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ABSTRACT 

Recent years have seen a global increase in asthma prevalence. This has co- 
incided with modifications to the home environment resulting in changes to 
the indoor air quality. This article considers the links between indoor pollution 
and asthma. Exposure to a range of substances is examined. Airborne allergens 
such as those from house dust mites may be important. Pollution from particu- 
late materials associated with combustion and smoking is discussed, as is the 
role of chemical vapors and gases including nitrogen dioxide, sulfur dioxide, 
and volatile organic compounds. The efficacy of various environmental con- 
trols to limit the impact of these pollutants is explored. 

I NTRO D UCTl ON veloping countries, rising prevalence has been 
accompanied by unprecedented changes in 
both lifestyles and environmental quality. One 
impact of development has been an upsurge 
in the proportion of inhabitants living in cities. 
A repercussion is that an escalating number of 

It is generally agreed that, in recent de- 
cades, we have experienced a global increase 
in asthma prevalence (12). Particularly in 
more economically developed and rapidly de- 

Address correspondence to: Dr. Andrew Jones, School of Environmental Sciences, University of East Anglia, Norwich, 
Norfolk, NR4 7TJ U.K. Fax: 00 44 1603 507719. E-mail: a.p.jonesQuea.ac.uk 

103 

Copyright 0 2000 by Marcel Dekker, Inc. www.dekker.com 

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
U
p
p
s
a
l
a
 
U
n
i
v
e
r
s
i
t
y
 
L
i
b
r
a
r
y
]
 
A
t
:
 
1
2
:
3
8
 
2
0
 
J
a
n
u
a
r
y
 
2
0
0
9



104 Jones 

the population are exposed to the contami- 
nants of urban air (3). Although this has led 
to concern that outdoor air pollution may be to 
blame in causing asthma, the findings of many 
studies are weak or contradictory (4). Con- 
sequently, there has been a shift of attention 
from outdoors to the situation indoors (5). It 
seems that changes in indoor air quality may 
be more important in explaining the increase 
in the number of asthma cases. 

Until recently, the health impacts of indoor 
air pollution have been of little concern to 
much of the scientific community. Up until the 
mid 1970s, indoor air quality problems in resi- 
dences were occasionally investigated, but the 
level of interest was generally low (6). Even 
today, most public and media attention is fo- 
cussed on the effects of outdoor air pollution 
(7). To some extent this preoccupation with 
outdoor air is understandable; the frequently 
invisible nature of indoor air quality problems 
must be contrasted with the often only too 
obvious photochemical and particulate sub- 
stances that characterize outdoor contami- 
nation. However, the fact remains that the 
average individual born today will spend 
more than 90% of their life inside (8). In the 
past, this figure was much lower. This trend 
has coincided with major changes to the home 
environment, in part driven by alterations to 
building design which were hastened by high 
fuel costs during the 1970s energy crisis. 

Modern homes are much better insulated 
than was previously the case. Houses with 
ventilation rates as low as 0.2-0.3 air ex- 
changes hr-' are now widespread (9). In older 
properties, particularly those with open fire- 
places, ventilation rates above 1 air exchange 
hr-' are more common. Improved insulation 
has been accompanied by numerous other 
modifications. Many more houses have central 
heating and sealed-unit double-glazing for 
windows. For example, although only 29% of 
British homes were centrally heated in 1970, 
this figure had risen to more than 85% by 1995 
(10). Fitted carpets have generally replaced 
loose rugs, and advances in construction tech- 
nology have meant a greater use of synthetic 
building materials (1 1). 

All of these transformations have undoubt- 
edly led to more comfortable living condi- 

tions. However, they have also resulted in 
warmer, more humid houses with a poorer 
availability of fresh air. These conditions pro- 
vide an environment in which airborne con- 
taminants are readily produced and may build 
up to much higher concentrations than are 
typically encountered outside (12). Of course, 
many other aspects of the internal and ex- 
ternal environment have changed in recent 
years, and it is quite possible that these could 
partially explain the increasing prevalence of 
asthma. However, given the amount of time 
that most individuals spend indoors, it seems 
that the indoor environment may have an im- 
portant role to play in allergic disorders. 

As with all respiratory allergies, asthma is 
caused by an interaction between genetic and 
environmental factors (11). A great number of 
substances found in the environment can in- 
duce allergic respiratory sensitization and re- 
action (13), whereas many more precipitate or 
aggravate respiratory symptoms by nonaller- 
gic mechanisms (14,15). Various indoor expo- 
sures have been related to asthma, including 
house dust mites, molds and fungal spores, 
sulfur dioxide (SO,), and nitrogen dioxide 
(NO,) from cooking with gas (16). High con- 
centrations of volatile organic compounds 
(VOCs) and formaldehyde have also been as- 
sociated with the condition (17), as has partic- 
ulate matter from smoking and biofuel com- 
bustion. 

Concern over indoor air has now increased 
to such an extent that the United States Cen- 
ters for Disease Control has classified indoor 
pollution as a factor of high environmental 
risk (18). Domestic air pollution is now seen as 
a major public health issue, and if the asthma 
problem is to be successfully tackled, a good 
understanding of the risks it poses may be vi- 
tal (19). This article reviews the current state 
of knowledge on the relationship between 
indoor air quality and asthma, and outlines 
some of the interventions that may be required 
to reduce levels of exposure. 

INDOOR ALLERGENS 

Indoor allergens arise from a wide variety 
of sources (Table 1). However, the best under- 
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Table 1. Common Indoor Allergic Agents 

SOURCE GENUS SPECIES 

Dust mite Derrnatophagoides 
Derrnatophagoides 
Euroglyphus 
Hirstia 
Lepidoglyphus 
Mala yoglyphus 
Malayoglyphus 
Sturnophagoides 

Cat Felis 
Dog Canis 
Rodent Mus 

Rattus 
Cockroach Bla ttela 

Periplanetta 
Fungi Alternaria 

Aspergillus 
Cladosporium 

~~- 

pteronyssinus 
farinae 
rnaynei 
dornicola 
destructor 
interrnedius 
carrnelitus 
brasiliensis 
dornesticus 
fa rn ilia ris 
rnusculus 
norvegicus 
gerrnanica 
americana 
a lternato 
furn iga tus 
herbarium 

ALLERGEN 

Der p 
Der f 
Eur rn 
Hir d 
Lep d 
Ma1 I 
Ma1 C 
Stu b 
Fel d 
Can f 
Mus rn 
Rat n 
Bla g 
Per a 
Ah  a 
Asp f 
Cla h 

stood is the house dust mite. Ten species of 
mites can be found in temperate climates. 
They come from the genera Dermatophagoides, 
Euroglyphus, Malayoglyphus, Hirstia, and Stur- 
nophugoides (11). In the United States and Eu- 
rope it is thought that individuals of D. pte- 
ronyssinus and E. maynei comprise around 95% 
of all mites present in a typical house (20). In 
tropical climates the mite Blomia tropicalis is 
also commonly found, although house dust 
mites survive in the majority of homes. Un- 
doubtedly the most researched mite is the 
common house dust mite, D. pteronyssinus. 
The mites prefer warm, humid conditions (Ta- 
ble 2). They inhabit a range of soft furnishings, 
including sofas, fabrics, carpets, sheets, du- 
vets, pillows, and mattresses. 

The droppings from the mite are a primary 
source of indoor antigens (21). The mites en- 
case their feces in a coating of intestinal en- 
zymes containing a protein which is a strong 
allergen. The function of the coating is not 
fully understood. It may protect the hind gut 
from physical damage, or act as an antioxidant 
(22). Although more than 10 different antigens 
have been characterized for D. pteronyssinus so 
far, the first to be identified, Der p 1, is the most 
commonly reported. 

There can be up to 100,000 mite fecal parti- 
cles, ranging from between 10 and 40 pm in 

diameter, in a single gram of house dust (23). 
Their small size means that they do not remain 
airborne for long, although levels in disturbed 
rooms can be more than 1000 times higher 
than those observed in undisturbed environ- 
ments (24). It is generally recognized that con- 
centrations of Der p 1 above 2 pg g-' (equiva- 
lent to 100 mites) of dust appear to represent 
a significant factor for mite sensitization (25), 
and 10 pg Der p 1 g-' increases the risk of trig- 
gering an acute or severe asthma attack in 
mite-allergic individuals (26). 

Table 2. Characteristics of the 
Common House Dust Mite 

Size 250-350 prn 
Growth cycle 

at 25°C 
Optimal temperature 20-30°C 
Minimum temperature 16°C 
Maximum temperature 55°C 

Egg to adult in 25 days 

Optimal relative 70%-80% 

Minimum relative 50% 
h urn id i t y  

humidity 
Habitat Sofas, fabrics, carpets, 

sheets, duvets, pil- 
lows, mattresses, and 
other soft furnishings 
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Typical Der p 1 concentrations are below 5 
yg 8-l of dust (27). However, work of Fried- 
man et al. illustrated that the actual concentra- 
tion of mite antigen in a home will strongly 
depend upon a range of factors, particularly 
climatic variables (28). They reported mean 
concentrations of Der p 1 and Der f 1 of 3.98 
and 8.17 yg g-I, respectively, of dust in a 
sample of 15 New England homes during the 
month of June. In September the correspond- 
ing mean concentrations had risen to 21.43 
and 14.53 yg g-', respectively. 

The first documented observation that 
mites may be a cause of respiratory symptoms 
was made more than 70 years ago (29). Today, 
it is estimated that exposure to mite allergen 
may trigger attacks in up to 85% of asthmatics 
(30). The asthmatic response to exposure is 
generally in two stages (31). The early or im- 
mediate response is an episode of airway ob- 
struction, which peaks between 10-20 min 
after inhalation and normally resolves within 
1-2 hr. This is mostly due to bronchospasm in 
the lungs. A secondary response may develop 
some hours after exposure. This is usually as- 
sociated with airway inflammation and may 
manifest itself as an acute asthma exacerba- 
tion, increased airway hyperresponsiveness, 
or recurrent nocturnal asthma. 

Studies of the effects of dust mite allergen 
exposure are numerous. A recent Swedish 
study by Bjornsson et al. found that noctur- 
nal breathlessness and other asthma-related 
symptoms were most common in adults in- 
habiting homes with high compared to low 
mite populations (OR = 6.2 and 7.9, respec- 
tively) (32). In Australian children, Peat et al. 
found a positive association between wheez- 
ing in the previous year and exposure to dust 
mite Der p 1 (OR = 7.0) (33). 

As well as being a major trigger of attacks 
in asthmatics, there is also evidence that expo- 
sure to mite allergen, particularly among in- 
fants, may be an important factor in inducing 
the onset of asthma itself (34). In the United 
States, Call et al. found that the residents of 
homes with high concentrations of mites were 
more likely to be sensitized to mite allergen, 
and this in turn was associated with a higher 
prevalence of asthma (35). Sporik et al. re- 
ported that early exposure to mite allergen 

was a significant factor for sensitization and 
the early onset of wheezing among 68 children 
living in an area of southern England (36). In 
an important study, Arshad et al. examined 
the role of early exposure to dust mite aller- 
gens in the development of allergic disorders 
among infants on the Isle of Wight (37). One 
hundred and twenty infants were randomly 
allocated to prophylactic and control groups. 
In the prophylactic group, the infants' bed- 
rooms and living rooms were treated with 
chemicals to control mites, and concentrations 
of Der p 1 were monitored. In the control 
group, no interventions were made. At 12 
months the odds ratio for asthma was 4.13 
(95% confidence interval (CI) 1.1-15.5) among 
the control group. After 24 months, the excess 
number of cases among the control group had 
narrowed, but still remained (38). 

Like dust mites, cockroaches have been as- 
sociated with the manifestation of symptoms 
in individuals with allergic asthma, and up to 
60% of asthmatics test positive to cockroach 
allergen (39). Although cockroaches are gener- 
ally indigenous to warm tropical climates, 
some species are able to thrive elsewhere due 
to the presence of central heating. The most 
commonly found cockroach in homes in Eu- 
rope is the German cockroach, Blattella ger- 
manica, from which at least five antigens have 
been isolated (Bla g 1-5). In the United States, 
the American cockroach, Periplaneta americana 
is ubiquitous. Sources of cockroach allergens 
have been identified in body parts, as well as 
fecal extracts (40). 

Cockroach antigen has a rather different 
distribution from that of dust mites. In partic- 
ular, it is found in kitchen cabinets, kitchen 
floor dust, bathrooms, and basements (41). 
Van Wijnen et al. detected measurable concen- 
trations of Bla g 1 in 44% of a sample of 46 
homes in Amsterdam (42). Mean concentra- 
tions ranged between 1.3 and 11 ng g-' of dust. 
The highest level recorded in a single sample 
was 3899 ng g-l. In general, concentrations 
were elevated in rooms with textile floor 
coverings. Similar findings were made in the 
United States by Rosenstreich et al. (43). They 
measured concentrations of the allergen in 
dust taken from 476 homes situated in vari- 
ous inner-city locations. They discovered that, 
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Asthma and the Home Environment 107 

whereas concentrations of less than 9 U g-' of 
dust were common, some houses had concen- 
trations of more than 1000 U g-'. The same au- 
thors found that asthmatic children allergic to 
cockroaches were three times more likely to be 
hospitalized for their asthma if they lived in 
a house with a large cockroach population. 
These children also exhibited significantly 
more days of wheezing and nights with lost 
sleep. The authors concluded that the prob- 
lems of cockroach sensitization might be 
particularly severe among the residents of 
poor quality inner-city housing because these 
homes provide an ideal environment in which 
cockroaches can thrive. 

Domestic cats and dogs are a further impor- 
tant source of allergens in the home, particu- 
larly in Northern Europe where the climate is 
less favorable to dust mites. Cat allergen (Fel 
d)  is produced by cat sebaceous and salivary 
glands (22). It is generally carried on small 
particles (<2.5 pm), and hence can be airborne 
for many hours (44). Concentrations of the pri- 
mary cat allergen, Fel d 1, in domestic dust can 
be very high, ranging from less than 1 pg g-' 
to more than 10 pg g-' (45). Airborne levels of 
the allergen vary between 2 and 20 ng m-3, 
and Colloff found them to be highest in homes 
with more soft furnishings and fitted wool car- 
pets (46). Recently, it has been proposed that 
a concentration of Fel d 1 of more than 8 pg 
g-' in house dust should be considered as a 
threshold for both atopic sensitization and the 
development of asthma (11). 

As with cat allergens, dog allergens are 
mostly found in saliva and danders. The major 
dog allergen has been termed Canfl(47). Con- 
centrations of Can f 1 in dust are often similar 
to those of Fel d 1, although Fel d 1 can remain 
airborne longer due to its smaller particle size 

Interestingly, significant concentrations of 
both Fel d 1 and Can f 1 can be detected in 
homes without a cat (49). Because Fez d and 
Can f are readily transported by becoming 
attached to clothing, exposure to these aller- 
gens can even be a problem in public places 
such as schools, trains, and hospitals, where 
pets are not allowed. Custovic et al. recently 
sampled levels of mite, cockroach, dog, and 
cat allergens in the public areas in 14 British 

(48). 

hospitals (50). Although concentrations of Der 
p 1 and Bfa g 1 were low, high concentrations 
of Fel d 1 (mean 22.9 pg g-', range 4.5-58) and 
Can f 1 (mean 21.6 pg g-', range 4-63) were 
measured. During the 10 days for which sam- 
pling was undertaken, airborne Canfl was de- 
tected on every occasion (range 0.12-0.56 ng 
m-3), whereas airborne Fel d 1 was recorded 
on 7 days (range 0.09-0.22 ng m-". 

Because of the small particle size, cat and 
dog allergen readily enters the lung and can 
produce a rapid and severe asthmatic re- 
sponse. This is illustrated by the work of Pol- 
lart et al. who found that 30 out of 188 asthma 
patients who were admitted to a hospital 
emergency department with severe acute at- 
tacks were allergic to cats, compared to 1 out 
of 202 controls ( p  < 0.05) (51). 

Microorganisms are an often overlooked, 
yet extremely important form of biological 
pollution in homes. Numerous species of 
fungi are well adapted to the indoor environ- 
ment, where their presence is often associated 
with the occurrence of organic matter (e.g., 
wall coatings, wood, foodstuffs) (26). High 
levels of humidity also provide favorable con- 
ditions for fungal growth (52), and colonies 
are frequently found in damp homes, espe- 
cially those with structural faults, or base- 
ments and under-floor crawl spaces (47). An 
additional important source of indoor fungi 
and bacteria is the outdoor air, particularly 
during the summer and autumn months (53). 

It can be difficult to produce representative 
estimates of airborne fungal spore levels, be- 
cause concentrations often undergo large tem- 
poral variations (54). In the United Kingdom, 
Hunter et al. used air filtration to monitor 163 
homes for the presence of fungi and bacteria 
over the period November 1990 to December 
1992 (55). They reported a geometric mean 
count of 234 colony forming units (CFU) m-3. 
A more detailed study of 35 of the houses 
showed evidence of variability in fungal con- 
centrations that was associated with the func- 
tion of rooms; mean counts were 912 CFU m-3 
in living rooms, but only 818 CFU m-3 in bed- 
rooms. PenicilZium was the most frequently 
isolated fungus, found in 53% of samples. It 
was followed by Cladosporium and Aspergillus. 
In Norway, Dotterud et al. also found that 
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Penicillium was the most common microfun- 
gus in homes and schools, with Aspergillus, 
Cladosporium, and Mucor being regularly pres- 
ent (56). In a study inJapan, Takahashi reported 
that indoor concentrations of fungal CFUs 
ranged from between 13 to 3750 CFU m-3 (57), 
although Macher et al. measured rather less 
extreme spore concentrations of 198 CFU m-3 
in an apartment in the United States (58). 

Because exposure to fungal spores is associ- 
ated with a range of conditions that produce 
asthma-like symptoms, it can be difficult to 
make a connection between concentrations 
of spores and asthma. Furthermore, many 
studies use indoor dampness (which is con- 
founded with other factors such as house dust 
mite population size) as a surrogate measure 
of CFU concentrations, although some direct 
associations have been made. In a sample of 
almost 600 U.K. homes, Platt et al. found that 
elevated numbers of fungal CFU m-3 were as- 
sociated with higher levels of self-reported 
wheeze in children, and breathlessness in 
adults ( p  < 0.05) (59). Also in the United King- 
dom, Potter et aI. detected allergic responses 
to nine different fungal allergens in a survey 
of 2000 patients with allergic respiratory dis- 
ease (60). 

It seems that fungal spores may be a par- 
ticular risk factor for asthma symptoms in 
infants. In Sweden, Wickman et al. found 
that the presence of Penicillium, Alternuria, or 
Cladosporiurn molds in a home was associated 
with an increased likelihood of atopy in resi- 
dent children (61), and Neas et al. reported 
that morning lung function was inversely 
associated with Epicoccum and Cladosporium 
spore concentrations among a panel of 108 
children (e.g., a 60-spore m-3 increment in Epi- 
coccum concentrations gave an OR of 1.8 for 
morning cough [ p  = 0.051) (62). 

Interestingly, very recent research on molds 
and fungi suggests that allergic reactions may 
not be the most important factor in the devel- 
opment of respiratory symptoms (63). Myco- 
toxins are toxic compounds produced natu- 
rally by numerous fungi (64). They give rise 
to a wide range of acute and chronic systemic 
effects that cannot be attributed to fungal 
growth within the host. Samson et al. provide 
evidence that mycotoxins are readily absorbed 

through the membranes of the respiratory 
tract, and it could be that their presence in the 
lung affects the immune system, precipitating 
the onset of symptoms (65). 

I N D O O R  PARTICULATE MATTER 

Smoke from the combustion of cigarettes, 
wood, and fossil fuels produces an extremely 
complex mixture of pollutants, one of the pri- 
mary constituents of which is respirable parti- 
cles; aerosols that are of a small enough diame- 
ter to enter and remain in the lung (66). Many 
are around 6-7 pm in diameter although, in 
practice, a variety of particle size distributions 
may be related to a single respirable fraction 
(67). The particles comprise a mixture of or- 
ganic and inorganic substances including aro- 
matic hydrocarbon compounds, trace metals, 
nitrates, and sulfates (68). In the absence of 
significant indoor sources, indoor-to-outdoor 
ratios of respirable particles are generally 
slightly below unity (69,70). However, a sig- 
nificant consideration is that measurement 
techniques routinely used in reported studies 
are often not able to differentiate combustion- 
related particles from those from other sources 
(68). Hence, it can be difficult to formulate a 
direct relationship between specific exposure 
sources and asthma. 

Cigarette smoke is an extremely important 
source of indoor particulate pollution. The 
term environmental tobacco smoke (ETS) has 
been used to describe the complex aerosol that 
is associated with the combustion of cigarettes 
in enclosed environments. Because a substan- 
tial proportion of the population are exposed 
to high concentrations of ETS on a regular ba- 
sis, it is one of the most significant indoor air 
pollutants (71). 

As information has become known about 
the generation and chemical composition of 
ETS, many irritants and toxins have been iden- 
tified (Table 3). By inhaling ETS, nonsmokers 
are exposed to most of the toxins inhaled by 
active smokers, as well as some additional 
substances. For example, a "passive" smoker 
at a distance of 50 cm from a cigarette may 
inhale more than 10 times the amount of car- 
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Asthma and the Home Environment 109 

Table 3. Emission Factors for Mainstream (MS) and Sidestream Smoke (SS) 

CALCULATED 
MAINSTREAM (pg SIDESTREAM (pg 

SUBSTANCE PER CIGARETTE) SS/MS RATIO PER CIGARETTE)’ 

Carbon dioxide 
Carbon monoxide 
Oxides of nitrogen 
Ammonia 
Hydrogen cyanide 
Formaldehyde 
Ac ro I e i n 
N-nitrosodimethy lamine 
Nicotine 
Total particulate 
Phenol 
Catechol 
Naphthalene 
Benzo(a)pyrene 
Ani I ine 
2-Naphthylamine 
4-Am i nobi phen yl 
N-Nitrosonornicotine 

10,000-80,000 
500-26,000 

16-600 
10-1 30 

280-550 
20-90 
10-1 40 

0.004-0.1 8 
60-2 3 00 

100-40,000 
20-1 50 
40-280 

2.8 
0.008-0.04 
0.1 0-1.20 

0.004-0.02 7 
0.002-0.005 

0.2-3.7 

8.1 
2.5 

4.7-5.8 
44-73 

0.1 7-0.37 
51 
12 

10-830 
2.6-3.3 
1.3-1.9 

2.6 
0.7 
16 

2.7-3.4 
30 
39 
31 
1-5 

81,000-640,000 
1200-65,000 

80-3500 
400-9500 

48-203 
1000-4600 
1 00- 1 700 

0.04-1 49 
160-7600 
130-76,000 

52-390 
28-1 96 

45 
0.02-0.1 4 

3-36 
0.02-1.1 
0.06-0.1 6 
0.02-1 8 

dCalculated from ratio of SS to MS. Source: reference 71 

bony1 compounds actively taken up by the 
smoker (72). 

Because of the complex nature of ETS, mea- 
surements of respirable particles are often 
used as indicators of indoor concentrations, 
with ETS-associated particle sizes ranging 
from 0.1 to 1.5 pm (73). Over several weeks, 
Spengler et al. observed particle concentra- 
tions in 80 homes (74). They found that a 
smoker of one pack a day contributed about 20 
pg m-3 to 24-hr indoor concentrations. Because 
cigarettes are not smoked uniformly through- 
out the day, the authors concluded that short- 
term particulate concentrations of 500-1000 
pg m-3 were likely when cigarettes were actu- 
ally ignited. 

Chest irritation is one of the most common 
health effects associated with exposure to ETS. 
Although ETS contains substances that can ac- 
tivate the immune system, and approximately 
half of allergy-prone individuals react to vari- 
ous extracts of tobacco leaf or smoke in skin 
tests, there is little evidence to link smoking in 
adulthood with the onset of asthma (68). How- 
ever, exposure to indoor cigarette smoke has 
been connected to an increased incidence of 

atopy and respiratory symptoms in infants. In- 
deed, among very young children, cigarette 
smoke may be an even more important cause 
of asthma than are house dust mites (9). 

In Italy, ForastiQe et al. examined the self- 
reported prevalence of asthma in 3239 chil- 
dren in the town of Civitavecchia and the city 
of Rome (75). They discovered that the preva- 
lence of asthma was elevated in children 
whose mothers smoked (OR = 1.4, p < 0.05). 
Similarly, Gortmaker et al. found that the 
prevalence of parent-reported asthma in chil- 
dren aged 0-17 years increased from 5% to 
7.7% for children with a mother or father who 
smoked, and the prevalence of severe asthma 
increased from 1.1% to 2.2% (p  < 0.05) (76). 
Among British infants, Arshad et al. reported 
an odds ratio for asthma of 3.33 (95% CI 0.8- 
14.6) if one parent smoked and 11.0 (95% CI 
2.5-48.2) if both parents smoked (37). 

The mechanism by which exposure to ETS 
represents a risk for the development of 
asthma in infants is not fully understood, but 
may be associated with immune response or 
retarded bronchial growth, both known risk 
factors. Strong evidence is available that links 
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domestic ETS exposure and acute childhood 
lower respiratory tract illnesses (77), and a 
significant effect on the level and growth of 
lung function among juveniles has been ob- 
served (78). 

Although domestic wood and coal combus- 
tion is less common than was once the case, 
the use of open fires and woodstoves for cook- 
ing and heating can still make a significant 
contribution to indoor particulate matter con- 
centrations. Smoke from the burning of wood 
and fossil fuels produces an extremely com- 
plex mixture of pollutants in terms of its phys- 
ical, chemical, and toxicological characteris- 
tics (79). 

As part of the Harvard Six-City Study, Neas 
at al. recorded mean annual concentrations of 
particles less than 2.5 pm in diameter 
in the order of 17 pg m-3 in a sample of 470 
nonsmoking homes (80). The presence of a 
smoker can greatly add to indoor levels, as 
discussed earlier. Traynor et al. found that in- 
door concentrations of respirable particles 
were slightly above background (0-30 pg m-3) 
during the use of airtight stoves, and substan- 
tially higher with nonairtight stoves (200-1900 
pg m-3) (81). In general, it appears that homes 
with airtight woodburning stoves have about 
4 pg m-3 higher indoor concentrations than 
homes without stoves (81). Wood and coal 
burning in fireplaces also produces particulate 
pollutants, and Moschandreas et al. found that 
these concentrations can be much higher than 
those produced by stoves (82). 

It is important to note that personal expo- 
sures to particles are often higher than ambi- 
ent indoor concentrations, a phenomenon that 
has become known as the “personal cloud” ef- 
fect. This is particularly the case during the 
daytime when individuals may be involved in 
activities that place them in close proximity to 
exposure sources (83). For example, Clayton et 
al. observed that daytime mean personal ex- 
posure to particles less than 10 pm in diameter 
(I’M,,) in a sample of individuals was more 
than 50% higher than either indoor or outdoor 
levels (84). Similar findings have recently been 
reported by Janssen et al. (70). 

Despite the potential for high levels of con- 
tamination from domestic biofuel combustion, 

there are still relatively little data available on 
indoor smoke and asthma in developed coun- 
tries. Honicky et al. conducted a prevalence 
survey of respiratory symptoms in 62 children 
in Michigan (85). They discovered that the 
proportion of children reporting moderate or 
severe symptoms was much greater for those 
from homes with woodstoves (84% of chil- 
dren in this group reported at least one se- 
vere symptom, compared to 3% of the control 
group). In their investigation of six U.S. cities, 
Dockery et al. found an OR of 1.32 (95% CI 
0.99-1.76) for respiratory illness in house- 
holds with woodburning stoves compared 
with those using other sources of heating 
(86). Likewise, Koenig et al. reported that 
infants who were exposed to wood smoke 
were more likely to exhibit the symptoms of 
asthma (87). 

NITROGEN DIOXIDE FROM 
GAS APPLIANCES 

Nitrogen dioxide (NO,) is a water-soluble 
red to brown gas with a pungent acrid odor. 
It is formed from the combination of nitrogen 
and oxygen during combustion at high tem- 
peratures (68). Hence, the presence of elevated 
concentrations of NO2 is particularly associ- 
ated with the operation of gas appliances, 
kerosene heaters, and woodburning stoves, as 
well as the smoking of cigarettes. The use of 
gas for domestic cooking is common practice 
in much of Europe and the United States. In 
the United States alone, it is estimated that up 
to 50% of hot meals are cooked on gas stoves, 
providing a significant source of NO, (88). Al- 
though outdoor air can act as an important ori- 
gin for indoor NO2 pollution, in many areas of 
the United States and Europe ambient outdoor 
NO, levels are relatively low (89). 

There have been numerous studies of in- 
door concentrations of NO2. Where emission 
sources are not present, levels generally corre- 
late well with those observed outdoors (90). In 
homes with gas cooking stoves in Albuquer- 
que, New Mexico, Lambert et al. found that 2- 
week average NO2 levels were 21 ppb (39 pg 
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Asthma and the Home Environment 111 

m-3) in bedrooms and 34 ppb (63 pg m-3) in 
kitchens (91). In comparison, bedroom concen- 
trations in homes using electric stoves aver- 
aged just 7 ppb (13 pg m-3). On average, nor- 
mal use of a vented gas cooking range adds 
25 ppb (47 pg m-3) of NOz to the background 
concentration in a home (92). One-week aver- 
age levels of greater than 50 ppb (94 pg m-3) 
have been reported in homes with unvented 
gas space heaters (93). 

One factor that appears important in terms 
of the effect of NO, on asthma is that transient 
peak concentrations of the gas can greatly ex- 
ceed average measurements during the opera- 
tion of appliances. For example, Spengler et al. 
found that the use of a gas range in a sample 
of kitchens generated peak levels as high as 
1000 ppb (752-1880 pg m-3) (74). Because indi- 
viduals operating the ranges will often work 
in close proximity to the appliance, personal 
exposures may be even greater. 

Nitrogen dioxide is an oxidizing agent, and 
hence is an irritant to the mucous membranes 
of the lung (94). Because it is highly soluble 
in water, a large proportion of inhaled NOz is 
removed in the respiratory tract (79). It is 
thought to combine with water in the lungs to 
form nitric acid (HNOJ and may react with 
lipids and proteins to form nitrite anions and 
hydrogen ions (95). Nitrogen dioxide within 
the airways is also converted into vapor phase 
nitrous acid (HONO) via heterogeneous reac- 
tions involving water vapor (96). Although it 
has been suggested that oxidant injury is the 
principal mechanism by which NOz damages 
the lung, substantial uncertainty remains (79). 

In Pisa, Italy, Viegi et al. examined the ef- 
fects of the home environment on respiratory 
symptoms of a general population sample 
(97). After controlling for potential confound- 
ing factors, they found that the use of bottled 
gas for cooking was associated with increased 
reporting of cough and phlegm in males. They 
also discovered that the presence of wheeze 
and shortness of breath in females was corre- 
lated with the use of a stove or forced air circu- 
lation for heating ( p  < 0.05). Similar results 
were found in England by Jarvis et al. (98). 
They surveyed the association between the 
use of domestic gas appliances, and respira- 

tory symptoms and lung function in adults 
aged between 20 and 44 years. Women who 
reported they mainly used gas for cooking 
were more likely to mention an attack of 
asthma or asthma-like symptoms in the 12 
months prior to the survey (OR = 2.07 for 
wheeze; OR = 2.32 for breathlessness; OR = 
2.60 for asthma). Women who used a gas stove 
or had an open gas fire were also found to 
have reduced lung function, and increased air- 
way obstruction ( p  < 0.05). These findings 
were not made for the men studied. The fact 
that these studies generally show the greatest 
effect for women might be because women are 
more susceptible to the products of gas com- 
bustion, or they may have greater exposure to 
high concentrations of these products. 

Among a sample of asthmatic women and 
children, Goldstein et al. examined the rela- 
tionship between mean 48 hr NO, concentra- 
tions in the subjects’ kitchens, and their spiro- 
metric lung function (99). Exposure to NOz 
levels on the order of 300-800 ppb (564-1504 
pg m-3) was correlated with a reduction in 
lung capacity of around 10% ( p  < 0.05). Sa- 
lome et al. reported a similar effect whereby 
the experimental exposure of 600 ppb (1128 pg 
m-3) of NOz over a period of 1 hr led to a small 
but statistically significant increase in airway 
hyperresponsiveness among a sample of 20 
asthmatics ( p  < 0.05) (100). 

Exposure to NO, may act as a trigger for 
asthma in one of two ways (101). One possibil- 
ity is that the pollutant itself causes a direct 
effect on the lungs by toxic damage. Another is 
that exposure may sensitize the lungs, making 
individuals more susceptible to allergic re- 
sponse upon contact with other indoor aller- 
gens. The second explanation is particularly 
pertinent to the home environment, where 
concentrations of common aeroallergens are 
high, and water produced by gas combustion 
may favor the growth of mold and dust mite 
populations. Evidence that the sensitization 
mechanism may be important comes from a 
study by Tunnicliffe et al. (102). In individuals 
exposed to 400 ppb of NO, for 1 hr previously, 
lung function (measured by forced expiratory 
volume) decreased by 19% within 2 hr after 
the inhalation of house dust mite Der p 1 aller- 
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gen. There was a comparative reduction of just 
14% in those exposed only to air. 

SULFUR DIOXIDE 

Sulfur dioxide (SO,) is produced by the oxi- 
dation of sulfur impurities during the burning 
of coal and other fuels that contain sulfur 
(103). It is a colorless gas with a strong pun- 
gent odor that can be detected at about 0.5 
ppm (0.9 mg m-". It is readily soluble in water 
and can be oxidized within airborne water 
droplets (68). Levels of SO2 are most often 
lower indoors than outdoors, and indoor / out- 
door concentration ratios between 0.1 and 0.6 
are common in buildings without significant 
indoor sources. Sulfur dioxide levels can be el- 
evated in homes with kerosene heaters and 
poorly vented gas and coal appliances. For ex- 
ample, average concentrations of 30 ppb (78 
pg m-3) were recorded by Leaderer et al. in 
their study of 33 homes with kerosene space 
heaters in Connecticut (104), and mean values 
as high as 57 ppb (149 pg m-3) were measured 
in homes equipped with both kerosene heaters 
and gas stoves (105). 

In terms of the impact of SO2 on asthma, 
two substances may be important; the sulfur 
dioxide itself, and the acid aerosols that can 
be produced from the oxidation of SO2 in the 
atmosphere. Because it is soluble in water, SO2 
is easily absorbed in the upper respiratory 
tract. The deposition pattern of acid aerosols 
within the lungs is dependent upon the size 
distribution of the droplets and the level of hu- 
midity indoors (68). 

Although evidence from controlled cham- 
ber studies and occupational exposures sug- 
gests that exposure to extreme concentrations 
of SO2 and acid aerosols can precipitate severe 
asthma symptoms (106), there are relatively 
few indications of significant acute impacts 
associated with typical indoor concentrations. 
However, there is research to suggest that 
long-term exposures to indoor SO, may lead 
to an elevated reporting of asthma and other 
chronic respiratory complaints. In the United 
Kingdom, Burr et al. found that residents of 
South Wales who had open coal fires were 
more likely than others to suffer asthma-like 

symptoms of breathlessness and wheezing, 
and speculated that a high death rate from 
respiratory conditions among miners' wives 
may have been associated with exposure to 
SO2 from the burning of concessionary coal 
(107). Recent studies in China, where the 
domestic burning of coal is still widespread, 
have also associated exposure to SO2 with 
asthma symptoms (108). 

VOCs AND FORMALDEHYDE 

Organic compounds are chemical com- 
pounds that contain at least one carbon and 
a hydrogen atom in their molecular structure. 
Volatile organic compounds are organic com- 
pounds that have a low boiling point, typically 
between between 50 and 260°C (68). Their low 
boiling point means that they will readily off- 
gas vapors into indoor air (109). However, 
because they exhibit the desirable character- 
istics of good insulation properties, economy, 
fire-resistance, and ease of installation, their 
use in construction projects is widespread (see 
Table 4). 

Formaldehyde is the most widespread al- 
dehyde found in the environment. Although 
it is a volatile compound, it is not detected 
by the gas chromatographic methods com- 
monly applied to VOC analysis, and hence is 
often considered separately in epidemiologi- 
cal investigations (68). At normal room tem- 
peratures, it is a colorless gas with a strong 
odor. Domestic sources of formaldehyde in- 
clude particleboard, medium-density fibre- 
board, plywood, resins, adhesives, and car- 
peting (110). 

The indoor concentration of individual vol- 
atile compounds is very dependent upon the 
presence of important emission sources. 
Hence, the load of total volatile organic com- 
pounds (TVOCs) is often considered, rather 
than concentrations of individual compounds 
(111). A major study of TVOCs in 179 U.K. 
homes reported mean domestic levels of be- 
tween 200 and 500 pg m-3 (112). The maximum 
recorded value was 11,401 pg m-3 in a living 
room. Mean concentrations were highest in 
main bedrooms, and lowest in second bed- 
rooms. Similar findings have been reported by 
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Asthma and the Home Environment 113 

Table 4, Sources of Common VOCs in Indoor Air 

SOURCES EXAMPLES OF TYPICAL CONTAMINANTS 

Consumer and 
commercial 
products 

Aliphatic hydrocarbons (n-decane, branched alkanes), aro- 
matic hydrocarbons (toluene, xylenes), halogenated hydro- 
carbons (methylene chloride), alcohols, ketones (acetone, 
methyl ethyl ketone), aldehydes (formaldehyde), esters (al- 
kyl ethoxylate), ethers (glycol ethers), terpenes (limonene, 
alpha-pinene) 

hydrocarbons (toluene), halogenated hydrocarbons (meth- 
ylene chloride, propylene dichloride), alcohols, ketones 
(methyl ethyl ketone), esters (ethyl acetate), ethers (methyl 
ether, ethyl ether, butyl ether) 

carbons, halogenated hydrocarbons, alcohols, amines, ke- 
tones (acetone, methyl ethyl ketone), esters (vinyl acetate), 
ethers 

Aromatic hydrocarbons (styrene, brominated aromatics), 
halogenated hydrocarbons (vinyl chloride), aldehydes 
(formaldehyde), ethers, esters 

Aliphatic hydrocarbons in-decane, n-dodecane), aromatic hy- 
drocarbons (toluene, styrene, ethylbenzene), halogenated 
hydrocarbons (vinyl-chloride), aldehydes (formaldehyde), 
ketones (acetone, butanone), ethers, esters (urethane, 
ethylacetate) 

Aliphatic hydrocarbons (propane, butane, isobutane), alde- 

Halogenated hydrocarbons ( 1 , 1 , 1  -trichloroethane, chloro- 

Paints and associ- 
ated supplies 

Aliphatic hydrocarbons (n-hexane, n-hepatane), aromatic 

Adhesives Aliphatic hydrocarbons (hexane, heptane), aromatic hydro- 

Furnishings and 
clothing 

Building materials 

Combustion 

Potable water 
appliances hydes (acetaldehyde, acrolein). 

form, trichloroethane) 

Source: reference 68. 

research in Denmark (113), Germany (114), 
and Sweden (115), and United States (116). 

Because individuals are often situated close 
to emission sources, average VOC concentra- 
tions may give an inaccurate indication of 
personal exposures (117). This was illustrated 
by Wallace, who reported the results of mea- 
surements of personal exposure to 25 VOCs 
among 51 Los Angeles residents (118). Ambi- 
ent indoor maxima ranged from 10 to 100 pg 
m-3, whereas personal maxima were generally 
much higher, between 100 and 1000 pg m-3. 

In terms of the impact of VOCs on asthma, 
there is considerable uncertainty concerning 
the concentrations that might be required to 
induce a measurable response. However, Sa- 
met estimates that concentrations in indoor air 
of more than 0.1 ppm can lead to acute up- 
per airway irritation, and levels above 5 ppm 

can result in lower airway and pulmonary ef- 
fects (119). 

Norback et al. examined the association be- 
tween asthmatic symptoms and VOCs and 
formaldehyde in the dwellings of 88 Swed- 
ish subjects aged between 20 and 45 years 
(120). They reported positive associations be- 
tween the prevalence of reported nocturnal 
breathlessness and concentrations of both sub- 
stances. In another Swedish study, Wieslan- 
der et al. examined the association between 
asthma symptoms and exposure to VOCs and 
formaldehyde from newly painted indoor sur- 
faces (17). They found that recently painted 
surfaces were a risk factor for symptoms 
(OR = 1.5’95% CI 1.0-2.4). Particularly strong 
effects were associated with newly painted 
wood details (OR = 2.3, 95% CI 1.2-4.5) and 
kitchens (OR = 2.2, 95% CI 1.1-4.5). 
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One recent theory proposes that the prod- 
ucts of chemical reactions involving VOCs 
may be more important in causing asthma 
symptoms than direct exposure to the com- 
pounds themselves (121). This rationale is 
based on the fact that many epidemiological 
studies on outbreaks of symptoms recorded 
concentrations of VOCs at considerably lower 
levels than those found to induce asthma in 
experimental trials. This apparent anomaly 
could be explained by the increasing evidence 
that many chemical reactions take place on 
surfaces and in air in the indoor environment 
(122). Results from some epidemiological re- 
search suggests that reactions between indoor 
ozone and VOCs may produce irritant sub- 
stances that could cause asthma exacerbations 
(123). Via the same mechanism, it seems that 
reactions involving nitrogen dioxide (124) and 
particles (125) may also be important. 

INDOOR ENVIRONMENTAL 
CONTROLS FOR ASTHMA 

PREVENTION 

The prevention of asthma involves both the 
prevention of the initial development of the 
condition (primary prevention), and the pre- 
vention of exacerbations in asthmatics (sec- 
ondary prevention) (25). Although little is 
currently known about their impact on the 
prevalence of asthma, primary prevention 
strategies are obviously attractive. Second- 
ary prevention encompasses interventions 
designed to avoid and treat the triggers of 
asthma symptoms. 

Indoor Allergen Avoidance 

Given the evidence that exposure to aller- 
gens in early infancy may precipitate the onset 
of asthma (38), indoor allergen avoidance is 
probably the most effective strategy for the 
primary prevention of asthma. It also carries 
obvious benefits for secondary prevention. 

At its core, asthma is now considered to be 
a condition of disrupted immune regulation 
which manifests itself in the form of an ab- 

normal immunological response to inhaled 
aeroallergens. Hence, it seems likely that 
avoidance measures will be most effective in 
preventing the development of asthma if em- 
ployed in very early life when the immune 
system is still undergoing critical stages of de- 
velopment. Indeed, even prenatal avoidance 
of indoor allergens may pay dividends in re- 
ducing the likelihood of the newborn infant 
developing asthma (126). 

Specifically, asthmatics fail to follow the 
normal pattern of immune maturation in re- 
sponse to aeroallergens that occurs in non- 
atopic individuals (127). It is now recognized 
that, during normal immune maturation, the 
early response to antigen challenges is gov- 
erned by Th2 or uncommitted T-helper cells. 
These are associated with the production of 
immunoglobulin E (IgE), a characteristic of 
atopy and asthma. During the natural process 
of immunological development, the response 
shifts to Thl T-helper cells which are specific 
and do not stimulate IgE production (127). 
This process is known as Th2/Thl immune 
switching and it appears to be delayed or de- 
fective in many asthmatic subjects (128). Al- 
though many components of Th2/Thl switch- 
ing seem to be genetic, there is evidence that 
switching may also be disrupted by the pres- 
ence of environmental influences at a critical 
time in early life (129). For example, responses 
to mite allergens in vitro have been observed 
in the cord blood of Swedish infants whose 
mothers were exposed to less than 0.4 pg g-' 
Der p 1 (130). Hence, it could be that repeated 
indoor aeroallegen exposure during early life 
may perpetuate a Th2 / IgE response, causing 
the immune system to indefinitely retain the 
primitive Th2 phenotype (129). Maternal and 
infant allergen avoidance may prevent this im- 
mune deviation from occurring. 

Reducing domestic mite populations is an 
important but difficult task. The idea is to re- 
move the habitat of mites and make what re- 
mains inhospitable for them. Thus, the main 
methods are physical measures designed to 
control the sites where mites grow. A range of 
short- and long-term objectives for reducing 
exposures to house dust mites are outlined in 
Table 5. 
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Table 5. Methods for Reducing Exposure to House Dust Mites 

Priority objectives 
Cover mattresses and pillows. Damp wipe the mattress cover every 2 weeks 
Wash all bedding in hot cycle (-55°C) weekly. Replace duvets with dacron 
or orlon washable material 
Place small objects that accumulate dust in drawers or closed cabinets. 
Clothing should be stored in closed cupboards or closets 
Vacuum carpets weekly using a vacuum cleaner with an effective filter 

If possible, remove carpets from bedrooms 
Replace curtains/drapes with washable cotton curtains or venetian/slat 
blinds 
Control humidity in the house by increasing ventilation or using central air 
conditioning. Use dehumidifiers in basements 
Treat carpets with acaricides or tannic acid 

Avoid basement flats. Bedrooms should be upstairs 
If possible, avoid houses with carpets fitted to a concrete slab. All floors 
should have a primary polished floor (vinyl or wood) and carpets should be 
movable 
Upholstered sofas and chairs should be avoided 
Ensure air filters are kept clean on central heating and air conditioning 
equipment 

Medium-term objectives 

Choice of houses/apartments and fittings 

Bedding is a prime breeding area for mites. 
The single most effective measure is to cover 
mattresses and pillows with plastic or vapor- 
permeable fabric covers. This entombs the ex- 
isting allergen and cuts the mites off from their 
food source (131). Owen et al. reported that 
the use of vapor-permeable covers on mat- 
tresses reduced the mean concentration of 
mite allergen on the outside of the mattress 
from 20.3 to 0.3 pg Der p I g-' of dust (132). 
However, it is important to note that allergens 
may still continue to accumulate on top of and 
inside the casings, and hence it is important 
that all of the bedding be periodically washed 
to remove accumulations (133). 

Cotton and wool blankets should be substi- 
tuted with synthetic materials, which are less 
conducive to mite growth. Feather duvets and 
pillows can be replaced with synthetic fiber 
and foam rubber equivalents, because these 
are less likely to harbor dust mite populations. 
Duvets should also be encased with hypoaller- 
genic covers, or regularly washed in hot water 
(>55"C) to kill mites (134). Although the use 
of cooler water will be effective in removing 
antigens, it does not kill all mites (22). How- 

ever, a soluble form of benzyl benzoate (final 
concentration 0.03%) can be used to eliminate 
mites in a cool wash if high temperatures can- 
not be used (135). 

The second priority for mite removal is 
the flooring and remainder of the bedroom. 
Whenever possible, the carpet should be re- 
placed by wood or vinyl flooring that can be 
polished. Cool shampooing carpets has no ef- 
fect on mites, and steam cleaning only reduces 
the mite allergen for about 1 month (131). The 
carpet is not only a source of airborne aller- 
gen, but can also harbor populations of mites 
which will reinfest bedding. If carpet re- 
moval is impractical, a number of different 
chemical treatments (acaricides and denatur- 
ing agents) are available for controlling mite 
populations. Generally, these are applied as 
a liquid spray, foam, or powder. However, 
although some controlled studies with acari- 
cides have shown reductions in allergen levels 
(136), questions have been raised about the ef- 
fectiveness of these agents, particularly about 
doses required to achieve a lasting noticeable 
effect (137). 

In the rest of the house, high levels of mite 
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allergen can be found in sofas, chairs, carpets, 
curtains, and other materials. Indoor vacuum- 
ing is recommended once a week (25). This 
will help remove dead mite bodies and fecal 
pellets that are light enough to become air- 
borne when disturbed. In the short term, 
however, vacuuming will also increase the 
concentration of airborne allergens (30). Con- 
sequently, if asthmatics must do the vacuum- 
ing, it is preferable that they wear a mask and 
stay out of the room for at least 30 min after- 
ward. Vacuum cleaners with good suction 
and extra-thick bags may also help, as will 
the use of units fitted with high-efficiency 
particulate air (HEPA) filters or those with 
electrostatic filtration systems on the exhaust 
air (138). 

For many areas of the house, the most 
effective treatment for mite populations is a 
decrease in overall levels of air humidity. Nu- 
merous studies confirm the association be- 
tween indoor humidity and mite allergen lev- 
els (139). Relative humidity indoors should be 
kept below SO%, but not less than 30% (140). 
Reductions in humidity can be achieved in 
several ways. In temperate climates, increas- 
ing ventilation (for example, from 0.2 air 
changes per hour to 1 air change per hour) will 
be effective (141). The boiling of kettles and 
pans should be avoided in poorly ventilated 
areas, and structural faults that allow damp- 
ness to enter the home should be corrected. 
The indoor temperature should ideally be 
maintained at less than 25"C, because mites do 
not reproduce well below this. 

The eradication of cockroaches from a 
home can be difficult because they reproduce 
quickly under ideal conditions. Professional 
extermination is probably the only method 
that will control a serious infestation (39). In 
an apartment block, even this can be difficult 
because cockroaches can quickly reinfest from 
neighboring apartments. Hence, management 
practices should aim to keep concentrations of 
allergen as low as practicable. Kitchen floors 
and cabinets should be kept clean and free 
from dust (142). During the night, the mainte- 
nance of a kitchen environment that is clear 
from food and food residues is particularly 
important, because cockroaches are usually 
more active during the hours of darkness. In 

addition, paper bags and cardboard boxes 
should not be stored in the home; cockroaches 
often live and breed within them (39). 

The elimination of allergens from pets is 
also important. Obviously, the best avoidance 
measure is not to keep pets in the house. How- 
ever, finding a new home for a family pet is 
not always easy. Restricting animals to certain 
rooms is ineffective because the allowable 
rooms act as reservoirs, from which the aller- 
gen can be spread throughout the rest of the 
house (143). If the animal cannot be removed, 
a number of procedures can be adopted for re- 
ducing exposure. These include the lifting of 
carpeted flooring in rooms where dogs and 
cats will be housed, the adoption of a regime 
of regular vacuuming, the filtration of air, and 
regular washing of the pet (144). Glinert et al. 
found that washing cats, combined with pur- 
chasing washable furniture, may reduce levels 
of cat allergen by around 90% (145). Despite 
this, even with regular carpet vacuuming and 
steam cleaning, it can take many months to 
achieve a substantial decline in allergen levels. 

Fungal growth can occur on any surface, 
and is primarily dependent on humidity, plus 
a source of organic matter. Removing or clean- 
ing mold-laden objects can best reduce the 
number of fungal spores in indoor air. Sur- 
faces that are especially prone to molds, partic- 
ularly in kitchens or bathrooms, should be 
cleaned with chemicals such as chlorine bleach 
(144). Molds grow well in refuse containers, 
and these must be regularly emptied (131). 
Maintaining a low relative humidity is also 
important (9). Bathroom rugs and carpets are 
also a common source of fungal contamina- 
tion, and should be washed frequently or dis- 
posed of as required (144). 

Other Measures to Improve Indoor 
Air Quality 

It is clear that asthmatics and their families 
ought to avoid smoking, and try to maintain 
a smoke-free indoor environment as far as 
possible. Where this cannot be achieved, com- 
mercial air purification devices can reduce the 
particulate load from cigarette smoke. In par- 
ticular, the use of heating, ventilation, and 
air conditioning (HVAC) systems fitted with 
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HEPA filters has been shown to lower concen- 
trations of particulate pollutants in indoor air 
(146). However, they will not eliminate the 
constituents of tobacco smoke that are in the 
gaseous phase, some of which are known 
respiratory irritants (1 19). Hence, the avoid- 
ance strategy, while not always easy, is by far 
preferable. 

The management of indoor air quality 
problems not caused by cigarette smoke is of- 
ten difficult and, depending on the interven- 
tions required, can be costly. Room dehumidi- 
fiers can be useful in helping prevent mold 
growth in particularly damp rooms, although 
there is little research on the efficacy of these 
devices in reducing asthma symptoms. The 
principal steps known to reduce exposure to 
indoor respirable particles from sources other 
than smoking are venting all furnaces to the 
outdoors and maintaining heating systems 
adequately (25). The use of an airtight wood 
stove is preferable to an open stove or an open 
fire, and the maintenance of good ventilation 
is important during operation. The use of ion- 
izers to remove particulate materials from the 
air is not recommended because the particles 
are simply deposited around the ionizer from 
where they can easily be resuspended. Ioniz- 
ers can also produce ozone, which is a known 
respiratory irritant. 

To reduce exposure to NOz and SOp, all ap- 
pliances should be regularly serviced, and 
have sufficient flues or ducts. When gas is 
used for cooking, an extractor should be used 
to improve ventilation in the kitchen. Al- 
though it is widely accepted that improving 
the supply of fresh, clean outdoor air in a 
home will reduce concentrations of airborne 
contaminants, it is also recognized that some 
ventilation systems may themselves contrib- 
ute to the concentrations of indoor pollutants 
(147). Sources might include bacterial contam- 
ination, fungal mycotoxins, or VOCs from air 
filtration systems or maintenance ducts. Be- 
cause of this, the provision of an appropriate 
supply of fresh air can be problematic in pol- 
luted urban environments, especially in coun- 
tries with particularly hot or cold climates. 

A better indoor environment can be 
achieved by the selection of building products 
and indoor fittings on the principle that the 

emission of pollutants such as VOCs and 
formaldehyde must be as low as reasonably 
achievable. The use of insulation materials 
that emit formaldehyde should be avoided 
(115). This is often difficult when a new house 
is being purchased, because few people have 
any input into the materials used to build their 
home. The choice of an older property is not 
necessarily a solution, because it may suffer 
from structural defects such as rising damp- 
ness. Despite this, these considerations should 
be important for asthmatics who are moving 
their home, or planning home alterations. 

The Role of Patient Education 

Underpinning any efforts to improve the 
quality of domestic air must be a recognition 
of the significance of patient education; a cen- 
tral factor in the management of asthma is the 
patient’s own understanding of the disease 
and its control. 

It is, of course, of primary importance that 
information be conveyed concerning the day- 
to-day management of the disease itself. How- 
ever, the patient with asthma and his or her 
family must also be provided with suitable 
material and training so that they can success- 
fully manage their indoor environment so as 
to maintain acceptable conditions. A common 
finding of confidential enquiries into asthma 
deaths is a poor understanding of the condi- 
tion among sufferers leading to, among other 
shortcomings, inadequate control (148). 

A broad picture of studies into the effects 
of patient education suggests that the provi- 
sion of information on its own may not be the 
most effective method of improving or stabi- 
lizing symptoms (25). Behavioral techniques 
which help patients acquire skills to manage 
their environment, detect changes in their 
condition, and take appropriate action have 
provided very encouraging results (149). Pro- 
grams for patient education should involve a 
partnership, with frequent revision and rein- 
forcement, between the asthmatic and health- 
care professionals. They could involve simple 
interventions such as the avoidance of smoky 
atmospheres. Alternatively, more holistic ap- 
proaches could be adopted whereby the en- 
tire spectrum of indoor air quality issues is 
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examined and addressed within the patient’s 
home. Whatever programs are implemented, 
they should aim to achieve guided self-man- 
agement, giving patients the ability to control 
their domestic surroundings with guidance 
from knowledgeable professionals (25). 

DISCUSSION 

Over the last century, the design and man- 
agement of houses has changed considerably. 
Modern homes are well-insulated, warm, and 
filled with soft furnishings and fitted carpets. 
These conditions encourage the production 
and concentration of indoor allergens and air 
pollutants. These have been associated with 
asthma, and a range of other allergic diseases. 
It may be that our immune systems are simply 
not made for 21st century domestic life. 

In the past, the conditions prevailing in 
homes may not have been as comfortable as 
those we now enjoy, and some characteristics 
of the indoor environment were less than ac- 
ceptable. Certainly an increased reliance on 
wood and coal burning to provide domestic 
heat meant that particulate pollution from 
these sources was generally much higher than 
is observed today. However, housekeeping 
practices dictated that our ancestors were not 
exposed to the same cocktail of allergens and 
pollutants that we are. In The House of Mirth, 
written by Edith Wharton in 1905, it is interest- 
ing to note how one of the characters, Mrs. 
Perniston, considers lifting carpets in the sum- 
mer to be one of the cardinal rules of good 
housekeeping. Nowadays, fitted carpets mean 
that such practices are impossible. 

Complacency over the risks posed by in- 
door air quality should be avoided; the asthma 
epidemic is a serious global issue. Yet as 
Roberts and Dickey point out, we continue 
to allow, in many homes, exposures to sub- 
stances that would not be tolerated on the job 
or in the outdoor environment (150). This is 
simply because most people are not aware of 
the problem. There is undoubtedly a need for 
more high-quality research to further investi- 
gate the links between domestic air quality 
and asthma. At present, indoor-air-related re- 
search projects are funded at only around 
one-tenth of the level of those concerning the 

health impacts of polluted outdoor air (151). 
This imbalance clearly needs to be addressed. 
Future research must fully acknowledge the 
complex nature of the indoor environment. In- 
door air quality is the result of an intricate se- 
ries of interactions involving numerous in- 
door and outdoor ventilation, microbiological, 
toxicological, and physical systems. Their in- 
terdependence may lead to the instigation of 
a multitude of synergistic processes that can 
result in many unexpected health impacts. 

As the health effects of indoor air pollution 
become better understood, the legal and regu- 
latory aspects of the issue will require careful 
consideration. Currently, indoor air quality 
and pollution is also a concern of the legal 
community. In this respect, their aim is to con- 
trol the quality of indoor air through the pas- 
sage of legislation and the development of reg- 
ulations (152). When the U.S. Clean Air Act 
was passed in 1970, the Environmental Pro- 
tection Agency was obliged to set national 
ambient air quality standards for common 
outdoor air pollutants. Unfortunately, no con- 
sideration was made of the health risks of 
indoor contamination. Despite revisions to the 
act in 1990, it still does not give the EPA clear 
authority to address indoor pollution. This 
lack of legislative power is complicated in the 
public policy arena by the scarcity of solid 
data. Although the 1996 United Kingdom Na- 
tional Environmental Protection Plan identi- 
fies indoor air quality as a key area (153), it 
provides no mandatory regulations. Indeed, 
across Europe, outside the Scandinavian coun- 
tries, Holland, and Germany, policy on indoor 
air quality issues is generally poorly devel- 
oped (154). 

The introduction of new legislation may go 
some way toward reducing levels of contami- 
nation. However, it is important to remember 
that simple interventions by homeowners and 
building operators can also have major im- 
pacts. Allergen avoidance strategies need to be 
adopted by asthmatics or susceptible individ- 
uals. Sensitization to indoor allergens is 
strongly associated with the development of 
asthma. Recent clinical trials have shown that 
simple avoidance measures are effective in re- 
ducing asthma morbidity. Such interventions 
are also financially attractive; in the United 
States it has been estimated that an expendi- 
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ture of just $10 for mite-proof mattress and pil- 
low covers can significantly lower the risk of 
an asthmatic infant requiring a hospital visit 
(155). Patient education is also critical, and the 
medical practitioner has an important role to 
play. Good education provides a nonpharma- 
ceutical option to managing asthma, and pa- 
tients can be easily taught in the home, or in a 
primary care, hospital inpatient, or emergency 
department setting. 

Avoidance measures provide a simple and 
effective solution to the problems caused by 
indoor air, and should be the prime focus in 
any asthma or allergy management program. 
In addition, a wider, more long-term view also 
needs to be adopted. Managing indoor air is 
not simply a challenge for the homeowner or 
the asthma sufferer. Governments need to set 
and enforce home building standards. Al- 
though problems with existing homes are dif- 
ficult to overcome, house designers and build- 
ers must be educated so as to create better new 
structures. Improved data on the links be- 
tween house design and health would have to 
precede the development and enforcement of 
new standards for building design. At present, 
we have only limited knowledge in this area. 
In part, this is due to the lack of gold standards 
that can be used to assess the quality of indoor 
air; although highly refined techniques are 
available for outdoors, the measurement and 
reporting of indoor air pollution is less ad- 
vanced. These technologies must be devel- 
oped. 

A change of attitude may also be required 
with respect to the energy efficiency of build- 
ings. Increased fuel costs could be one 
consequence of improved building design. 
However, these costs must be offset against 
potential reductions in the considerable fi- 
nancial burden from asthma and, for asthma 
prevention programs to adequately address 
the problems of indoor air quality, a policy 
shift from reactive to proactive mode may well 
be required. 
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