentrations in two cohorts in Spain and one in the UK were the heating/cooking fuel used in the
house (gas fire and gas cooker increased average NO, concentrations by 1.27 and 2.13 fold, respectively),
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parental cigarette smoking, and season of measurement [141]. NOy, NO, and CO were higher in
homes that cooked with gas and increased with amount of gas cooking in California, USA [60].

Tobacco smoking and burning of incense were significant contributors to indoor air pollution
in studies in South Africa [122] and India [142]. Vanker et al. (2015) found a significant association
between the use of fossil fuels for cooking and increased benzene, CO and NO, levels in Cape Town,
South Africa [143]. A study by Lawrence et al. (2005) in Agra, India, suggested that indoor sources
(e.g., wood burning, smoking) mainly affected indoor CO levels during winter [144]. At urban sites
where NO and NO; concentrations were very high, IAQ was mainly affected by outdoor sources.
At these sites, the usage of heavy diesel generators and traffic pollution were the major outdoor sources
affecting IAQ.

4.3. Seasonal and Climatic Influences

Significant seasonal patterns of indoor pollutant concentrations have been observed in homes
(e.g., [55,123,145]), mainly depending on the relative strength of indoor and outdoor sources, ventilation
rates, and ambient or room temperature. Temperature affected the emission rates of pollutants
(e.g., VOCs) from indoor materials [55,100], as well as occupancy patterns such as opening of windows
and use of heating and cooling systems. For example, indoor concentrations for most pollutants
were higher in summer than in winter in a study in Japan [55]. In particular, formaldehyde, toluene,
and ammonia were strongly and positively associated temperature. On the other hand, indoor benzene,
SO, and NO, concentrations were higher in winter due to the presence of unvented gas heaters and
reduced ventilation. In a study in Cairo, Egypt [146], air temperature, relative humidity and the age
of the flat were the main factors affecting indoor formaldehyde levels, with higher concentrations
recorded in summer.

Wind dispersed outdoor pollutants and affected AERs [147]. A study in Athens, Greece,
showed that seasonal variation of wind speed was an important factor affecting toluene and xylene
concentrations in homes [77]. In Italy, indoor NO, and PM, 5 concentrations in urban and rural
households were higher in winter compared to summer [123].

Significant seasonal variations of all PM fractions were observed in Delhi and Agra, India [39,142].
Particulate I/O ratios and concentrations were also linked with meteorological conditions and indoor
activities. Concentration of all PM fractions were higher in winter due to increased indoor space
heating and reduced pollutant dispersion in comparison with other seasons. On the other hand,
indoor concentrations of CO, SO, and NOy in Delhi were relatively higher in the rainy or summer
seasons due to the increased penetration of outdoor pollution.

Indoor PM; 5 concentrations in urban households in Dhaka, Bangladesh, were associated with a
very large (225 pg/m3) increase in winter [36]. A significant seasonal association was also found with
higher indoor air pollution levels in winter in Cape Town, South Africa [143]. Overall, indoor pollution
sources typically have a greater impact on personal exposures during winter, when homes have
reduced ventilation and residents spend more time indoors [148].

4.4. Dwelling Location, Setting and Within-Building Variability

The building location within a city (e.g., distance from major road) and setting (urban, suburban
or rural) had a strong influence on IAQ, particularly in relation to air pollutants of outdoor origin.
PM; 5 and PMyg levels were nearly twice as high in urban compared to rural homes in Malaysia [149],
and significantly higher in suburban compared to downtown homes in Slovakia [150], Italy [123] and
USA [151]. Roadside dwellings in Chinese cities had higher indoor PM; 5 and elemental carbon (EC)
levels compared to other urban dwellings, indicating the influence of outdoor traffic emissions [32,33].
PM; 5 levels in six Chinese cities showed strong correlation between living room, bedroom, and outdoor
PM, 5, suggesting that indoor concentrations were strongly influenced by outdoor sources [32].
Another study from northwest China found a significant positive correlation between kitchen and
bedroom PMj 5, suggesting that they were affected by similar pollution sources [34].
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Location also played a role in indoor NO, and VOC levels in homes in Europe and USA [151-153].
Urban dwellings in France were found to be more polluted than rural ones, with concentrations
approximately 2-fold higher for NO,, benzene, toluene, ethylbenzene in urban homes [152].
Indoor benzene, toluene, and xylene levels were influenced by location (i.e., centre or suburb),
proximity to busy road and proximity to petrol station in Athens, Greece, with proximity to petrol
station or busy road having the greatest impact on indoor levels of benzene possibly due to higher
evaporative emissions [77,153]. However, in a UK study, homes located on roadsides and homes
located away from traffic had similar concentrations for high-molecular-weight PAHs and almost all
VOCs, except toluene which was significantly higher in first-line homes [84].

There was limited evidence of IAQ variability within the same residence or building [30,45,62,104,145].
For example, significant positive correlations between formaldehyde in bedrooms and living rooms
were reported for homes in Spain [104], between PM; 5 in kitchens and living rooms in the UK [30],
and between NO, in bedrooms and living rooms in USA [62]. In a study in Western Australia,
Jones et al. [154] showed that there were no significant differences between levels of PM measured at
two different heights in the living room, and between living room and bedroom levels. In a study in
Lao PDR, Morawska et al. [38] found no significant differences in PM; levels as a function of cooking
location within homes. However, Nasir and Colbeck [155] found higher PM levels in UK houses with
open plan kitchens compared to those with separate kitchens. In Boston, USA [156,157], there was
transfer of second-hand smoke within multiunit residential buildings, which had an impact on PM; 5
levels in smoke-free apartments directly adjacent to smoking households.

5. Discussion

This review focused on indoor air pollution levels, influencing factors and related health effects in
domestic dwellings. We systematically reviewed the global scientific literature and extracted data from
141 eligible studies published over eighteen years. Concentrations of most indoor pollutants varied very
widely, in cases exceeding WHO air quality guidelines (Table 1) [1,158,159]. The reviewed evidence
suggests that even in highly polluted urban environments, indoor activities play a major role in indoor
exposure, particularly cigarette smoking for PM, 5, unvented gas appliances for NO,, moth repellents
for naphthalene, and household products and materials for VOCs including formaldehyde.

Table 1. Mean indoor air pollutant concentrations (ug/m?) reported in the reviewed studies and
relevant indoor and/or outdoor World Health Organization guidelines [1,158,159].

Pollutant Range (indoor) ~WHO (indoor)  WHO (outdoor)
PM; 5 1.7-428.6 - 25/10 €
PMy 11.0-1275 - 50/20 €
NO, 3.4-1210 200/40 @ 200/40 @

Benzene 0.6-24.8 1.7b 1.7b
Toluene 3.0-325.5 - 10007260 f
Formaldehyde 7.5-134.0 100 © 100 €
Naphthalene 0.12-26.3 104 -

2 1 h average/annual mean guidelines recommended by the WHO (2005; 2010) for outdoor and indoor air quality.
b Concentration associated with an excess lifetime risk of 1/100,000 in the WHO (2000; 2010) guidelines for outdoor
and indoor air quality. © Not to be exceeded at any 30 min interval during a day recommended by the WHO (2005;
2010) for outdoor and indoor air quality. ¢ Annual mean guideline recommended by the WHO (2010) for indoor air
quality. © The 24 h/annual mean guidelines recommended by the WHO (2005) for outdoor air quality. f 30 min/7 day
average guidelines recommended by the WHO (2000) for outdoor air quality.

The I/O concentration ratios (e.g., of PMjy 5, BTEX) typically exceeded 1 in households with smokers.
Formaldehyde was typically present at higher concentration indoors than outdoors, with indoor levels
positively correlated with temperature and negatively correlated with age of building. In most studies,
AERs were negatively associated with indoor air pollution levels. Built environment characteristics,
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such as homes near high-traffic-density roads, redecoration, small house size, and informal building
structure contributed to high indoor air pollution levels.

Indoor NO, and PM; 5 exposures were associated with the presence of acute respiratory symptoms
and mild lung function impairment, respectively. Exposure to indoor NO; is of particular concern in
relation to the respiratory health of children with asthma. Interventions aimed at lowering indoor
NO, concentrations, particularly in inner-city homes, may reduce asthma morbidity in children.
Reducing the use of unvented gas heating in homes would substantially lower indoor NO, exposure.

Improved stoves with chimneys, use of cleaner household fuels, and better housing and kitchen
design with improved ventilation will help control indoor air pollution. Behavioural interventions,
such as raising awareness for reducing smoking and ETS exposure, reducing emissions from stoves
and modified cooking practices (e.g., use of range hoods) will help in reducing indoor pollution levels.
A large proportion of indoor carbonaceous PM (particularly EC) comes from outdoor sources in highly
polluted urban environments. Therefore, it is critical to control outdoor emissions from motor vehicles
to improve IAQ [160]. In highly polluted roadside environments, natural ventilation strategies should
take into account the location of windows and time of opening to reduce ingress of outdoor pollutants.

Interventions to reduce biomass burning for cooking and heating could result in a substantial
reduction in indoor PMj 5 levels in lower income urban households. In high-income settings, there is a
trend towards more airtight and smaller dwellings, often with an open plan configuration, which in the
presence of indoor pollution sources may result in higher exposures to indoor air pollutants. Domestic
exposure to PM, NO, and VOCs at levels even below current recommendations may increase the risk
of childhood asthma. Therefore, it is important to better control indoor emissions, including PM; 5
from smoking, NO, from gas appliances, formaldehyde from building materials and furnishings,
and BTEX from integrated garages.

Low-income dwellings are often disproportionately affected by indoor air pollution due to
inadequate ventilation, overcrowding, and greater contributions from indoor (e.g., smoking) and
outdoor (e.g., heavy road traffic) pollution sources [137,161,162]. Therefore, isolated interventions may
not be sufficient to reduce interrelated exposures to air pollutants from multiple sources, particularly
in low-income dwellings. Holistic system-based approaches are required to reduce health burdens
and inequalities associated with exposure to chemical air pollutants, microbial contamination and
overheating in residences, as well as reduce the carbon footprint of the housing sector [130,131,163,164].
These approaches involve controlling indoor sources of chemicals, improving ventilation, and providing
air filtration [101,165-167].

As pointed out by other authors [9,168], we still know much less about IAQ than we do about
outdoor air quality. More comprehensive and standardised IAQ data and measurement methods [169],
and information on related health effects, including synergistic effects of multipollutant exposures,
are needed, particularly from countries undergoing rapid economic and demographic change in Africa,
Central Asia, and Latin America.

6. Conclusions

Although most people spend the largest proportion of their time indoors, information about levels
of IAQ, particularly in homes, is sparse and less accessible than for outdoor air quality. We systematically
reviewed 141 IAQ studies in homes in 29 countries published over a period of 18 years (2000-2017).
Indoor levels of most air pollutants were very variable and largely depended on the strength of indoor
sources, such as tobacco smoking, unvented gas appliances and certain household products (e.g., moth
repellents), proximity of residence to road traffic, and room ventilation rates. Intervention to improve
IAQ, for example by removing indoor pollution sources, providing adequate mechanical ventilation
with air filtration or increasing natural ventilation during periods of the day when outdoor air pollution
is low, are likely to benefit occupants’ respiratory health and reduce asthma morbidity in children.
Standardized IAQ measurement and analytical methods, and longer monitoring periods over multiple
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sites are needed to develop a more comprehensive understanding of the complex factors that influence
air quality in the home environment.
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Search strategy; Search terms; Table S1: Summary of eligible study findings. References [2,7,16-105,107,108,110—
114,116,118-130,132-157,159,160,169] are cited in the supplementary materials.
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