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Preface

The tremendous burden of disease imparted by asthma, the
alarming escalation of asthma prevalence, and the doubling of
the asthma mortality rate in the United States since the 1970s have
attracted increased attention from those concerned about the
health of the American public, including Congress. Many agen-
cies of the U.S. government have been charged to increase their
efforts at addressing at least one facet of the problem, from re-
search into pathogenesis by the National Institutes of Health to
examination of environmental factors by the Environmental Pro-
tection Agency (EPA). It is highly likely that such a rapid rise in
asthma prevalence is due to a change in some factor or factors in
the environment. Identifying these factors could allow
remediation, and—perhaps—prevention. Within this context the
EPA sought the guidance of the Institute of Medicine (IOM) in
evaluating the quality and nature of the scientific data relating
constituents of indoor air and the occurrence of asthma.

The multidisciplinary committee convened by the IOM to re-
spond to this charge, with considerable help from IOM staff, spent
many hours in literature review and discussion. Our goal was to
reach consensus about how strongly the research data implicated
various components of indoor air as causes of asthma. A second
goal was to evaluate the state of the scientific evidence concern-
ing specific strategies for exposure mitigation and prevention.

vii
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viii PREFACE

Common problems frustrated our efforts, starting with the
imprecise and variable definition of asthma used in research stud-
ies, and followed immediately by what it means to “cause”
asthma. An unfortunate configuration of genes that influence the
immune or inflammatory responses might be said to be the pri-
mary “cause” of asthma. But even identical twins may differ as to
whether they have asthma or not. Exposure to some environmen-
tal factor or factors is required to elicit the clinical expression of
asthma, i.e., cause the development of asthma. The same or other
agents may then cause exacerbation of asthma symptoms in these
individuals. Thus, the committee divided its analysis into
whether an agent might cause asthma development or exacerba-
tion of symptoms.

Considering how the indoor environment might be modified
to reduce the risk of asthma development or exacerbation pre-
sented a particularly formidable challenge. It has been known for
a long time that changing the environment of an asthmatic indi-
vidual can reduce symptoms, at least temporarily. Mitigation is
possible for individual patients. However, little data are available
to allow firm conclusions about specific mitigation techniques
applied as a public health measure. Although interventions that
might reduce the severity of asthma in individual patients emerge
from the committee’s review, it is hard to escape the overwhelm-
ing conclusion that more research is desperately needed to form
the basis for public health interventions. Too much ignorance re-
mains regarding the biologic changes that permit the disease to
emerge and recur, the environmental “causes” that may underlie
the increased prevalence, the socioeconomic differences in rates
of morbidity and mortality, and the means of effective exposure
mitigation and prevention. Although it will be essential to gain a
better understanding of the relationship between particular
agents and asthma, no single agent or factor has yet been identi-
fied as a necessary or sufficient cause of asthma. Until a more
fundamental understanding is available, multifaceted approaches
will be needed to address the interrelationships among biologic,
environmental, and socioeconomic factors that permit expression
of this disease.

The committee exercised final responsibility for all content of
the report, but we were not its only contributors. In fact, we could
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not have completed our task satisfactorily without the substantial
help of the individuals cited in the Acknowledgments section. We
are especially indebted to Peter J. Gergen, Donald K. Milton, Wil-
liam B. Rose, and Kathleen Kreiss, who furnished text and discus-
sions that were essential to our deliberations on certain subjects.
The committee has also recognized that the report could never
have been developed without the work of the extraordinary staff
assigned to us by the Institute of Medicine—David Butler, James
Bowers, Jennifer Cohen, Donna Duncan, Andrea Cohen, and
Kathleen Stratton. In particular, David Butler, Study Director, with
intelligence, patience, persistence, and hard work, expedited and
channeled our deliberations through a dismaying array of sub-
jects, from exposure assessment to pathophysiology, to their final
expression as the report.

Richard B. Johnston, Jr., M.D.
Chair
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1

Executive Summary

The statistics are disturbing.
The Centers for Disease Control and Prevention (CDC) esti-

mates that asthma affected about 17.3 million individuals in the
United States in 1998. It is the most common chronic illness
among children in the United States and one of the most common
chronic illnesses overall in the country. Although by many mea-
sures the health of Americans is improving, CDC notes the self-
reported prevalence rate for asthma increased 75% from 1980 to
1994. Studies show that asthma mortality is disproportionately
high among African Americans and in urban areas that are char-
acterized by high levels of poverty and minority populations. Nor
is the phenomenon limited to the United States. The prevalence
of asthma in some other parts of the world—including Australia,
New Zealand, Ireland, and the United Kingdom—exceeds that of
the United States.

Researchers have wondered whether the indoor environment
may play a role in the increasing asthma problem. There is ample
justification for this speculation. We know, for example, that indi-
viduals spend nearly all of their time indoors—most of it in their
own homes—and that many of the exposures thought to be asso-
ciated with asthma occur predominately indoors. If the indoor
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2 CLEARING THE AIR

environment plays a role, then interventions to limit or eliminate
exposures there have the potential to help asthmatics and per-
haps result in primary prevention of the illness.

Against this backdrop, the U.S. Environmental Protection
Agency (EPA) is developing an outreach strategy focused on re-
ducing asthma-related morbidity and mortality potentially asso-
ciated with exposure to indoor environments. To help ensure that
such efforts are based on sound science, EPA requested that the
National Academies undertake an assessment of asthma and its
relationship to indoor air quality. The EPA charged the committee
with two primary objectives:

1. To provide the scientific and technical basis for communi-
cations to the public on the health impacts of indoor pollutants
related to asthma, and mitigation and prevention strategies to re-
duce these pollutants.

2. To help determine what research is needed in these areas.

This report presents the results of that assessment.

ORGANIZATION AND FRAMEWORK

The content of this report reflects the committee’s goal to
speak to a wide-ranging audience of science, health, and engi-
neering professionals; government officials; and interested mem-
bers of the public. The material presented thus covers a broad
range of topics in order to establish a common base of knowledge
for the reader. The scope of this material is far too vast for any one
book to deal with comprehensively. Other publications, cited
throughout the report, go into greater detail on specific issues.

The major topics addressed in the report are the following:

• the definition of asthma and the characteristics of its clini-
cal presentation (Chapter 1);

• methodologic issues in evaluating the evidence regarding
indoor air exposures and asthma, including the categorizations
used to summarize the evidence and the framework for consider-
ing exposure to indoor sources (Chapter 2);
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EXECUTIVE SUMMARY 3

• patterns of asthma morbidity and mortality (Chapter 3);
• the pathophysiology of asthma—that is, the molecular

mechanisms that underlie the structural and functional changes
in the lungs and airways of asthmatics (Chapter 4);

• the committee’s review of the state of the scientific litera-
ture regarding indoor air exposures and the exacerbation and de-
velopment of asthma—Table 1 lists the biologic and chemical ex-
posures addressed in this report. (Chapters 5–7);

• the scientific literature on general exposures in indoor en-
vironments (Chapters 8–9); and

• how indoor exposures to pollutants associated with the in-
cidence or symptoms of asthma are affected by building ventila-
tion and particle air cleaning (Chapter 10).

TABLE 1 Indoor Exposures Addressed in This Report

Biological
Animals Fungi or molds

Cats Houseplants
Dogs Pollen
Rodents Infectious agents
Cows and horses Rhinovirus
Domestic birds Respiratory syncytial virus

Cockroaches Chlamydia trachomatis
House dust mites Chlamydia pneumoniae
Endotoxins Mycoplasma pneumoniae

Chemical
NO2, NOX (nitrogen oxides) Plasticizers
Pesticides Volatile organic compounds
Ozone* Formaldehyde
Particulate matter with sources Fragrances

other than ETS* Environmental Tobacco Smoke (ETS)
SO2, SOX (sulfur oxides)*

*An outdoor air pollutant potentially associated with asthma that can penetrate the
indoor environment and that may in some cases have indoor sources. Since the committee’s
mandate was to address indoor air pollutants, the discussion of this agent is less detailed
than others in the report and no conclusions are drawn concerning outdoor exposures and
asthma outcomes.

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

4 CLEARING THE AIR

The committee faced a significant challenge in conducting its
review—research on asthma is burgeoning and significant new
papers are constantly being published. Although the committee
did its best to paint an accurate picture of the state of the science
at the time the report was completed, it is inevitable that research
advances will overtake its conclusions.

CONCLUSIONS ABOUT THE RELATIONSHIP BETWEEN
INDOOR EXPOSURES AND ASTHMA

The committee used a uniform set of categories to summarize
its conclusions regarding the association between exposure to an
indoor agent and asthma development and exacerbation, and the
effectiveness of exposure mitigation and prevention measures.
Box 1 lists the definitions of these categories. The distinctions
among categories reflect the committee’s judgment of the overall
strength, quality, and persuasiveness of the scientific literature
evaluated. Chapter 2 details the methodologic considerations un-
derlying the categorizations and their definitions.

The sections below are a synopsis of the committee’s find-
ings. Chapters 5 through 10 address the reasoning underlying the
conclusions and present the findings in greater detail.

Exposure Settings

The indoor exposures considered in this report are highly de-
pendent on the characteristics of the outdoor and indoor environ-
ment and its occupants. For example, house dust mites are a very
common exposure in temperate and humid regions. They are
found primarily within residences, concentrated in the bedroom.
Cockroaches, which also thrive in temperate and humid regions,
are an important exposure in some urban environments. They are
found primarily near food sources. Fungi are ubiquitous and have
been the primary source of allergen for several studied popula-
tions. Endotoxins may be found in humidifiers and in bacteria
from other indoor, as well as outdoor sources. In some environ-
ments, exposure to animal allergens; molds; environmental to-
bacco smoke (ETS); indoor combustion products; and chemicals
used in cleaning, building materials, and furnishings may be im-
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BOX 1
Categories of Evidence Used in This Report

Sufficient Evidence of a Causal Relationship
Evidence is sufficient to conclude that a causal relationship

exists between the action or agent and the outcome. That is, the
evidence fulfills the criteria for “Sufficient Evidence of an Associa-
tion” below and in addition satisfies criteria regarding the strength
of association, biologic gradient (dose–response effect), consis-
tency of association, biologic plausibility and coherence, and tem-
porality used to assess causality.

Sufficient Evidence of an Association
Evidence is sufficient to conclude that there is an association.

That is, an association between the action or agent and the out-
come has been observed in studies in which chance, bias, and
confounding can be ruled out with reasonable confidence. For ex-
ample, if several small studies that are free from bias and confound-
ing show an association that is consistent in magnitude and direc-
tion, there may be sufficient evidence of an association.

Limited or Suggestive Evidence of an Association
Evidence is suggestive of an association between the action or

agent and the outcome but is limited because chance, bias, and
confounding cannot be ruled out with confidence. For example, at
least one high-quality study shows a positive association, but the
results of other studies are inconsistent.

Inadequate or Insufficient Evidence to Determine Whether or
Not an Association Exists

The available studies are of insufficient quality, consistency, or
statistical power to permit a conclusion regarding the presence or
absence of an association; or no studies exist that examine the
relationship. For example, available studies have failed to ad-
equately control for confounding or have inadequate exposure as-
sessment.

Limited or Suggestive Evidence of No Association
Several adequate studies are mutually consistent in not show-

ing an association between the action or agent and the outcome. A
conclusion of “no association” is inevitably limited to the conditions,
level of exposure, and length of observation covered by the avail-
able studies. In addition, the possibility of a very small elevation in
risk at the levels of exposure studied can never be excluded.
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portant. Many of these pollutants are also present in outdoor air,
and indoor exposures can result from the infiltration of outdoor
air into buildings.

Indoor Air Exposures and Asthma Exacerbation

Studies of asthma can be divided into those dealing with fac-
tors leading to the development of asthma and those dealing with
factors that exacerbate the illness in known asthmatics. Most of
the research on this topic addresses “asthma exacerbation,” the
onset or worsening of symptoms—some combination of short-
ness of breath, cough, wheezing, and chest tightness—in some-
one who already has developed asthma.

Epidemiologic investigations, challenge studies, and clinical
experience have yielded solid information on the potential for
many indoor exposures to exacerbate asthma. The committee
found sufficient evidence to conclude that there is a causal rela-
tionship between

• exposure to the allergens produced by cats, cockroaches,
and house dust mites, and exacerbations of asthma in sensitized
individuals; and

• ETS exposure and exacerbations of asthma in preschool-
aged children.

There is sufficient evidence of an association between sev-
eral exposures and exacerbations of asthma. Dog allergen expo-
sure is associated with exacerbation of asthma in individuals spe-
cifically sensitized to these allergens. Fungal exposure is
associated with exacerbation in sensitized asthmatics and may be
associated with nonspecific chest symptoms. Research indicates
that rhinovirus infection is associated with wheezing and exacer-
bations in asthmatics. There is also sufficient evidence to conclude
that brief high-level1  exposures to NO2 and increased airway re-
sponses among asthmatic subjects to both nonspecific chemical
irritants and inhaled allergens.

1At concentrations that may occur only when gas appliances are used in poorly
ventilated kitchens.
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Damp conditions are associated with the presence of symp-
toms considered to reflect asthma; symptom prevalence among
asthmatics is also related to dampness indicators. The factors re-
lated to dampness that may actually lead to asthma exacerbation
are not yet confirmed, but probably relate to dust mite and fungal
allergens. There is sufficient evidence that some nonresidential
buildings provide exposures that exacerbate asthma. However,
the specific agents responsible for such exacerbations are as yet
unstudied.

Limited or suggestive evidence was found for an association
between exposures to domestic birds and exacerbation of asthma,
although it is unclear what portion of this association is attribut-
able to an allergic asthmatic response to the mites harbored by
these birds. There is also limited or suggestive evidence of a rela-
tionship between

• exposure to the infectious agents respiratory syncytial vi-
rus (RSV), Chlamydia pneumoniae, and Mycoplasma pneumoniae, and
exacerbation of asthma;

• chronic ETS exposure and exacerbation of asthma in older
children and adults;

• acute ETS exposure and exacerbation of asthma in indi-
viduals responsive to this exposure;

• nonacute, nonoccupational formaldehyde exposure and
wheezing and other respiratory symptoms; and

• exposure to certain fragrances and the manifestation of res-
piratory symptoms in asthmatics sensitive to such exposures.

Inadequate or insufficient information was identified to de-
termine whether or not exacerbations of asthma result from
nonacute, nonoccupational exposures to cow, horse, and rodent
allergens; endotoxins; houseplants2  or cut flowers; the bacterial
agent Chlamydia trachomatis; pesticides; plasticizers; and volatile
organic compounds (VOCs) other than formaldehyde. Some of
these same agents do or may play a role in asthma resulting from

2Mites and fungi associated with houseplants could be involved in asthma out-
comes but no studies document this connection.
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exposures in occupational settings, a topic outside the purview of
this study.

Although there is sufficient evidence to conclude that pollen
exposure is associated with exacerbation of existing asthma in
sensitized individuals, and pollen allergens have been docu-
mented in both dust and indoor air, there is inadequate or insuffi-
cient information to determine whether indoor exposure to pollen
is associated with exacerbations of asthma.

These findings are summarized in Table 2.

Indoor Air Exposures and Asthma Development

The second outcome reviewed by the committee was the de-
velopment of asthma—the initial onset of the illness. Asthma is
defined by the manifestation of a set of symptoms rather than by
any one objective test. With asthma symptoms ranging from
clearly episodic to nearly continuous, from mild to severe, and
from coughing without other respiratory symptoms to a loud
wheeze, the initial diagnosis of the illness can be complicated and
subject to controversy. It is thus difficult to study the determi-
nants of and influences on asthma development. An additional
complication stems from the fact that some of the most provoca-
tive evidence regarding development comes from studies of in-
fants. Prior to the age of approximately 3, children may exhibit
symptoms that are characteristic of asthma, but they may not ex-
hibit persistent asthmatic symptoms or other related conditions
such as bronchial reactivity or allergy later in life. Chapter 1 dis-
cusses the definitions of asthma and the characteristics of its clini-
cal presentation.

Saying that a particular agent may be associated with the de-
velopment of asthma does not mean it is the sole factor determin-
ing whether an individual will manifest the illness. Most scien-
tists believe that some individuals have a prior, underlying
predisposition that permits the evolution of clinical asthma. The
development of this predisposition to asthma is dependent on a
complex—and at present poorly understood—combination of fac-
tors, which are partially inherited and partially acquired later in
life.

After careful consideration of the scientific literature, the com-
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TABLE 2 Summary of Findings Regarding the Association Between Indoor
Biologic and Chemical Exposures and the Exacerbation of Asthma in
Sensitive Individuals

Biological Agents Chemical Agents

Sufficient Evidence of a Causal Relationship
Cat ETS (in preschool-aged children)
Cockroach
House Dust Mite

Sufficient Evidence of an Association
Dog NO2, NOX (high-level exposures*)
Fungi or molds
Rhinovirus

Limited or Suggestive Evidence of an Association
Domestic birds ETS (in school-aged and older children, and
Chlamydia pneumoniae in adults)
Mycoplasma pneumoniae Formaldehyde
Respiratory Syncytial Virus (RSV) Fragrances

Inadequate or Insufficient Evidence to Determine Whether or Not an Association Exists
Cow and horse Pesticides
Rodents (as pets or feral animals) Plasticizers
Chlamydia trachomatis VOCs
Endotoxins
Houseplants
Pollen exposure in indoor environments
Insects other than cockroaches

Limited or Suggestive Evidence of No Association
(no agents met this definition)

*At concentrations that may occur only when gas appliances are used in poorly ventilated
kitchens

mittee concluded there is sufficient evidence of a causal rela-
tionship between exposure to house dust mite allergen and the
development of asthma in susceptible children. This conclusion
was based on the preponderance of several lines of evidence, in-
cluding the results of clinical studies and population-based, case-
control, and prospective epidemiologic investigations; the consis-
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tency of the association in different racial and ethnic groups; and
the presence of a dose–response relationship between exposure
to dust mite allergen and sensitization. Chapter 5 delineates the
reasoning underlying this conclusion in greater detail.

There is sufficient evidence to conclude that there is an as-
sociation between ETS exposure and the development of asthma
in younger children. In the limited number of studies that have
been able to separate the effects of maternal active smoking dur-
ing pregnancy from the effects of ETS exposure after birth, evi-
dence suggests that—although both exposures are detrimental—
maternal smoking during pregnancy has the stronger adverse
effect.

Limited or suggestive evidence exists for associations be-
tween

• cockroach allergen exposure and development of asthma
in preschool-aged children; and

• infection with RSV and development of asthma in pre-
school-aged children.

The impact of exposure to these agents has been the subject of
great research interest in the past few years, and efforts presently
under way may clarify their role in asthma development.

Published case reports, public health surveillance of physi-
cian reporting, and cross-sectional studies of building occupants
with indoor air quality complaints also provide limited or sug-
gestive evidence of an association between aspects of the nonin-
dustrial indoor environment and the development of asthma,
with a building occupancy-related pattern of symptoms and in
some instances objective abnormalities. What is lacking for the
most part, however, is knowledge of specific etiologic agents in
these nonindustrial indoor environments that might be respon-
sible for new work-related asthma cases.

Inadequate or insufficient evidence exists to determine
whether or not the other indoor exposures listed in Table 1 are
associated with the development of asthma. This lack of informa-
tion points to a gap in present-day knowledge concerning
asthma—one that will be challenging to resolve.

There is limited or suggestive evidence of no association be-
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tween infection with rhinovirus—the medical term for the large
and ubiquitous group of viruses responsible for a variety of respi-
ratory infections including those referred to as “the common
cold”—and asthma development.

Table 3 summarizes these findings.

TABLE 3 Summary of Findings Regarding the Association Between Indoor
Biologic and Chemical Exposures and the Development of Asthma

Biologic Agents Chemical Agents

Sufficient Evidence of a Causal Relationship
House dust mite (no agents met this definition)

Sufficient Evidence of an Association
(no agents met this definition) ETS (in preschool-aged children)

Limited or Suggestive Evidence of an Association
Cockroach (in preschool-aged children) (no agents met this definition)
Respiratory Syncytial Virus (RSV)

Inadequate or Insufficient Evidence to
Determine Whether or Not an Association Exists
Cat NO2, NOX
Cow and horse Pesticides
Dog Plasticizers
Domestic birds VOCs
Rodents Formaldehyde
Cockroaches (except for preschool-aged children) Fragrances
Endotoxins ETS (in school-aged and older
Fungi or molds children, and in adults)
Chlamydia pneumoniae
Chlamydia trachomatis
Mycoplasma pneumoniae
Houseplants
Pollen

Limited or Suggestive Evidence of No Association
Rhinovirus (adults) (no agents met this definition)
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Effectiveness of Indoor Environmental Interventions in
Limiting Exposures and Affecting Asthma Outcomes

Patients with asthma and the parents of children with asthma
need reliable information on which measures are likely to be most
effective for improving indoor air quality. Specific recommenda-
tions are found in each chapter but there are general principles
that should be kept in mind. Agents that can exacerbate asthma
may generally be thought of in two categories: specific allergens
and nonspecific respiratory tract irritants. Exposure to nonspe-
cific irritants, such as cigarette smoke, may lead to asthma symp-
toms in any person with asthma; while allergens are only prob-
lems for individuals who are allergic to them. For example, if a
person with asthma is allergic to cats, exposure to cats may cause
wheezing; but if that person is not allergic to cats, exposure to
them will not cause any problems. Therefore, reducing indoor air-
borne exposure to irritants is likely to help all asthmatic individu-
als to some degree while reductions in allergen exposure would
only be expected to help individuals who are allergic to the aller-
gens being reduced.

While the report identifies a number a mitigation strategies
that are or may be effective in reducing exposure to potentially
problematic agents, the committee found only a small number for
which there is presently evidence that proper implementation of
the strategy results in an improvement of symptoms or lung func-
tion in asthmatics. It is important to remember, though, that the
absence of evidence does not mean an absence of effect. The sci-
ence regarding indoor environmental interventions, exposure
limitation, and effects on asthma outcomes is not nearly as well
developed as that regarding the health effects of exposures. Expo-
sure assessment3  is often the weakest link in environmental
health studies because it is difficult to do and is given inadequate
attention by many researchers.

3Classically, “exposure assessment” involves specifying the population that
might be exposed to the agent of concern; identifying the routes through which
exposure can occur, and estimating the magnitude, duration, and timing of the
dose that individuals might receive as a result of their exposure (NAS, 1994).
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Nonetheless, the committee was able to identify well-con-
ducted, rigorous studies on which to base conclusions.

Sufficient evidence of an association was found between the
use of a combination of physical measures and a reduction in in-
door dust mite allergen levels in dust samples. As detailed in
Chapter 5, strategies for the effective control of mite growth vary
by climate. Such measures have been shown to be effective at re-
ducing symptoms in controlled trials and should be part of nor-
mal management of asthma in mite-allergic individuals. Several
studies now under way are evaluating whether aggressive aller-
gen avoidance regimes have an effect on the subsequent develop-
ment of asthma. The results of these and other studies will inform
the question of whether primary prevention of dust mite-induced
asthma is possible. Two related issues that will have to be ad-
dressed are (1) the feasibility of implementing such comprehen-
sive interventions and (2) whether these interventions result in
lower rates of sensitization to a particular exposure or all expo-
sures.

The committee found limited or suggestive evidence that the
combined use of cockroach extermination and control of poten-
tial reservoirs of allergen in beds, carpets, furnishings, and cloth-
ing through cleaning can achieve a short-term decrease in cock-
roach allergen levels in indoor environments. Extermination alone
appears ineffective because significant allergen levels remain in
settled dust; cleaning alone in the absence of complete extermina-
tion does not eliminate the sources of the allergen. There was in-
adequate or insufficient evidence to determine whether or not an
association exists between any cockroach mitigation or preven-
tion strategy and transient or long-term improvement of symp-
toms or lung function in cockroach-allergic asthmatics. However,
since evidence does suggest that dust mite mitigation strategies
result in improvement of symptoms or lung function, mitigation
of cockroach exposures would appear to be a sensible course of
action in the absence of more definitive information.

Although the strategy may be unpopular, there is limited or
suggestive evidence of an association between removal of a cat
from the home and improvement of symptoms or lung function
in cat-allergic asthmatics. Concomitant removal or isolation of
known reservoirs of cat allergen (carpets, upholstery, mattresses,

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

14 CLEARING THE AIR

pillows) may be required to diminish allergen levels to those com-
monly measured in homes without cats. Limited or suggestive
evidence indicates that some measures short of removal (e.g.,
washing the animal) may result in transient reduction in allergen
levels. However, there is inadequate or insufficient evidence to
determine whether or not an association exists between measures
short of removal of a cat from the home and improvement in
symptoms in cat-allergic asthmatics. Data on the effectiveness of
interventions for other animals are too sparse to draw informed
conclusions.

It is possible to physically remove accessible growing fungi
from indoor environments. The entry of fungal spores from out-
doors can be substantially reduced in mechanically ventilated
buildings by pressurizing them and filtering incoming air; clos-
ing windows should also reduce indoor concentrations from out-
door sources. Although there is limited or suggestive evidence
that such steps may result in a reduction in the levels of fungi in
the indoor environment, the health impact of such reduction has
not been studied. Fungi are difficult to kill, and dead fungal ma-
terial probably contains allergens that can become airborne, al-
though this has not been thoroughly tested.

There is relatively little information on the impact of ventila-
tion and air-cleaning measures on indoor pollen levels, although
it is clear that shutting windows and other measures that gener-
ally limit the entry rate of unfiltered outdoor air can be effective.

No general conclusions about means of altering exposure to
low levels of endotoxin can be made at the present time. How-
ever, avoiding the use of cool mist humidifiers would appear to
be a simple and effective means of eliminating risk of high-level
exposure to endotoxin at home as well as exposure to organisms
associated with hypersensitivity pneumonitis.

Source control—that is, stopping smoking—appears to be the
only reliably effective means of preventing environmental to-
bacco smoke exposure. There is sufficient evidence to conclude
that increased ventilation is technologically capable of reducing the
indoor concentration of ETS particles and gases, and that particle
air-cleaning methods are technologically capable of reducing the in-
door concentration of ETS particles. However, evidence is lacking
on whether interventions designed to encourage the use of the
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requisite ventilation and air cleaning methods would be associ-
ated with a reduction in asthma development or exacerbation.

Control options for chemical and particulate pollutants in
indoor environments include source modification (removal, sub-
stitution, or emission reduction), ventilation (exhaust or dilution),
or pollutant removal (filtration). The various forms of pollutant
source modification are usually the most effective. For most gas-
eous pollutants—NO2 for example—removal via air cleaning is
not presently practical.

No intervention studies clearly document that any form of
dampness control works effectively to reduce symptoms or to re-
duce the chances of asthma development. However, given its re-
lationship to factors (such as dust mites and fungal growth) asso-
ciated with asthma, steps to reduce dampness may be
appropriate. For homes, these measures include powered me-
chanical ventilation to remove or dilute occupant-generated mois-
ture, proper installation of vapor barriers, channeling ground
water away from foundations, sealing below-ground walls to pre-
vent water intrusion, protecting ground-level concrete slabs from
moisture intrusion, and constructing crawl spaces to prevent wa-
ter intrusion.

There are both theoretical evidence and limited empirical data
indicating that feasible modifications in ventilation rates can de-
crease or increase4  concentrations of some of the indoor pollut-
ants associated with asthma by up to approximately 75%. Lim-
ited or suggestive evidence exists to indicate that particle air
cleaning is associated with a reduction in the exacerbation of
asthma symptoms. Theoretical and limited empirical data indi-
cate that particle air cleaners are most likely to be effective in re-
ducing the exacerbation of asthma symptoms associated with par-
ticles smaller than approximately 2 µm, such as ETS particles5

and some airborne cat allergen. There is insufficient evidence to
determine whether or not the use of particle air cleaners is associ-

4The indoor concentrations of some pollutants from outdoors—particulate
matter and ozone, for example—may increase with the ventilation rate.

5Particle air cleaners are not effective in reducing concentrations of the gaseous
components of ETS.
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ated with decreased asthma development. It should also be noted
that microorganisms can grow on some air-cleaning equipment
such as filter media; thus, improperly maintained air cleaners are
also a potential source of indoor pollutants.

Inadequate or insufficient information was available regard-
ing several other interventions. These are discussed in Chapters 5
through 10.

It is difficult to draw general conclusions regarding effective
indoor environmental interventions. However, the committee is
able to offer some observations. For many allergens, effective
strategies consist of integrated approaches consistently applied
over time. The two primary components of an integrated ap-
proach are (1) removal or cleaning of allergen reservoirs and (2)
control of new sources of exposure. Source removal—where it is
possible—is typically the most effective control measure and may
be the only effective measure for some agents. Avoidance of ex-
posure through source removal, substitution, or emission reduc-
tion is usually the most successful approach for chemical agents.

GENERAL RESEARCH
RECOMMENDATIONS AND CONCLUSIONS

Asthma is a complex illness. The many variables that deter-
mine its development and severity defy simple summary. Al-
though great strides have been made over the past few years in
elucidating mechanisms and understanding the role of environ-
mental and genetic influences, much work remains to be done.
Importantly, we still do not know whether or to what extent the
reported increases in asthma can be attributed to indoor expo-
sures.

Subsequent chapters of this report contain specific recommen-
dations for further research on the biologic and chemical agents
addressed and on the characteristics of indoor environments that
may influence asthma outcomes. A digest of these recommenda-
tions is contained in Chapter 11. Some general observations are
offered below.

The factors that determine the predisposition to sensitivity to
certain agents and lead to the development of asthma are still not
well understood. There is a great need for studies that rigorously
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examine the role of prenatal exposure and whether the age of first
exposure influences the development of sensitization. The inter-
action of different environmental exposures with genetic suscep-
tibilities—a topic of great interest but little research progress—
also has to be pursued.

A major problem in choosing and implementing an interven-
tion to mitigate an exposure is the generally limited data avail-
able. The limitations exist in regard to both the quantity and the
quality of research data. Many of the studies reported are not
based on rigorous protocols. Definition of clinical outcome (espe-
cially in infants), measurement of exposure, rigorous study de-
sign, appropriate population selection, and generalizability of the
findings are among the issues that are often not adequately ad-
dressed. Indoor environments typically include exposures to mul-
tiple potentially problematic agents—dust mites and fungi, for
example, are ubiquitous. It has proven difficult to assess the indi-
vidual roles of the factors implicated in existing studies because
complete characterization of exposures has not been done. There-
fore, it is often not possible to determine with confidence whether
any effects noted are indeed the results of specific exposures stud-
ied or of confounders.

The poor and inner city residents are vulnerable populations
for asthma development, morbidity, and mortality. As such, there
is great interest in identifying effective means to address preva-
lent exposure problems. Although some research on interventions
has been directed at these populations, some of the strategies tried
may not be practical to implement unless the subjects are part of
an organized protocol providing guidance and funds. Further, in-
dividuals living in public or rental housing, or in multifamily
units, may not have control over parts of their indoor environ-
ment that would be desirable to modify, such as carpeting, exces-
sive moisture, and comprehensive pest management. Future re-
search has to address more effectively the feasibility and
generalizability of intervention programs on target populations.

Finally, to date there has been little connection between the
scientific literature regarding asthma and the scientific literature
regarding the characteristics of healthy indoor environments (for
example, building design and operation; and sources, transport,
control methods, and exposures to indoor pollutants). Relatively
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little of the existing medical and epidemiologic literature on
asthma quantifies indoor environmental conditions such as hu-
midity, ventilation, and pollutant concentrations or exposures in
sufficient detail. The effectiveness of exposure limitation strate-
gies in reducing exposures and asthma development or exacerba-
tion has, in general, been inadequately studied. These are areas of
research that have the potential to impact public health signifi-
cantly. The committee believes that better communication be-
tween medical, public health, behavioral science, engineering,
and building professionals is likely to result in more informed
studies on the causes of asthma and the means to limit problem-
atic exposures. The committee encourages efforts to bring these
groups together to educate one another on their areas of exper-
tise. Although considerable work has been done and is being done
on asthma per se, increased research efforts are needed to address
the characteristics of healthy indoor environments. Asthma re-
search clearly needs interdisciplinary involvement—not only of
clinicians, immunologists, and researchers in related biologic ar-
eas—but also of engineers, architects, materials manufacturers
and others who are responsible for the design and function of
indoor environments. Collaborations should be fostered, and con-
sideration should be given to formulating model research proto-
cols that include indoor environmental characteristics.
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1
Major Issues in

Understanding Asthma

The purpose of this chapter is to provide background infor-
mation helpful to the understanding of the material covered in
the report. It contains a summary of the 1993 Institute of Medi-
cine report Indoor Allergens, which covered some of the same top-
ics examined here. It also addresses some of the major issues in
understanding the medical condition called asthma: the contro-
versy over the definition of the illness; the characteristics of its
clinical presentation in children, adolescents, and adults; and the
concepts of the “development of asthma” and “exacerbations of
asthma.” Finally, the chapter presents brief discussions of four
topics addressed in greater detail later in the report: risk factors,
trends in prevalence, pathophysiology, and tools for evaluating
the effectiveness of interventions to reduce asthma.

ORIGIN OF THE STUDY

In 1993, as a result of joint funding between the U.S. Environ-
mental Protection Agency (EPA) Indoor Air Division (IAD) and
several agencies within the Department of Health and Human
Services, the Institute of Medicine (IOM) issued a major report:
Indoor Allergens: Assessing and Controlling Adverse Health Effects
(hereafter called Indoor Allergens). Indoor Allergens received wide
public and press attention and helped to focus public health
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policy on the dramatic increases in asthma, especially in children.
The report also pointed out the role of indoor allergens such as
dust mites, cockroaches, fungi, and pet dander in the etiology of
asthma. At about the same time, IAD and the EPA Office of Re-
search and Development issued a major assessment of the health
impacts of environmental tobacco smoke (ETS), which found a
correlation between exposure to ETS and asthma in children.

EPA’s asthma and indoor air initiatives are now the responsi-
bility of the Indoor Environments Division (IED), a part of the
Office of Radiation and Indoor Air. IED has been actively involved
in public outreach efforts on asthma and its relationship to indoor
environmental pollutants. These include educational campaigns
in high-risk communities, the Indoor Air Quality (IAQ) Tools for
Schools Action Kit, and cooperative efforts with other government
agencies.

EPA is currently developing an outreach strategy focused on
reducing asthma-related morbidity and mortality associated with
exposure to indoor environments. To help ensure that such ef-
forts are based on sound science, EPA requested that the National
Academies undertake an assessment of asthma and its relation-
ship to indoor air quality. This report presents the conclusions of
that research effort.

SUMMARY OF THE INDOOR ALLERGENS REPORT

The early 1990s saw an increase in the level of concern about
the potential adverse health effects of indoor air quality. Moti-
vated by this concern, several agencies of the federal government
asked the IOM to undertake an assessment of the public health
significance of indoor allergens. The IOM responded by assem-
bling a committee of experts in such fields as allergy and immu-
nology, epidemiology, mycology, engineering, industrial health,
pulmonology, education, and public policy. The study undertaken
by the committee had three primary objectives:

1. to identify airborne biological and chemical agents found
indoors that can be directly linked to allergic diseases;

2. to assess the health impacts of these allergens; and
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3. to determine the adequacy of the knowledge base that is
currently available on this topic.

That report described what was then known about the ad-
verse human health effects caused by indoor allergens, the mag-
nitude of the problem nationally, the specific causative agents and
their sources, the testing methods used for identifying allergens
and diagnosing related diseases, and associated educational and
research needs. The committee responsible for the study identi-
fied and developed a list of research agenda items and priority
recommendations. The recommendations focused primarily on
the need to improve awareness and education, while the research
agenda focused on the longer-term, more expensive, and more
technical aspects of fundamental research and data collection.

Indoor Allergens details the 1993 study committee’s conclu-
sions. Although some of these conclusions address medical con-
ditions and topics outside the scope of the present report, several
address issues related to asthma and the impact of indoor air ex-
posures.

The Indoor Allergens committee recommended that steps be
taken to improve estimates of allergenic disease incidence and
prevalence, and to establish effective mechanisms for medical
professionals to acquire assessments of potential exposure to in-
door allergens in residential environments. It called for improve-
ments in heating, ventilating, and air-conditioning (HVAC) equip-
ment in order to minimize allergen reservoirs and amplifiers, and
for the development of consensus standards for controlling mois-
ture in buildings to help control microbial and arthropod
aeroallergens and allergen reservoirs. The committee also recom-
mended several educational initiatives including the develop-
ment of focused intervention programs for allergic populations
with different socioeconomic and educational characteristics. It
called for efforts to inform architects, engineers, contractors,
building maintenance personnel, and others responsible for the
design and maintenance of indoor environments about the mag-
nitude and severity of diseases caused by indoor allergens and
the health implications of the design, construction, and operation
of buildings.

Among the report’s research agenda items were calls to
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• better characterize rates of initial asthma sensitization, in-
cidence, prevalence, and morbidity, and clarify the relation be-
tween these and socioeconomic status, race, and other factors;

• identify, characterize, and determine the health impact of
indoor allergens, specifically suggesting research on allergenic
chemicals, arthropods, dust mites, fungi, and indoor animals and
plants;

• conduct dose–response studies in humans to determine
both the relationship between allergen concentration and immu-
nologic response and the threshold environmental exposure con-
centration for sensitization; and

• evaluate the effectiveness and cost-effectiveness of a broad
variety of environmental control measures on patient symptoms,
and determine whether long-term allergen avoidance has a posi-
tive effect on quality of life.

DEFINITIONS OF ASTHMA

Although patients of all ages are routinely diagnosed with
asthma, finding a widely accepted definition for this disease has
proven to be problematic (Samet, 1987; Toelle et al., 1992, 1997).
One commonly used definition of asthma (Murphy, 1997) states:

Asthma is a chronic inflammatory disorder of the airways in which
many cells and cellular elements play a role, in particular, mast cells,
eosinophils, T lymphocytes, macrophages, neutrophils, and epithe-
lial cells. In susceptible individuals, this inflammation causes re-
current episodes of wheezing, breathlessness, chest tightness, and
coughing, particularly at night or in the early morning. These epi-
sodes are usually associated with widespread but variable airflow
obstruction that is often reversible either spontaneously or with
treatment. The inflammation also causes an associated increase in
the existing bronchial hyper-responsiveness to a variety of stimuli.
(Murphy, 1997)

There are two important concerns with this definition: (1) the
definition implies that asthma is a single disease entity, although
much of the contemporary evidence suggests that asthma is a syn-
drome caused by several different mechanisms (Borish, 1999); and
(2) many interpret this definition to mean that asthma results from
an aberration or variation of the immune system leading to
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chronic inflammation. There is general agreement that asthma is
always associated with inflammation within the lungs, and the
intensity of the inflammation is related to the severity of respira-
tory symptoms and the degree of bronchial hyperresponsiveness
(Clough and Dow, 1987; Ingram, 1991; Pattemore and Holgate,
1993). (Hyperresponsiveness refers to the abnormally large re-
sponse of the lungs to the inhalation of minor irritants such as
cold air.) There is also consensus that inflammation is the cause of
hyperresponsiveness (Ingram, 1991; Jeffrey et al., 1989; Richmond
et al., 1996; Woolley et al., 1996).  Discovering the origin or origins
of the inflammatory response, however, remains a critical unan-
swered question for researchers.

The absence of a universally accepted definition of asthma
makes it especially difficult to arrive at a consistent operational
definition for epidemiologic studies. One of the most commonly
used definitions of asthma in epidemiology is a “physician’s di-
agnosis” (Barbee et al., 1985; Dodge et al., 1986; Samet, 1987;
Yunginger et al., 1992). This term is imprecise since there is little
information about the reasoning and consistency used by physi-
cians when making this diagnosis. A variety of definitions, based
on questions about symptoms, have been proposed. The validity
of these symptom-based definitions has rarely been rigorously
evaluated (Toelle et al., 1997).

For the purposes of this report, asthma is understood to be a
chronic disease of the airways characterized by an inflammatory
response involving many cell types. Both genetic and environ-
mental factors appear to play important roles in the initiation and
continuation of the inflammation. Although the inflammatory re-
sponse may vary from one patient to another, the symptoms are
often episodic and usually include wheezing, breathlessness,
chest tightness, and coughing. Symptoms may occur at any time
of the day but are more commonly seen at night. These symp-
toms are associated with widespread airflow obstruction that is
at least partially reversible with pharmacologic agents or time.
Many persons with asthma also have varying degrees of bron-
chial hyperresponsiveness (Britton, 1992; Ingram, 1991). Research
has shown that after long periods of time this inflammation may
cause a gradual alteration or remodeling of the architecture of the
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lungs that cannot be reversed with therapy (Jeffrey et al., 1989;
Kamm and Drazen, 1992; Murphy, 1997; Richmond et al., 1996).

CLINICAL PRESENTATION OF ASTHMA

Asthma may present at any age, but most studies suggest that
in the majority of patients, asthma will present before puberty
(Barbee et al., 1985; Martinez et al., 1995). Discussing the presen-
tation of asthma is complicated by a lack of consensus on criteria
for defining the onset of asthma. Many children who are sick with
respiratory infections will experience asthma-like symptoms. In
some children the symptoms will diminish, whereas in others the
symptoms will persist (Brooke et al., 1995; Dodge et al., 1996;
Martinez et al., 1995; Ross et al., 1995; Williams and McNicol,
1969). A diagnosis of asthma is dependent upon the recurring na-
ture of these symptoms over a period of time. It appears that the
more frequently these episodes occur, the more likely the child is
to have asthma (Dodge et al., 1996; Martin et al., 1982; Martinez et
al., 1995; Williams and McNicol, 1969). Unfortunately, no clear
criteria mark the transition from recurrent wheezing with infec-
tions to asthma, and there are no tests capable of confirming a
diagnosis (Brooke et al., 1995; Dodge et al., 1996). Tests of pulmo-
nary function are very helpful in the diagnosis of asthma in ado-
lescents and adults, but testing the lung function of children ages
1–6 is very difficult and possible only in a small number of re-
search settings. This means that defining the onset of asthma de-
pends on the variable skills and criteria applied by different phy-
sicians.

In most children, asthma begins as episodes of prolonged
coughing, with or without wheezing, within the first few years of
life. In young children, these symptomatic episodes are almost
always associated with infections of the respiratory tract. The
agents most often associated with these respiratory infections are
common viral respiratory pathogens (Busse, 1989, 1995; Folkerts
and Nijkamp, 1995; Martinez, 1995; Pattemore et al., 1992) . The
potential roles of other infectious agents including mycoplasma
and chlamydia have been questioned but not defined (Hahn et
al., 1991, 1998; von Hertzen et al., 1999). In the majority of chil-
dren these symptomatic episodes resolve with time. For others,
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the episodes will continue and will gradually begin to occur with-
out the concomitant presence of infection (Brooke et al., 1995;
Martinez et al., 1995). The frequency and severity of these epi-
sodes appear to increase with exposure to tobacco smoke and
other forms of airborne pollutants (Arlian et al., 1993; Gidding
and Schydlower, 1994; Menon et al., 1991). A family history of
asthma and allergy and a personal atopic predisposition increase
the likelihood that asthma will develop (Brooke et al., 1995;
Martinez et al., 1995; Williams and McNicol, 1969).

With asthma symptoms ranging from clearly episodic to
nearly continuous, from mild to severe, and from an isolated
cough to a loud wheeze, diagnosing patients accurately can prove
to be very difficult. In some children, asthma presents as distinct
episodes of wheezing and difficulty breathing, whereas in others,
cough may be the only complaint. When episodes are distinct
events and wheezing is a prominent symptom, a diagnosis of
asthma is relatively easy to make. However, when symptoms are
less episodic and when wheezing is minimal or absent, asthma
can be misdiagnosed or missed altogether. In many children the
episodes of symptoms are diagnosed as recurrent bronchitis,
bronchiolitis, or pneumonia (Brooke et al., 1995; Dodge et al., 1996;
Sherman et al., 1990). When treated with antibiotics, these ill-
nesses seemingly “resolve.” If these episodes occur only a few
times each year, the true asthma diagnosis may be missed for
years (Davis, 1976; Martin et al., 1982; Schwartz et al., 1990). Phy-
sician recognition of asthma symptoms is further complicated by
the parents’ and child’s perceptions, expectations, and abilities to
describe the symptoms. When a diagnosis of asthma has been
made, many parents of asthmatic children often state that the
symptoms they now recognize as coming from asthma were
present months or years before a diagnosis was made.

These variations in the presentation of asthma lead to confu-
sion between the concepts of the “development of asthma” and
the “exacerbations of asthma.” The concept of developing asthma
is that the lungs of a normal individual go through a process in
which they develop characteristic, chronic, eosinophilic inflam-
mation. The eosinophilic inflammation is associated with symp-
toms, such as cough and wheezing, that are recognized as asthma.
Because there is no distinct finding or test that allows precise iden-
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tification of these changes, it is usually impossible to pinpoint
when asthma actually begins or develops. The term asthma exac-
erbation is used when referring to the sudden onset of symptoms
in someone who already has developed asthma. In older children
and some adults, the onset of asthma can be defined by the first
exacerbation that brought the patient to medical attention. How-
ever, even in these individuals there was presumably a gradual
process that took days, weeks, or months before the exacerbation
appeared. There is essentially no information concerning whether
changes in lung function or immune process in the lung can be
detected prior to or during the development of asthma.

Another important but difficult concept is referred to as
“growing out of asthma,” which originated from the experiences
of many parents and physicians. As already mentioned, many in-
fants and young children wheeze in association with viral respi-
ratory infections (Brooke et al., 1995; Martinez et al., 1995; Ross et
al., 1995). As these infants grow older they cease to wheeze with
this type of infection. If the child had been diagnosed as having
asthma, he or she has now “outgrown” that asthma. There are
also children who have recurrent episodes of wheezing during
childhood and are diagnosed as having asthma, but cease to
wheeze during adolescence, often during the years of puberty.
The probability that the symptoms of asthma will remit appears
to be higher if the child has little evidence of allergic disease
(Martinez et al., 1995; Ross et al., 1995; Williams and McNicol,
1969). Some of the children whose asthma has remitted will rede-
velop asthma symptoms in adulthood. Because of the length of
time required, there have been few prospective studies of the risk
of asthma recurring once remission has occurred; hence there is
no information about risk factors for redeveloping asthma.

As children move into adolescence and adulthood, respira-
tory infections remain a common cause of symptomatic episodes
(Busse, 1995; Martinez, 1995). Additionally, symptoms may occur
“spontaneously” or with exercise. Spontaneous symptoms are of-
ten discovered to be the result of exposure to either an allergen or
a potent airborne irritant.  When symptoms of coughing and
wheezing are associated only with exercise, it is often difficult to
distinguish whether these are new symptoms or unrecognized
symptoms that have been present for years. Symptoms associ-
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ated with exercise are more easily recognized in older children
because they typically have a higher level of physical activity and
have developed the verbal means to describe their symptoms. In
some adolescents and adults, symptoms are perceived more as
chest tightness or chest pain than as difficulty breathing. People
who experience these symptoms may not recognize them as com-
ing from the chest and complain instead of chronic fatigue or of
becoming fatigued rapidly during the day (Brooke et al., 1995;
Dodge et al., 1993).

An interesting change that takes place between childhood and
adulthood is in the ratio of males to females with asthma. In child-
hood, boys with asthma outnumber girls by 1.5–2 to 1. By 20–30
years of age, women with asthma outnumber men by 1.5–2 to 1, a
complete reversal of the childhood ratio (Barbee et al., 1985;
Clough, 1993). Although it is tempting to speculate that this
change, which occurs over the years of sexual maturation, results
from hormonal changes, little is known about the actual cause.

Although asthma can develop anytime, there are times in a
person’s life when it can be especially troublesome. For some
women, asthma first appears or markedly increases during preg-
nancy. Because poorly managed asthma is associated with an in-
creased risk of maternal and fetal complications, the prompt rec-
ognition and appropriate treatment of asthma during pregnancy
are important. During pregnancy, the onset of asthma and
changes in the severity of preexisting asthma are presumed to be
related to the major hormonal changes that occur, but the exact
cause is unknown.

Occupational asthma is another complex problem (Cartier,
1994; Park et al., 1986). In some individuals, asthma symptoms
first develop as a result of an occupation-related exposure. In most
cases the agent responsible for the onset is an allergen to which
the worker has become sensitized. In other cases the agent is a
strong respiratory irritant. Occupational problems are beyond the
scope of this report, however, and are therefore not discussed in
detail.

A final important concern about the progression of asthma
throughout life is the relationship between asthma and chronic
obstructive pulmonary disease. As mentioned earlier, the chronic
inflammatory process of asthma appears to ultimately result in
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irreversible obstructive changes in the lungs. The progression
from a largely reversible airway obstruction, asthma, to an essen-
tially irreversible state, chronic obstructive lung disease, appears
to be highly variable and dependent upon a variety of factors such
as smoking. The contribution of indoor sources of allergens and
irritants to respiratory disease is important because chronic ob-
structive pulmonary disease is an important cause of increased
morbidity and mortality among adults.

RISK FACTORS FOR ASTHMA

As early as the 1920s, studies demonstrated that a familial
predisposition to asthma existed, suggesting that genetics may
play a role in asthma development. This genetic influence has
remained constant in subsequent studies; however it explains
only 30–80% of the asthma risk. The remaining risk appears to be
related to environmental exposure. The recently noted increase in
the prevalence of asthma suggests a change in some environmen-
tal influence since it is hard to imagine a significant change in
human genetics in such a short time (Borish, 1999).

Major studies have been conducted to better define the genes
related to the development of asthma. These studies reveal com-
plex relationships between genes and asthma (Borish, 1999). It
appears that asthma results from the effects of multiple genes, not
a single gene. Further complicating the association between ge-
netics and asthma has been the discovery that genes closely linked
to asthma in one population may not be significantly linked in
another population. Some of these discrepancies appear to be ra-
cial, and some appear to be related to the peculiarities of rela-
tively isolated and therefore somewhat inbred populations. These
findings raise the question of whether asthma is best thought of
as a single disease entity, a syndrome, or a final common manifes-
tation of several different disease processes (Borish, 1999).

Many different environmental variables have been evaluated
in relationship to asthma. Some of these are nonspecific such as
an increase in global pollution, a decrease in exercise or outdoor
play because of television and computer games, fewer childhood
infections because of immunizations, more childhood respiratory
infections because of day care, alterations in microbial flora be-
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cause of the frequent use of antibiotics, or changes in indoor envi-
ronments. Alternatively, there are relatively specific factors, such
as increased exposure to dust mite allergens, that are discussed in
more detail in Chapters 5–8.

TRENDS IN THE PREVALENCE OF ASTHMA

Many studies have shown that the prevalence of asthma has
been increasing in the United States for the past 30 years. Al-
though this subject is explored further in Chapter 3, it is impor-
tant to summarize some of the most important aspects of asthma
trends to provide a better understanding of the problem of asthma
in the United States today.

In 1998, the Centers for Disease Control and Prevention (CDC)
published a study concerning the change in the prevalence of
asthma across the United States from 1960 to 1995 (Mannino et
al., 1998). That report combined information from several sources
to produce a broad picture of the changes in asthma prevalence.
Population estimates were based on the 1960, 1970, 1980, and 1990
censuses and the 1996 intercensal estimate. Each data set was
stratified by region, sex, race, and age group. Self-reported asthma
data came from the National Health Interview Survey, which is
conducted annually. Data on visits to physicians’ offices for
asthma have been collected since 1975 by the National Center for
Health Statistics (NCHS). The data have been gathered on five
different occasions within the study interval, and each time ap-
proximately 2,000 physician offices or about 30,000–60,000 patient
encounters, were evaluated. Also since 1992, NCHS has gathered
annual data on hospital emergency and outpatient department
visits. Hospitalizations attributable to asthma were estimated
from 1979 to 1994 from the National Hospital Discharge Survey.
Only cases with a primary discharge diagnosis of asthma were
included. Finally, mortality was estimated from the Underlying
Cause of Death data set from NCHS for 1960 through 1995 to
identify all deaths in which asthma was selected as the underly-
ing cause.

The results of this study show an increase in the prevalence of
asthma and death rates from asthma over 15 years both nation-
ally and regionally. Regional differences were found for some end

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

30 CLEARING THE AIR

points such as hospitalization but not for others such as preva-
lence. The self-reported prevalence of asthma increased by 75%
from 1980 to 1994. In 1993–1994, an estimated 13.7 million resi-
dents of the United States reported asthma during the preceding
12 months. A significant increase in asthma was found for all
races, both sexes, and for all age groups. The increase was most
prominent among children 0–4 years (160%) and 5–14 years (74%).
During 1993–1994, the self-reported prevalence of asthma was
slightly higher among children ≤14 years of age than among per-
sons ≥15 years of age. In this same year, prevalence rates were
similar in all four regions of the country.

When office visits for asthma are considered, the estimated
annual number of visits increased from 4.6 million to 10.4 million
between 1975 and 1993–1994. Again, the increasing rates were
found for all race strata, both sexes, and all age groups. During
1993–1994, the rate of office visits for asthma was lowest for the
15–34 year age group.

Data on emergency room (ER) visits for asthma were avail-
able only from 1992–1995, and during this interval there was no
significant change. In 1995, there were in excess of 1.8 million ER
visits for asthma. African Americans had consistently higher rates
of ER visits than whites. The rate of ER visits decreased with in-
creasing age.

From 1979–1980 to 1993–1994, the estimated number of
asthma-related hospitalizations increased, but the rate of hospi-
talization did not change over this interval. Hospitalization rates
were consistently higher among African Americans than among
whites. In 1993–1994, the age-adjusted asthma hospitalization
rates were higher in the Northeast than in the West. In each time
interval examined, the hospitalization rates were highest among
children 0–4 years, lowest among persons aged 15–34 years, and
intermediate for those ≥35.

Mortality rates from asthma are confused by the changes in
the International Classification of Diseases (ICD) coding criteria.
Asthma death rates declined from 1960–1962 to 1975–1978, and
then began to rise again by 1993–1994. The 1960–1962 death rate
was 28.2 per 100,000 in contrast to a rate of 17.9 per 100,000 in
1993–1994. The lowest death rate was in 1975–1978 at 8.2 per
100,000 or less than half the rate of 1993–1994.
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These national statistics are consistent with many local and
regional reports showing an increase in the prevalence of asthma
predominantly in children (Gergen et al., 1988; Gerstman et al.,
1993; Vollmer et al., 1998; Yunginger et al., 1992). This problem
has been found in all regions of the United States and affects all
races. Even though all races are affected, most studies have con-
sistently shown a greater impact of asthma in African Americans
in comparison to whites (Cunningham et al., 1996; Gergen, 1996;
Gergen et al., 1988; Gerstman et al., 1993). Similar trends have
been observed in most developed countries. This increase in the
prevalence of asthma over the relatively short interval of approxi-
mately 30 years strongly suggests that some as yet unidentified
environmental or behavioral change is responsible.

MECHANISMS OF ASTHMA

Details of the pathophysiology of asthma are presented in
Chapter 4; thus, only the major concepts are discussed here. Fig-
ure 1-1 attempts to illustrate these major concepts in a schematic
form. Asthma appears to present in two different forms, allergic
and nonallergic asthma, illustrated on the left and right sides of
the figure, respectively. The critical difference is that in persons
with allergic asthma, inhalation of allergens initiates an inflam-
matory response that leads to hyperreactivity of the airways and
symptoms of asthma. In persons with nonallergic asthma, the in-
flammatory process and airway hyperreactivity appear the same
as in individuals with allergic asthma, but allergic responses, de-
fined by the presence of immunoglobulin E (IgE) antibodies spe-
cific for allergens, cannot be demonstrated. As shown in the fig-
ure, allergic asthma is the result of allergen exposure leading to
allergic sensitization of a genetically predisposed individual. The
development of allergic sensitization during allergen exposure
may be influenced by other environmental effects such as the fre-
quency and type of respiratory infections, passive exposure to to-
bacco smoke, or intensity of allergen exposure. Airway hyperre-
activity may be a direct result of allergic airway inflammation or
may result from one or more genes. Once asthma is present, a
variety of exposures may result in acute or chronic asthma symp-
toms. In addition to allergen exposure, the exposures capable of
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causing symptoms include airborne irritants, infections, and ex-
ercise.

The development of nonallergic asthma is somewhat harder
to explain, although there are suggestions that chronic infections
may be related to asthma in some nonallergic individuals (von
Hertzen et al., 1999). As in the case of allergic asthma, inflamma-
tion occurs in the lungs and is typically accompanied by airway
hyperreactivity. A variety of exposures may lead to wheezing in
the nonallergic asthmatic; however, the origin of the inflamma-
tion cannot be directly identified. It is probable that various ge-
netic influences on the immune system lead to inflammation in
the lungs following some as yet undefined environmental expo-

Asthma Symptoms

Allergic Asthma Nonallergic Asthma

Exercise
Pollutants

Temperature Changes
Infections
Emotions

Genetic Predisposition

Allergic
Sensitization

Airway
Hyperreactivity

Environmental
Factors

Allergen
Exposure

Genetic Predisposition

Inflammation
in the Lungs

Inflammation
+

Respiratory
Infections

Respiratory
Infections

Airway
Hyperreactivity+

Allergen
Exposure

in the Lungs

FIGURE 1-1 Development of asthma symptoms. This figure attempts to il-
lustrate schematically the interrelationships of a number of factors thought
to be important in the development of both allergic and nonallergic asthma.
The weight of the lines attempts to provide some information about the
strength of the evidence for the relationships: bold lines where there is ample
evidence for a relationship and regular lines where the relationships have
been demonstrated or at least strongly suggested. Dashed lines illustrate
relationships that are likely to exist but for which there is little direct evi-
dence at present. The phrase “genetic predisposition” is used to convey all
of the genes in the human genome that are likely to be directly related to the
outcome.
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sure. It is possible that nonallergic asthma is the result of an uni-
dentified allergen, but for many reasons this appears unlikely.

Estimates suggest that approximately 80% of asthma in chil-
dren is allergic asthma. In adults, the percentage of those with
allergic asthma is lower, in the 30–50% range depending on the
population studied (Burr, 1993; Eriksson, 1990; von Mutius, 1996;
Wever and Wever-Hess, 1993). The lower prevalence of allergic
asthma in adults may arise in many different ways. The preva-
lence of allergic sensitivity is lower in adults than in children. It is
possible that the inflammatory response that started as an allergic
response in a child may become self-perpetuating by adulthood
even as the allergic sensitization is lost. It is also possible that
these are two different disease processes that merely have similar
clinical appearances.

EVALUATING THE EFFECTIVENESS OF
INTERVENTIONS TO REDUCE ASTHMA

Before an asthma intervention can be evaluated, the goals of
the intervention must be defined. The goal of asthma therapy is
ultimately to prevent a patient’s asthma from altering or unduly
influencing their life. Specific goals proposed in the Guidelines for
the Diagnosis and Management of Asthma include (1) prevention of
chronic and troublesome symptoms; (2) maintenance of “normal”
pulmonary function; (3) prevention of recurrent exacerbations of
asthma and minimization of the need for emergency department
visits or hospitalizations; (4) provision of optimal pharmaco-
therapy with minimal or no adverse effects; and (5) meeting pa-
tients’ and families’ expectations and satisfaction with asthma
care (Murphy, 1997).

Once goals are agreed upon, tools must be selected to evalu-
ate how close the intervention comes to achieving all of the goals.
In a typical clinical practice, the physician simply asks patients
how they are doing. This is imprecise, and responses can vary
depending upon how well the person can perceive his or
her symptoms. Since many patients perceive their symptoms
poorly, other tools are necessary to assess the adequacy of asthma
control.

Pulmonary function tests, primarily spirometry, are essential
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tools for evaluating a patient with asthma. Good control of asthma
is reflected in normal or near-normal spirometry. Sequential
spirometry allows the physician to follow the course of disease
and judge the adequacy of therapy. In children old enough to per-
form spirometry, lung growth can be monitored and assessed
more easily.

There has been increasing recognition that control of asthma
involves more than the absence of symptoms and the normality
of lung function tests. Important aspects of asthma management
involve the total impact of the disease on a person’s life. How
much does it affect what a person tries to accomplish? How does
it affect daily activities? Do people avoid certain situations for
fear of an attack? These diverse aspects have been grouped under
the term “quality of life,” and questionnaires have been devel-
oped that attempt to capture and estimate these aspects of dis-
ease control (Juniper et al., 1993; Rowe and Oxman, 1993).

Other methods for evaluating asthma are constantly being
developed and evaluated. One of the most important areas in
need of an adequate means of testing is the intensity of lung in-
flammation. In research settings it is possible to directly sample
the linings of the airways and the numbers of inflammatory cells
within the lungs, but these techniques are very expensive and
involve some risk to the patient. Techniques are needed that could
estimate lung inflammation accurately and yet be simple and in-
expensive enough for use on a routine clinical basis.

The present state of the art in assessing any form of interven-
tion for the control of asthma typically involves four components:
(1) patient symptom scores or checklists, (2) physician assess-
ments, (3) spirometry (often supplemented with home peak flow
monitoring), and (4) completion of quality-of-life questionnaires.
Given the lack of precision of these instruments, it is usually nec-
essary to apply them with a relatively large number of persons
for weeks or months before the effect of the intervention can be
estimated adequately. In some cases, other measurements can be
used to supplement the components listed above. These measures
could include some attempt at estimating lung inflammation, de-
termining allergen-specific IgE levels in serum, or assessing exer-
cise tolerance.
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2
Methodological Considerations

in Evaluating the Evidence

The U.S. Environmental Protection Agency (EPA) charged
the committee responsible for this report with two primary
objectives:

1. To provide the scientific and technical basis for communi-
cations to the public on

• the health impacts of indoor pollutants related to
asthma; and

• mitigation and prevention strategies to reduce these pol-
lutants.

2. To help determine what research is needed in these areas.

To help operationalize the first objective, EPA posed several
questions for the committee’s consideration. The committee was
asked to evaluate the strength of the scientific evidence associat-
ing exposure to indoor pollutants with asthma, to discuss what
was known about how and in what way(s) various pollutants in-
fluence asthma, and to examine the risk for development or exac-
erbation of asthma associated with indoor exposures.

EPA asked for information on the characteristics of the indi-
viduals most at risk for these exposures and on the role of genetic
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and other environmental factors in the occurrence of asthma. It
requested information about whether effective strategies to miti-
gate or prevent problematic exposures had been developed and
tested, whether these strategies had been shown to decrease
asthma as well, at what exposure levels such decreases had been
shown to occur, and whether the strategies were reasonable and
cost-effective for affected individuals to undertake.

The ensuing chapters of the report address these questions, to
the extent permitted by currently available science. They also
touch on issues identified by the committee as relevant to its
charge.

EVALUATING THE EVIDENCE

The evaluation of evidence involves several stages: (1) assess-
ing the quality and relevance of individual reports; (2) deciding
on the possible influence of error, bias, or confounding on the
reported results; (3) integrating the overall evidence within and
across diverse areas of research; and (4) formulating the conclu-
sions themselves. These aspects of a review require thoughtful
consideration of both quantitative and qualitative information—
they cannot be accomplished by adherence to a prescribed for-
mula.

The approach applied by the committee to this task evolved
throughout the process of review and was determined in impor-
tant respects by the nature of the evidence, exposures, and out-
comes at issue. Ultimately, the conclusions expressed in this re-
port are based on the committee’s collective judgment. The
committee endeavored to express its judgments as clearly and
precisely as the available information allowed.

This section describes more fully how the evidence was evalu-
ated. It discusses the research approach used to develop informa-
tion, the methodologic considerations underlying the evaluation,
considerations in assessing the strength of the evidence, and the
categories of evidence used to summarize the committee’s con-
clusions. The section is based on similar discussions in the Insti-
tute of Medicine (IOM) reports characterizing scientific evidence
regarding vaccine safety (IOM, 1991, 1993) and the health effects
of herbicides used in Vietnam (IOM, 1994, 1996, 1999), adapted to
the current task.
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Research Approach

To answer the questions posed by the EPA, the committee
undertook a wide-ranging evaluation of the research on asthma
and indoor air. While it did not review all such literature—an un-
dertaking beyond the scope of this report—the committee at-
tempted to cover the work it believed to be influential in shaping
scientific understanding at the time it completed its task in mid
1999.

The committee consulted several sources of information in
the course of its work. For conclusions regarding asthma out-
comes, the primary source was epidemiologic studies. Most of
these studies examined general population exposures to indoor
agents at home, reflecting the focus of researchers working in this
field. A small number of studies of occupationally exposed indi-
viduals were also evaluated. Some clinical research—for example,
that addressing challenge tests—and animal studies were consid-
ered where appropriate. Engineering, architecture, and physical
sciences literature informed the discussions of building charac-
teristics, exposure assessment and characterization, indoor damp-
ness, pollutant transport, and related topics; public health and
behavioral sciences research was consulted for data on the effec-
tiveness of interventions to limit exposure to problematic indoor
agents. The committee also benefited from presentations of cut-
ting-edge research given during two workshops it held in early
1999. A listing of the participating researchers and their topics is
given in Appendix B.

The committee attempted to fairly consider and weigh all rel-
evant information in reaching its conclusions. The failure to cite a
particular study or research effort, however, does not necessarily
mean that the committee did not consider its results.

Methodologic Considerations in Evaluating the Evidence

Uncertainty and Confidence

All science is characterized by uncertainty. Scientific conclu-
sions concerning the result of a particular analysis or set of analy-
ses can range from highly uncertain to highly confident—the
theoretical concept of “proof” does not apply in evaluating actual
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observations. In its review, the committee evaluated the degree of
uncertainty associated with the results on which it had to base its
conclusions.

Statistical significance is a quantitative measure of the extent to
which chance—that is, sampling variation—might be responsible
for the observed exposure–adverse event association. The magni-
tude of the probability value or the width of the confidence inter-
val associated with an effect measure such as the relative risk or
risk difference is generally used to estimate the role of chance in
producing the observed association. This type of quantitative es-
timation is firmly founded in statistical theory on the basis of re-
peated sampling.

For individual studies, confidence intervals around estimated
results such as relative risks represent a quantitative measure of
uncertainty. Confidence intervals present a range of results that,
with a predetermined level of certainty, is consistent with the ob-
served data. The confidence interval, in other words, presents a
statistically plausible range of possible values for the true relative
risk. When it is possible to use meta-analysis to combine the re-
sults of different studies, a combined estimate of the relative risk
and confidence interval may be obtained.

For an overall judgment about an association between an ex-
posure and a disease outcome based on a whole body of evidence,
no quantitative method exists to characterize the uncertainty of
the conclusions. Thus, to assess the appropriate level of confi-
dence to be placed in the ultimate conclusions, it is useful to con-
sider qualitative as well as quantitative aspects.

Analytic Bias

Analytic bias is a systematic error in the estimate of associa-
tion between the exposure and the adverse event. It can be cat-
egorized under four types: selection bias, information bias, con-
founding bias, and reverse causality bias. Selection bias refers to
the way that the sample of subjects for a study has been selected
(from a source population) and retained. If the subjects in whom
the exposure–adverse event association has been analyzed differ
from the source population in ways linked to both exposure and
development of the adverse event, the resulting estimate of asso-
ciation will be biased. Information bias can result in a bias toward
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the null hypothesis (no association between the exposure and the
adverse event), particularly when ascertainment of either expo-
sure or outcome has been sloppy, or it may create a bias away
from the null hypothesis through such mechanisms as recall bias
or unequal surveillance in exposed versus unexposed subjects.
Confounding bias—addressed in greater detail below—occurs
when the exposure–adverse event association is biased as a result
of a third factor that is both capable of causing the adverse event
and is statistically associated with the exposure itself. Finally, re-
verse causality bias can be a concern where it is possible that the
outcome in question might influence the probability of experienc-
ing the exposure being studied. It is not generally possible to
quantify the impact of such nonrandom errors in estimating the
strength of the association.

Confounding

In any epidemiologic study comparing an exposed to an un-
exposed group, it is likely that characteristics other than exposure
may differ between the two groups. For example, the group ex-
posed to a particular indoor pollutant may be of lower socioeco-
nomic status than the unexposed group. When the groups differ
with respect to factors that are also associated with the risk of the
outcome of interest, a simple comparison of the groups may ei-
ther exaggerate or hide the true difference in disease rates that is
due to the exposure of interest. In the example of socioeconomic
status, a simple comparison of asthma rates among the exposed
and unexposed would exaggerate an apparent difference in
asthma rates, since socioeconomic status is also thought to influ-
ence asthma incidence. If exposed individuals were of higher so-
cioeconomic status, the simple comparison would tend to mask
any true association between exposure and asthma by spuriously
elevating the risk of disease in the unexposed group. This phe-
nomenon, known as confounding, represents a major challenge
to researchers and those evaluating their work.

Publication Bias

An important aspect of the quality of a review is the extent to
which all appropriate information is considered and any serious

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

44 CLEARING THE AIR

omission or inappropriate exclusion of evidence is avoided. A pri-
mary concern in this regard is the phenomenon known as publi-
cation bias. It is well documented (Begg and Berlin, 1989; Berlin et
al., 1989; Callaham et al., 1998; Dickersin, 1990; Dickersin et al.,
1992; Easterbrook et al., 1991) in the scientific literature that stud-
ies with a statistically significant finding are more likely to be
published than studies with nonsignificant results. Where such
bias is present, evaluations of disease–exposure associations
based solely on published literature could be biased in favor of
showing a positive association. Other forms of bias related to re-
porting and publication of results have also been suggested. These
include multiple publications of positive results, slower publica-
tion of nonsignificant and negative results, and publication of
nonsignificant and negative results in non-English-language and
low-circulation journals (Sutton et al., 1998). Several researchers
have addressed the specific topic of whether there is bias in the
publication of studies regarding the health impacts of exposure
to environmental tobacco smoke (Bero et al., 1994; Kawachi and
Colditz, 1996; Lee, 1998; Misakian and Bero, 1998).

The committee did not in general consider the risk of publica-
tion bias to be high among studies of indoor air exposures and
asthma because

1. there were numerous published studies showing no posi-
tive association;

2. the committee was aware of the results of some unpub-
lished research; and

3. The committee felt that the interest of the research commu-
nity, public health professionals, government, and the general
public surrounding the issue of asthma is so intense that any stud-
ies showing no association would be unlikely to be viewed as
unimportant by investigators. In short, there would also be pres-
sure to publish “negative” findings.

Nonetheless, the committee was mindful of the possibility that
studies showing a positive association might be overrepresented
in the published literature.
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Considerations in Assessing the Strength of
Scientific Evidence

Causality Definitions

The question of causality is of cardinal importance in health
research, clinical practice, and public health policy. Despite its
importance, however, causality is not a concept that is easy to
define or understand (Kramer and Lane, 1992). Consider, for ex-
ample, the relation between a hypothetical exposure X and
asthma. Does the statement “X causes asthma” mean that (1) all
persons exposed to X will develop asthma, (2) all cases of asthma
are caused by exposure to X, or (3) there is at least one person
whose asthma was caused or will be caused by X?

The first interpretation corresponds to the notion of a suffi-
cient cause; X is a sufficient cause of asthma if all individuals ex-
posed to X develop the disease. X is a necessary cause of asthma if
the disease occurs only among those exposed to X, the second
interpretation above. The idea that a “proper” cause must be both
necessary and sufficient underlies the postulates of causality ar-
ticulated by Koch in the 1800s (Susser, 1973). However, it is now
generally recognized that for most exposure–outcome relations, a
particular exposure need not be necessary or sufficient in order to
cause the outcome—the third interpretation above. In other
words, most health outcomes of interest have multifactorial eti-
ologies.

This third form of causality is what is meant when scientists
say that cigarette smoking causes lung cancer. Not everyone who
smokes will develop lung cancer and not everyone who develops
lung cancer smokes. However, individuals who smoke are more
likely to develop lung cancer than those who do not, and the more
they smoke the more likely they are to develop it.

Types of Causal Questions

The causal relation between an exposure and a given adverse
event can be considered in terms of three different questions
(Kramer and Lane, 1992):
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1. Can It? (potential causality): Can the exposure cause the
adverse event, at least in certain people under certain circum-
stances?

2. Did It? (retrodictive causality): Given that an individual
who was subjected to the exposure developed the adverse event,
was the event caused by the exposure?

3. Will It? (predictive causality): Will the next person who is
subjected to the exposure experience the adverse event because
of the exposure? Equivalently, how frequently will those subjected
to the exposure experience the adverse event as a result of the
exposure?

The form of causality relevant to this report is the first of
these—potential or “can it?” causality. In the section below, this
form of causality is discussed with reference to how it relates to
the committee’s charges and how the committee attempted to an-
swer it.

Evaluation Criteria

Much of the epidemiologic literature on causality has focused
on potential causality, and a widely used set of criteria has
evolved for its assessment (Bradford Hill, 1965; Bradford Hill and
Hill, 1991; Susser, 1973; U.S. Public Health Service, 1964). These
criteria are also often used to inform public health policy recom-
mendations and decisions (Weed, 1997).

For each indoor air exposure for which evidence indicated
the presence of an association with asthma, the committee as-
sessed the applicability of each of five general considerations,
based on these criteria:

1. Strength of Association: Strength of association is usually ex-
pressed in epidemiologic studies as the magnitude of the mea-
sure of effect, for example, relative risk or odds ratio. Generally,
the higher the relative risk, the greater is the likelihood that the
exposure-disease association is “real” or, in other words, the less
likely it is to be due to undetected error, bias, or confounding.
Small increases in relative risk that are consistent across a number
of studies, however, may also provide evidence of an association.
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2. Biologic Gradient (Dose–Response Relationship): In general,
potential causality is strengthened by evidence that the risk of
occurrence of an outcome increases with higher doses or frequen-
cies of exposure. In the case of asthma, however, this is compli-
cated by the central roles that susceptibility and sensitization play
in the disease. The same exposure may have very different effects
in susceptible and nonsusceptible, sensitized and nonsensitized
individuals. Thus, the absence of a dose–response effect might
not constitute strong evidence against a causal relation.

3. Consistency of Association: Consistency of association re-
quires that an association be found regularly in a variety of stud-
ies, for example, in more than one study population and with
different study methods. The committee considered findings that
were consistent across different categories of studies as being sup-
portive of an association. Note that the committee did not inter-
pret “consistency” to mean that one should expect to see exactly
the same magnitude of association in different populations.
Rather, consistency of a positive association was taken to mean
that the results of most studies were positive and that the differ-
ences in measured effects were within the range expected on the
basis of all types of error including sampling, selection bias,
misclassification, confounding, and differences in actual exposure
levels.

4. Biologic Plausibility and Coherence: Biologic plausibility is
based on whether a possible association fits existing biologic or
medical knowledge. The existence of a possible mechanism in-
creases the likelihood that the exposure-disease association in a
particular study reflects a true association. In addition, the com-
mittee considered factors such as evidence in humans of an asso-
ciation between the exposure in question and diseases known
to have causal mechanisms similar to asthma and evidence
that asthma outcomes are associated with occupational exposure
levels.

Considerations of biologic plausibility informed the com-
mittee’s decisions about how to categorize the association be-
tween various indoor exposures and asthma, but the committee
recognized that research regarding mechanisms is still in its in-
fancy and did not predicate decisions on the existence of specific
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evidence regarding biological plausibility. Chapter 4 addresses
the state of the science on asthma mechanisms.

5. Temporally Correct Association: If an observed association is
real, exposure must precede the onset or exacerbation of the dis-
ease by at least the duration of disease induction. Temporality
can be difficult to evaluate for some indoor agents because expo-
sure to them is recurrent and pervasive. If individuals are exposed
to an agent almost every day and in an environment where they
spend most of their time it can be difficult to discern a relation-
ship between exposure and effect. The lack of an appropriate time
sequence is thus evidence against association, but the lack of
knowledge about the natural history and pathogenesis of asthma
limits the utility of this consideration. The committee also consid-
ered whether the outcome being studied occurred within a time
interval following exposure that was consistent with current un-
derstanding of its natural history.

Other Considerations As noted above, it is important also to
consider whether alternative explanations—error, bias, confound-
ing, or chance—might account for the finding of an association. If
an association could be sufficiently explained by one or more of
these alternate considerations, there would be no need to invoke
the several considerations listed above. Because these alternative
explanations can rarely be excluded sufficiently, however, assess-
ment of the applicable considerations listed above almost invari-
ably remains appropriate. The final judgment is then a balance
between the strength of support for the association and the de-
gree of exclusion of alternatives.

SUMMARIZING CONCLUSIONS REGARDING THE EVIDENCE

Categories of Association

The committee summarized its conclusions using a common
format, described below, categorizing the strength of the scien-
tific evidence in two areas:

1. health effects: the association between exposure to an indoor
agent and asthma development or exacerbation; and
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2. exposure reduction strategies: the effectiveness of exposure
mitigation and prevention measures.

The five categories described below were adapted by the
committee from those used by the International Agency for Re-
search on Cancer (IARC, 1977) to summarize the scientific evi-
dence for the carcinogenicity of various agents. Similar sets of
categories have been used in National Academies’ reports char-
acterizing scientific evidence regarding vaccine safety (IOM,
1991, 1993) and the health effects of herbicides used in Vietnam
(IOM, 1994, 1996, 1999). The distinctions reflect the committee’s
judgment that an association would be found in a large, well-
designed study of the outcome in question in which exposure
was sufficiently high, well characterized, and appropriately mea-
sured on an individual basis.

For health effects, the categories relate to the association be-
tween exposure to the agent and asthma, not to the likelihood
that any individual’s health problem is associated with or caused
by the exposure.

Each of the categories describes the strength of the scientific
evidence regarding the relationship between an action and an out-
come related to indoor exposures and asthma. Table 2-1 gives ex-
amples of these.

Sufficient Evidence of a Causal Relationship

Evidence is sufficient to conclude that a causal relationship
exists between the action or agent and the outcome. That is, the

TABLE 2-1 Examples of Actions and Outcomes Used in Categories of
Evidence

Category Action Outcome

Health effects Exposure to an indoor Asthma development or
agent exacerbation

Exposure reduction Implementation of a strategy Actual reduction of
strategies to avoid or reduce exposure or reduction of

exposure to an indoor agent asthma incidence

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

50 CLEARING THE AIR

evidence fulfills the criteria below for sufficient evidence of an
association and, in addition, satisfies criteria used to assess cau-
sality:

• Strength of Association: Is the exposure or action associated
with a high probability of the outcome?

• Biologic Gradient (Dose–Response Effect): Is increased expo-
sure to the possible cause associated with increased response? For
consideration of exposure reduction strategies, does more effec-
tive implementation of the remediation strategy result in a greater
reduction in exposure or in asthma incidence?

• Consistency of Association: Have similar results been ob-
served in multiple studies?

• Biologic Plausibility and Coherence: Is there a reasonable pos-
tulated biologic mechanism linking the possible cause and the
effect?

• Temporally Correct Association: Does the presumed cause
plausibly precede the effect?

These criteria have been discussed in greater detail above.
The finding of sufficient evidence of a causal relationship be-

tween an exposure and an asthma outcome (development or ex-
acerbation) does not mean that the exposure inevitably leads to
that outcome. Rather it means that the exposure can cause the
outcome, at least in certain people under certain circumstances.

Sufficient Evidence of an Association

Evidence is sufficient to conclude that there is an association.
That is, an association between the action or agent and the out-
come has been observed in studies in which chance, bias, and
confounding could be ruled out with reasonable confidence. For
example, if several small studies that are free from bias and con-
founding show an association that is consistent in magnitude and
direction, there may be sufficient evidence of an association.

Limited or Suggestive Evidence of an Association

Evidence is suggestive of an association between the action or
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agent and the outcome but is limited because chance, bias, and
confounding could not be ruled out with confidence. For example,
at least one high-quality study shows a positive association, but
the results of other studies are inconsistent.

Inadequate or Insufficient Evidence to Determine Whether or
Not an Association Exists

The available studies are of insufficient quality, consistency,
or statistical power to permit a conclusion regarding the pres-
ence or absence of an association; or no studies exist that exam-
ine the relationship. For example, available studies may have
failed to control for confounding or may have inadequate expo-
sure assessment.

Limited or Suggestive Evidence of No Association

Several adequate studies are mutually consistent in not show-
ing an association between the action or agent and the outcome.
A conclusion of “no association” is inevitably limited to the con-
ditions, level of exposure, and length of observation covered by
the available studies. In addition, the possibility of a very small eleva-
tion in risk at the levels of exposure studied can never be excluded.

ASSESSING EXPOSURES TO AGENTS IN INDOOR AIR

Assessments of exposure to environmental agents in indoor
air play a central role in epidemiology studies seeking to charac-
terize population risks, in screening studies aimed at identifying
individuals at risk, and in interventions designed to reduce risk.
Because of the central importance of exposure assessment, it is
important to understand the strengths and limitations of the ap-
proaches that are available to assess exposures in these contexts.

Definitions of Exposure

Exposure has been defined in various ways in the past. For
example, an Institute of Medicine report (IOM, 1994) defines ex-
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posure as “the concentration of an agent in the environment in
close proximity to a study subject.”

The National Research Council report Human Exposure Assess-
ment for Airborne Pollutants (NRC, 1991) adds the concept of time
to that of concentration:

An exposure to a contaminant is defined as an event that occurs
when there is contact at a boundary between a human and the en-
vironment with a contaminant of a specific concentration for an
interval of time.

For the purposes of this report, it is convenient to distinguish
between two classes of exposure measures: 1) the theoretically
ideal (and typically unknown) risk-relevant exposure metric (ERR)
that represents the individual breathing zone concentration of an
agent of interest over a time period that is relevant to the risk of
developing the health outcome of interest; and 2) the practical
and available exposure surrogate that correlates to a greater or les-
sor extent with the ERR. The ERR will differ depending on the
health outcome under study (e.g., asthma development versus
asthma exacerbation). An exposure surrogate is any available
measure of exposure that is positively correlated with the ERR.
Better surrogates are those with higher correlations, and thus
lower degrees of exposure misclassification. When used without
qualification in this report, the term “exposure” refers to surro-
gate exposure measures.

The ERR is that theoretical measure of exposure that best rep-
resents the risk of adverse health consequences. Researchers don’t
know enough about asthma pathogenesis to confidently identify
the appropriate ERR. One possible ERR for development of asthma
might be a long-term average of agent concentration in the breath-
ing zone of the person at risk—with duration on the order of 6
months to 2 years—measured during a relevant period of lung or
immune system development, such as during the early years of
life. For this ERR it would seem reasonable to assume that, to a
first order approximation, the average exposure level best repre-
sents risk; however second order effects might relate to variation
around the mean. In the case of asthma exacerbations, the ERR
might be a short-term average that captures peak agent exposures
in the breathing zone immediately prior to the exacerbation. Rel-
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evant averaging times might range from approximately 20 min-
utes to 48 hours.

In this context, the quality of any particular exposure surro-
gate measure can be judged in terms of how close it comes (i.e.,
correlates) to the ERR in terms of the following four components:

1. Does it represent the key agent; that is, the agent solely or
primarily responsible for the outcome?

2. Does it represent breathing-zone concentration?
3. Does it average appropriately over time?
4. Does it capture exposure during the vulnerable period of

life?

A wide range of exposure surrogates exists. Figure 2-1 sum-
marizes the principal approaches that are available for develop-
ing exposure surrogates (adapted from NRC, 1991).

Direct exposure surrogates include personal monitoring—in-
volving the measurement of agent concentrations using monitors
carried by individual subjects, and biological markers—involv-
ing the measurement of the agent or its metabolite in biological
samples such as urine and blood. These offer more proximal mea-
sures of individual exposure than do the indirect approaches,
though usually at the expense of sample size or ability to charac-
terize long-term exposures. Indirect measures include environ-
mental area monitoring (e.g., room sampling), models (e.g., mi-
croenvironmental model), recall questionnaires and real-time
diaries. These approaches tend to be more practical in large-scale

Personal
Monitoring

Biological
Markers

Direct Methods

Environmental
Monitoring

Models Questionnaires Diaries

Indirect Methods

Exposure Assessment
Approaches

FIGURE 2-1. Classification of surrogate exposure assessment approaches.
SOURCE: adapted from NRC (1991).
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studies, and often are better suited to long-term exposure charac-
terization than are direct measures.

The Microenvironmental Model

The microenvironmental model of total human exposure is a
widely accepted tool for environmental exposure assessment
(Sexton and Ryan, 1988). In this model, exposure of an individual
to an airborne agent is defined as the time-weighted average of
agent concentrations encountered as the individual passes
through a series of microenvironments:

E C ti j ij
j

J

= ∑ ,

where Ei is the time-weighted integrated exposure for person i
over the specified time period; Cj is the is concentration of agent
in microenvironment j; tij is the amount of time person i spent in
microenvironment j, and J is the total number of microenviron-
ments that person i moves through during the specified time pe-
riod (24 hours, for example).

Sexton and Ryan (1988) define a microenvironment as “a 3-
dimensional space with a volume in which contaminant concen-
tration is spatially uniform during some specific interval.” Ex-
amples include homes, offices, schools, and vehicles. An
additional key assumption that is usually made is that the mi-
croenvironmental concentration is independent of time. These
assumptions underlie the many attempts to use this model to re-
construct personal exposures to airborne contaminants based on
environmental monitoring of microenvironments along with as-
sessment of time-activity patterns. Unfortunately, the space and
time continuity assumptions are rarely met in practice, severely
limiting the utility of the microenvironmental modeling approach
for estimating personal exposures. This is also likely to be the
case for many of the indoor agents with plausible roles in asthma,
such as particulate allergens. Exposures to such agents occur epi-
sodically due to the inadvertent disturbance and resuspension of
allergen reservoirs by individual activities. These episodic expo-
sure patterns are not likely to be accurately captured by environ-
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mental area samplers. Possible exceptions include ETS and air-
borne cat allergen, for which within-location spatial and tempo-
ral variations appear to be less pronounced (Samet, 1999; Chew et
al., 1999).

Dose Concepts

Individual exposure to an airborne agent results in inhalation
of the agent and deposition in the lungs. Dose is the amount of an
agent that is absorbed or deposited in the body of an exposed
organism for an increment of time (NRC, 1991). The NRC report
further distinguishes between internal dose and biologically effec-
tive dose. Internal dose is defined as the amount of an agent that is
absorbed into the body over a given time whereas biologically
effective dose is the amount of an agent or its metabolites that has
interacted with a target site over a given period of time.

For inhaled gases, the primary determinant of the lung depo-
sition fraction (the proportion of inhaled mass that is deposited in
the lungs) and the pattern of deposition in the lungs is the solu-
bility of the gas. The primary determinant of deposition for par-
ticles is the aerodynamic particle diameter (dae). Aerodynamic
particle diameter, as distinct from physical diameter, determines
the motion of particles in air. The dae of a particle is defined as the
diameter of the unit density sphere that has the same terminal
settling velocity as the particle of interest (ICRP, 1994). Particles
with dae larger than 15 µm are captured preferentially (though
not exclusively) in the upper respiratory tract (i.e., nose and
throat). Particles with dae between 2.5 and 15 µm enter the lungs
but tend to deposit in the upper conducting airways where their
mass and the high velocities favor inertial impaction. Because
they lack inertia, smaller particles move with the inhaled air-
stream into the alveolar region, where they may or may not de-
posit. Deposition fraction in the deep lung increases with decreas-
ing dae below 0.5 µm due to the high diffusion constants of very
small particles.

The role of particle density in determining dae is critical. A
spherical particle with a physical diameter of 16 µm but with a
density of 0.1 will behave aerodynamically like a 5 µm water
droplet. This property helps to explain the ability of large-diam-
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eter, low-density pollen grains to penetrate and deposit in the
lung. Once deposited in the lungs, airborne agents may react with
biomolecules, be absorbed into the blood, or be cleared from the
lungs. From the viewpoint of asthma development or exacerba-
tion, the relevant sites and nature of interactions between inhaled
agents and human body remain uncertain, limiting our ability to
define biologically effective dose in this context. In the case of
allergens, however, the measurements of serum IgE and allergen
skin test reactivity represent surrogates for biologically effective
dose. It is important to note that all measures of dose, like those of
exposure, can be viewed as surrogates for the theoretical risk-rel-
evant dose measure.

Exposure Assessment for Specific Agents
Considered in This Report

Table 2-2 lists the exposure and dose surrogates that have been
used in past studies of agents with possible links to asthma devel-
opment or exacerbation. The text that follows addresses issues
related to assessing exposures to some of the agents addressed in
this report. More detailed information on these agents and others
evaluated in the report is given in Chapters 5 through 10.

House dust mite (HDM) exposure is associated primarily
with inhalation of mite fecal pellets and aggregates (Chapman
and Platts-Mills, 1980; Tovey et al., 1981). Most allergen-related
particles are in the size range from 10–25 µm and are thought to
become airborne primarily via active disturbance of allergen res-
ervoirs in beds, soft furniture, and carpets (Tovey et al., 1981).
Because of their large size, HDM allergen-related particles remain
airborne for relatively short time periods (on the order of min-
utes). As such, area sampling of air concentrations has not proven
a useful method of exposure assessment. Personal sampling is
theoretically possible but requires further development. The cur-
rently accepted method for routine characterization of HDM ex-
posures is to assay concentrations of group 1 allergens in dust
samples collected by vacuuming, preferably in the bed or bed-
room. Allergen concentrations are usually expressed in units of
µg HDM/gram of dust collected. A theoretical advantage of
dustborne allergen sampling is the presumed time-integration
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TABLE 2-2 Exposure and Dose Surrogates Used in Asthma Research

Agent Exposure Surrogates Dose Surrogates

House dust mite (HDM) Dust mite count in bedroom dust HDM IgE
allergen HDM allergen in bedroom dust HDM skin test

HDM allergen in other dust

Cockroach (CR) allergen CR counts by trapping CR IgE
CR allergen in bedroom dust CR skin test
CR allergen in kitchen dust

Animal (dog, cat, etc.) Self-reported animal Pet-specific IgE
allergen Pet allergen in dust Pet-specific skin test

Pet allergen in air

Fungal allergen Mold odor Fungal-specific IgE
Moisture problems Fungal-specific skin test
Visual evidence
Culturable fungi
Spore counts

Pollens and plant Pollen counts in air Pollen-specific IgE
allergen Allergen concentration in air Pollen-specific skin test

Environmental tobacco Self-reported household smoking Cotinine in urine, blood,
smoke (ETS) PM2.5 sampling saliva

Airborne nicotine or other ETS
markers

Nitrogen dioxide Self-reported gas appliances None
(NO2) Area monitoring for NO2 in air

Personal monitoring for NO2 in air

Volatile organic Self-reported material presence Exhaled-breath VOCs
compounds (VOCs) (e.g., freshly painted surfaces) Blood VOCs

Area monitoring for VOCs in air concentrations
Personal monitoring for VOCs in air

Formaldehyde Self-reported material presence None
Area or personal air sampling

Pesticides Self-reported use Blood concentrations
Concentrations in dust
Concentrations in air
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that occurs in the deposition of allergen particles on surfaces over
time.

It is worth noting one limitation of the common practice of
reporting concentrations of allergen in settled dust samples in
units of mass of allergen per gram of dust collected. By dividing
by total dust collected, this expression of exposure does a poor
job of characterizing the total allergen burden in a dwelling. For
example, two homes A and B could have the same amount of
allergen per gram of house dust by the conventional measure,
whereas home A might have 10 times more house dust than home
B, resulting in a 10-fold higher average exposure to occupants of
home A. A high priority research need is the development of im-
proved sampling methods that enable better standardization for
area sampled than is possible using current methods.

Like HDM, cockroach allergens are thought to be associated
primarily with larger particles that become airborne during and
immediately after active disturbance of dust reservoirs. Thus, the
same measurement issues apply here as for HDM. In contrast to
HDM, which thrive primarily in bed, furniture and carpet materi-
als, cockroach populations are usually concentrated in kitchens
and bathrooms due to the availability of water and food sources.
As a result, dust concentrations of cockroach allergen (µg/g) are
often an order of magnitude higher in kitchen samples than in
bedrooms (Sarpong et al., 1996). Even so, bedroom concentrations
are generally thought to represent a better measure of human ex-
posure to cockroach allergen for most individuals, due both to
the duration of time spent in the bedroom and the likelihood of
allergen disturbance there (Eggleston et al., 1998; Rosenstreich et
al., 1997). For very young children who crawl or toddle on the
floor, dustborne cockroach allergen on floors throughout the
home may be relevant to exposures.

The principal cat allergen Fel d I is produced by salivary, seba-
ceous, and anal glands (De Andrade et al., 1996). Fel d I can be
quantified in dust and air samples and also by specific IgE. A
significant portion of airborne Fel d I is associated with particles
less than 5 µm dae which remain airborne for extended periods
and therefore tend to be distributed widely within interior spaces
(Custovic et al., 1998). Fel d I also can be transported between
locations via adherence to and resuspension from clothing, lead-
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ing to measurable concentrations not only in homes with cats but
also in schools, offices, vehicles, and homes with no cats. Because
of this, home-based Fel d I concentrations often represent only
one component of total human exposure. Dog and other animal
allergen exposures have been studied less extensively; however,
the basic parameters of exposure appear to be similar to those
discussed above for cats (Custovic et al., 1997).

While several methods currently exist for measuring and
characterizing fungal populations, methods for assessing human
exposure to fungal allergens remain poorly developed at present,
and represent a high priority research need. Part of the difficulty
relates to the large number of fungal species that are measurable
indoors, and the fact that fungal allergen content varies across
species and across morphological forms within species (Cruz et
al, 1997; Fadel et al., 1992). In addition, the most common meth-
ods for fungal assessment, counting cultured colonies and the
identification and counting of spores, have variable and uncer-
tain relationships to allergen content. Exposure surrogates based
on questionnaire or inspection—such as water damage and vis-
ible fungal growth—also have very uncertain relationships with
exposure to airborne fungal allergens. Although it is clear that
individuals can be allergic to fungi, measurements of fungal al-
lergen concentrations are very rarely included in epidemiological
studies.

Indoor concentrations of airborne pollens occur via penetra-
tion of outdoor pollens into interior spaces, rather than emissions
indoors. Penetration efficiency depends primarily on the size and
shape of openings through which air enters the building—open
windows versus small cracks, for example—and on aerodynamic
particle diameter. Pollen grains often have large physical diam-
eters but relatively small dae due to their low densities, favoring
penetration. This allows pollens to remain airborne for long peri-
ods outdoors and be widely distributed by winds, as well as to
penetrate indoors. Allergens from some plants, such as grass and
birch, are located within particles that are much smaller than pol-
len grains (see Chapter 10). Indoor concentrations of particles
from outdoors depend on the rate of depositional losses to indoor
surfaces, the building ventilation rate, and the particle penetra-
tion efficiency.
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Environmental tobacco smoke (ETS) is a complex mixture of
submicron particles and gases produced by the combustion of to-
bacco products (Daisey et al., 1994; U.S. EPA, 1992). ETS remains
airborne for long periods after emission, allowing time for dis-
persion and spread throughout interior spaces. Removal mecha-
nisms include deposition onto interior surfaces and dilution by
building ventilation. Significant ETS concentrations typically oc-
cur only indoors.

Questionnaire-based assessment of indoor smoking patterns
has been used in many studies as an exposure surrogate. An im-
portant advantage of this approach is the potential it offers to cap-
ture long-term average indoor ETS emission patterns, which is
less feasible to do with airborne measurements. A limitation of
questionnaire-based exposure assessment is the potential for dif-
ferential self-reporting of smoking patterns as a function of edu-
cation and cultural attitudes.

Methods now exist for airborne measurements of chemical
markers of the gaseous and particle phases of airborne ETS; how-
ever, the relationship between these marker compounds and the
concentrations of the broader mixture of ETS constituents is still
under investigation. While ETS is a major source of indoor PM2.5
concentrations, PM2.5 is not specific to ETS. For example, airborne
nicotine concentrations are often used as a specific marker for the
gaseous constituents of ETS. (Samet, 1999). Nicotine is a semi-
volatile organic component of ETS.

Little data exist on the temporal variability of indoor ETS con-
centrations and it is not known what averaging time is adequate
for characterizing long-term airborne ETS exposure of building
occupants. Personal sampling represents an attractive approach
in terms of sampling location; however, to be valid, the averaging
time must be sufficiently long to estimate the long-term average
exposure. Sampling with area monitors (i.e., nicotine sampler in
bedroom or main activity room) enables more convenient and
extensive sampling of long-term ETS exposures (e.g., over 1–2
weeks duration), and is thus recommended for epidemiology
studies.

Biomarkers of ETS exposure also play an important role in
research on ETS exposure and health. Cotinine, a biological me-
tabolite of nicotine, can be measured in urine, blood, and saliva
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(Benowitz, 1996). An important attribute of biomarkers such as
cotinine is that they reflect exposures from all routes and loca-
tions—such as cotinine concentration in urine reflects not only
ETS exposure in the home but also at work, in school or daycare,
while shopping, in vehicles, and the like. This may be an advan-
tage or disadvantage depending on the context. A limitation of
cotinine for long-term exposure assessment is its relatively short
biological half-life, on the order of several hours. Thus, cotinine
measurements provide a measure of recent exposure, with sig-
nificant modification by time since last exposure and individual
metabolism rate. Because of these limitations, a single measure-
ment of cotinine in urine or blood provides a good indication of
whether recent exposure has occurred, but is generally not an ac-
curate measure of long-term exposure levels.

Nitrogen dioxide (NO2) is an irritant gas produced by high
temperature combustion. Indoor sources include gas stoves and
unvented space heaters. Indoor NO2 levels are also influenced by
the penetration of outdoor NO2, which is elevated in urban areas
where motor vehicles are the dominant source. Factors that influ-
ence concentrations of indoor NO2 include frequency and dura-
tion of combustion appliance usage, emission rates of individual
appliances, and home ventilation rate (Samet et al., 1987). High
ventilation rates act to reduce NO2 levels generated indoors, but
conversely to increase penetration of NO2 of outdoor origin.
Available measures of indoor NO2 exposures include question-
naire-based self-reporting of gas appliance presence or usage, en-
vironmental area sampling of airborne NO2 levels, and personal
sampling of airborne NO2 levels. Questionnaire-based assessment
is logistically simple but does not account well for variations in
emission and ventilation rates. The sampling methods inherently
account for these factors, as well has being specific for NO2. How-
ever, as with most sampling methods, area and personal sampling
characterizes only a snapshot in time, which may or may not be a
good surrogate for long-term average indoor NO2 levels.

Given the variety and complexity of indoor volatile organic
compound (VOC) emission sources and rates, there is in general
no reliable method for characterizing indoor VOC levels other
than air sampling. A number of methods exist for both area and
personal sampling of airborne VOCs. Of particular interest are
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recently developed passive diffusion badges that can measure
VOC levels in the µg/m3 range with sampling duration of 48
hours or more (Stock et al., 1996). Internal dose assessment is pos-
sible based on both exhaled breath and blood sampling; however,
both methods address only recent exposures (e.g., within the pre-
vious 24 hours).

OTHER CONSIDERATIONS

The committee did not feel that there was sufficient evidence
to generate confident quantitative estimates of the asthma risk
associated with indoor air exposures. It is not possible to make
general statements about the relative risk of various exposures
because this is highly dependent on the characteristics of a par-
ticular environment and its occupants. House dust mites, for ex-
ample, are a very common exposure in temperate and humid re-
gions such as the southeastern United States but do not typically
present a problem in cooler and drier climates such as northern
Europe. Cockroaches, which also thrive in temperate and humid
regions, are an important exposure in some urban environments.
Fungi are ubiquitous and can be the primary source of allergen in
some arid climates. Endotoxins may be found in humidifiers in
urban settings or in organic dusts that infiltrate rural homes from
outdoors. Occupant choice has a major role in determining in-
door exposure to animals, plants, environmental tobacco smoke,
indoor combustion sources, and chemicals used in cleaning and
other activities. Indoor chemical exposures also result from out-
door infiltrates and certain building materials and furnishings.

Much of the literature regarding indoor exposures and asthma
outcomes focuses on single agents, and the report thus has this
same focus. Real indoor environments, however, are complex.
They subject occupants to multiple exposures that may interact
physically or chemically with one another and with the other
characteristics of the environment like humidity, temperature,
and ventilation levels. Synergistic effects—that is, interactions
among agents that result in a combined effect greater than the
sum of the individual effects—may also take place. Information
on the combined effects of multiple exposures and on synergistic
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effects among agents is cited wherever possible. However, rather
little data are available on this topic and it remains an area of
active research interest.

Exposures in the indoor environment are not the only factor
that may influence asthma outcomes, and interventions that con-
sider only indoor factors may miss important opportunities to
improve health. This report touches on the roles that genetics and
socioeconomic status may play, although these subjects are not
addressed in detail. Research has also examined the possible in-
fluence of several other factors, including antibiotic use (von
Mutius et al., 1999), breastfeeding (Oddy et al., 1999) and other
aspects of diet (Kimber, 1998; Weiss, 1999), low birth weight
(Shaheen et al., 1999), number of siblings (Ponsonby et al., 1999),
and obesity (Luder et al., 1998).
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3
Patterns of Asthma

Morbidity and Mortality

Epidemiology is the study of the distribution of a disease and
its risk factors in a population. Epidemiologists attempt to under-
stand the causes of a disease by studying its occurrence across
time, place, and persons. Studying the observed differences will
identify risk factors contributing to the development and activity
of a disease. Once these risk factors are understood, interventions
can be developed to ameliorate their effects. As we see in this
chapter, asthma is not homogeneously spread throughout the
population, nor has it remained static in terms of its burden on
the U.S. population. These differences are reviewed to help the
reader gain a better understanding of the importance of and in-
terplay between the environment and genetics in asthma. Because
the epidemiology of asthma is difficult to cover in such a brief
space, the reader seeking further information is directed to a num-
ber of more extensive reviews (Mannino et al., 1998; Weiss et al.,
1993).

THE BURDEN OF ASTHMA

Asthma is an important health problem in the United States.
In the 1995 National Health Interview Survey (NHIS), approxi-
mately 15 million individuals identified themselves as asthmat-
ics, with approximately 5 million being under age 18 (Benson and
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Marano, 1998). The Centers for Disease Control and Prevention
(CDC) estimated that there were about 17.3 million people with
the illness in 1998 (Rappaport and Boodram, 1998). Despite these
high numbers, asthma is a relatively minor cause of mortality in
the United States. Asthma was listed as the underlying cause of
death in 5,667 out of 2.3 million deaths in the United States dur-
ing 1996 (U.S. Vital Statistics, 1996). In contrast, the morbidity bur-
den is much greater. During 1996 there were 474,000 asthma hos-
pitalizations, of which 195,000 occurred in children less than 15
years of age (Graves and Kozak, 1998). In addition, there were
approximately 11.9 million medical visits for asthma, of which 9.1
million occurred in physicians’ offices, 0.9 million in hospital out-
patient departments, and 1.9 million in emergency rooms
(Schappert, 1998). The economic burden of asthma was estimated
to range from $5.8 billion to $6.2 billion in the early 1990s (Smith
et al., 1997; Weiss et al., 1992). Asthma was estimated to account
for approximately 1% of U.S. health care costs in the mid-1980s
(Weiss et al., 1992).

MORTALITY

Asthma mortality data are readily available from the U.S. Vi-
tal Statistics System. The U.S. asthma mortality rate of 2.13 deaths
per 100,000 population in 1996 is low compared to as many as 7 to
9 deaths per 100,000 population in other parts of the world—the
highest rates being noted in New Zealand, West Germany, and
Norway (Sears, 1991). Although the number of deaths from
asthma is not large, an understanding of their causes is important
since asthma mortality is considered preventable. Asthma mor-
tality primarily affects adults, with approximately 67% occurring
at or after 45 years of age. Males tend to have higher asthma death
rates than females until about age 25, after which females have
the higher rates for the rest of the life span. African Americans
have consistently higher asthma death rates than whites. The dif-
ference is greatest in the younger group—approximately 10 times
higher in 1- to 4-year-olds—and decreases with age until the ratio
is only 1.2 times greater at age 85 and over (Figure 3-1). Little
difference in asthma mortality rates is seen when the United States
is divided into four census regions (U.S. Vital Statistics, 1995,
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1996). However, numerous studies conducted in urban areas have
much higher asthma mortality in areas characterized by high lev-
els of poverty and minority populations (Carr et al., 1992; Lang
and Polansky, 1994). Asthma mortality has been increasing in the
United States since the late 1970s, although in the past several
years the increase appears to have slowed down. No group has
been spared this increase.

UTILIZATION OF HEALTH CARE SERVICES

Data on asthma health care utilization patterns in the United
States are available from two national surveys—the National Hos-
pital Discharge Survey and the National Health Care Survey. In
contrast to mortality, approximately 37% of asthma hospitaliza-

FIGURE 3-1 Asthma mortality by race, 1995. SOURCE: Anderson et al.,
1997.
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tions occur before 15 years of age. Rates are highest in the young
(less than 5 years of age), with a second, lower peak in the group
age 65 or more (Graves and Kozak, 1998). In the young, hospital-
ization rates are higher for males, where as among adults, females
have higher rates (Skobeloff et al., 1992). Hospitalization rates are
elevated in urban areas with high levels of poverty and/or mi-
nority populations (Carr et al., 1992; Gergen and Weiss, 1990;
Gottlieb et al., 1995). Readmissions can account for up to approxi-
mately 20% of hospitalizations, with the readmission rate being
higher in the younger age group (Goldring et al., 1997). Hospital-
izations show a regional variation in the United States, with the
highest rates in the Northeast and the lowest in the West. How-
ever, this variation is true of hospitalizations in general—not just
for asthma (Graves and Kozak, 1998). Asthma hospitalizations
have primarily been rising in the United States in the under-15
age group, especially among those under 5 years of age. African-
American children appear to have a higher rate of increase than
white children do (Gergen and Weiss, 1990).

Somewhat less detail is available on outpatient care. Emer-
gency room (ER) visits have been tracked in the United States
only since 1992. Similar to hospitalizations, African Americans
and women have higher rates. The rates for ER visits are the high-
est in the very young but, unlike hospitalizations, do not increase
in the older age groups. Ambulatory care visits for asthma in phy-
sicians’ offices are only slightly higher in the young versus older
ages. The most striking difference is the low number of visits in
the 15- to 34-year age range. African Americans and women have
slightly higher rates. The number of office visits for asthma in-
creased from 4.6 million in 1975 to 10.4 million in 1993–1994
(Mannino et al., 1998).

PREVALENCE

The prevalence of asthma is highly dependent on the defini-
tion chosen. The prevalence of asthma varied almost threefold,
from 3.6 to 9.5%, when various combinations of physician diag-
nosis and wheezing were used to define asthma among children
age 3 to 17 who participated in the second National Health and
Nutrition Examination Survey (NHANES II) from 1976 to 1980
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(see Table 3-1) (Gergen et al., 1988). Despite this dependence on
definition, certain patterns appear consistently in the age distri-
bution of asthma. Most childhood asthma begins before age 5
(Gergen et al., 1988). A review of medical records from the Mayo
Clinic found that the highest incidence of “asthma” occurred in
the first year of life, with incidence rates falling throughout child-
hood and reaching their lowest levels among adults (Yunginger
et al., 1992). More males develop asthma during childhood, while
the prevalence in females surpasses that in males during adoles-
cence. After adolescence, males and females have equivalent rates
when a broad range of ages is examined (Figure 3-2) (Benson and
Marano, 1998; Turkeltaub and Gergen, 1991).

Asthma prevalence is found to vary with race or ethnicity and
urban location. In national surveys, African Americans reported
higher rates of asthma and a higher rate of increase over the past
decade (see Figure 3-3) (Benson and Marano, 1998; Gergen et al.,
1988; Turkeltaub and Gergen, 1991). Hispanics reported wide dis-
crepancies in prevalence: Mexican-American children in the
Southwest reported some of the lowest rates of asthma in the
United States while Puerto Rican children living on the East Coast
of the United States reported some of the highest rates (Carter-
Pokras and Gergen, 1993). Other data suggest that racial differ-
ences may reflect, at least in part, diagnostic acquisition rather
than true differences in disease prevalence. A survey of 9- to 11-
year-old school children in Philadelphia, Pennsylvania, found
that white and African-American children reported the same

TABLE 3-1 Prevalence of Asthma by Type of Diagnosis

Type of Diagnosis Percentage

Ever diagnosed with asthma by physician 7.0
Current physician diagnosis of asthma 3.6
Self-reported wheezing 5.3
Ever diagnosed with wheeze by physician 9.5
Current physician diagnosis of wheeze 6.7

SOURCE: Gergen et al., 1988. Adapted with permission from
Pediatrics, 81:1–7, 1988.
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FIGURE 3-2 Asthma prevalence by gender, 1980–1994. SOURCE: Mannino
et al., 1998.
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FIGURE 3-3 Asthma prevalence by race, 1980–1994. SOURCE: Mannino et
al., 1998.
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prevalence of persistent wheezing, while among children with
wheeze, the African-American children were more likely to have
received the diagnosis of asthma (Cunningham et al., 1996).

The NHIS has reported the prevalence of asthma to be higher
in urban areas. More focused studies have shown that the preva-
lence of asthma can be just as high in less populated areas of the
United States—for example, Los Alamos, New Mexico (Sporik et
al., 1995)—compared to highly populated areas such as the Bronx,
New York (Crain et al., 1994). Regional data from the 1996 NHIS
show asthma prevalence to be highest in the Northeast and low-
est in the Midwest and South (Benson and Marano, 1998). State-
specific asthma prevalence rates have been estimated by multi-
plying age-, race-, sex-, and region-specific asthma prevalence
rates calculated from the NHIS with the state’s demographic com-
position. The 1998 state-level estimates are provided in Table 3-2.
California, New York, and Texas were found to have the greatest
number of asthmatics. The state-specific prevalence rates ranged
from 5.8 to 7.2%, leading the authors to conclude that the demo-
graphic composition of states had minimal influence on estimated
asthma prevalences (Rappaport and Boodram, 1998).

Based on data from the NHIS, the self-reported prevalence of
asthma increased 75% between 1980 and 1994 (Mannino et al.,
1998). All groups are thought to be affected by the increase in
asthma prevalence. However, a study of the Mayo Clinic patient
population reported that between 1964 and 1983, the incidence of
asthma increased only in the 1- to 14-year age group, with no
change in other age groups (Yunginger et al., 1992).

Epidemiologic investigations of asthma prevalence have dem-
onstrated wide variability both between and within different
countries. The International Study of Asthma and Allergy in
Childhood (ISAAC) has shown that asthma-like symptom preva-
lence varies almost thirtyfold, from 1.6% in Indonesia to 36.8% in
the United Kingdom. Generally, more developed Western coun-
tries have higher rates of asthma, while less developed countries
have lower rates (ISAAC, 1998). The ISAAC project found that
12-month prevalence rates of wheeze were greater than 25% in
the United Kingdom, New Zealand, Australia, Ireland, Canada,
Peru, Costa Rica, Brazil and the United States, while Indonesia,
Albania, Romania, Georgia, Greece, China, and Russia had
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TABLE 3-2 Forecasted Estimates of Self-Reported Asthma Prevalence by
State, 1998

Region or Number Estimated 95% Confidence Standard
State of Cases Prevalence (%) Interval (%) Error (%)

Northeast
Connecticut 215,900 6.6 5.6–7.5 7.2
Maine 80,300 6.4 5.4–7.4 7.8
Massachusetts 401,000 6.5 5.6–7.5 7.2
New Hampshire 78,500 6.6 5.5–7.6 7.8
New Jersey 540,400 6.7 5.7–7.6 7.2
New York 1,236,200 6.8 5.8–7.8 7.3
Pennsylvania 800,900 6.6 5.6–7.5 7.2
Rhode Island 64,400 6.5 5.5–7.4 7.3
Vermont 39,500 6.5 5.5–7.6 7.8
Total 3,241,200 6.7 5.7–7.6 7.3

Midwest
Iowa 190,100 6.6 5.6–7.6 7.5
Illinois 795,200 6.7 5.7–7.6 7.5
Indiana 398,400 6.7 5.7–7.7 7.3
Kansas 174,900 6.7 5.7–7.6 7.3
Michigan 642,300 6.7 5.7–7.7 7.5
Minnesota 318,600 6.7 5.8–7.7 7.1
Missouri 362,300 6.1 4.7–7.4 11.3
Nebraska 112,100 6.7 5.7–7.7 7.4
North Dakota 43,600 6.7 5.7–7.6 7.3
Ohio 748,200 6.7 5.7–7.6 7.4
South Dakota 51,000 6.7 5.8–7.7 7.3
Wisconsin 350,800 6.7 5.7–7.7 7.2
Total 4,187,600 6.6 5.6–7.6 7.4

South
Alabama 280,500 6.0 4.8–7.1 9.5
Arkansas 162,600 5.9 4.9–6.9 6.9
District of Columbia 31,400 5.9 3.6–8.2 19.7
Delaware 44,300 5.9 4.9–6.9 8.5
Florida 863,900 5.8 4.9–6.8 8.0
Georgia 458,700 6.0 4.9–7.2 9.7
Kentucky 232,800 5.9 4.9–6.9 8.2
Louisiana 265,500 6.1 4.8–7.3 10.5
Maryland 307,300 6.5 5.6–7.5 7.2
Mississippi 167,900 6.1 4.7–7.4 11.3
North Carolina 447,200 5.9 4.9–7.0 8.9
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12-month prevalence rates of less than 5%. Figure 3-4 illustrates
the range of country-specific rates.

SEVERITY

Based on the data shown above, one could conclude that the
severity of asthma has increased. However, asthma mortality,

Oklahoma 191,700 5.8 4.8–6.7 7.9
South Carolina 228,600 6.0 4.8–7.2 10.1
Tennessee 328,300 5.9 4.9–6.9 8.3
Texas 1,175,100 6.0 5.0–7.0 8.2
Virginia 403,400 5.9 4.9–6.9 8.6
West Virginia 108,600 5.8 4.9–6.8 8.2
Total 5,697,800 5.9 4.9–7.0 8.8

West
Alaska 42,500 6.7 5.7–7.7 7.7
Arizona 316,200 6.9 6.0–7.9 6.9
California 2,268,300 7.1 6.1–8.0 6.8
Colorado 283,700 7.1 6.1–8.0 6.8
Hawaii 73,100 6.0 4.1–7.8 15.3
Idaho 86,100 6.7 5.7–7.8 7.6
Montana 61,600 6.6 5.7–7.6 7.4
Nevada 125,700 7.2 6.3–8.1 6.4
New Mexico 121,800 6.8 5.8–7.8 7.2
Oregon 225,900 6.9 5.9–7.8 6.9
Utah 141,200 6.7 5.6–7.8 8.1
Washington 391,900 6.9 5.9–7.8 6.8
Total 4,172,400 7.0 6.0–8.0 7.0

U.S. total 17,299,000 6.4 5.5–7.5 7.8

NOTE: Persons were considered to have asthma if asthma had been diagnosed by a physician
at some time in their life and they had reported symptoms of asthma during the preceding 12
months.

SOURCE: Rappaport and Boodram, 1998.

TABLE 3-2 Continued

Region or Number Estimated 95% Confidence Standard
State of Cases Prevalence (%) Interval (%) Error (%)
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tabase.  SOURCE:  ISAAC Steering
Committee (1998).
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health care utilization, and the like are as much a reflection of
asthma control as intrinsic severity (Cockcroft and Swystun,
1996). Asthma control reflects the access to appropriate health
care, the use of medications, and environmental controls. Data
from a number of sources imply that the increase in asthma is not
due solely to an increase in its severity. Data collected on self-
reported asthmatics participating in the Child Health Supple-
ments of the NHIS—a nationally representative health survey—
found that, in comparing 1988 with 1981, a number of markers of
asthma impact had decreased: the percentage of asthmatics re-
porting fair or poor health status, the number reporting 30 or
more days in bed over the past year, the rate of extreme behavior
problem scores, and the number of school days missed. The re-
ductions were similar in white and African-American children
(Weitzman et al., 1992). Repeat surveys among 7- and 8-year-olds
in the London borough of Croydon during 1978 and 1991 reported
significant increases in the 12-month prevalence of attacks of
wheezing or asthma, the one-month prevalence of wheezing epi-
sodes, and night waking, but not the prevalence of individuals
reporting five or more attacks per year. In addition, there was a
decrease in the number reporting 10 or more school days missed
per year due to wheezing and any days in bed or restrictions in
activities (Anderson et al., 1994).

TRENDS IN RISK FACTORS

The changing epidemiology of asthma provides the opportu-
nity to compare the changes in the reported asthma risk factors to
determine the role these are playing. Data are available on a num-
ber of asthma risk factors during the period of the observed in-
crease in asthma. Outdoor air pollution does not appear to play
an important role in the increase in asthma in the United States
since pollutant levels have been decreasing during the time of
asthma increase. Between 1987 and 1996, the ambient concentra-
tions of a number of pollutants decreased: nitrogen dioxide by
10%, ozone by 15%, and sulfur dioxide by 37%; also, between 1988
and 1996, ambient particulate matter (PM10) decreased by 25%
(U.S. EPA, 1998). Similarly, cigarette smoking does not appear to
be driving the increase in U.S. asthma rates since cigarette smok-
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ing decreased during the time of the well-documented asthma
increase. Between 1979 and 1994, the percentage of active smok-
ers dropped from 33.5 to 25.5% among individuals 18 years of age
or more (Fingerhut and Warner, 1997). As discussed elsewhere in
this report, there is little good information on allergen levels in
the environment. A longitudinal study reporting that exposure to
house dust mites was associated with the development of asthma
found no change in the household levels of mites over the 10-year
period of the study (Sporik et al., 1990). The rate of breast feed-
ing—reported by some (Oddy et al., 1999) to protect against the
development of asthma—has remained stable in the United States
since the early 1980s. In 1981–1983, 58.1% of babies in the United
States were reported to be breast-fed in the National Survey of
Family Growth. Although the rate fluctuated a few percentage
points during the intervening years, during 1993–1994 the rate
was still 58.1% (Fingerhut and Warner, 1997).

There is some evidence that infections early in life could be
protective for asthma and allergies (Martinez, 1994). However,
this runs counter to data suggesting an increase in childhood
asthma incidence at a time when the use of day care increased
(from 13% in 1994 to 29.4% in 1997 according to a 1998 U.S. Cen-
sus Bureau estimate [1998]), given that day care attendance is as-
sociated with an increase in infections (Nafstad et al., 1999). The
relationship of infections to asthma is clearly complex. Although
they may exacerbate asthma (Johnston et al., 1995), their role in
the development of or protection from asthma is controversial
(Kramer et al., 1999; Sporik et al., 1990). The role of infectious
agents in asthma exacerbation and development is addressed in
greater detail in Chapter 5.

TWIN, ADOPTION, AND MIGRANT STUDIES

Twin studies have long been used to determine the relative
importance of environment and heredity in disease development.
A study of 13,888 Finnish twin pairs age 18 to 70+ years reported
a heritability estimate of 35.6% (Nieminen et al., 1991). Surpris-
ingly, when examined by gender, the heritability estimate was
67.8% for females and 0% for males. In contrast, a report on 5,864
Norwegian twins studied at 18–25 years of age reported a 75%
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heritability estimate (Harris et al., 1997). No separate estimates
were given by gender. In a preliminary report on the develop-
ment of asthma among adoptees, the presence of asthma in the
adoptive parents was found to be a risk factor, implying that the
home environment was important in the development of asthma
(Smith et al., 1998).

Other empirical evidence for the role of the environment in
the development of asthma comes from the study of migrant
populations, which allows one to compare the development of
asthma between two relatively homogeneous groups of individu-
als living in different environments. For example, a study of chil-
dren living on Tokelau, an island in the Pacific Ocean, and chil-
dren of Tokelau origin living in New Zealand found that the
children living in New Zealand had about double the asthma
prevalence of those living in Tokelau. This was true even when
the children were new immigrants to New Zealand (Waite et al.,
1980).

SOCIOECONOMIC STATUS VERSUS RACE OR ETHNICITY

Poverty and minority status are consistently reported to be
related to increased asthma morbidity and mortality (Carr et al.,
1992; Gottlieb et al., 1995). Thus far, research has not provided
evidence that asthma is intrinsically a different disease among
the various racial or ethnic groups in the United States. However,
is asthma more prevalent in poor communities? Although asthma
prevalence rates have been reported to be very high in poor ur-
ban areas with a high percentage of minority residents, such as
the Bronx, New York (Crain et al., 1994), equally high rates have
been reported in less urban areas with low levels of poverty and
minority residents, such as Los Alamos, New Mexico (Sporik et
al., 1995). According to asthma prevalence data for poor and non-
poor children participating in the 1988 Child Health Supplement
of the NHIS, there was only approximately 10% more asthma
among poor children than non-poor children (Halfon and
Newacheck, 1993). The previously mentioned differences in utili-
zation and mortality are much greater. Thus, the differences in
utilization appear to more clearly reflect differences in the control
of asthma. It is clear that access to high-quality medical care can
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greatly decrease the impact of asthma: the variation in hospital
rates for asthma among three cities in the United States was found
to be related to the quality of primary care received (Homer et al.,
1996); almost 80% of ER visits for asthma were found to be poten-
tially preventable with better self-management training
(Wasilewski et al., 1996). In a managed care setting, the use of an
action plan was associated with reduced asthma hospitalizations
and emergency room visits (Lieu et al., 1997). The quality of
asthma care received by some poor and minority individuals is
clearly inadequate (Finkelstein et al., 1995; Kattan et al., 1997).

ASTHMA RATES IN GERMANY—A NATURAL EXPERIMENT

The reunification of Germany in the early 1990s offered a
chance to compare allergic diseases between two genetically simi-
lar populations living under vastly different and changing envi-
ronmental conditions. A cross-sectional study found that 9- to 11-
year-old children in West Germany reported more asthma, and
allergic rhinitis, and had higher rates of allergen skin test reactiv-
ity and bronchial hyperreactivity (BHR). The East German chil-
dren reported higher rates of bronchitis (von Mutius et al., 1994).
A second cross-sectional study was done in the same East Ger-
many city four years later, during which time pollution levels had
dropped and prosperity had increased. The allergic skin test reac-
tivity and reported rates of hay fever were found to have in-
creased, but the prevalence of asthma and BHR had not (von
Mutius et al., 1998). Somewhat different results were reported
when two cross-sectional surveys (1992–1993 and 1995–1996)
were carried out among 5- to 7-year-olds in East Germany. Self-
reported allergies increased and bronchitis decreased after unifi-
cation, while the level of allergen sensitivity as measured by RAST
(radioallergosorbent test) did not change. The authors concluded
that the differences were due to changes in physician diagnostic
practices and/or reporting patterns by parents (Heinrich, 1999).
The lack of change in asthma in both of these reports could repre-
sent either the lack of importance of these environmental changes
to the development of asthma or an indication that there is a rela-
tively brief period of vulnerability early in life when these types
of environmental influences can have an effect.
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REFLECTIONS ON THE TRENDS

There is no question that the prevalence of, health care utili-
zation for, and morbidity from asthma have been reported to be
increasing in the United States. The crucial issue is whether the
observed changes represent a true increase or merely a better
recognition of previously undiagnosed asthma. Better recognition
has the potential to greatly increase the reported prevalence of
asthma, since numerous population-based studies have shown
that asthma is underdiagnosed in all age groups (Banerjee et al.,
1987; Speight et al., 1983). One review of the reported increase in
asthma prevalence concluded that much of the increase could be
explained by changes in labeling and information bias, since few
studies have employed objective measures to diagnose asthma
(Magnus and Jaakkola, 1997). However, one of the few studies
that employed an objective measure (peak flow) to define asthma
reported an increase in prevalence over a 15-year time span (Burr
et al., 1989). Markers of utilizations are subject to their own set of
biases. Practice patterns have been found to vary greatly from
one region to another for many diseases—not just asthma
(Wennberg and Gittelsohn, 1982). Asthma hospital admission
rates are influenced by many factors other than disease preva-
lence or severity. For example, higher hospitalization rates are
found in areas with increased numbers of available hospital beds
(Goodman et al., 1994), and it has been suggested that the major-
ity of children hospitalized for asthma could have been treated in
outpatient settings (McConnochie et al., 1999).

Lower socioeconomic status is clearly linked with increased
levels of asthma morbidity and mortality. Asthma is closely asso-
ciated with other manifestations of atopy such as immunoglobu-
lin E (IgE) levels and allergen skin test reactivity (Burrows et al.,
1989). However, in the United States, allergen skin test reactivity
increases with increasing socioeconomic status (Gergen et al.,
1987).

Even mortality statistics should be interpreted with caution.
The accuracy of the coding of death certificates for asthma de-
creases with age—dropping from an accuracy of more than 97%
in those under age 35 to 50% in the oldest age groups. (Sears et al.,
1986). Chronic obstructive pulmonary disease (COPD) can be mis-

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

82 CLEARING THE AIR

taken for asthma. Since deaths from COPD outnumber asthma
deaths by a ratio of approximately 14 to 1, even a slight shift in
coding practices that assigns more deaths to asthma can cause a
large increase in asthma deaths with a much smaller decrease in
COPD.

Thus, many questions about asthma remain unanswered. Al-
though we have now accumulated a wealth of data regarding
changes over time, variation among geographic areas and popu-
lation groups, the cause(s) of asthma continue to elude scientists.
It is clear that asthma is a disease with both genetic and environ-
mental components. A better understanding of the complex inter-
action between genetics and environment awaits further study.
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4
Pathophysiological

Basis of Asthma

In the current working definition of asthma, provided in the
1997 National Institutes of Health, Expert Panel Report 2: Guide-
lines for the Diagnosis and Management of Asthma (Murphy, 1997;
see Chapter 1), the disease is characterized by two fundamental
features, (1) an excessive sensitivity of the airways to a variety of
endogenous and/or exogenous bronchoconstrictor agents, a fea-
ture referred to as “bronchial hyperresponsiveness”; and (2) a
pathophysiological link between bronchial hyperresponsiveness
and the presence of inflammation of the airways. A major focus of
research in the past two decades has been to identify the physi-
ological, cellular, and molecular mechanisms that underlie the as-
sociation between bronchial hyperresponsiveness and airways
inflammation in establishing the asthmatic condition. This re-
search has led to key advances in elucidating the roles of specific
inflammatory cells and other processes in the pathobiology of
asthma. While there is a wealth of information indicating or sug-
gesting an association between environmental exposures and
asthma outcomes, very little is known about the means by which
the exposures bring about the changes that manifest as asthma. A
better understanding of the molecular mechanism(s) regulating
the recognition of and response to environmental exposures may
lead to more safe and effective asthma interventions. This chapter
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summarizes the state of the science regarding research on these
mechanisms.

AIRWAY INFLAMMATION IN ASTHMA

Role of Mast Cells

In the mid-1960s, immunoglobulin E (IgE) was first clearly
identified as the principal mediating agent of the allergic
proasthmatic response (Ishizaka et al., 1966). Accordingly, in re-
sponse to specific allergens bound to IgE molecules present on
the surface of mast cells, basophils, and other cell types, a host of
preformed cellular bronchoactive mediators are acutely released.
In this manner, at least with respect to allergic asthma, IgE has
been implicated as the fundamental inherent determinant of the
“immediate” hypersensitivity airway response to allergen expo-
sure. In accordance with this concept, allergic asthmatic individu-
als classically present with elevated serum concentrations of IgE,
which defines the atopic state. Moreover, the degree of elevation
in serum IgE concentration has been linked to the severity of
asthma and has been identified as an important risk factor in the
development of the disease (Sears et al., 1991).

Antigen coupled to cell-bound IgE is now known to activate a
number of proinflammatory cells, principally including the air-
way mast cells. Upon activation of their high-affinity receptors
for IgE, mast cells release a variety of preformed mediators in-
cluding histamine, leukotrienes, various cytokines, and other
proinflammatory molecules. This array of mast cell-derived me-
diators largely serves to elicit the immediate airway hypersensi-
tivity response to allergen exposure, which is characterized by
acute constriction of the airways, airway mucosal gland secre-
tion, and airway edema secondary to increased airway microvas-
cular permeability. In addition to this “acute-phase” response,
various mast cell-derived chemotactic mediators have been im-
plicated further in the development of a subsequent “late-phase”
response, hours after allergen exposure, which is characterized
by prolonged or sustained bronchoconstriction associated with
infiltration of the airways by a variety of inflammatory cell types
(Lemanske and Kaliner, 1981–1982; Robertson et al., 1974). Among
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the mast cell-derived mediators importantly implicated in the
development of the late-phase response are the cysteinyl
leukotrienes, previously identified as slow-reacting substance of
anaphylaxis (SRS-A). Other important proinflammatory media-
tors of airway inflammation include eosinophil chemotactic fac-
tor (ECF), neutrophil chemotactic factor (NCF), eotaxin, and oth-
ers. The orchestrated release of these mediators apparently serves
to propagate the airway inflammatory response and the associ-
ated sustained constriction of the airways (Metzger et al., 1985;
Strek and Leff, 1997).

As part of the proinflammatory late-phase response to aller-
gen exposure, it has been demonstrated that the airways display
nonspecific bronchial hyperresponsiveness to a variety of biologic
and chemical agents, a feature that represents the pathognomonic
functional disturbance in asthma. Moreover, particularly severe
late-phase responses have also been associated with recurrent epi-
sodes of exacerbation of asthma (Cartier et al., 1982). Given this
evidence, together with that stemming from the recent applica-
tion of flexible bronchoscopy to obtain bronchoalveolar lavage
(BAL) fluid for analysis of lung cellular infiltrates (Riedler et al.,
1995), the recruitment of eosinophils and T lymphocytes in the
lung has been identified as a key feature in the trafficking of in-
flammatory cells in the airways and in the establishment of bron-
chial hyperresponsiveness.

Role of Eosinophils

Peripheral blood and airway tissue eosinophilia have long
been recognized in association with asthma. In more recent years,
considerable insight has been gained into the role of the airway
eosinophilic infiltration in the pathobiology of the disease. Ac-
cordingly, activation of airway eosinophils, resulting in release
from their granules of preformed mediators, has been implicated
in producing constriction of airway smooth muscle, bronchial
hyperresponsiveness, recruitment of other inflammatory cell
types, and airway tissue (e.g., epithelium) damage. In mediating
these diverse actions, eosinophils release a variety of cationic pro-
teins including major basic protein (MBP), eosinophil cationic pro-
tein (ECP), eosinophil derived neurotoxin (EDN), eosinophil per-
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oxidase (EPO), and unique to eosinophils, lysophopholipase pro-
tein, which forms the Charcot-Leyden crystals that are character-
istically found in asthmatic sputum specimens. In addition, eosi-
nophils also secrete such enzymes as collagenase,
ß-glucuronidase, acid phosphatase, and others (Strek and Leff,
1997). Among these secreted products, MBP has been found to
produce damage to the airway epithelial cell lining, inhibit air-
way ciliary beat activity, stimulate eicosanoid production, and
enhance histamine release from mast cells (Gleich et al., 1974).
ECP is neurotoxic, has ribonuclease activity, and also causes dam-
age to the airway epithelium (Motojima et al., 1989), whereas EPO
has been associated with inducing increases in lung microvascu-
lar permeability (Yoshikawa et al., 1993). Collectively, these eosi-
nophil functions, together with the generation of toxic oxygen
radicals, have been implicated in establishing a number of the
histological and physiological perturbations that characterize the
asthmatic airway. In accordance with this evidence, an associa-
tion between airway eosinophilia and the clinical presentation of
asthma severity and bronchial hyperresponsiveness has been well
documented (Strek and Leff, 1997). It remains to be established,
however, whether this associative relationship is also mechanisti-
cally causative.

Role of T lymphocytes

T helper (TH) lymphocytes have also been implicated impor-
tantly in the regulation of various immune functions, including
the development of allergic inflammation of the airways. In this
regard, TH cells have been phenotypically partitioned into two
profiles of differentiated cell function. These are represented by
cells expressing either a TH1 or a TH2 profile of cytokine release
upon activation. TH cells expressing the TH1 phenotype generate
cytokines, including interleukin-2 (IL-2), IL-12, and interferon
gamma (IFN-γ), which, although generally associated with host
defense against infection, also act to modulate airway function.
Indeed, in this regard, it has been demonstrated that the TH1-
type cytokines, notably IFN-γ, largely play a protective role in
countering the IgE-dependent expression of allergic responses
and atopic asthma (Coffman and Carty, 1986; Lack and Gelfand,
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1996; Pene et al., 1988). In contrast, lymphocytes of the TH2 phe-
notype release cytokines (e.g., IL-4 and IL-5) that have been im-
plicated in orchestrating various proinflammatory humoral and
cellular immune responses, including IgE synthesis and eosino-
phil recruitment and activation, both of which are characteristic
features of the inflammatory state in asthmatic airways (Koning
et al., 1997; Romagnani, 1995). In this connection, it has been re-
cently demonstrated that both TH1- and TH2-type cytokines may,
independent of the presence of inflammatory cells, directly exert
potent opposing actions on the airway smooth muscle itself
(Hakonarson et al., 1999). Accordingly, TH2-type cytokines have
been shown to facilitate expression of the proasthmatic pheno-
type of altered airway smooth muscle responsiveness, whereas
TH1 cytokines were found to act directly on the airway smooth
muscle to attenuate its proasthmatic phenotype (Hakonarson et
al., 1999).

In light of the above information pertaining to the roles of
TH1 and TH2 lymphocytes, a popular contemporary paradigm
states that the expression of the asthmatic state reflects a relative
imbalance between TH1- and TH2-type cytokine production and
action. Thus, an induced upregulated TH2 cytokine response, to-
gether with a relatively downregulated TH1 cytokine response, is
considered to underlie the cellular and humoral airway inflam-
matory responses and bronchoconstrictor responsiveness in
asthma (Ackerman et al., 1994; Corrigan et al., 1995; Robinson et
al., 1992). There exists substantial evidence in support of this con-
cept, based largely on recent clinical studies conducted in chil-
dren and adults. These studies have reported that relative to
nonallergic or nonasthmatic individuals, both serum and BAL
fluid samples isolated from atopic asthmatic patients reveal sig-
nificantly increased levels of the TH2 cytokines IL-4 and IL-5, in
association with relatively decreased levels of the TH1-type
cytokine IFN-γ (Hamid et al., 1991; Umetsu and DeKruyff, 1997;
Ying et al., 1995). Moreover, it has been demonstrated that mono-
nuclear cells isolated from serum or BAL fluid samples from
atopic asthmatic patients also display a similar altered TH1- ver-
sus TH2-type profile of cytokine release when the cells are stimu-
lated with antigen (i.e., favoring the TH2-type cytokine response).
Finally, in extended support of the paradigm of altered TH1- ver-
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sus TH2-type cytokine expression in asthma, it has been demon-
strated that treatment of asthmatic patients with corticosteroids
reduces their airway constrictor hyperresponsiveness and BAL
fluid levels of IL-4 and IL-5, as well as the number of cells ex-
pressing these cytokines, while IFN-γ levels and cells expressing
IFN-γ in the lung are increased (Bentley et al., 1996; Leung et al.,
1995; Robinson et al., 1993).

In view of the above compelling body of evidence, current
research into the pathobiology of asthma is largely directed at
elucidating those mechanisms that regulate the expression of the
TH1 and TH2 profiles of cytokine expression in the lung. In this
regard, among the principal areas of research pursuit are studies
directed at identifying the genetic basis for development of the
TH1 or TH2 phenotype, as well as the influence of allergic and
other environmental factors in modulating the TH1–TH2 cytokine
balance.

Role of Cell Adhesion Molecules

The localized accumulation of inflammatory cells, particu-
larly eosinophils and lymphocytes, in the asthmatic airway is, in
large part, regulated by the actions of cell adhesion molecules.
Together with their sequential interaction with cytokines or
chemokines and other chemoattractants, cell adhesion molecules
contribute importantly to the process of recruitment and activa-
tion of specific inflammatory cells at the primary inflammatory
focus. The cell adhesion molecules have been classified into three
families that include the selectins, integrins, and immunoglobu-
lin supergene family (Albelda et al., 1994; Springer, 1990).
Members of all of these families play critical roles in regulating
leukocyte–endothelial cell interactions and other functions. Ac-
cordingly, in the initial phase of inflammatory cell recruitment
from the tissue microvasculature in response to specific chemo-
tactic stimuli, the tethering and rolling behavior (i.e., margination)
of circulating leukocytes toward the affected site is mediated by
the actions of E- and P-selectins on the vascular endothelium and
by the action of L-selectin on the leukocyte surface. Thereafter,
the integrin family of adhesion molecules, when bound to their
respective counterreceptors in endothelial and other cell types,
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contributes to enhanced adhesion of the selected leukocytes. Fi-
nally, firm leukocyte adhesion is followed by transmigration of
the inflammatory cells through the endothelial cell junctions (dia-
pedesis) and their directed movement along a chemotactic gradi-
ent to the tissue inflammatory site.

Given the above sequence of events, in recent years a host of
studies have examined the roles of cell adhesion molecules in the
pathogenesis of the airway inflammatory response in asthma. Al-
though many mechanistic processes remain unidentified, the ac-
cumulated data to date support the general notion that mast cell
and TH2 lymphocyte activation, occurring following exposure to
a sensitizing antigen, elicits the release of a host of soluble media-
tors, which in turn induce airway endothelial cells to upregulate
their expression of E-selectin, intercellular adhesion molecule-1
(ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1). This
effect, together with the stimulated release of specific chemo-
attractants, subsequently mediates the recruitment of specific leu-
kocytes, most notably eosinophils and lymphocytes, into the air-
way tissue. In accordance with this concept, Wegner and col-
leagues (1990) demonstrated that ICAM-1 expression in bronchial
endothelium and epithelium is increased after antigen challenge
in Ascaris-sensitized monkeys. Moreover, this effect was
associated with airway eosinophil recruitment and the manifes-
tation of bronchial hyperresponsiveness; and both these phenom-
ena were inhibited by pretreatment of the animals with a mono-
clonal blocking antibody to ICAM-1 (Wegner et al., 1990).
Comparably, upregulated VCAM-1 expression has also been cor-
related with increased IL-4 and IL-13 expression, in association
with infiltration of eosinophils, macrophages, and T lymphocytes
in allergen-induced late phase cutaneous reactions in atopic indi-
viduals (Ying et al., 1997). Thus, these findings, together with
those from a series of related studies, have lent extended support
to the above concept of cell adhesion molecule-dependent regula-
tion of allergic inflammatory reactions and bronchial hyper-
responsiveness in asthmatic individuals following inhaled anti-
gen challenge (Georas et al., 1992; Montefort et al., 1994;
Ohkawara et al., 1995; Takahashi et al., 1994). Collectively, this
evidence underscores the need to further identify the mechanistic
interplay between specific inflammatory cells, cell adhesion mol-
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ecules, and the changes in airway function that characterize the
asthmatic condition.

Current understanding of the above proposed mechanisms
related to the role of inflammation in the pathophysiology of al-
lergic asthma is summarized schematically in Figure 4–1. In the
development of the immune and inflammatory responses in the
airways, the inhaled sensitizing antigen is initially processed by
antigen-presenting cells and then the antigen protein is bound to
a complex of intercellular co-stimulatory molecules that includes
major histocompatibility complex (MHC) class II, T cell receptor,
and B7/CD28 molecules. This interaction leads to CD4+ T helper
cell activation (Banchereau and Steinman, 1998). The latter results
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in the subsequent differentation of T cells into those expressing
either a TH1- or TH2-type profile of cytokine release. The TH2
phenotype is generally proinflammatory in nature in the airways,
as represented by the release of the cytokines IL-4, IL-13, and IL-
5. Among other functions, these cytokines act to direct IgE syn-
thesis and to recruit and activate eosinophils. In the presence of
IgE bound to an inhaled antigen, the high-affinity surface recep-
tors for IgE (i.e., FcεRI) found on the surface of mast cells (also
basophils) are activated, which leads to the release of various pre-
formed mediators. Among these, histamine, tryptase, and certain
eicosanoids are key mast cell-derived mediators that are largely
responsible for eliciting the acute-phase response to the inhaled
antigen. Other mast cell-derived mediators including leukotrienes
and specific cytokines (e.g., IL-4, IL-5, IL-6, and IL-13) act coop-
eratively to orchestrate the subsequent late-phase proinflamma-
tory response (Shimizu and Schwartz, 1997). These events, to-
gether with eosinophil activation and the release of various
eosinophil-derived mediators, as well as activation of other cell
types (e.g., basophils and mononuclear cells), serve to further per-
petuate the airway inflammatory response and produce the state
of chronic airway inflammation, perturbed airway function, and
structural remodeling of the airway that characterizes the atopic
asthmatic phenotype.

Apart from the above contemporary view related to the role
of airway inflammation in the pathophysiology of allergic asthma,
it is well recognized that respiratory inhalation of nonbiological
(nonallergenic) agents (e.g., certain particulates, noxious gases,
tobacco smoke) can also trigger acute asthma symptoms, poten-
tially in the absence of any concomitant airway inflammation.
Under these circumstances, it is generally believed that the
mechanism underlying such asthmatic reactions is related to
“nonspecific” irritant effects of the offending inhaled agent in the
lung, which are attributed to the activation of specific broncho-
active reflexes. These reflexes are characteristically mediated by
airway irritant receptors and/or receptors associated with small
pulmonary c-type neural fibers that release specific neuropeptides
in the lung (e.g., substance P) (Undem and Riccio, 1997).
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THE AIRWAY SMOOTH MUSCLE IN ASTHMA

Role in Altered Airway Responsiveness

The characteristic functional perturbations of the asthmatic
airway are its heightened contractile responsiveness to broncho-
constrictor agents (e.g., mediators, neurotransmitters) and im-
paired relaxation responsiveness to bronchodilatory agents (i.e.,
beta-adrenergic drugs, prostaglandin E2). Although substantial
evidence exists in support of an important association between
airway inflammation and altered airway function, implicating a
complex interplay between activated inflammatory cells, airway
epithelial cells, and airway smooth muscle (ASM), the cellular and
molecular mechanisms underlying the functional perturbations
in ASM responsiveness in asthma remain to be identified. In this
regard, it is relevant to note that based on studies using isolated
asthmatic and antigen-sensitized airways, the impaired relaxation
responsiveness to beta-adrenergic receptor agonists does not ap-
pear to be related to reductions in either the density or the affinity
of beta-adrenergic receptors in asthmatic ASM (Bai et al., 1992;
Sharma and Jeffery, 1990; Spina et al., 1989; van Koppen et al.,
1989). Rather, the changes in responsiveness of asthmatic ASM
appear to be fundamentally linked to perturbations in certain key
postreceptor-coupled transmembrane signal transduction mecha-
nisms that regulate ASM contraction and relaxation. In recent
years, this concept has received considerable attention and evi-
dence has been accumulated demonstrating that, under atopic
asthmatic conditions, the sensitized ASM displays attenuated
beta-adrenoceptor-induced accumulation of cyclic adenosine
monophosphate (cAMP), the key intracellular second messenger
that mediates ASM relaxation. Moreover, in related studies, it has
been shown that both the impaired beta-adrenoceptor-coupled
accumulation of cAMP and the attenuated relaxation responsive-
ness in atopic asthmatic-sensitized ASM are largely attributable
to an induced increased expression and action of the receptor-
coupled G protein G1, which inhibits adenylate cyclase and,
hence, agonist-mediated cAMP accumulation (Hakonarson et al.,
1995).

The changes identified in transmembrane signaling and tis-
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sue responsiveness in isolated atopic asthmatic ASM has raised
the possibility that mechanisms intrinsic to the ASM itself con-
tribute importantly to its autocrine induction of the proasthmatic
phenotype. In support of this new concept, recent studies have
demonstrated that under in vitro conditions of passive sensitiza-
tion of isolated ASM with atopic asthmatic serum, the sensitized
ASM itself is induced to release various proinflammatory cyto-
kines, including IL-1ß (Hakonarson et al., 1997), as well as both
TH1- and TH2-type cytokines (Hakonarson et al., 1999). In turn,
these cytokines apparently act in an autocrine fashion to elicit
proasthmatic changes in ASM responsiveness. Moreover, in ex-
tending this concept, the release of such proinflammatory
cytokines, as well as the potential release of certain chemokines
(Elias et al., 1997; Ghaffar et al., 1999; John et al., 1997) by the
sensitized ASM itself, may further facilitate the recruitment of in-
flammatory cells into the airway tissue and thereby propagate
the local inflammatory reaction in the asthmatic airway.

Role in Airway Remodeling

An additional important characteristic feature of asthmatic
airways, particularly in the setting of chronic severe asthma, is
the presence of an increase in ASM tissue mass, reflecting ASM
cell hyperplasia and/or hypertrophy. This remodeling of the air-
ways, together with a disruption of the airway epithelium and
altered airway tissue extracellular matrix, may contribute impor-
tantly to the presence of the fixed (i.e., acutely nonreversible) air-
way narrowing that is often seen in long-standing severely asth-
matic individuals. Although the precise mechanisms regulating
airway remodeling remain to be identified, in recent years there
has been considerable progress in our understanding of certain
processes that control ASM cell growth. Accordingly, in concert
with the effects of inflammatory cell-derived mediators and
growth factors, ASM cells have also been shown to intrinsically
express various cell adhesion molecules, extracellular matrix pro-
teins, and as noted above, various cytokines or chemokines. The
localized release of such a diverse collection of extracellular
autocrine and paracrine stimuli appears to induce ASM cell pro-
liferation, at least in part, by stimulating certain common intra-
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cellular signaling pathways (Panettieri and Grunstein, 1997).
Moreover, the complex interaction between these signaling path-
ways likely determines the ultimate manifestation of airway re-
modeling via a coordinated regulation of promitogenic and
antipro-liferative (i.e., apoptosis) intracellular signals.

THE GENETICS OF ASTHMA

There exists a substantial long-standing body of evidence that
predisposition to asthma represents an inheritable phenomenon.
Epidemiologic and immunologic studies have demonstrated that
there is an increased prevalence of asthma within families and
that monozygotic twins depict greater concordance than do dizy-
gotic twins (Duffy et al., 1990; Edfors-Lubs, 1971). An inheritable
basis for atopy has also been reported with respect to the expres-
sion of serum IgE (Pirson et al., 1991; Sibbald et al., 1980). Despite
this strongly suggestive evidence, the gene(s) responsible for
asthma remains unidentified. This deficiency in our current un-
derstanding of the genetic basis of asthma is largely reflective of
the notion that like many other common diseases, asthma repre-
sents a polygenic disorder in which the phenotypic manifestation
of the disease is greatly influenced by environmental factors.

Different approaches have been used to identify and map the
genes causing asthma. One approach involves complex segrega-
tion analysis, followed by linkage analysis using the most com-
patible genetic paradigm identified by the segregation analysis.
In addition, linkage analysis also has been applied in analyzing
affected pairs of relatives without a predefined specific genetic
model. Another approach, referred to as the candidate gene ap-
proach, is based on testing for simple associations with specific
polymorphisms of potentially relevant genes in affected and un-
affected individuals. Use of the candidate gene approach in
asthma is dependent on information about potential mechanisms
related to the development of the disease process. Finally, an ap-
proach involving a genome-wide search, wherein polymorphic
DNA markers are measured throughout the human genome, fol-
lowed by linkage analysis, has been applied to asthmatic indi-
viduals and their familial relations.

To date, the collection of evidence based on the above analy-
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ses of potential genetic determinants of asthma has identified a
variety of candidate genes related to the disease. Accordingly,
studies have reported that genes contained within the cytokine
cluster on chromosome 5 (encoding IL-3, IL-4, IL-5, IL-9, and IL-
13), chromosome 11 (encoding the high-affinity receptor for IgE,
FcεRI), chromosome 12 (encoding insulin-like growth factor, stem
cell factor, IFN-γ, and Stat 6), and chromosome 16 (encoding the
IL-3 receptor) may possibly contribute to the development of
asthma and atopy (Borish, 1999; Daniels et al., 1996; Marsh et al.,
1994). Moreover, there is mounting evidence in support of the
involvement of genes that regulate antigen presentation (i.e.,
MHC class II genes), as well as T lymphocyte responses (i.e., T
cell receptor gene) (Blumenthal et al., 1992; Marsh et al., 1981).
Finally, polymorphisms have been reported in genes encoding the
β-adrenergic receptor, 5’-lipoxygenase, and leukotriene C4 syn-
thase (Borish, 1999; Chandrasekharappa et al., 1990). Collectively,
this information highlights the complexity of the molecular ge-
netics of asthma. Moreover, it emphasizes that much more re-
search, based on combining data from genetic analyses with those
identifying pathophysiological processes involved in asthma, is
needed to ultimately determine the genetic basis of asthma, as
well as the potential development of new strategies for therapeu-
tic intervention.

CONCLUSION

In the past, the quest to understand asthma was a process
much like that of blind men trying to understand the elephant —
impressions of the beast were based largely on the part of the
animal that was touched. In recent years, however, the synthesis
of evidence stemming from the diversity of basic and clinical re-
search studies on asthma has led to major advances in our overall
understanding of the pathobiology of this disease. While we
know that asthma is a genetically predisposed condition that is
associated with chronic inflammation of the airways, ongoing re-
search continues to uncover a multiplicity of cellular and molecu-
lar mechanisms involved in regulating the phenotypic expression
of the disease. Importantly, these mechanisms are activated
largely in response to a variety of environmental factors, includ-
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ing exposure to biologic and nonbiologic agents. In this regard,
exposure to various allergens, specific viruses, and certain air pol-
lutants have been importantly linked to pulmonary complications
that include the clinical manifestation of asthma.
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5
Indoor Biologic Exposures

The allergic constituents of indoor air are predominantly bio-
logic in origin (Becher, 1996). As early as the sixteenth century,
associations between a number of these exposures and asthma
were suspected; however, the scientific data available were un-
able to confirm such an association. Concern in recent years re-
garding the potential health effects of indoor air, as well as the
marked increase in the prevalence of asthma in industrialized
countries, has prompted an influx of scientific data on exposure
to airborne biologic agents and asthma.

The committee was charged with the task of evaluating the
strength of the scientific evidence concerning the possible asso-
ciation between these agents and asthma prevalence and severity.
The committee was also tasked with examining possible means
of mitigating or preventing exposure to these agents. In this chap-
ter the committee evaluates indoor exposure to biologic agents,
addressing the following to the extent permitted by available re-
search:

1. which factors influence exposures to the agent;
2. whether a relationship exists between the agent and asthma

prevalence or severity, taking into account the strength of the sci-
entific evidence and the appropriateness of the methods used to
detect the relationship;
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3. what type of relationship exists between the agent and
asthma;

4. whether there are special considerations regarding the
agent (e.g., subpopulations at risk and interactions with other ex-
posures);

5. which strategies effectively mitigate or prevent exposure
to the agent;

6. whether these strategies only reduce exposures or decrease
the occurrence or exacerbation of asthma; and

7. whether these strategies are reasonable for use by the tar-
get populations.

Each section begins by providing a definition of the agent and
a summary of the factors that influence exposure. The evidence
concerning the possible association between the agent and asthma
is discussed, followed by the committee’s conclusions regarding
the health impacts. Where information is available, evidence re-
garding possible means of mitigating or preventing exposure to
the agent is addressed. Each section concludes with any commit-
tee recommendations for areas for which additional research is
needed with respect to the agent. Because there are great differ-
ences in the amount and type of information available on specific
agents, the sections vary in their depth and focus.

ANIMALS

Cats

Definition of the Agent and Means of Exposure

Cats are kept as pets in 27% of U.S. households. The major cat
allergen, Fel d I, is a glycoprotein structured as a heterodimer with
two chains of amino acids, which have been defined by poly-
merase chain reaction (PCR) and subsequent DNA sequencing
(Griffith et al., 1992; Morgenstern et al., 1991; Schou, 1993). It is
found on cat hair and is produced in cat sebaceous, salivary, and
anal glands (De Andrade et al., 1996). In male cats, Fel d I glandu-
lar production is under hormonal control and decreases after cas-
tration (Zielonka et al., 1994). As discussed in the Third Interna-
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tional Workshop report (Platts-Mills et al., 1997), the clinical sig-
nificance of this decrease in allergen production is not certain,
since many symptomatic cat-allergic asthmatics in the United
States have neutered cats. Further investigation of hormonal and
genetic control of Fel d I production could be relevant to the con-
trol of allergen levels in homes with cats. Although 90% of pa-
tients allergic to cats make immunoglobulin E (IgE) to Fel d I (de
Groot et al., 1988; Schou, 1993), making Fel d I a marker for the
immune response to cat allergens, at least eight other cat aller-
gens have been identified (Duffort et al., 1987), suggesting that
protection from Fel d I exposure may not be the equivalent of pro-
tection from cat allergen exposure. This conclusion is supported
by the findings that 66% of the histamine-releasing activity of cat
hair and dander extract, and about 60% of the cat dander
radioallergosorbent test (RAST) activity, was carried by Fel d I
(Schou, 1993).

Touching the cat is only one mode of contact that may result
in airborne suspension of allergen and potential direct hand-to-
nose deposition of allergen-associated particles. In contrast with
cockroach allergen, which is airborne only transiently during the
disturbance of household dust, cat allergen can remain airborne
for long periods of time, in part because Fel d I is associated to a
significant extent with smaller particles of less than 5 µm
(Custovic et al., 1998b). Particles on which cat allergen is carried,
coming primarily from cat dander, are also very adherent. Conse-
quently cat allergen is spread easily throughout a house, even
when cats are kept out of certain rooms. Moreover, cat allergen is
easily carried from home to home, office, school, or day care cen-
ter by those who touch cats or visit households with cats
(Custovic et al., 1998a; Dybendal and Elsayed, 1994; Warner,
1992). At trace or small amounts that may be significant for sensi-
tization or exacerbation of disease in sensitized individuals, Fel d
I in settled dust is found in most homes without cats (Bollinger et
al., 1996; Chew et al., 1998), although allergen levels are generally
higher in homes with cats. A Baltimore, Maryland, study found
measurable levels of airborne Fel d I in 37 homes with cats (range,
1.8–578 ng/m3; median, 45.9 ng/m3) and in 10 of 40 homes with-
out cats (range for detectable samples, 2.8–88.5 ng/m3; median,
17 ng/m3) (Bollinger et al., 1996). In 38 of 40 homes without cats,
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Fel d I was present in the settled dust (range, 39–3,750 ng/g; me-
dian, 258 ng/g); dust levels were weakly correlated with airborne
levels. Carpeting, bedding, and upholstered furniture can be res-
ervoirs for deposited cat allergen (Wood et al., 1989); shaking the
bedding in rooms with cats resuspends cat allergen in the air.

As well as being detected in homes without cats, cat allergen
has also been detected in public places such as hospitals and
schools. In one British study that measured both settled and air-
borne cat allergen in hospitals, the amount of cat allergen in
settled dust in upholstered chairs was as high as in homes with
cats (geometric mean, 23 µg/g dust), but airborne levels were low
(0.22 ng/m3) (Custovic et al., 1998a).

Evidence Regarding Asthma Exacerbation

In cat-sensitized asthmatics, cat allergen can induce allergic
symptoms, asthmatic symptoms, and decrements in lung func-
tion. Exposure to inhaled cat allergen in an experimental cat room
led to significant decreases in forced expiratory volume in one
second (FEV1, range, 6–57%; mean, 25%) in a study of 13 adults
with cat allergy. The percentage decrease in FEV1 did not corre-
late significantly with either the intradermal titration end point
with cat allergen or the magnitude of the RAST response with cat
allergen. Those cat-allergic subjects classified as asthmatic by
methacholine challenge testing experienced almost identical re-
sponses to environmental allergen challenge in an experimental
cat room and inhalation challenge with cat allergen (Sicherer et
al., 1997). Norman and colleagues documented progressive in-
creases in both nasal and lung symptom scores during a 60-
minute period in a cat room (Norman et al., 1996).

While initial cat room studies involved very high airborne cat
allergen levels, a later experimental cat room exposure study by
Bollinger and colleagues (1996) evaluated symptom and lung
function responses of cat-sensitive subjects to low-level airborne
cat allergens. They demonstrated that cat-sensitive individuals
can have increases in upper- (congestion, rhinorrhea, pruritus)
and lower- (chest tightness, wheezing) respiratory symptoms and
decrements in lung function at levels of cat allergen occurring in
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homes without cats. The median FEV1 change was 15% in the
seven challenges with a Fel d I level less than 100 ng/m3.

In a Delaware case-control study, Gelber and colleagues (1993)
studied allergen predictors of emergency room visits for asthma.
This study compared 93 patients, 15 to 55 years of age, who pre-
sented with breathlessness and airway obstruction, to 93 patients
presenting without breathlessness. For cat and cockroach, the
combination of sensitization and the presence of allergen in the
house was associated with asthma presenting to hospitals (14/93
asthmatics versus 1/93 controls). Whether other exposures po-
tentiate the response of cat-allergic asthmatics to cat exposure is
unknown. In a cross-sectional study of children in New Mexico
with asthma or bronchial hyperresponsiveness, cat sensitization
and exposure to cat allergen were common (Sporik et al., 1995).
Among children with asthma (defined as symptomatic bronchial
reactivity), 13/19 were sensitized to cat. Numbers were too small
to compare symptoms in cat-sensitized asthmatics with and with-
out significant home exposure to cat allergen (Ingram et al., 1995).

Evidence Regarding Asthma Development

Insufficient data are available to assess whether exposure to
cats influences the development of asthma. Cross-sectional stud-
ies of children suggest an association between sensitization to cats
and home exposure in the first six months of life (Suoniemi et al.,
1981; Warner et al., 1991). These studies may be subject to recall
bias. A longitudinal birth cohort study from the Isle of Wight
found that the presence of a cat in the home predicted a greater
risk of skin test reactivity to cat and a greater risk of any skin test
reactivity by 2 years of age (Hide et al., 1994). Sensitization to cat
predicts asthma development, but this may simply be a confir-
mation of the well-documented fact that atopic individuals are
more likely to develop asthma than nonatopic individuals. In a
New Zealand birth cohort study, the development of asthma by
13 years of age was associated with sensitization to cats and dogs
at age 13 (Sears et al., 1989). Sensitization to cats predicted the
development of bronchial hyperresponsiveness in a longitudinal
study of adults in Boston, Massachusetts (Litonjua et al., 1997).
However, neither of these studies provides evidence of whether
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exposure to cats predicts either asthma or bronchial hyperrespon-
siveness. Since cat allergen exposure can potentially take place
either at home or in schools and public places, the relative impor-
tance of home versus community-wide exposure to cat allergen
in the risk of specific sensitization to cats is unknown.

Although the field of the genetics of asthma is in its infancy,
preliminary studies suggest that certain genetic phenotypes are
associated with allergy to specific insects or animals (Fukuda et
al., 1995; Hizawa et al., 1998; Young et al., 1992, 1993). Under-
standing the genetics of allergy and asthma, including under-
standing the phenotypes associated with allergy specificity, may
eventually prove useful in understanding gene-by-environment
interaction in the development of asthma.

Conclusions: Asthma Exacerbation and Development

In cat-sensitive asthmatics, cat allergen exposure leads to
worsening of respiratory symptoms and to a decline in lung func-
tion. Although sensitization to cats is a prerequisite to reactivity
to cat exposure, the level of airborne cat allergen that exacerbates
asthma varies by individual and is not necessarily predictable by
the size of the skin test reaction to cat or the titer of IgE antibody.
However, specific sensitive subgroups have not been defined. The
relationship between cat allergen in the home and asthma devel-
opment is uncertain. Because cat allergen is frequently found out-
side the home and in households without cats, the assessment of
individual exposures to cats is difficult, making evaluation of the
association between cat allergen exposure and asthma develop-
ment difficult as well. In summary:

• There is sufficient evidence of a causal relationship between
cat allergen exposure and exacerbation of asthma in individuals
specifically sensitized to cats.

• There is inadequate or insufficient evidence to determine
whether or not an association exists between cat allergen expo-
sure and the development of asthma.
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Evidence Regarding Exposure Mitigation and Prevention:
Homes

Removal of the cat from the home will decrease exposure to
cat allergen and is widely recommended for symptomatic cat-sen-
sitive asthmatics. However even when the owner removes the
cat, cat allergen levels may remain elevated for 20 weeks or more
(Wood et al., 1989). Removal of carpets and upholstery, with en-
casement of mattresses and pillows, may be required for dimin-
ishing cat allergen to levels commonly measured in homes with-
out cats (Wood et al., 1989).

No studies are available that evaluate symptoms or lung func-
tion in cat-sensitive asthmatics before and after removal of the cat
from the home. Nor are there studies of change in symptoms or
lung function after moving from a home with a cat to a home
without a cat. However, exposure studies suggest that in cat-sen-
sitive subjects the decline in lung function associated with low-
level airborne exposure to cat allergen, which can be present in a
home with no cats, tends to be less extreme than the decline in
lung function associated with higher-level airborne exposure
(Bollinger et al., 1996). The experiments demonstrating entry into
a room with a cat as a source of exacerbation of asthma in cat-
sensitive individuals also suggest that removal of the cat from the
household may decrease symptoms in cat-allergic asthmatic.

Because of the reluctance of cat-allergic symptomatic asthmat-
ics to get rid of their cats, a number of studies have focused on the
potential for lowering cat allergen levels by washing the cat. In
eight households with cats, de Blay and colleagues (1991a) found
that the combination of washing the cat weekly, reducing furnish-
ings, vacuum cleaning, and air filtration reduced airborne cat al-
lergen levels. In a second study, however, Avner and colleagues
(1997) from the Platts-Mills group found that while washing cats
by immersion will transiently remove significant allergen from
the cat and reduce the quantity of airborne Fel d I, this reduction
in allergen is not maintained by one week. Klucka and colleagues
(1995) found no significant reduction of Fel d I by washing, use of
Allerpet-C (a widely advertised topical spray), or acepromazine,
a tranquilizer advocated as efficacious in subsedating doses.
While removal of the cat from the living room and bedroom areas
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of the home and use of a High-Efficiency Particulate Air (HEPA)
filter reduced airborne levels of cat allergen in homes with cats,
the reduction was not evenly spread across the particle size range
(Custovic et al., 1998b). It is unclear that the level of reduction of
allergen obtained in this study is sufficient to influence symp-
toms in cat-sensitized asthmatics. No studies are available to as-
sess the efficacy of recommendations to wash cats in reducing
symptoms in cat allergic-asthmatics. Although the combination
of HEPA filter use, mattress and pillow covers, and exclusion of
cats from the bedroom reduced airborne cat allergen levels, a
Maryland study detected no improvement in daily symptom
scores, peak flow rates, medication use, monthly spirometry, pre-
and post-study cat-specific IgE levels, and methacholine chal-
lenge studies in cat-allergic subjects (Wood et al., 1998). On the
other hand, in a double-blind, placebo-controlled, cross-over
study of twenty asthmatic children sensitized to cat or dog aller-
gens, and living in homes with these animals, airway
hyperresponsiveness was improved and peak flow variation was
decreased during the use of air cleaners in the living room and
bedroom of the child (van der Heide et al., 1999). The authors
report that substantial amounts of cat and dog allergen were cap-
tured by the air cleaners; floor cat and dog allergen levels were
unchanged by air cleaner use.

Evidence Regarding Exposure Mitigation and Prevention:
Schools and Hospitals

Even if the cat is removed from the home, continued low-
grade exposures may occur in public places or via clothes from
cat owners. Since cat allergen is everywhere, there is little poten-
tial for absolute avoidance (Dybendal and Elsayed, 1994; Warner,
1992). Norwegian investigators have demonstrated the presence
of Fel d 1 in schools on both smooth and carpeted floors, with
approximately 11 times more allergen on the carpeted floors
(Dybendal et al., 1991, 1989a, 1989b). The frequency of cleaning
floors and furniture was believed to influence the level of cat and
dog allergen, which were higher on chairs than in floor dust
(Warner, 1992). Upholstered chairs and mattresses in hospitals are
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also demonstrated reservoirs for cat and dog allergen (Custovic
et al., 1998a).

To lessen the risk of exacerbation of asthma in cat- or dog-
sensitized asthmatics in public buildings, Warner and others
(1992) have recommended the use of smooth floors and frequently
cleaned wooden or plastic chairs. In their study demonstrating
the presence of significant cat and dog allergen levels in a hospi-
tal in Manchester, England, Custovic and colleagues (1998a) ques-
tioned the introduction of soft furnishings and carpets into hospi-
tals where highly cat- or dog-allergic asthmatics may come for
care. Where upholstered chairs were present, they demonstrated
that vacuuming three times a week significantly reduced allergen
levels.

Conclusions: Exposure Mitigation and Prevention

Cat allergen levels can be reduced to levels found in homes
without cats by removal of the cat from the home, but the reduc-
tion in allergen levels may require a prolonged period of time.
The combination of HEPA filter use, mattress and pillow covers,
and exclusion of cats from the bedroom may not reduce airborne
cat allergen levels sufficiently to improve symptoms in cat-sensi-
tive asthmatics. The absence of carpet, the use of plastic or
wooden rather than upholstered chairs, and of frequent vacuum-
ing in schools and hospitals may decrease the levels of cat aller-
gen in public places. No studies are available to evaluate whether
these measures improve symptoms or lung function in cat-sensi-
tized asthmatics or whether they decrease the potential for sensi-
tization in nonsensitized individuals. In summary:

• There is sufficient evidence of an association between re-
moval of a cat from the home and a decrease in levels of cat aller-
gen in the home; this decrease in levels of allergen may be slow if
reservoirs of cat allergen are not simultaneously removed from
the home.

• There is limited or suggestive evidence of an association
between removal of a cat from the home and improvement of
symptoms or lung function in cat-allergic asthmatics.

• There is limited or suggestive evidence of an association
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between measures short of removal of a cat from the home (e.g.,
washing the cat, HEPA filter use) and some transient reduction in
cat allergen levels in the home.

• There is inadequate or insufficient evidence to determine
whether or not an association exists between measures short of
removal of a cat from the home (e.g., washing the cat, HEPA filter
use) and improvement in symptoms in cat-allergic asthmatics.

Dogs

Definition of the Agent and Means of Exposure

Dogs are present in 31% of U.S. households and are also
sources of allergens (Schou, 1993). Allergy to cats is reported to be
about twice as common as allergy to dogs, despite the fact that
dogs are as common in U.S. households as cats (Bollinger et al.,
1996). Can f I and Can f II are purified dog allergens that have been
identified (Schou, 1993). Can f I is a polypeptide whose molecular
weight and structure have been partially but not fully defined
(Schou, 1993). It is present in dander, pelt, hair, and saliva, but not
in the urine or feces of dogs (Schou, 1993). Though there are likely
to be other dog allergens, no others have been found to have clini-
cal importance. Can f I is considered a major allergen, because it
accounts for at least half of the allergenic activity in dog hair and
dander. In addition, 92% of dog-allergic patients had a positive
skin prick test to Can f I (Schou, 1993; Yman et al., 1973). It is still a
controversial matter whether true breed-specific dog allergens
exist or whether the differences observed between breeds are
quantitative rather than qualitative (Schou, 1993). Hair is not the
only source of dog allergen, and it is not known whether short-
haired dogs are less allergenic. Cross-reactivity can be found be-
tween dog and cat allergen (Vanto and Koivikko, 1983).

Dog allergen, like cat allergen and unlike cockroach, is easily
aerosolized and widely disseminated throughout the community
(Custovic et al., 1997). In a Baltimore study of 42 homes, dog anti-
gen was demonstrated in more than half of households (Lind et
al., 1987; Schou, 1993). In Sweden, dog allergen has been mea-
sured in homes that have never had dogs (Munir et al., 1992).
Like cat allergen, dog allergen has been found in significant
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amounts in public buildings such as schools (Berge et al., 1998;
Dybendal et al., 1989a; Schou, 1993; Warner, 1992) and hospitals
(Custovic et al., 1998a). In dust from upholstered English hospital
chairs, Can f I levels (geometric mean = 22 µg/g, range, 4–63) were
as high as levels in settled dust from households with dogs
(Custovic et al., 1998a; Munir et al., 1994). Hospital airborne Can f
I levels were detectable in 7 of 10 testing days but were lower
(range 0.09–0.22 ng/m3) than those often found in homes with
dogs (range 0–100 ng/m3 Can f I) (Custovic et al., 1998a; Hodson
et al., 1999).

Evidence Regarding Asthma Exacerbation

The asthmatic response to bronchial provocation test (PT)
with dog allergen was evaluated in a cross-sectional Finnish study
of 203 asthmatic children selected from the Children’s Asthma
Registry (Vanto and Koivikko, 1983). Of those with a positive PT,
64% had kept dogs, whereas only 36% with a negative PT had
kept dogs. A positive PT was correlated with a positive skin prick
test to dog (correlation coefficient = 0.8), but not with the fre-
quency of reported asthma symptoms. In immunotherapy trials,
positive response to bronchial provocation with dog allergen has
also been associated with elevated levels of IgE to dog allergen in
asthmatic subjects (Hedlin et al., 1995; Valovirta et al., 1984; Vanto
et al., 1980). Some investigators consider symptomatic and bron-
chial response to animal allergen in an experimental animal room
to be more definitive proof that animal allergen triggers asthma
than allergen bronchial PT. They question whether the airway re-
sponse to bronchial provocation with an allergen is always an
allergic rather than an irritant response. The committee could find
no published studies of the response of dog-sensitized asthmatics
to exposure to dogs in an experimental dog room analogous to
the cat room set up by the Hopkins group (Sicherer et al., 1997).

Evidence Regarding Asthma Development

There is insufficient evidence regarding the role of dog aller-
gen in the development of asthma. In keeping with the ecology of
Los Alamos, New Mexico, which is high and dry, with less dust
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mite, the allergens to which asthmatics are sensitized tend to be
the predominant allergens in the indoor and outdoor environ-
ment. These allergens include dog and Alternaria, as well as cat
(Ingram et al., 1995; Sporik et al., 1995). A cross-sectional retro-
spective Finnish study suggested that dog allergy was more
prevalent in children from homes where dogs were present in the
first few months of life, compared to homes where the dog was
introduced after the child had reached the age of 1 (Vanto and
Koivikko, 1983). As mentioned above, in a New Zealand birth
cohort study the development of asthma by 13 years of age was
associated with sensitization to dogs at age 13 (Sears et al., 1989).
In contrast, the presence of a dog in the home in childhood was
negatively associated with asthma (OR = 0.85, 95% CI = 0.78–0.92)
among adults reporting no parental allergy, in the cross-sectional
European Community Respiratory Health Survey of 13,932 20- to
44-year-old subjects from 36 areas in Europe, New Zealand, Aus-
tralia, and the United States (Svanes et al., 1999). Among 1,649
Swedish school children aged 7–13 years, a report of keeping a
cat or a dog in the first year of life was also negatively associated
with asthma and allergic rhinitis (Hesselmar et al., 1999).

Conclusions: Asthma Exacerbation and Development

• There is sufficient evidence of an association between dog
allergen exposure and exacerbation of asthma in individuals spe-
cifically sensitized to dogs.

• There is inadequate or insufficient evidence to determine
whether or not an association exists between dog allergen expo-
sure and development of asthma.

Evidence Regarding Exposure Mitigation and Prevention

Because the aerodynamic properties, carrier material, and
chemical composition of dog and cat allergens are similar, issues
related to mitigation of dog allergen are likely to be similar. How-
ever fewer studies are available related to the mitigation of dog
allergen exposure and its health consequences. In a cross-sectional
study of 203 asthmatic children listed in the Finnish Asthma Reg-
ister, 68 of 203 had kept a dog, but 59 of 68 (87%) had removed the
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dogs from their homes. Parents tended to report that removal of
the dog had improved asthma symptoms and had not been detri-
mental because of emotional deprivation (Vanto and Koivikko,
1983). The Finnish study also demonstrated that homes with dogs
had higher dog antigen levels in dust than homes without dogs,
some of which had a past history of a dog in the home. Homes in
which occupants had indirect contact with dogs had more dog
allergen than homes in which no one reported contact with dogs.
Despite reported avoidance of dogs, a rising or steadily high level
of dog-specific IgE was observed in follow-up of 24 dog-allergic
subjects. The authors hypothesized that dog allergen encountered
outside the home might be sufficient to boost IgE synthesis in
most sensitive subjects (Vanto and Koivikko, 1983).

In a study of 25 homes with dogs, Custovic found that dogs
had to be washed at least twice a week to maintain a reduction in
recoverable Can f I from the hair (Hodson et al., 1999). Airborne
dog allergen levels were not significantly affected by washing the
dog. No studies are available regarding the effect of this mitiga-
tion measure on symptoms or lung function in dog-sensitive asth-
matics.

Conclusions: Exposure Mitigation and Prevention

• There is limited or suggestive evidence of an association
between removal of the dog from the home and reduction of dog
allergen levels. This evidence comes from an association between
the absence of a dog in the home and the measurement of low
dog allergen levels in a study including homes that had a history
of keeping dogs (Vanto and Koivikko, 1983).

• There is inadequate or insufficient evidence to determine
whether or not an association exists between removal of a dog
from the home and improvement in symptoms or lung function
in dog-sensitized asthmatics. The one epidemiologic study report-
ing an association between dog removal and symptom improve-
ment in asthmatic children relies on retrospective parental report-
ing without measures of sensitization at the time of dog removal
or measures of symptoms or lung function before and after dog
removal (Vanto and Koivikko, 1983).

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

118 CLEARING THE AIR

Rodents

Definition of the Agent and Means of Exposure

Exposure to rodents can come either from keeping pets or
from their presence as pests in the home. Rodents (mouse, rat,
and guinea pig) can also be found in school settings. They have
been studied as sources of allergens, particularly because of their
extensive use as laboratory animals (Schou, 1993). Hair and epi-
thelial fragments carry allergenic molecules, the allergens mea-
sured are believed to be from urine, saliva, or skin. The relative
importance of these allergen sources has been debated (Karn,
1994; Longbottom and Austwick, 1987; Walls and Longbottom,
1985). As described by Schou (1993), rodents have permanent pro-
teinuria; allergenic protein from sprayed urine dries up and be-
comes airborne on dust particles. Airborne rodent allergen has
been measured in laboratory facilities (Sakaguchi et al., 1990a;
Swanson et al., 1985; Twiggs et al., 1982) and, in one study, in
inner city apartments (Swanson et al., 1985). Clinically important
allergens that have been identified include Mus m I and Mus m II
for mouse, Rat n I for rat, and Cav p I and II for guinea pig (Schou,
1993). Assessment of rodent exposure in the home has been lim-
ited, to some extent, by limitations in the ability to measure aller-
gens from all species of wild mice potentially present in the home.

Evidence Regarding Asthma Exacerbation

A number of cross-sectional studies document the association
between handling animals in a laboratory setting and allergy
(Beeson et al., 1983; Cockcroft et al., 1981; Cullinan et al., 1994;
Davies and McArdle, 1981; Gross, 1980; Newman-Taylor, 1982;
Schumacher et al., 1981; Venables et al., 1988). Hollander and col-
leagues (1996) conducted a prospective panel study of self-re-
ported symptoms and peak flow in Dutch laboratory animal
workers. Workers who reported asthmatic symptoms (chest tight-
ness) due to working with rats had significant decreases in peak
expiratory flow on days they worked with the animals; 86% of
them were sensitized to rat allergens (Hollander et al., 1996). A
cross-sectional study of British laboratory workers demonstrated
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an association between positive skin tests to animal extracts and
asthmatic symptoms (Cockcroft et al., 1981). Whereas IgE anti-
body to rat allergen was present in only 2 of 135 laboratory work-
ers without asthmatic symptoms, it was present in 12 of 18 labo-
ratory workers with symptoms (Platts-Mills et al., 1987).

In the U.S. National Cooperative Inner City Asthma Study,
19% of asthmatic children were allergic to rats and 15% were al-
lergic to mice, suggesting exposure to rat or mouse allergens in
the home (Kattan et al., 1997). No data are available on rat or
mouse allergen levels in the home and the exacerbation of asthma
among rodent-sensitized asthmatics.

Evidence Regarding Asthma Development

Although there are retrospective reports of the incidence of
asthma symptoms after beginning laboratory work with rodents
(Platts-Mills et al., 1987), the committee could find no relevant
studies on rodent allergen exposure and the development of
asthma.

Conclusions: Asthma Exacerbation and Development

• There is sufficient evidence of an association between ex-
posure to rodents in a laboratory setting and exacerbation of
symptoms or lung function in rodent-sensitized asthmatics.

• There is inadequate or insufficient evidence to determine
whether or not an association exists between exposure to rodents
(wild or as pets) in the home and exacerbation of symptoms or
lung function in rodent-sensitized asthmatics.

• There is inadequate or insufficient evidence to determine
whether or not an association exists between exposure to rodents
and the development of asthma.

Evidence and Conclusions: Exposure Mitigation and Prevention

No studies are available to document the influence of rodent
eradication on the level of rodent allergen or on the severity of
asthma in sensitized asthmatics.

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

120 CLEARING THE AIR

• There is inadequate or insufficient evidence to determine
whether or not an association exists between removal of rodents
from the home and the reduction of rodent allergen levels.

• There is inadequate or insufficient evidence to determine
whether or not an association exists between removal of rodents
from the home and improvement in symptoms or lung function
in rodent-sensitized asthmatics.

Cow and Horse

Definition of the Agent and Means of Exposure

Relatively few people in the United States live on farms where
exposure to cows, horses, or pigs can be significant; only 1.5% of
U.S. households keep horses as pets. Cow hair and dander con-
tain at least 17 antigens, 4 of which have been identified as aller-
gens and 3 of which have been purified (Bos d I, II, and III). Horse
hair and dander have been demonstrated to contain three impor-
tant allergens (Equ c I, II, and III) (Schou, 1993).

Evidence and Conclusions: Asthma Exacerbation and
Development

Allergies to cows and horses are considered occupational dis-
eases of farm workers and veterinarians (Prahl and Roed-
petersen, 1979; Schou, 1993). Data on the effect of non-occupa-
tional exposures is lacking. In summary:

• There is inadequate or insufficient evidence to determine
whether or not an association exists between cow or horse aller-
gen in the home and the exacerbation of asthma in sensitive chil-
dren or the development of asthma.

Living on a Farm and Development of Asthma

The epidemiologic literature on allergy in farmers and chil-
dren from farming families was reviewed in a 1999 article dem-
onstrating a lower prevalence of hay fever and allergic sensitiza-
tion in farmer’s children compared to peers from nonfarming
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families living in the same rural Swiss community (Braun-
Fahrlander et al., 1999). While farm animals can be allergenic,
lower rates of sensitization to pollen and animal dander have been
reported in adult farmers compared to other occupational groups
(Iversen and Pedersen, 1990; Kohler et al., 1983; Rautalahi et al.,
1987; Sigsgaard et al., 1996). Swedish conscripts and Finnish uni-
versity students raised on farms have reported fewer allergic
symptoms than students from nonagricultural backgrounds
(Åberg, 1989; Kilpeläinen et al., 1997). This may be the result of
self-selection out of the farming community by individuals and
families with a genetic predisposition toward allergy (von Mutius
et al., 1994).

These findings have led investigators to question whether the
farm environment itself might play a protective role in the devel-
opment of allergy and allergic asthma. One hypothesis is that con-
tact with farm animals and their bacterial products (including
endotoxin, which is discussed later in this chapter) may be pro-
tective against allergy or asthma through early-life stimulation of
TH1 immunity, particularly for individuals with specific genetic
characteristics (Baldini et al., 1999). However, no additional evi-
dence is available to confirm or reject the hypothesis that for some
children, exposure to farm animals early in life might be protec-
tive against either allergy or asthma. The farm is a complex envi-
ronment that varies by country and culture, and many other as-
pects of farm living may contribute to the observed epidemiologic
differences between asthma or atopy in children from farming
versus nonfarming families.

Birds

Definition of the Agent and Means of Exposure

Birds are kept in 5% of U.S. households. While it is clear that
hypersensitivity pneumonitis can be associated with antigens
from bird excreta, serum protein, and proteinaceous material in
dispersed dust from birds (Christensen et al., 1975; Hendrick et
al., 1978), specific bird antigens associated with allergy and
asthma have not been defined with certainty. Tauer-Reich and col-
leagues (1994) studied five bird fanciers who complained of asth-
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matic symptoms during contact with their birds and also had
documented bronchial hyperreactivity to acetylcholine. These in-
dividuals had positive IgE antibody reactions to bird sera as well
as to extracts of feathers. Skin prick tests to mites, molds, pollen,
and domestic animals other than birds were negative in all five
patients.

Evidence Regarding Asthma Exacerbation and Development

A few additional case reports describe bird handlers with the
combination of asthmatic symptoms in the presence of birds,
symptoms of egg hypersensitivity, and specific IgE antibodies
against blood serum proteins of chicken, parrot, budgerigar, or
pigeon serum (de Blay et al., 1991b).

A portion of what is called bird allergy may be an expression
of allergy to dust mites. Bird feathers can harbor mites (Kemp et
al., 1996). The material used in skin prick testing for bird allergy
may also be contaminated with mite allergen. Although clinicians
have traditionally advised asthmatic patients not to use feather
pillows, an epidemiologic study found an increased risk of
wheeze in children using foam pillows compared to children us-
ing feather pillows (Strachan and Carey, 1995). This association
could occur if parents of symptomatic children tend to provide
their children with synthetic rather than feather pillows because
of advice from health professionals. On the other hand, this asso-
ciation may relate to increase mite exposure from synthetic pil-
lows. New Zealand researchers found that after four months of
use, dust mite (Der p I) levels were significantly higher in syn-
thetic than in feather pillows (Crane et al., 1997; Rains et al., 1999).
To prevent the feathers from coming out, feather pillows may
have more impermeable covers than synthetic pillows; which
could result in less dust mite infestation.

Conclusions: Asthma Exacerbation and Development

• There is limited or suggestive evidence of an association
between bird exposure and exacerbation of symptoms in bird-
sensitized asthmatics. This association may be confounded by the
allergic asthmatic response to mites harbored by birds.
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• There is inadequate or insufficient evidence to determine
whether or not an association exists between bird allergen expo-
sure and the development of asthma.

• There is inadequate or insufficient evidence to determine
whether or not an association exists between down pillows and
exacerbation of symptoms or lung function in asthmatics. Pillows
are believed to be a risk factor for asthma because of their docu-
mented mite content, rather than because of the presence of bird
allergen.

Evidence and Conclusions: Exposure Mitigation and Prevention

There is inadequate or insufficient evidence to determine
whether or not an association exists between removal of a bird
from the home and reduction in bird allergen levels or improve-
ment in symptoms or lung function in bird-sensitized asthmatics.

Research Needs

The associations between dust mite allergen, asthma exacer-
bation, and asthma development are much more well defined
than the associations between larger animals and asthma. This is
only partly a function of the number of years and intensity of
efforts to investigate the health effects of dust mites. Compared
with dust mite allergen, once the allergen source is present, cat
and dog allergens are more easily dispersed throughout the
household. Cat and dog allergens remain airborne for much
longer than dust mite. The potential for exposure to allergens out-
side the home is markedly greater for cats and dogs than for dust
mites. The potential for home exposure to cat or dog allergen in
homes without cats or dogs has also been underestimated. The
absence of adequate information regarding allergen exposure
may, in part, account for contradictory data regarding the effects
of cats or dogs in the home on the development of asthma.

Research is needed to assess whether removal of the cat or dog
from the home results in sufficient reduction in overall allergen ex-
posure to reduce symptoms and improve bronchial reactivity in spe-
cifically sensitized asthmatics. Further research is needed to assess
the level of animal allergen exposure (cat and dog) in day care cen-

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

124 CLEARING THE AIR

ters and schools. When significant levels are noted, the potential for
lowering exposure should be investigated. Since so many cat- or
dog-allergic asthmatics are emotionally attached to their pets, in-
vestigators should explore the success of efforts that recommend
the removal of the pet for sensitized symptomatic child and adult
asthmatics. Further research is also needed to evaluate the effect of
mitigation measures short of animal removal on asthma symptoms,
lung function, or bronchial responsiveness in specifically sensitized
asthmatics. Although frequent animal washing and HEPA filter use
are widely recommended, their efficacy in reducing asthma sever-
ity has not been proven.

Two retrospective cross-sectional studies suggest that expo-
sure to cat or dog in early life may actually be protective against
asthma development in some subsets of children (Hesselmar et
al., 1999; Svanes et al., 1999). The relationship between cat or dog
allergen exposure in early childhood, the development of sensiti-
zation, and the development of asthma merits further investiga-
tion. This investigation will require better assessment of expo-
sure. It is likely that the genetic phenotype will modify the
response to cat or dog allergen at different levels of exposure, but
gene-by-environment interactions cannot be effectively explored
until the genetics of asthma is better understood.

Further research is needed to evaluate rodent allergen expo-
sure in the home as a potential factor in the exacerbation of asthma
in rodent-sensitized asthmatics. Particularly in socially disadvan-
taged populations, research should focus on effective reduction
of rodent allergen and its effect on symptoms or lung function in
specifically sensitized asthmatics.

Researchers should also consider the possibility that animal
(or animal allergen) exposure may be either protective or aller-
genic. The effects may depend on the mode of exposure, the ge-
netic characteristics of the populations, the timing in the life cycle
when exposure occurs, and many other cofactors (e.g., early-life
viral, bacterial, and parasitic infection experience).

COCKROACH

Many insects have been identified as sources of inhalant al-
lergens in case reports or small outbreaks; these include moths,
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crickets, locusts, beetles, “green nimitti” midges, lake flies, and
houseflies (IOM, 1993). Cockroaches, however, are the only insect
that has been repeatedly recognized as a common source of in-
door allergens.

Definition of the Agent and Means of Exposure

Agent Definition and Biology

Cockroach is an important source of indoor allergen world-
wide. Although more than 60 species have been identified, the
most common indoor species in North America are the German
(Blattella germanica), American (Periplaneta americana), and Orien-
tal (Blatta orientalis). There are multiple allergens from cockroach
that have been identified (Bla g I or Per a I, Bla g II, IV, and V) and
cloned (Bla g II, IV, and V). Schou and colleagues (1990) purified
an allergen from B. germanica and P. americana extract, which re-
sulted in positive reaction to skin tests in 50% of patients who
were allergic to cockroaches and was designated Bla g I (or Per a
I). Monoclonal antibodies have been produced against extracts of
both cockroach species and used for cockroach allergen identifi-
cation and purification. Enzyme-linked immunosorbent assays
have been developed that can be used to estimate exposure to
some of these cockroach allergens (Bla g I, Per a I, and Bla g II) in
the environment. Bla g I is a 25-kD (kilodaltons, a unit of molecu-
lar weight; also abbreviated kDa) cross-reacting antigen from both
the German and the American cockroach. Bla g II is a 36-kD spe-
cies-specific antigen derived from the German cockroach. Spe-
cific allergens have not been purified from Oriental cockroaches.

Neither the antigenic relationships between cockroach spe-
cies nor the precise source of cockroach allergens are well under-
stood. The source of the allergens derived from cockroaches is not
known, but there are speculations to suggest that they may come
from feces, parts of the body, or other sources in the body. Se-
quence homology searches are useful tools for investigation of
the biologic function of cockroach allergens, and as more se-
quences become available it will be possible to make compari-
sons of biologic function and allergenicity, to compare allergen
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expression in different species, and to localize the source of the
allergens in cockroach tissues.

At present, cockroach extracts are not standardized; however,
the Food and Drug Administration’s (FDA’s) Center for Biologics
Evaluation and Research has embarked on a program to standard-
ize B. germanica extracts on the basis of skin testing, protein con-
tent, RAST inhibition, and specific allergen assays. Most patients
in the United States appear to be sensitized to B. germanica, al-
though there is a cross-reactivity between B. germanica and P.
americana on skin tests and serum IgE antibody assay. The
prevalences of IgE antibodies to Bla g I and Bla g II in patients
allergic to cockroaches are 40% and 60–80%, respectively (Pollart
et al., 1991a). Approximately 20% of patients lack detectable IgE
antibody to either allergen, which suggests that cockroaches pro-
duce other important allergens (Chapman, 1993). However, the
levels of the two allergens have been found to be highly corre-
lated (r = 0.92; p < .01) in dust samples (Pollart et al., 1991a).

Factors Influencing Exposure

Studies have suggested that cockroach sensitization is an af-
fliction of the inner city poor, but the complex interrelationship of
race, poverty, and residence has been difficult to unravel (Bernton
and Brown, 1964; Call et al., 1992; Garcia et al., 1994; Gelber et al.,
1993; Koehler et al., 1987). Sarpong and colleagues (1996a) exam-
ined race and socioeconomic status (SES) as risk factors for cock-
roach allergen exposure and sensitization. In their cohort of 48
white and 39 African-American children, they found that both
factors were independent predictors of cockroach sensitization.
Among low-SES subjects, sensitization was common with 50% (4
of 8) of white participants and 75% (15 of 20) of African-American
participants exhibiting a positive skin test. Cockroach antigens
are widely distributed in homes and schools, and the kitchen is
the most common source of cockroach allergen (Rosenstreich et
al., 1997; Sarpong et al., 1996b, 1997). The cockroach allergen in
school dust was similar to that reported in homes. The level of
antigen reported in school dust is of concern because it may con-
stitute a very important occupational risk to students, teachers,
and other school workers. The source of the allergen is not known,
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but it is likely that the schools may have been infested with cock-
roaches since there was evidence of dead cockroaches in the
schools examined (Sarpong et al., 1997).

In kitchens, food and water sources may be important factors
for the proliferation of cockroaches. The humidity in the home
may be an important factor for increased cockroach allergen in
infested homes. However, in a study evaluating allergen levels in
schools, the presence of air conditioners, which may lower the
humidity, did not affect the distribution of allergen levels
(Sarpong et al., 1997). Despite the evidence that cockroach aller-
gen levels are higher in the kitchens of both asthmatic and
nonasthmatic individuals, the concentration of cockroach aller-
gen in the bedroom has been used as the surrogate marker of
exposure (Eggleston et al., 1998; Rosenstreich et al., 1997; Sarpong
and Han, 1999; Sarpong et al., 1996a, 1996b).

Exposure to cockroach allergens are dependent on their aero-
dynamic properties and the characteristics of the surface on which
they are deposited. In an Ohio study, there was no difference be-
tween dust mite allergen concentrations in low-pile carpet and
smooth floors, but allergen levels were significantly higher in
high-pile carpets (Arlian et al., 1982). In a school study in the Bal-
timore metropolitan area, there was no difference in cockroach
allergen, Bla g I between low-pile carpet and uncarpeted floors
(Sarpong et al., 1997). However, kitchen areas are generally
noncarpeted, and this may have distorted the level of allergen in
uncarpeted compared to carpeted areas.

Cockroach allergens may behave like the dust mite antigen;
that is, they are carried on large particles that become airborne for
short periods of time during active disturbance. High concentra-
tions of cockroach allergen are found in the kitchen, compared to
the living room or bedroom. However, some studies have re-
ported similar levels of cockroach allergen in all these sites. Taken
together, the cockroach allergen may be more relevant in the bed-
room than the kitchen or the living room because of close contact
with the pillow while in bed. Interestingly, about 20% of homes
with no evidence of cockroach infestation have significant levels
of cockroach allergen in settled dust (Pollart et al., 1991b). Al-
though the possibility of reporting bias cannot be excluded, it is
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likely that cockroach allergen may be present in a home long after
the infestation has been controlled.

Cockroach hypersensitivity is a unique risk factor for asthma
among the urban poor. Many case-control studies have docu-
mented that cockroach allergen exposure and sensitization are
significantly more common in patients with asthma living in ur-
ban homes compared to those living in suburban homes (Bernton
et al., 1972; Kang et al., 1993; Sarpong et al., 1996a). However,
despite higher rates of exposure and sensitization among urban
subjects, place of residence was not independently associated
with cockroach exposure after correction for socioeconomic sta-
tus; families of lower SES were likely to be exposed wherever they
lived (Sarpong et al., 1996a). This agrees with the observations of
Gelber and colleagues (1993), who used lack of health insurance
as a marker of poverty and showed that this was a more impor-
tant correlate of sensitization than urban residence per se as well
as with others who have categorized patients on the basis of ac-
cess to private medical care (Garcia et al., 1994). A 1999 report
from Morgantown, West Virginia, documented the role of sensiti-
zation in infantile asthma (Wilson et al., 1999). These children who
were at least 3 years of age with documented wheezing episodes
demonstrated cockroach hypersensitivity at a rate of 25%. The
rate of sensitivity in this predominantly white population was
not related to low socioeconomic status.

Evidence Regarding Asthma
Exacerbation and Development

Biologic Plausibility

Bernton and colleagues (1972) reported that inhalation of
cockroach extract could induce an immediate asthmatic reaction
in cockroach-sensitive asthmatic subjects. Subsequently, con-
trolled inhalation challenge confirmed the production of antigen-
specific, acute and late bronchospasm in cockroach-sensitive asth-
matics (Kang, 1976). These antigen-induced asthmatic reactions
were blocked by premedication with disodium cromoglycate.
Challenge of these subjects with inhaled cockroach extract pro-
duced a significant antigen-specific peripheral eosinophilia,
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which progressed to its peak 24–36 hours after exposure and of-
ten more than doubled the baseline value. In animal studies there
is evidence to suggest that cockroach antigen can induce lung
eosinophilia (Campbell et al., 1998). Previous data in guinea pigs
have shown that aerosolized cockroach antigen can be utilized to
induce airway inflammation and alter airway physiology (Kang
et al., 1996). The development of these models will allow the
evaluation of mediators involved in both stages of cockroach al-
lergen challenge, as well as the testing of specific therapeutic mo-
dalities.

Consistency

There is now good evidence from epidemiologic studies in
several parts of the world which demonstrates that the develop-
ment of immediate sensitivity to cockroach allergens is associ-
ated with asthma morbidity and that sensitization is related to
the degree of allergen exposure (Eggleston et al., 1998;
Rosenstreich et al., 1997; Sarpong and Han, 1999; Sarpong et al.,
1996a; Sastre et al., 1996). In the original description of cockroach
sensitivity in 1967, Bernton and Brown (1967) found higher rates
of sensitization among Puerto Ricans and African Americans than
among Jews and Italians in New York City and believed that the
difference was related to the improved economic conditions of
the latter groups. Shulaner (1970) also found a relationship to pov-
erty and overcrowding, and a report by Gelber and colleagues
(1993) relates exposure and sensitization to urban housing, race,
and poverty as indicated by lack of medical insurance.

Strength of Association

Sensitization, with production of specific IgE antibodies to
cockroach, is a strong risk factor for acute severe asthma, espe-
cially when sensitized persons are exposed to high concentration
of allergen in their homes. R.P. Nelson and colleagues (1996) com-
pared 29 children with acute asthma, ages 3–16 years, first seen in
a Florida emergency department, to 25 control subjects. They
found that sensitization to cockroach allergens was associated
with acute asthma that required emergency treatment. Gelber and
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colleagues (1993) and Call and colleagues (1992) showed that
cockroach sensitization was a risk factor for acute asthma in pa-
tients visiting emergency departments in Wilmington, Delaware,
and Atlanta, Georgia, respectively. The multicenter National Co-
operative Inner City Asthma Study (NCICAS) of the home envi-
ronment of asthmatic children aged 4–9 years living in seven ma-
jor urban areas and eight centers reported that cockroach allergen
was the predominant indoor allergen in these homes. In the
NCICAS, it was suggested that sensitization to cockroach aller-
gen and exposure to high levels of cockroach allergen may ex-
plain the asthma-related health problems of inner city children
(Rosenstreich et al., 1997).

Dose–Response

A dose–response relationship between cockroach allergen ex-
posure and sensitization has been established in asthmatic chil-
dren. Sarpong and colleagues (1996a) report that children who
were exposed to Bla g I or Bla g II of 1 unit per gram (U/g) or
higher demonstrated skin sensitivity to cockroach allergen. For
Bla g I, all the children who were exposed to more than 10 U/g
were sensitized to cockroach allergen. Similarly, 100% of the chil-
dren who were exposed to more than 5 U/g of Bla g II were sensi-
tized to cockroach allergen. Following this report, the NCICAS
has suggested that cockroach allergen (Bla g I) exposure is related
to sensitization in a dose–response manner (Eggleston et al., 1998).
Preliminary data from a population of pregnant women have sug-
gested that total cockroach allergen (Bla g I and Bla g II) exposure
and sensitization were related in a dose–response fashion
(Sarpong and Han, 1999). This relationship was demonstrated in
both asthmatic and nonasthmatic controls. However, the dose of
cockroach allergen concentration required to induce sensitization
rates in the asthmatic population was at least a factor of ten lower
than in the nonasthmatic population. A dose–response relation-
ship was also demonstrated in the inner city asthma study be-
tween cockroach allergen (Bla g I) exposure and morbidity due to
asthma. Children who were exposed to more than 8 U/g of Bla g I
were more likely to be hospitalized for asthma symptoms than
those who were exposed to less. In a prospective study by Gold
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and colleagues (1999), infants who were born in homes with Bla g
I levels greater than 2 U/g reported increased risk of wheezing by
the age of 1 year. A study by Litonjua and colleagues available as
a conference abstract (1998) evaluated the relationship between
home allergen levels and the prevalence and incidence of asthma
16 months later among 215 children younger than 5 years old.
The researchers found that, among the children with new onset of
asthma, 7 (87.5%) lived in homes with high Bla g I or II levels
while 1 (12.5%) lived in a home with low levels (p = .028).

Although it seems clear that exposure to cockroach allergen
precedes disease, it has not been shown that sensitization consis-
tently precedes disease. However, it is the combination of strong
association, biological plausibility, dose–response, and provoca-
tion experiments that creates the strength of the argument.

Conclusions: Asthma Exacerbation and Development

Cockroach antigen exposure can elicit a strong IgE immune
response to induce sensitization. Sensitization to cockroach anti-
gen has been linked to the season of birth (Sarpong and Karrison,
1998a), although this study does not necessarily support cock-
roach antigen as a disease promoter, it at least gives some insight
that exposure during the perinatal period may be critical. Because
of the likely aerodynamic nature of the cockroach allergen, it is
difficult to predict whether cockroach allergen per se is an initia-
tor of asthmatic symptoms. However, data suggest that infants
who are exposed to cockroach allergen are more likely to wheeze
during infancy. Moreover, researchers have shown that cockroach
sensitization is a risk factor for acute asthma in patients visiting
emergency departments (Call et al., 1992; Gelber et al., 1993; R.P.
Nelson et al., 1996). In a retrospective study of asthmatic children
in Chicago, it was suggested that children with combined sensiti-
zation to cat, dog, dust mite, and cockroach allergens were at in-
creased risk of having more severe asthma (Sarpong and Karrison,
1998b). Researchers have also found that there is an increased risk
of sensitization to cockroach allergen in asthmatic children born
in the winter months (Sarpong and Karrison, 1998a). Because the
risk of respiratory syncytial virus (RSV) infection is high in win-
ter months and RSV is also known to give rise to asthma-like
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symptoms, others have even suggested that it may promote IgE
sensitization. The level of cockroach allergen in settled dust may
not demonstrate seasonality. It is therefore attractive to postulate
an interaction between RSV bronchiolitis and cockroach allergen-
induced sensitization. Thus, there may be virus–antigen interac-
tion in initiating sensitization and possibly inducing asthma.

Every individual is at risk for cockroach allergen exposure
and sensitization. However sensitization risk is higher among the
asthmatic population. Understanding the genetics of allergy and
asthma, including understanding the phenotypes associated with
cockroach allergy, may eventually prove useful in the understand-
ing of gene–environment interaction in the development of
asthma.

There are no prospective data demonstrating the association
of exposure to cockroach allergen with subsequent development
of sensitization to cockroach allergen and asthma. However, a
number of case-control studies demonstrate a link between cock-
roach allergen exposure in sensitized individuals and asthma
morbidity, as well as a dose–response relationship between cock-
roach exposure and sensitization (Gelber et al., 1993; Rosenstreich
et al., 1997; Sarpong et al., 1996a).

In summary:

• There is sufficient evidence of a causal relationship between
cockroach allergen exposure and exacerbation of asthma in indi-
viduals specifically sensitized to cockroaches.

• There is limited or suggestive evidence of an association
between cockroach allergen exposure and the development of
asthma in preschool-aged children.

• Inadequate or insufficient evidence exists to determine
whether or not an association exists between cockroach allergen
exposure and the development of asthma in older children and
adults.

Evidence Regarding Exposure Mitigation and Prevention

In principle, control of exposure to cockroach allergens com-
bines three approaches directed through an indoor environment:
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1. control of reservoirs of allergen in beds, carpets, furnish-
ings, and clothing, which are the main sources of exposure;

2. control of the sources of new allergen (e.g., cockroach
reinfestation); and

3. direct control of cockroach airborne allergens.

There are several potential strategies for achieving these forms of
control. These are noted below, along with some of their practical
limitations.

The bed is probably the most important site of cockroach al-
lergen exposure because of the high level of exposure during
sleep, the proximity of the subject to the source, the proportion of
time spent indoors at this one site, and the large amounts of dust
present in the bed. The relative success and simplicity of inter-
ventions directed at this site make it a key target for allergen con-
trol. Strategies known to reduce allergen exposure include encas-
ing mattresses and pillows and laundering bedding in hot
(>130ºF, or 55ºC) water. (This strategy is also effective for dust
mite allergen.) However, there may be problems of subject com-
pliance with regular washing of some items, such as blankets,
even in the setting of a clinical trial.

Carpets serve as a major reservoir of cockroach and many
other indoor allergens and may serve as an additional primary
source of allergen. Replacement of fitted carpets with smooth
flooring has been shown to reduce dust mite allergen levels
(Hayden et al., 1997) and is often recommended as a cockroach
allergen management strategy. However, this intervention is
sometimes unpopular and may be impractical in rental units, pub-
lic housing, and other environments where occupants do not have
control over floor coverings. Dry vacuum cleaners are useful for
picking up excess dust and reducing reservoirs and allergen con-
centration. Whether this achieves significant reductions in expo-
sure remains to be demonstrated. Further, while wet vacuuming
and steam cleaning may reduce allergen levels, they also may en-
hance the environment for dust mites and other potential aller-
gens if the surface does not dry properly or promptly.

Extermination is a primary approach to control new sources.

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

134 CLEARING THE AIR

The use of avermectin or hydramethylnon has, for example, been
shown to reduce cockroach populations (Cochran, 1995, 1996).

Finally, housekeeping measures aimed at limiting open food-
stuffs (using sealed containers, cleaning under refrigerators and
stoves, washing dishes promptly after meals, and the like) and
water sources (fixing leaking faucets and pipes; eliminating pet
water dishes) are often suggested as part of an overall cockroach
management strategy.

As noted in Chapter 10, ventilation rates are not likely to have
an appreciable direct impact on indoor concentrations of the
larger particles associated with cockroach allergens.

Attempts to eliminate cockroach allergen from the environ-
ment have had limited success. A short-term effect of extermina-
tion and cleaning on cockroach antigen levels was noted in a
study conducted in an urban college dormitory (Sarpong et al.,
1996b). Other studies have found that the number of cockroaches
seen in a dwelling can be drastically reduced with roach insecti-
cides such as hydramethylnon. However, the elimination of cock-
roach sightings did not decrease the levels of Bla g I or Bla g II in
vacuum dust over the next six months in single-family dwellings
in North Carolina. No extra cleaning was performed in these
homes (Williams et al., 1999). Eggleston and colleagues (1999)
evaluated the effect of professional pest control and home clean-
ing on infestation and allergen concentrations in 13 inner-city
homes with active infestations. Occupants were instructed on
how to conduct follow-up cleaning and pest control measures,
and study personnel monitored compliance over the eight months
of the study. The researchers reported decreases in infestation and
in allergen concentrations in settled dust. While mean allergen
concentrations were reduced between 74% and 93% in various
rooms of the homes, they still exceeded 20 U/g, a level associated
with increased morbidity in the NCICAS study. In the NCICAS,
integrated intervention to reduce cockroach allergen in homes
was conducted. Despite a significant but short-lived reduction,
cockroach allergen levels remained well above those previously
found to be clinically significant (Gergen et al., 1999). Insufficient
evidence is available to determine whether or not reduction of
cockroach allergen levels in the home reduces asthma severity in
cockroach-sensitized asthmatics. Additional studies are needed
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to evaluate, within both multi-unit and single family housing, the
effectiveness of various proposed methods of reducing cockroach
allergen to levels below those associated with symptoms in asth-
matic subjects. Until more effective methods of reduction of cock-
roach allergen levels are developed, it may prove difficult to as-
sess the effectiveness of cockroach allergen reduction programs
in reducing asthma morbidity. Ongoing intervention studies may
provide further data as to whether, for some subsets of sensitized
asthmatics, moderate reductions in allergen levels or in allergen
load influence asthma morbidity. Given the evidence that decreas-
ing exposure to dust mites can help control the symptoms of dust
mite-allergic asthmatics, it is prudent to identify patients who are
allergic to cockroaches and educate them to reduce allergen expo-
sure indoors.

Conclusions: Exposure Mitigation and Prevention

There is preliminary evidence to suggest that reduction in
cockroach allergen in settled dust can be achieved with extermi-
nation on a short-term basis; there are ongoing studies to evalu-
ate whether long-term reduction of cockroach allergen in settled
dust can be achieved with extermination. It appears that the use
of abatement strategies combining extermination and cleaning
can reduce cockroach allergen exposure. However, research has
not to date demonstrated that these strategies result in an im-
provement in symptoms or lung function in cockroach-sensitized
asthmatics. It is important to remember that the absence of evi-
dence does not mean an absence of effect. The science regarding
indoor environmental interventions, exposure limitation, and ef-
fects on asthma outcomes is not nearly as well developed as that
regarding the health effects of exposures. Given the evidence that
decreasing exposure to dust mites can help control the symptoms
of dust mite-allergic asthmatics, it is prudent to identify patients
who are allergic to cockroaches and educate them to reduce aller-
gen exposure indoors.

In summary:

• There is sufficient evidence of an association between the
implementation of intensive cockroach allergen exposure mitiga-
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tion strategies and short-term reduction of cockroach allergen lev-
els. Such strategies must include both removal of the allergen
from reservoirs and control of sources (i.e., abatement and pre-
vention of reinfestation) to be effective.

• There is inadequate or insufficient information to deter-
mine whether or not an association exists between cockroach re-
duction interventions and improvement in symptoms or lung
function in cockroach-sensitized asthmatics.

Research Needs

The preceding discussion suggests that there is still a need for
fundamental research on cockroach allergens and asthma out-
comes. Future research should focus on the efficacy of cockroach
allergen reduction in the homes of asthmatic patients, the aerody-
namic properties of cockroach allergen, the efficacy of cockroach
immunotherapy, and B and T cell reactive epitopes. Further stud-
ies are also needed to better elucidate any relationship between
cockroach allergen exposure and asthma development; explore
the interaction of cockroach allergen with infectious agents, irri-
tants, and other allergens in causing asthma; and examine the in-
fluences of genetics, socioeconomic status, and location on expo-
sure and sensitization.

HOUSE DUST MITES

In 1967, Voorhorst and colleagues identified dust mites of the
genus Dermatophagoides as the most important source of allergens
in house dust (Voorhorst et al., 1969). Using dust mite extracts,
they demonstrated that sensitization was common among chil-
dren with asthma and later developed techniques for growing
mites. By 1974, extracts were widely available for skin testing,
and mite sensitization became recognized in many countries. In-
deed, mite sensitization was found to be strongly associated with
asthma in all countries that had reported increases in asthma up
to 1980 (i.e., the United Kingdom, Australia, New Zealand, Ja-
pan) (Clarke and Aldons, 1979; Miyamoto et al., 1968; Smith et al.,
1969).

Since the original research by Voorhurst and colleagues (1969),

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

INDOOR BIOLOGIC EXPOSURES 137

most of the studies on allergen avoidance have focused on mite-
allergic patients. Studies have included moving children from
Holland to Davos (Kerrebijn, 1970), keeping mite-allergic adults
in special hospital rooms (Platts-Mills et al., 1982), and controlled
trials of dust mite reduction in patients’ rooms (Murray and
Ferguson, 1983). In each of these models, change in environment
with reduction in exposure to mite allergen was associated with
decreased symptoms of asthma and decreased bronchial hyper-
reactivity (BHR) (Platts-Mills and de Weck, 1988).

Definition of the Agent and Means of Exposure

Agent Definition and Biology

Purification of indoor allergens is dependent on the quality of
source materials. Before the discovery of dust mites, several un-
successful attempts were made to purify allergens from dust ob-
tained from carpets and bedding. Even when dust mite cultures
became available, the early attempts at purification used only a
small amount of material, ~40 g. The first purification of the ma-
jor allergen Der p I was by classical immunochemistry from 400 g
of “spent” culture (Chapman and Platts-Mills, 1980). The spent
culture was very rich in fecal material. Purification made it pos-
sible to measure the quantity of allergen in extracts, in dust
samples, and airborne (Tovey et al., 1981a). In addition, the puri-
fied allergens have been used to study the immune response to
allergens, as well as the properties of these proteins. Each of these
approaches has relevance to the causes of lung symptoms.

Epidemiologic evidence about the relationship between sen-
sitization to indoor allergens and asthma is based on skin tests or
on serum assays of IgE antibodies. However, the immune re-
sponse to inhalant allergens also includes IgG antibodies, IgA an-
tibodies, and T cells. These T cells in allergic individuals are pre-
dominantly CD4+ cells of the TH2 type (Romagnani, 1992;
Wierenga et al., 1990). There are two important questions about
this response: (1) Can differences in the immune response predict
which skin test-positive individuals will develop asthma? Most
of the evidence suggests that skin test-positive asymptomatic in-
dividuals have very similar IgE antibodies and T cells (i.e., TH2)
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compared to symptomatic patients. (2) What, if anything, is the
immune response to mite allergens in skin test-negative individu-
als? Here, the evidence is conflicting. Several groups are propos-
ing that nonallergic individuals have made a TH1 response. This
is supported by evidence that T cells in the cord blood of indi-
viduals who are going to become allergic produce less interferon
(IFN-γ) in response to nonspecific stimuli, and also by evidence
that it is possible to clone mite-specific TH1 T cells from the pe-
ripheral blood of nonallergic individuals (Miles et al., 1996;
Prescott et al., 1998; Warner et al., 1997; Wierenga et al., 1990). On
the other hand, most investigators have not found evidence of an
immune response to mite proteins in nonallergic individuals. For
example, most skin test-negative individuals have no detectable
IgG antibodies to purified antigens, have poor or no in vitro T cell
responses, and have no immediate or delayed skin responses.
These results suggest (1) that the primary issue is who makes an
IgE antibody response and (2) that most individuals who are
nonallergic have not made any immune response to dust mites.

Almost all of the well-defined allergens are proteins or glyco-
proteins, and it is not surprising that many of them have amino
acid sequence homology with known enzymes (Arruda et al.,
1997; Stewart and Thompson, 1996). In some cases these proteins
have enzymatic activity that could play a role in their immunoge-
nicity. For example, Der p I is a potent protease that has been
shown to cleave CD23 and CD25 on the surface of lymphocytes
in vitro (Hewitt et al., 1995; Schulz et al., 1998). Furthermore, in
animal experiments, it appears that the enzymatic activity of Der
p I can influence immunogenicity (Comoy et al., 1998). However,
enzymatic activity is not a prerequisite for a protein to be a sig-
nificant allergen, and there are considerable doubts about whether
these enzymes are active in vivo. Some of the allergens that have
homology with enzymes have not been shown to have enzymatic
activity. More significantly, it has not been established that any of
these proteins have enzymatic activity under the conditions that
occur in the human respiratory tract. In addition, many impor-
tant allergens do not have homology with enzymes, including
Der p II. It is certainly possible that enzymatic activity is relevant
to the effects of some allergens; however, it is unlikely that this
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property plays an important role either in inducing IgE antibody
responses or in causing symptoms.

Factors Influencing Exposure

The quantities of dust mite allergen that have been found in
the air of houses range from <0.2 to ≥100 ng/m3. Thus, accurate
determination of the quantity and particle size of airborne aller-
gen is dependent on immunoassays capable of accurately mea-
suring quantities as small as 1 ng (Chapman et al., 1987;
Luczynska et al., 1989; Sakaguchi et al., 1990b). After it became
clear that Der p I was concentrated in mite fecal particles, experi-
ments were designed to answer whether the allergen became air-
borne in this form. Using various approaches to air sampling, sev-
eral conclusions became clear: (1) there is very little or no airborne
mite allergen in an undisturbed room; (2) the allergen that be-
comes airborne during disturbance is predominantly on particles
≥10 µm; and (3) allergen falls rapidly after disturbance, in keep-
ing with an aerodynamic size of ~10 µm (Tovey et al., 1981b). In
addition, allergen-containing particles identified using a micro-
immunodiffusion technique have been shown to be mite fecal
particles (Tovey et al., 1981a). These properties are strikingly dif-
ferent from those of other indoor allergens (e.g., of cat or dog).
However, the size of the particle is very similar to pollen grains. A
small proportion (i.e., 5–15%) of the fecal particles that are
breathed through the mouth would be expected to enter the lungs,
and we assume that these particles are assumed to produce the
inflammatory response (Bates et al., 1966; Svartengren et al., 1987).
At present the question of how allergen particles enter the lungs
is not resolved, and this issue is of considerable importance since
it may well define the distribution of “inflammation” and airway
obstruction.

Evidence Regarding Asthma
Exacerbation and Development

Association with Sensitization

Many studies have shown an association between dust mite
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sensitization and asthma (Platts-Mills et al., 1997). These studies
include case-control studies in clinics, emergency rooms, and hos-
pitals (Gelber et al., 1993); population-based studies in schools
(Peat et al., 1996; Squillace et al., 1997); and prospective studies
(Sears et al., 1989; Sporik et al., 1990). The results consistently
show odds ratios for asthma of 6 to >12 in individuals with dust
mite sensitization. However, in all studies there are a significant
number of individuals who are skin test positive but not symp-
tomatic. Using multiple regression analysis, a prospective study
in New Zealand demonstrated that mite sensitization was an in-
dependent risk factor for asthma (Sears et al., 1989). In the same
analysis, pollen sensitization was not significantly associated with
bronchial reactivity. This pattern has now been seen in many stud-
ies and in several different countries (Table 5-1). Furthermore,
similar results have been found in areas where other indoor aller-
gens are most important (Sporik et al., 1995). That is, the relation-
ship between sensitization and asthma is not for allergens in gen-
eral but specifically for those allergens to which patients are
exposed perennially in the environment. Although most of the
perennial allergens are found indoors, the airborne fungus Alter-
naria is also an important factor in areas of the world where expo-
sure persists for many months of the year (Halonen et al., 1997).

In many of these studies the odds ratios for asthma for indi-
viduals who are allergic to dust mites are very high (i.e., ≥6) (Table
5-1). However there are several features of the prospective and
case control studies that need to be emphasized. In all reported
studies, there were a significant number of individuals who were
skin test positive to dust mites (or other indoor allergens) but did
not have symptoms. In many countries or areas, dust mites are
the most important source of allergens. In the south, the south-
east, and the west coast of the United States, as well as in New
Zealand, Australia, Japan, and the UK, mites of the genus
Dermatophagoides are dominant. By contrast in areas where dust
mites do not thrive, other allergens are important (e.g., animal
dander in the mountain states of the United States and in
Scandinavia; or cockroach in the apartments of Chicago, Boston,
New York, and Philadelphia). In addition the studies shown in
Table 5-1 illustrate the fact that in most areas sensitization to out-
door pollens is not significantly associated with asthma.
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Sensitization to storage mites (Lepidoglyphus destructor,
Tyrophagus putrescentiae, Acarus siro, and others) is an important
risk factor in occupational asthma in agricultural settings (ATS,
1998). These mites may also play a role in nonoccupational asthma
from exposures in indoor environments in rural and perhaps
other areas, although research characterizing exposure levels and
responses is lacking.

Association with Exposure

Sampling. The measurement of allergen entering the lungs or
even the measurement of dust mite allergen inhaled has proved
very difficult. The essential problem is that the allergen is carried
on particles that behave aerodynamically as if they are 10–25 µm
in diameter. This means that in still air, they remain airborne only
for a few minutes. Thus, all measurements of airborne dust mite
have required artificial disturbance, and it has not proved pos-
sible to standardize disturbance (Sakaguchi et al., 1990b; Tovey et
al., 1981b). Because of this, other measurements of mite allergen
have been used as an index of exposure. The accepted measure-
ment is the concentration of Group 1 mite allergen, which is Der p
I + Der f I in house dust expressed as micrograms per gram of
dust. The immunoassays available use monoclonal antibodies in
a two-site enzyme-linked immunosorbant assay (ELISA). The sig-
nificance of this measurement has been endorsed by three inter-
national workshops (Platts-Mills et al., 1997). While there are
many different ways of obtaining samples, the most widely used
technique is to sample reservoir dust from bedding, bedroom
floors, and the living room with a hand-held vacuum cleaner.

In areas of the world that are humid persistently or for at least
eight months of the year, mites flourish inside houses, and it is
not unusual to find 100 or even 500 mites per gram of dust. This
translates to 2 or 10 µg of Group 1 allergen per gram of dust,
respectively. In areas where most houses (i.e., at least 80%) have
greater than 2 µg of mite allergen per gram of dust, sensitization
to these allergens has consistently been found in a large propor-
tion (45–85%) of children with asthma. In some studies the con-
centration in individual houses has been shown to be an impor-
tant predictor of sensitization (Peat et al., 1996; Sporik et al., 1990).
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In Germany, Kuehr and his colleagues demonstrated that the con-
centration necessary to convert “non-atopic” children to positive
skin tests to dust mite was ~60 µg/g. In the same study, children
who already had a positive skin test to another allergen were at
risk of becoming sensitized with exposures greater than 2 µg/g
(Kuehr et al., 1994). Taken together, the results strongly support a
dose–response relationship between exposure and development
of sensitization, with an approximate threshold of 2 µg/g. This
threshold is a statistical concept representing the concentration at
which exposure to mite allergen becomes a risk for sensitization.
However, there is no sense in which the threshold for mite expo-
sure is comparable to thresholds for airborne toxic gases: (1) high
concentrations of mite allergen are not toxic to nonallergic indi-
viduals; (2) concentrations below this level may cause symptoms
for highly allergic or highly reactive asthmatics; and (3) the mea-
surement is an index of exposure, which may not reveal high lev-
els of exposure elsewhere in the house and has only an indirect
relationship to exposure of the lungs.

Experimental Evidence

The earliest experiments on bronchial provocation confirmed
that allergens inhaled into the lungs could produce an asthmatic
response (Blackley, 1873). With the development of the nebulizer
it became much easier to challenge the lungs. The exposure repre-
sents ~108 droplets with 0.1–10 µg Der p I per milliliter in a 2-
minute challenge giving approximately 0.5 mL inhaled. In aller-
gic individuals this challenge consistently gives rise to an
immediate fall in FEV1 and often produces a late response as well
(Cockcroft et al., 1979). Following a bronchial challenge, eosino-
phils are recruited into the lungs in keeping with the events that
are thought to occur in asthma. These changes can also be pro-
duced by a segmental challenge, and in these experiments the
eosinophils may persist in the lung for up to two weeks after chal-
lenge (Shaver et al., 1997).

The lungs of patients with asthma are characterized by in-
flammation and nonspecific BHR. In several different types of
studies it has been shown that these changes can be reversed un-
der conditions that include reduction of exposure to mite aller-
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gens. Mite allergic children moved from the Netherlands;
Marseille, France; or Verona, Italy to sanatoriums in the Alps have
consistently shown clinical improvement and decreased nonspe-
cific BHR. These sanatoriums have many features that are differ-
ent from the children’s homes, including very low mite allergen
levels (Platts-Mills and de Weck, 1988). Piacentini and his col-
leagues (1996) in Italy have also shown that the children who
spend three months in the Dolomite Mountains have a decrease
in eosinophils and eosinophil products in induced sputum in par-
allel with decreased BHR. With adults, similar data have been
obtained by moving patients from their homes in London to mite-
free hospital rooms. Again, there were many other changes asso-
ciated with the move to mite-free rooms (e.g., no animals, very
low spore counts, increased physical activity as patients felt bet-
ter). However, it is clear that BHR is reversible in many mite-al-
lergic patients.

Conclusions: Asthma Exacerbation and Development

In mite-sensitive asthmatics, continual exposure to mite aller-
gens is a contributing cause of exacerbations and chronic bron-
chial hyperreactivity. The risk of disease, however, is not a func-
tion of either the magnitude of the positive response to skin tests
or the level of IgE antibody measured in serum. Therefore, in sum-
mary:

• There is sufficient evidence of a causal relationship between
dust mite allergen exposure and exacerbations of asthma indi-
viduals specifically sensitized to dust mites. Continual exposure
to dust mite allergens is also a contributing cause of chronic bron-
chial hyperreactivity.

• There is sufficient evidence of a causal relationship between
dust mite allergen exposure and the development of asthma in
susceptible children.

It is very difficult to prove a causal relationship between an
agent that is present in the environment every day and a chronic
disease. Certainly, none of the studies reported here taken on its
own can be considered to prove that dust mite antigens cause
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asthma. However, when all of these studies are taken together the
case becomes compelling. In 1965, Bradford Hill presented the
argument that many different types of study should be consid-
ered together to make a case for causality. He was addressing the
specific case of a dust causing chronic lung disease (Hill, 1965).
When these criteria are applied to the role of dust mites in asthma,
the case becomes very strong (Box 5-1). It is the combination of
association, biological plausibility, provocation experiments, and
the results of avoidance that create the strength of the argument.

Evidence Regarding Exposure Mitigation and Prevention

Distribution of Mites in Houses

Most houses contain at least three of the four requirements
for mite growth: (1) there are multiple sites that can provide a
nest for mites (i.e., carpets, sofas, mattresses, pillows, bedding);
(2) the presence of humans guarantees an abundant food source
in the form of skin scales; (3) in the latter half of the twentieth
century, most houses are kept close to the optimal temperature
for mite growth. For these reasons, the fourth requirement—hu-
midity—is the major and often the only factor that determines
whether a house has high concentrations of mites and mite aller-
gen. In areas where humidity is high for most of the year, mites
will grow well and may be found in almost any fabric including
drapes and clothing, as well as traditional nests. By contrast, in
truly dry areas (e.g., the mountain states [≥5,000 feet elevation]),
and in Chicago in winter, mites cannot grow and houses are gen-
erally devoid of mites (Rosenstreich et al., 1997; Sporik et al.,
1995). It is in areas where humidity is marginal or raised for a
prolonged season that the structural features of a house may make
a large difference in the concentration of mites (see Box 5-2). The
three biggest factors are the position of the living area within a
building; the presence of carpeting on unventilated floors, which
will both trap water leaks and lead to local condensation; and
buildings whose ventilation rates are so low that humidity pro-
duced by the occupants will accumulate even though the outdoor
humidity is not high. The scale of these effects is well illustrated
by the fact that a sample of houses and duplexes in Boston was
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BOX 5-1
Evidence That the Relationship Between Dust Mite

Exposure and Asthma Is Causal

1. The association between sensitization and asthma as
judged by odds ratios (i.e., ≥6) is very strong in:

• population-based studies;
• case-control studies in emergency rooms or clinics; and
• prospective studies.

2. Consistent observations have been made in different popu-
lations:

• United Kingdom, Europe, United States, Australia, Japan,
Hong Kong, etc.; and

• Caucasians, Chinese, African Americans, etc.

3. The relationship is specific, (i.e., mite sensitization is asso-
ciated with asthma and not with any other lung disease).

4. There is a dose–response relationship between exposure
to dust mite allergens and sensitization. However, the quantitative
relationship between exposure and asthma is less clear.

5. Experimental evidence exists to support the relationship:

• Challenge studies—bronchial challenge can produce eosin-
ophil recruitment, bronchospasm, and increased bronchial reactivity.

• Studies in which decreased exposure has been maintained
for six months or more have consistently resulted in decreased
symptoms and decreased BHR.

6. The mechanism proposed is biologically plausible. It is
clearly plausible that persistent exposure of an allergic patient will
give rise to chronic inflammation with consequent bronchial hyper-
reactivity.
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between two and three times more likely to have “high” (in ex-
cess of 10 µg/g) dust mite allergen concentrations than apart-
ments in the same city (Chew et al., 1998).

Strategies to Control Mite Growth According to Climate

Humid Climates (i.e., eight months of the year or more with out-
door air water content of ≥5 g/g). In these climates, controlling
mite growth can be achieved only by air conditioning or reducing
the nests for mite growth. Air conditioning to maintain indoor
relative humidity below 50% requires tight housing and is expen-
sive in terms of energy costs. Controlling or minimizing nests can
be achieved by removing carpets; reducing furniture or using sur-
faces such as leather; and avoiding unnecessary fabrics such as
drapes, soft toys, and excess unenclosed clothing. In these areas
of the country, the normal practices for bedding are effective (e.g.,
covering mattresses and pillows; regular hot [>130ºF or 55ºC]
washing of all bedding).

BOX 5-2
Features of Houses That Can Produce Major Changes in

Mite Growth in “Marginal” Climates

Structural Features
• Ground floor level
• Fitted carpets: especially those laid on unventilated or poorly

ventilated flooring
• Poor ventilation (i.e., rates ≤ 0.3 air change per hour)

Modifiable Features
• Carpets, sofas, etc.
• Excess production of water in the house (e.g., unvented

cooking, humidifiers, overcrowding)
• Water leakage
• Poor cleaning habits

NOTE: Less than 5% of the housing stock has a defined route for
air entry.
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Areas of Moderate or Seasonal Humidity. Many strategies can
be helpful in controlling mite growth in these areas (see Box 5-3).
During dry seasons, simply opening windows for one hour per
day will ensure removal of humidity from the house (Harving et
al., 1994). In addition, moving to an upper-level apartment can
dramatically decrease mite exposure. The simple physical strate-
gies normally advised are effective. In particular, the recommen-
dations for bedding, carpets, and reducing furnishings can all
help. Chemical treatment of a carpet using benzyl benzoate can
be effective in controlling mite growth for a period of months
(Hayden et al., 1992).

Critical issues include the nature of the fabrics used to cover
mattresses and pillows and whether fabrics that breathe but block
passage of mites can prevent colonization of mattresses, pillows,
or furniture (Vaughan et al., 1999).

Dry Areas. Here, control of mites can be achieved simply by en-
suring ventilation on a daily basis. In these areas, only very tight
housing will allow accumulation of humidity within the build-
ing. Thus, this is more likely to be a problem in cold areas where
the temptation to control heat loss may prevent loss of water pro-
duced by the inhabitants of a house. In the Mountain States and
the Southwest, mite growth in houses is unusual.

Conclusions: Exposure Mitigation and Prevention

• There is sufficient evidence of an association between the
use of a combination of the physical measures described above
and a reduction in dust mite allergen levels. As noted, the most
appropriate measures vary according to the type and characteris-
tics of the indoor environment and the prevailing climate.

• There is sufficient evidence of an association between the
use of a combination of the physical measures described above
and an improvement in symptoms or lung function in mite-sensi-
tized asthmatics. These have been shown to be effective at reduc-
ing symptoms in controlled trials and should be part of normal
management of asthma in mite-allergic individuals.

• There is inadequate or insufficient evidence to determine
whether dust mite allergen mitigation strategies have an effect on
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asthma development. Because dust mites cannot survive in dry
environments, living in such conditions does limit the opportu-
nity for sensitization to mite allergens.

Summary

There are many reasons why dust mites of the genus
Dermatophagoides have played such an important role in the evi-
dence about the role of indoor allergens in asthma. These eight-
legged arthropods are invisible to the eye and do not produce any
odor that we can detect. Nonetheless, they grow extremely well
in houses, requiring only humidity and a nest such as bedding,
mattresses, or a carpet. As a result, a large proportion of the popu-
lation is unknowingly exposed to high concentrations of these
highly immunogenic proteins. In keeping with experimental re-
sponses to repeated low-dose antigen, the immune response is
characterized by IgE antibodies. The factors that influence the
development of asthma in allergic individuals are not fully un-
derstood. However, most of the allergens associated with asthma
are perennial and are predominantly indoors. Indoor or peren-
nial exposure characteristically produces symptoms that persist
for much of the day and cannot be related to exposure. Indeed
there is no characteristic history of symptoms that can be used to
identify patients who are allergic to dust mites. It has been sug-
gested that year-round exposure to dust mite allergens, which are
inhaled as a “few” particles per day (i.e., ~100), may be the ideal
way to establish chronic inflammation of the lungs and the asso-
ciated bronchial hyperreactivity, without individuals’ being
aware that they are exposed. Given the evidence that decreasing
exposure can help control the symptoms of an allergic patient,
patients who are allergic should be identified and educated. How-
ever, it is equally important to try to identify the factors that have
led to an increase in the number of individuals who have asthma
associated with immediate hypersensitivity to dust mites. Al-
though this may in part reflect an increased number of allergic
individuals, it appears that much of the rise is due to an increase
in asthma among allergic individuals.
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Research Needs

Although more is known about dust mite allergen and its im-
pact on asthma than most indoor exposures, research remains to
be done. Particularly important is additional work on the effec-
tiveness of specific environmental interventions in limiting
asthma exacerbations and development (rather than simple mea-
surement of allergen levels). Several studies now under way are
evaluating whether aggressive allergen avoidance regimes have
an effect on the subsequent development of asthma (Tovey and
Marks, 1999). The results of such studies will inform the question
of whether primary prevention of dust mite-induced asthma is
possible, although the burdensome nature of such interventions
suggests they may be difficult to implement in many circum-
stances. The development of methods to identify individuals, es-
pecially infants, at high risk would provide the information
needed to focus primary prevention activities. A major issue in
this regard is whether sensitization can occur before birth.

ENDOTOXINS

Endotoxins are components of some bacterial cell walls. They
are released when the bacteria die or when the cell wall is dam-
aged. Endotoxins originally came to the attention of physicians
because of their potential to cause fevers; more recently it has been
established that they can cause airway inflammation and airflow
obstruction at higher exposure levels.

Research on endotoxin exposure and asthma is not as mature
as that for many of the other exposures addressed in this chapter.
Accordingly, this section focuses primarily on the background
biologic information that underlies current research into
endotoxin’s role in the pathogenesis of asthma.

Definition of Agent and Means of Exposure

Agent Definition and Biology

Endotoxin is the substance responsible for certain character-
istic toxic effects of gram-negative bacteria. The toxic compound,
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lipopolysaccharide (LPS), is a structural component of the outer
membrane of these bacteria, the polysaccharide portion of which
represents the antigenic surface (Sonesson et al., 1994). The lipid
portion of the molecule (lipid A) is essential for its characteristic
toxicity. The outer portion of the polysaccharide (O-specific anti-
gen) varies among serotypes of a single bacterial species. The core
polysaccharide and lipid A are conserved within species but vary
in structure and composition between species and to a greater
extent between genera. Variations in lipid A structure are associ-
ated with variations in toxic potency over a wide range, and there
is some evidence for qualitative variations in toxicity. Gram-nega-
tive bacterial endotoxin should not be confused with Bacillus
thuringensis delta endotoxin (Du et al., 1999; Potekhin et al., 1999),
a protein from a gram-positive bacterium that has recently been
genetically engineered into certain crops.

Factors Influencing Exposure

Because gram-negative bacteria are the natural surface flora
for plants and are abundant in soil (Edmonds, 1979), endotoxin is
ubiquitous in the outdoor environment, particularly during the
growing season. High-level exposures to endotoxin occur when
organic dust is generated in agriculture and related industries
such as animal feed production and in cotton mills (Rylander and
Morey, 1982). Recirculating water systems can also be sources of
endotoxin, and high level exposures have been recorded in in-
dustries where machining fluids and recirculated wash water are
used (Milton and Johnson, 1995; Walters et al., 1994). Humidifica-
tion systems are also potentially abundant reservoirs for gram-
negative bacteria and thus for endotoxin (Flaherty et al., 1984;
Rylander et al., 1978). Therefore, even home humidifiers can gen-
erate high levels of endotoxin exposure (Tyndall et al., 1995).

Measurement of endotoxin exposure in homes is usually per-
formed with a Limulus amebocyte lysate assay because this bioas-
say correlates well with endotoxin measured in the rabbit pyro-
gen assay. However, Limulus-based assays are prone to
interference (Milton et al., 1997) and likely underestimate expo-
sures in organic dusts, including house dust, compared to chemi-
cal assay (Saraf et al., 1999). Furthermore, endotoxin in organic
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dust contains a wide variety of lipid A structures, not all of which
are equally reactive in the Limulus-based assay (Saraf et al., 1997).
These compounds may not stimulate significant production of the
inflammatory cytokine interleukin-1 (IL-1), but may be able to
stimulate other effects such as reversing tolerance to certain anti-
gens (Baker et al., 1990, 1992) that may be important in directing
immune responses.

Endotoxin exposures in homes have not been extensively
studied. A doctoral thesis described the association of airborne
endotoxin levels with home characteristics recorded on question-
naires (Park, 1999). The strongest predictors of increased endo-
toxin in living room air were the presence of a dog, signs of mice,
a concrete floor in the living room, and mold or mildew in the
bedroom during the past year. Dehumidifiers were associated
with reduced airborne endotoxin. However, airborne endotoxin
levels in homes were similar to those in outdoor air. The particle
size distribution of endotoxin in ambient and indoor air is not
known. Inhaling typical home air, containing one endotoxin unit
(EU) per cubic meter, for 24 hours (a total daily dose of approxi-
mately 1 EU in a small child and 10 EU in an adult) may be the
source of the low levels of endotoxin present in bronchoalveolar
lavage fluid (0.1 ng/ml) (Dubin et al., 1996).

In addition to endotoxin exposure from environmental
sources, endogenous endotoxin exposure may arise from infec-
tion. It has been suggested that a strong association between peri-
odontal disease and premature birth may be caused by endotoxin
exposure from gram-negative bacteria present in subclinical in-
fections (Damare et al., 1997). While periodontal disease is not
likely a source of endotoxin exposure in children, other infectious
agents common in children, such as Hemophilus sp., may be im-
portant sources of exposure, as may commensal coliforms.

Evidence Regarding Asthma
Exacerbation and Development

Biologic Evidence

It has long been recognized that endotoxin is a potent stimu-
lus for macrophage production of (TNFα), IL-1, and a variety of
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other cytokines; arachidonic and linoleic acid metabolites, and
reactive oxygen species (Rietschel and Brade, 1992). The recep-
tors responsible for binding endotoxin and triggering responses
are still in the process of being described. The pathway for endo-
toxin binding and cell activation includes an opsonin, LPS bind-
ing protein (LBP), which presents LPS to CD14 (Wright et al.,
1990). After binding LPS–LBP complexes, membrane-bound
CD14, attached to myeloid cells via a glycosylphosphatidyl–inosi-
tol (GPI) anchor, activates myeloid cells and soluble CD14 acti-
vates nonmyeloid (endothelial or epithelial) cells (Pugin et al.,
1993). The signal is apparently transduced via the human toll-like
receptors TLR4 and TLR2 in myeloid and nonmyeloid cells, re-
spectively (Chow et al., 1999; Kirschning et al., 1998; Ulevitch,
1999; Wright, 1999; Yang et al., 1998). There may also be a role in
signaling for heterotrimeric G proteins associated with the GPI
anchors for CD14 (Solomon et al., 1998).

CD14 and the toll-like receptors are pattern receptors and are
also involved in the recognition of peptidoglycan and lipoteichoic
acid, and other microbial products (Cleveland et al., 1996;
Dziarski et al., 1998; Schwandner et al., 1999). However, opson-
ization by LBP appears to confer approximately a hundredfold
greater sensitivity to LPS compared with peptidoglycan or
lipoteichoic acid (Kirschning et al., 1998; Schwandner et al., 1999;
Sugawara et al., 1999).

The monocyte lineage, including macrophages and dendritic
cells, has abundant membrane-bound CD14 and exhibits sensi-
tive and prolific responses to endotoxin. Cytokines produced in-
clude IL-1, 6, 8, 10, 12; TNFα, INF-β, TGF-β; MIP-1α; CSF-1; and
GM-CSF. Expression of MHC-II and B7.1 are also upregulated
(Medzhitov et al., 1997; Santiago-Schwarz et al., 1989;
Weatherstone and Rich, 1989). LPS also is a B cell mitogen and
promotes isotype switching from IgM to IgE in the presence of IL-
4 (Snapper et al., 1991). Thus, endotoxin not only serves as a po-
tent stimulus to innate immune responses but also serves as a
stimulus and bridge to cognitive immunity.

The gene for CD14 maps to chromosome 5q31.1, a candidate
region for loci regulating IgE expression. Baldini and colleagues
(1999) observed that a C to T transposition in the promoter region
of CD14 (bp-159) was associated, in TT homozygotes, with sig-
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nificantly higher sCD14 levels. Among white children with posi-
tive skin tests to local antigens, TT homozygotes had lower total
IgE levels. Among those with any positive skin test, the TT ho-
mozygotes had significantly fewer positive tests.

Much experimentation suggests that the net effect of endo-
toxin exposure is to promote TH1-type immune responses such
as those typically seen in bacterial infections (Baldini et al., 1999;
Fearon and Locksley, 1996) (see also Chapter 4). However, endo-
toxin is noted for the peculiar patterns of response to repeated
exposures known as the Schwartzman phenomenon and endo-
toxin tolerance, for which cellular mechanisms have been de-
scribed (Berg et al., 1995; Bohuslav et al., 1998). It is clear from
mechanistic studies of repeated exposure that endotoxin stimula-
tion of production of IL-10, which suppressed the TH1 response,
is at least as important a phenomenon as stimulation of IL-12,
which enhances this response. Furthermore, much of the data in-
dicating that endotoxin promotes TH1 responses, except Baldini
et al. (1999), come from single-exposure in vitro studies. Human
data on TH1/TH2 responses to endotoxin and studies of repeated
experimental exposure in vivo are sparse. Two studies suggest
that under at least certain circumstances, endotoxin promotes
TH2 immune responses. A study of human volunteers injected
with 4 ng/kg of endotoxin (Zimmer et al., 1996) demonstrated
that IL-12 levels were unchanged following injection but IL-10
levels increased, suggesting that systemic endotoxin exposure
promoted a TH2 immune response. A mouse model for periodon-
tal disease, produced by repeatedly injecting LPS at 48-hour in-
tervals, found that after the first several injections, gingival T cells
were primarily of the TH1 subgroup, based on in situ hybridiza-
tion. However, after 10 injections, T cell subgroups changed from
a TH1 to a TH2 predominance (Iwasaki et al., 1998). Thus, chronic
exposure may produce qualitatively different responses from a
single acute exposure. The route of exposure as well as dose rate
may be important factors, so that the net effect on development of
immune responses following chronic low-level, airborne endo-
toxin exposure may be difficult to predict.
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Epidemiologic Evidence

Several laboratory and cross-sectional epidemiologic studies
suggest that asthmatics may be sensitive to the proinflammatory
effects of endotoxin at lower levels of exposure than non-
asthmatics. After endotoxin exposure, increased bronchial respon-
siveness to histamine challenge was observed among asthmatics,
but not among nonasthmatic adults (Michel et al., 1989). In a
cross-sectional study of asthmatic adults, the endotoxin content
of house dust was associated with increased asthma severity
(Michel et al., 1996).

High levels of endotoxin in agriculture and industry are asso-
ciated with both acute and chronic effects on respiratory symp-
toms and lung function, regardless of preexisting lung disease.
The increasing body of epidemiologic evidence for respiratory ef-
fects of occupational exposure to endotoxin at 10 or more times
the ambient outdoor levels has been reviewed by Douwes and
Heederik (1997) and Milton (1999). One occupational study sug-
gested that the chronic airways disease associated with daily ex-
posure to high levels of endotoxin is characterized by an increased
peak flow amplitude and thus may represent a form of asthma
(Milton et al., 1996). However, except for the use of contaminated
humidifiers, most homes have airborne endotoxin levels similar
to those found in ambient urban and suburban air. Thus, it is not
clear what effect if any exposure at these levels can have on per-
sons who do not already possess inflamed airways with increased
LBP and sCD14.

If endotoxin influences the development of the asthmatic in-
flammatory response, it is unclear whether the influence will be
as a risk factor or a protective factor; basic laboratory research
(see above) suggests that either is possible. Both German and
Swiss studies suggest associations between living on a farm and
decreased risk of asthma (Braun-Fahrlander, 1999; von Mutius,
1994). The authors suggest that exposure to endotoxin early in
life may be protective against asthma development and that there
may be a gene-by-environment interaction in creating tolerance.
At this time there are no data on home endotoxin exposure and
the risk of asthma development in children.
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Conclusions: Asthma Exacerbation and Development

Endotoxin is associated with occupational lung disease
among workers exposed to high levels. Although endotoxin is
suspected at lower levels to be a trigger for asthma, and may be
either a disease promoter or a beneficial exposure depending on
time course, dose, and route of exposure, there are too few data
on low-level exposures to draw any firm conclusions at this time.
Therefore, the committee concludes:

• There is inadequate or insufficient information to deter-
mine whether or not an association exists between low-level in-
door endotoxin exposure and asthma exacerbation or develop-
ment.

Evidence Regarding Exposure Mitigation and Prevention

There are few data on sources in the home environment and
none on the effects of interventions aimed at altering domestic
endotoxin exposure. However, experimental data do exist to dem-
onstrate that cool mist (spinning disk and ultrasonic) humidifiers
can emit very high levels of endotoxin aerosol, that filtration of
the mist is not effective, and that warm mist or steam humidifiers
do not emit aerosols of endotoxin or other pathogenic organisms
(Tyndall et al., 1995). Attempts to prevent microbial contamina-
tion of cool mist humidifiers with antifouling agents have not
been successful to date (Burge et al., 1980). Thus, prevention of
high-level endotoxin exposure from humidifiers would appear to
be best accomplished by elimination of cool mist units. However,
the impact of these units on the severity and occurrence of asthma
is not known. In summary:

• There is inadequate or insufficient evidence to determine
whether or not an association exists between endotoxin interven-
tions and reduction of endotoxin levels.

Conclusions: Exposure Mitigation and Prevention

No general conclusions about the means of altering exposure
to low levels of endotoxin can be drawn at the present time. How-
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ever, avoiding the use of cool mist humidifiers would appear to
be a simple and effective means of eliminating the risk of high-
level exposure to endotoxin at home as well as to organisms asso-
ciated with hypersensitivity pneumonitis (Burke et al., 1977;
Ganier et al., 1980; Seabury et al., 1976; Suda et al., 1995).

Research Needs

Given the significant body of data on the exquisite sensitivity
of the innate immune system to small quantities of endotoxin, the
hypotheses that domestic endotoxin exposure may influence the
development of the immature immune system or affect the sever-
ity of asthma warrant further investigation.

This review suggests several avenues of research directed at
understanding the role of endotoxin exposure and endotoxin sus-
ceptibility in the pathogenesis of asthma. These include studies of
gene–environment interactions and the risk of developing atopy
or asthma, preferably with prospective assessment of endotoxin
exposure from birth, improved endotoxin exposure assessment
across populations likely to have significant differences in expo-
sure, and studies of endotoxin exposure and asthma severity.

Gene–environment interactions between the CD14 polymor-
phism and endotoxin exposure should take into account that
CD14 is a pattern receptor and thus not specific for LPS–LBP com-
plexes. Thus, future studies should include an assessment of ex-
posure to other bacterial products that stimulate innate immunity
via CD14 such as peptidoglycan. Prospective studies will be re-
quired to determine whether endotoxin exposure early in life
plays a role in determining the direction of immune system de-
velopment. Studies that can compare populations with possibly
larger variations in exposure to endotoxin and other components
of organic dusts than can be found within an urban or suburban
area would likely have increased power to detect the effects of
endotoxin exposure. Because the CD14 polymorphism is associ-
ated with atopy, a focus on specific and nonspecific IgE and TH
phenotypes will likely be the most important variables for these
studies.

Given that the Limulus bioassay has limitations and that “un-
usual” lipid A structures dominate the composition of house and
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other organic dusts, additional exposure assessment methods that
can detect the range of environmental LPS should be employed
along with Limulus assays in future studies. The possibility that
endogenous sources of endotoxin exposure may be important in
modulating the level of tolerance to environmental exposure (or
vice versa) should also be examined.

FUNGI

Definition of Agent and Means of Exposure

Introduction

There are more than 1,000,000 species of fungi, 200 different
types to which people are routinely exposed. Exposure occurs
universally, both outdoors and indoors, and is impossible to avoid
completely. Fungal exposure (even to one type of fungus) is com-
plex with respect to disease agents and usually includes allergens,
irritants, toxins, and sometimes potentially infectious units.

These factors have led to confusion, poorly constructed stud-
ies on the role of fungi especially in the area of allergic disease,
inconclusive results, and avoidance of the field by the best inves-
tigators. However, clearly and unequivocally, fungal exposure
does cause allergic, toxic, and infectious disease, and it remains
only to document the extent of the problem, factors leading to
disease, and approaches for control.

Fungi may play a role in asthma in several ways. The most
obvious of these is via fungal allergen exposure that leads to sen-
sitization, perhaps leads to the development of asthma, and exac-
erbates symptoms in sensitized people. Fungi also contain and
release irritants that may enhance the potential for sensitization,
potentiate allergen-induced symptoms, and (possibly) exacerbate
asthma in nonsensitized people. Finally, fungal toxins could play
a role in modulating the immune response and may cause direct
lung damage leading to pulmonary diseases other than asthma.

Definition of Agents

Nature of Fungi Fungi are eukaryotic organisms characterized
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primarily by their filamentous morphology and saprobic life-
style. Fungal cells are bounded by rigid cell walls that are usually
composed of chitin fibrils embedded in a matrix of (1→3) β-D-
glucans and/or mannans. Cell walls may be coated externally
with waxes or hydrophilic extracellular polysaccharides that
carry various levels of antigenic specificity. To digest food, fungi
excrete enzymes into the environment initially as probes to evalu-
ate food availability, then to digest complex carbon compounds.
These enzymes are some of the major fungal allergens. While pro-
cessing organic material, the fungi produce many ancillary me-
tabolites, some of which are highly toxic (antibiotics, mycotox-
ins). These compounds may accumulate in the fungal body, in
spores, and in the environment. The primary mode of fungal re-
production is by airborne spores, which form a major fraction of
both the outdoor and the indoor large-particle aerosol. Fungi also
colonize manmade environments, releasing both spores and
metabolic materials.

Fungal Allergens Fungi produce an enormous array of com-
pounds that are potentially allergenic. Each fungus produces
many different allergens of a range of potency. Table 5-2 lists the
major defined allergens isolated from fungi. Others have been
identified, but they are generally “minor” (i.e., few patients react
to them). Many others remain to be identified.

Sources and Variability Fungal allergen production varies by
isolate (strain), species, and genera (Burge et al., 1989). Different
allergen amounts and profiles are contained within spores, myce-
lium, and culture medium (Cruz et al., 1997; Fadel et al., 1992). In
addition, substrate (growth) medium strongly influences the
amount and patterns of allergen production. For example, the al-
lergen content of Alternaria spores produced on ceiling tiles prob-
ably differs from that of spores produced on dead grass. Fungi
release proteases during germination and growth, and fungal ex-
tracts contain sufficient protease to denature other allergens in
mixtures. This has been demonstrated clearly for Alternaria ex-
tracts (Nelson HS et al., 1996).

Cross-Reactivity Patterns Patterns of cross-reactivity among
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TABLE 5-2 Major Defined Allergens Isolated from Fungi

Major Nature of
Fungus Allergen Allergen(s) Reference

Aspergillus fumigatus Asp f I 18 kD; mitogillin Arruda et al., 1990
Asp f III Peroxisomal Crameri, 1998

membrane protein
Aspergillus oryzae Alkaline serine Shen et al., 1998

protease
Alternaria alternata Alt a I Yunginger et al., 1980

Alt a II Sanchez and Bush, 1994
Cladosporium herbarum Cla h I 13-kD glycoprotein Aukrust and Borch, 1979

Penicillium citrinum 33-kD protein Shen et al., 1997
Penicillium chrysogenum 68-kD protein Shen et al., 1995
Trichophyton tonsurans Tri t I 30-kD protein Deuell et al., 1991
Malassezia furfur Mal f I 36-kD protein Schmidt et al., 1997
Psilocybe cubensis Psi c II 23-kD protein; Horner et al., 1995

cyclophilin

fungal allergens have been examined using in vitro methods in
which inhibition of heterologous assays is assumed to indicate
cross-reactivity (although nonspecific assay inhibition must be
ruled out). RAST is the most often used assay (O’Neil et al., 1990),
although allergens derived from many genera of fungi have also
been shown to cross-react using IgE immunoblot techniques
(Verma et al., 1995). In addition, cross-reactivity has also been in-
ferred from patterns of skin reactivity to fungal extracts. Although
this latter case could result from cross-reactivity, it could also hap-
pen with multiple exposures leading to (separate) multiple sensi-
tizations (O’Neil et al., 1990). Unfortunately, data on fungal aller-
gen cross-reactivity are inconsistent and appear to depend on the
specific strains used and on methods of allergen extraction.

Other Fungal Agents Exposure to some kinds of fungal spores
induces inflammatory changes in the lung independent of allergy
or sensitization (Rao, 1999; Shahan et al., 1998). MIP-2, lactase de-
hydrogenase, and myeloperoxidase are released in response to
fungal exposure, and blood cell patterns change. These effects are
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dependent on the type of fungus and on the concentration of
spores administered. The role these processes might play in the
development or exacerbation of asthma remains unknown.

Glucans Fungal cell walls are composed of acetylglucosamine
polymer (chitin) fibrils embedded in a matrix of glucose poly-
mers ((1→3) β-D-glucans). The glucans may be chemically bound
to the chitin or may form a soluble matrix (Sietsma and Wessels,
1981). Potent T cell adjuvants, the (1→3) β-D-glucans have been
investigated as antitumor agents (Kiho et al., 1991; Kitamura et
al., 1994; Kraus and Franz, 1991). They increase resistance to gram-
negative bacterial infection by stimulating macrophages and af-
fecting the release of TNFα mediated by endotoxin (Adachi et al.,
1994a, 1994b; Brattgjerd et al., 1994; Saito et al., 1992; Sakurai et
al., 1994; Zhang and Petty, 1994). Soluble glucans have an effect in
the lung similar to that of endotoxin (Fogelmark et al., 1994).
Glucans may be involved in the development of fungal-induced
hypersensitivity pneumonitis by affecting the inflammation-regu-
lating capacity of airway macrophages. They also probably play a
role in organic dust toxic syndrome in workers exposed to dust
that includes high concentrations of fungal spores. The possible
role of glucans in the development and/or exacerbation of asthma
has not been studied.

Mycotoxins Most mycotoxins are cytotoxic and interfere with
protein synthesis, causing cell lysis and death. Some mycotoxins
are potent carcinogens, and a few affect cell division (cytochala-
sins) or are estrogenic (zearalenone) or vasoactive (ergot alka-
loids). Some cross the blood–brain barrier and affect the central
nervous system. Some mycotoxins selectively kill macrophages
(Gerberick et al., 1984; Jakab et al., 1994; Nikulin et al., 1996, 1997;
Richard and Thurston, 1975; Sorenson and Simpson, 1986;
Sorenson et al., 1985, 1986). A toxin produced by Aspergillus
fumigatus inhibits macrophage functioning and may play a role in
allergic bronchopulmonary aspergillosis (ABPA) by facilitating
colonization of the airways of asthmatics (Amitani et al., 1995;
Murayama et al., 1996). Gliotoxin, another A. fumigatus toxin,
causes fragmentation of DNA, especially in thymocytes, and may
facilitate tissue invasion leading to aspergillosis in immunosup-
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pressed patients (Sutton et al., 1996; Waring and Beaver, 1996;
Waring et al., 1997). Some fungal components directly cause the
release of mediators of inflammation, including cytokines, reac-
tive oxygen metabolites, and chemotactic factors (Shahan et al.,
1998). The role of mycotoxins in the development and exacerba-
tion of asthma has not been studied.

Means of Exposure

Measurement of Fungal Exposure Visual observation is the
most frequently used approach to estimate potential for fungal
exposure, with observational data often obtained from occupant
questionnaires (e.g., Brunekreef et al., 1989). Observational data
are limited by the fact that fungi are microscopic and are not vis-
ible until growth is extensive. Culture of air or dust samples is
also often used indoors (e.g., ACGIH, 1999; Burge and Solomon,
1987; Su et al., 1992; Verhoeff et al., 1992). Since the presence of
allergens does not always depend on culturability, this type of
measure is likely to underestimate actual allergen exposure, as
well as (possibly) confounding results with high levels of
nonallergenic types. Microscopic identification and counting of
spores from air samples (e.g., Delfino et al., 1997) represent the
usual approach for outdoor samples and constitute the only cur-
rently available method that assesses nonculturable spores. The
method is limited by the relatively few species that can be identi-
fied and the time commitment required for analysis. Although a
few assays are available, no epidemiological studies have
emerged that use fungal allergen measures of exposure. Other
methods have been proposed that evaluate total fungal biomass
(ergosterol, glucan assays) or that identify the presence of specific
fungi (PCR techniques). None of these has been used in studies of
asthma.

Factors Influencing Exposure

Nature of the Particles Spore walls may be hydrophobic with a
waxy outer coat, or hydrophilic with an outer surface of water-
soluble polysaccharides. Most fungi release single spores that
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range in size from 2 to 10 µm. Some spores can exceed 100 µm in
length, although aerodynamic diameters are usually much
smaller. Some spores are released as chains or clumps. Cladospo-
rium spores are frequently encountered as large branching chains,
as well as individual spores, so that particle sizes of Cladosporium
units can range from near 1 µm to many hundreds of microme-
ters in diameter. However, air sampling with particle size-sepa-
rating cascade impactors indicates that most fungal spores are <5
µm in aerodynamic diameter. Fungal hyphae also become air-
borne with disturbances such as high winds. Studies are not avail-
able that document the natural presence (or absence) of fungal
allergens on particles other than intact fungal spores.

Studies of Fungal Aerosol Release Fungal aerosols may be pro-
duced through intrinsic spore discharge mechanisms or mechani-
cal agitation (Ingold, 1971). Most indoor release relies on active
disturbance. Few studies document actual types and intensities
of mechanical disturbance necessary to release spores from sur-
face growth. At least for some types, strong agitation or even di-
rect abrasion is necessary (e.g., Stachybotrys chartarum), whereas
for others, air movement such as that produced by a fan may be
sufficient (Madelin and Johnson, 1992).

Outdoor Exposure to Fungi Many studies document the
almost continuous presence of fungal spores in outdoor air, and
the factors affecting prevalence for different types (e.g., AAAAI,
1998; Cross, 1997; Li and Kendrick, 1995; Munuera et al., 1998;
Takahashi, 1997). Fungal spores are always present in outdoor air,
although levels can be very low during periods of snow cover
(Cross, 1997). Patterns of prevalence depend on seasonal and cli-
matic factors, geography, and to some extent, human activity, es-
pecially that associated with agriculture. Because fungi are con-
tinuously present outdoors, often in concentrations far higher
than those indoors, it is difficult to rule out outdoor exposure as
the primary determinant of sensitization and symptoms. It is also
difficult to document the presence of indoor growth using air
sampling.
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How Does the Indoor Environment Affect or Influence
Exposure?

Penetration of Outdoor Aerosols Fungal particles probably
penetrate indoor environments following the same physical prin-
ciples as other types of particles. Published studies that compare
indoor–outdoor relationships for fungi have not clearly addressed
the relative contribution of the outdoor aerosol. Although out-
door fungal spores readily enter through open windows, few pen-
etrate into closed environments (e.g., buildings and automobiles)
(Muilenberg et al., 1991; Solomon et al., 1980).

Indoor Sources Fungi are always present in dust and on sur-
faces. Fungal growth occurs only in the presence of moisture.
Food materials and temperature affect the amount of water re-
quired, as does the strain of fungus. Several reports present data
on laboratory conditions that lead to fungal growth on building
materials (Chang et al., 1996; Grant et al., 1989). With relatively
concentrated inocula, some xerophilic fungi increase at relatively
low substrate water activities. However, extensive growth was
reported only at humidities near 100%, and most fungi require
very wet conditions (near saturation), lasting for many days, to
extensively colonize an environment. Human habits may affect
the numbers and types of active fungal sources in buildings.
Poorly maintained water-based appliances (e.g., humidifiers, va-
porizers) harbor and release fungi. Wood stored indoors contains
many fungi, although exposure from this source has not been
studied. Moldy food is an obvious source, and indoor recoveries
from air may be dominated by these small sources if recently dis-
turbed.

Evidence Regarding Asthma
Exacerbation and Development

Sensitization to Fungal Allergens

Exposure to fungi clearly plays a role in asthma. Good-qual-
ity studies have been reported that document the sensitizing po-
tential of fungal allergens and relate fungal sensitization to the
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existence of asthma. Challenge studies have documented asth-
matic responses in sensitized patients, and several studies have
begun to make the connection between natural exposure and
symptom development.

Prevalence of Sensitization

It has been estimated that about 6–10% of the population and
15–50% of atopics are sensitized to fungal allergens (Table 5-3). In
studies where Alternaria extracts were used alone (i.e., not in a
mixture), overall rates for allergy patients range from 3 to 36%
and for asthmatics, 7 to 39%.

Skin test surveys most often focus on broad panels of aller-
gens, with fungi included either as a single representative extract
(usually Alternaria), two or three extracts, or mixtures of several
different fungi. However, Galant et al. (1998), in a survey of Cali-
fornia allergy patients, revealed that nine different fungal extracts
were necessary to detect 90% of mold allergy patients. Interest-
ingly, most studies that focus specifically on fungal sensitivity
also use only a few extracts, with Alternaria again being the domi-
nant type. One study (Szantho et al., 1992) suggests that the
prevalence of sensitivity to fungi is increasing and attributes the
increase to an increase in concentrations of outdoor fungi due to
growth on pollution-weakened plants. However, no monitoring
data support this hypothesis. Fungal skin sensitivity rates in-
crease with age (Erel et al., 1998). Production of IgG antibodies as
a result of allergen exposure may block the skin test response
even in patients clearly experiencing symptoms with exposure
(Witteman et al., 1996). Fungal allergens can produce a strong
IgG response, possibly making reported incidences of skin reac-
tivity underestimates.

Fungal Sensitization and Asthma

In a population of adults in Sweden, sensitivity to Cladospo-
rium or Alternaria (but not dust mites) was associated with a cur-
rent asthma odds ratio (OR) of 3.4 (1.4–8.5) (Norbäck et al., 1999).
In an Arizona population, responses to A. alternata were the most
frequent among asthmatic children, and a positive Alternaria skin

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

166 CLEARING THE AIR

TABLE 5-3 Immediate Skin Reactivity to Fungi

Geography Population N

Israel Random adults 395

Isle of Wight All children born 1989–1990 981

Saudi Arabia Atopic Americans 1,159

California Allergy patients 141

Spain 7- to 68-year-old allergy patients 171

Switzerland <12-year-old allergy outpatients 1,207

Midwest Allergic rhinitis referrals 100

Turkey Allergy patients 614

Denmark Allergy patients 292

Italy Allergic children 253

New Orleans Adult allergy patients 150

Italy Italians with respiratory symptoms 2,942

United States Asthmatic inner city children 500

Taiwan Asthmatic children (5–15 years) 195

Hungary Extrinsic asthmatic children 700

Japan Asthmatic children (3–18 years) 94

Thailand Asthmatic children 100
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Fungi Prevalence (%) Author

Mold (Aspergillus, Penicillium, 10.9 Katz et al., 1999
Alternaria, Cladosporium)

Alternaria, Cladosporium 6 Tariq et al., 1996

Alternaria 36 Suliaman et al., 1997

Molds 11–22 Galant et al., 1998

A. alternata 14.5 Sastre et al., 1996

Boletus, Coprinus, Pleurotus 1 Helbling et al., 1998

Mold (Alternaria, 44 Corey et al., 1997
Helminthosporium,
Aspergillus, Candida,
Curvularia)

A. fumigatus 26 Guneser et al., 1994

A. iridis 3.1 Frost, 1988
C. herbarum 0.7

Alternaria 9.48 only: 3.55 Angrisano et al., 1987

Basidiomycetes 32 Lehrer et al., 1986
Cladosporium, 6
Alternaria, 13
“Fungi” 58

Alternaria 10.4–29.3 Corsico et al., 1998

Alternaria, Penicillium 39 Eggleston et al., 1998
(combined: 41)

Alternaria 24.4 Wang and Chen, 1992

Mold (Alternaria, Phoma betae, 1977: 10 Szantho et al., 1992
Aspergillus, Cladosporium) 1985: 30.4

1987–1988: 38.5

Aspergillus (restrictus) 8.5 Sakamoto et al., 1990
A. fumigatus 8.5
A. alternata 16.0

Alternaria 7 Kongpanichkul et al., 1997
Cladosporium 7
Penicillium 3
Aspergillus 2
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test was the only independent association with asthma (Halonen
et al., 1997). In a University of Virginia study, Alternaria sensitiv-
ity was also a significant independent risk factor for asthma in
school children in Charlottesville, Virginia, and Los Alamos, New
Mexico, but not in Albemarle County, Virginia (Perzanowski et
al., 1998). Of the 1,218 children born on the Isle of Wight, 6% of
the 918 4-year-old children tested had positive skin tests to Alter-
naria and/or Cladosporium. In these 61 children, a positive test to
Alternaria was associated with a diagnosis of asthma (Tariq et al.,
1996). In Costa Rica, where the prevalence of childhood asthma is
20–30%, dust mite, cat, Alternaria, and Cladosporium-specific IgEs
predict asthma (Soto-Quiros et al., 1998). A case-control study in
Denver (acute asthmatics 3–16 years old) versus matched con-
trols used RAST to document specific IgE levels: 45% of asthmat-
ics versus 4% of controls had high IgE to Alternaria (Nelson RP et
al., 1996). In a large (6,394 children) questionnaire-based study,
Peat et al. (1995) reveal that among asthmatic children, Alternaria
sensitivity rates are higher inland in New South Wales, but in the
damp coastal climate, sensitivity to dust mites is most prevalent.
In 4,295 6- to 25-year-olds in the second National Health and Nu-
trition Examination Survey (NHANES II) cohort, asthma was as-
sociated with sensitivity to dust mite (OR = 2.9 [1.7–5]); and Alter-
naria (OR = 5.1 [2.9–8.9]) (Gergen and Turkeltaub, 1992).
Retrospective investigation of asthma deaths in teenagers re-
vealed that a large majority had positive skin tests to Alternaria,
and the authors concluded that sensitivity to Alternaria is a risk
for severe asthma and death from an attack (O’Hollaren et al.,
1991). (The authors concluded that exposure to Alternaria is a risk
factor, although they did not measure exposure.) Many studies
focusing on asthma ignore fungi completely (e.g., Gottlieb et al.,
1996).

Immunotherapy Data

Further evidence for the role of fungal sensitization in symp-
tomatic asthma is provided in immunotherapy data. Bousquet
and Michel (1994) have reviewed the overall literature on immu-
notherapy. The literature on mold immunotherapy has been re-
viewed by Dhillon (1991) and Bonifazi (1994). Immunotherapy
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with partially characterized and standardized A. alternata aller-
gens in a small case-control study has been shown to decrease
asthma symptoms overall and during challenge with relevant al-
lergens (Cantani et al., 1988; Horst et al., 1990). In both of these
studies, children who were sensitive only to Alternaria (by skin
prick test) were treated. Dreborg et al. (1986) selected 30 children
who were skin test, RAST, and provocation positive to Cladospo-
rium. Most had other sensitivities as well. He treated 16 of these
children; the remaining 14 served as controls. Although symptom
scores remained similar for the two groups (probably because of
multiple sensitivities), nasal and bronchial challenge responses
and medication usage were significantly lower in the treated ver-
sus the control group.

Of the 16 children treated in the Dreborg (1986) study, 13 ex-
perienced general reactions during treatment. Kaad and
Ostergaard (1982) report that 19% of 38 children treated with fun-
gal extracts had to be withdrawn from immunotherapy because
of apparent type III reactions. All had slightly elevated IgG (pre-
cipitating antibodies) to the relevant extracts before hyposensiti-
zation was begun and developed increased titers during therapy.

Overall, carefully controlled studies of mold immunotherapy
show good effect. Negative studies are small, with too few pa-
tients and nonstandardized allergens. These data support the no-
tion that there is a relationship between fungal allergen sensitiza-
tion and symptoms of asthma. However, there are too few studies
to confirm that mold immunotherapy is an effective public health
intervention.

Fungal Exposure and Asthma

Challenge Experiments Challenge tests with Stemphylium in
children with positive skin and RAST tests to Stemphylium extracts
resulted in bronchial responses in 13 of 59 children (12 others had
nasal responses) (Lelong et al., 1986). Malling (1986) used posi-
tive bronchial challenge in adult asthmatics with Cladosporium as
a patient selection criterion for his studies on relationships be-
tween natural exposure and symptoms. Licorish et al. (1985) re-
produced symptoms of asthma with Penicillium spore challenges.
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Measured Natural Exposure

Outdoors Neas and colleagues (1996) associated pulmonary
function changes in Pennsylvania school children with measured
outdoor concentrations of several kinds of fungal spores. Peak
flows, symptoms and time spent outdoors were recorded daily,
and 24-hour average outdoor spore concentrations were mea-
sured using a Burkard spore trap. Changes in morning peak flow
of –1 liter/min (CI –1.9 to 0.2) were associated with increments of
10,000 Cladosporium spores in unselected school children. Like-
wise, increases of 50 Epicoccum spores was associated with decre-
ments in morning peak flows of 1.5 liter/min (CI –2.8 to –0.2).
Epicoccum exposure was also associated with incidence of morn-
ing cough (OR = 1.8, CI = 1.0–3.2). Delfino et al. (1997) report
associations between asthma severity (symptom scores and peak
expiratory flow rates) and exposure to outdoor fungal spores
measured with a spore trap. Symptoms were associated with to-
tal fungal spore increases of 4,000 spores per cubic meter, with a
decrease in evening peak flow of 12 L per minute. Analysis of
specific fungal genera increased the associations. The most im-
portant fungal correlates were Alternaria, basidiospores, and hy-
phal fragments. Malling (1986) related daily symptom scores to
Cladosporium counts during the autumn mold season. He studied
24 adult asthmatics with positive provocation tests to Cladospo-
rium extracts. Significant associations with spore counts were
found for symptom scores and medication use. Although some
patients were also sensitive to Alternaria, Alternaria counts did not
relate to health outcomes in this population.

Indoors Su et al. (1992) describe relationships between indoor
measured levels of culturable Aspergillus and asthma in Topeka,
Kansas schoolchildren. They used culture plate impactors to col-
lect short “grab” samples in homes of children recruited through
the public schools. The relationship between Aspergillus and
asthma symptoms was non-linear, possibly reflecting the differ-
ent species of Aspergillus that are common in indoor environ-
ments. Garrett et al. (1998) report associations between measured
concentrations of fungal spores (counted) and culturable fungi,
observed indicators of dampness and molds, fungal sensitivity,
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and respiratory symptoms. Eighty households with 148 children
(36% asthmatic) were sampled 6 times for airborne fungi. Penicil-
lium exposure was associated with asthma, and Aspergillus expo-
sure with atopy. Cladosporium and Penicillium exposure were as-
sociated with the presence of fungal allergy. No associations were
seen for total fungal counts. Exposure measures to specific fungi
showed a stronger association with symptoms than did damp-
ness indicators.

Other studies of indoor fungi and asthma report comparisons
between fungal levels in homes of asthmatics compared to homes
of control subjects. Li and Hsu (1997) compared culturable fungi
in homes of 46 asthmatic children, 20 atopic (presumably non-
asthmatic) children, and 26 nonatopic controls. Although fungal
concentrations were highest in the asthmatic and control homes,
Cladosporium concentrations were higher in asthma homes than
in control homes. In a study by Horak et al. (1996), Bacillus, As-
pergillus, and total fungal concentrations were higher in homes of
asthmatics than in control homes. These kinds of studies are com-
promised by the fact that families of asthmatic children often take
measures to reduce exposure to allergens.

Visible Mold, Odors, and Dampness

The majority of studies that attempt to associate fungal expo-
sure and asthma rely on reports of visible mold or other damp-
ness indicators. Dampness is clearly associated with a variety of
respiratory symptoms.

In addition, Williamson et al. (1997) report a correlation be-
tween mold growth indicators and asthma (196 age- and sex-
matched subjects); r = 0.23, p < .035). These researchers also iden-
tified a relationship between severity of asthma and total
dampness (r = 0.3, p = .006), and mold growth (r = 0.23, p = .35). A
reduction in FEV1 of 10.6% (CI 1.0–20.3) was associated with liv-
ing in a damp home.

Dampness and even visible mold growth could be indicators
for dust mite allergen exposure as well as fungal exposure. How-
ever, Garrett et al. (1998) report that homes with musty odor, wa-
ter intrusion, high humidity, limited ventilation, and visible mold
growth had higher fungal spore concentrations than dry homes.
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Visible mold was associated with high concentrations of Cladospo-
rium spores, but not total spores. Pasanen et al. (1992) report that
airborne Cladosporium and yeast counts were significantly higher
in damp than in dry residences. Cladosporium, in particular, ap-
peared to be derived from indoor sources. Nicolai et al. (1998)
report that the relationship between dampness and bronchial hy-
perreactivity in adolescents in Munich remains when controlled
for dust mite allergen exposure, providing indirect evidence for a
possible role of fungi.

Conclusions: Asthma Exacerbation and Development

The extent of fungal-related asthma remains unknown, and
the exposure parameters leading to fungal-related asthma devel-
opment or exacerbation are not clear. This is due (in part) to inad-
equate diagnostic and environmental testing procedures and lack
of adequate study. Sensitization (i.e., positive skin test) to fungal
allergens is associated with the presence of asthma in both chil-
dren and adults. Although the evidence regarding asthma devel-
opment is provocative, it is inclusive. In summary:

• There is sufficient evidence of an association between fun-
gal exposure and symptom exacerbation in sensitized asthmatics.
Exposure may also be related to nonspecific chest symptoms.

• There is inadequate or insufficient evidence to determine
whether or not there is an association between fungal exposure
and the development of asthma.

Evidence and Conclusions:
Exposure Mitigation and Prevention

As with any relatively large-particle aerosol, fungal spores can
be prevented from entering enclosed spaces. However, the health
effects of such prevention have not been studied. Fungi are diffi-
cult to kill, and dead fungal material probably contains allergens,
although this has not been thoroughly tested. Terleckyj and Axler
(1987) discuss the effects of various disinfectants on fungi. Chlo-
rine dioxide, glutaraldehyde, and ethyl alcohol affected most
fungi after 15 minutes of contact time. However, Aspergillus
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fumigatus was highly resistant to most disinfectants, and a quater-
nary ammonium compound and an iodophor were the least ef-
fective for all fungi.

It is possible to physically remove active fungal growth from
indoor environments. While such removal is undoubtedly advis-
able, its health impact has not been studied. Rautiala et al. (1998)
studied spore levels during removal of fungal-contaminated ma-
terial. They found that negatively pressurized containment is nec-
essary to prevent the spread of spores to unaffected parts of the
building and that, within the containment field, spore levels may
remain high and workers should wear protection. Overall, miti-
gation and prevention of fungal growth in the indoor environ-
ment has not been studied, either from the viewpoint of effective-
ness or with respect to health impact. In summary:

• There is limited or suggestive evidence of an association
between the fungal removal measures described above and a re-
duction in the levels of fungi in the indoor environment. The pau-
city of studies with adequate exposure characterization and the
possibility that cleaning may not eliminate the problematic com-
ponent of fungal exposures prevent a more confident conclusion
from being drawn.

• There is inadequate or insufficient evidence to determine
whether or not an association exists between fungal control mea-
sures and improvement in symptoms or lung function in sensi-
tized asthmatics.

Research Needs

Few fungal allergens have been identified, and patterns of
cross-reactivity among fungal allergens have not been docu-
mented. Standardized methods for assessing exposure to fungal
allergens are essential, preferably based on measurement of aller-
gens rather than culturable or countable fungi. Acquisition of
these data is a necessary step before adequate estimates of the
role of fungal allergen in asthma can be documented.

Studies seeking to find environmental factors that either lead
to the development of asthma or precipitate symptoms in exist-
ing asthmatics must include good measures of fungal exposure.
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No studies have attempted to control exposure to fungal aller-
gens either indoors or out. Intervention studies that seek to con-
trol indoor exposure to fungi are especially needed.

INFECTIOUS AGENTS

Infectious agents are unlike other indoor exposures addressed
in this report because their source is the occupants themselves.
They are nonetheless an appropriate exposure to address because
they contribute to the overall risk of asthma disease outcomes
from indoor exposures and may have some role in the observed
increase in asthma incidence and mortality.

There are a number of infectious agents that have been associ-
ated with asthma (Johnston et al., 1995; Pattemore et al., 1992;
Shaheen, 1995). This section focuses on four that have received
particular attention from researchers: two viral agents—rhinovi-
rus and respiratory syncytial virus—and two bacterial agents—
chlamydia and mycoplasma.

Rhinovirus

Definition of the Agent and Means of Exposure

Rhinovirus is the medical term used to designate a large
group of viruses responsible for a variety of respiratory infections
including the common cold. There are more than 120 serotypes of
the rhinovirus, of which few have been associated with lower-
respiratory abnormality. Rhinovirus is transmitted through the
respiratory route, with virus particles shed in nasal secretions and
spread by coughing and sneezing. It can also be transmitted
through direct contact with tissues or hands.

Evidence Regarding Asthma Exacerbation and Development

Widespread clinical experience and epidemiologic research
indicate that rhinovirus is associated with wheezing and exacer-
bations of asthma in established asthmatics (Johnston, 1997;
Johnston et al., 1995; Lemanske et al., 1989; Micillo et al., 1998;
Rakes et al., 1999). The evidence of this is especially strong for
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children. The mechanism by which the virus traffics from the up-
per airway to the lower airway to cause asthma symptoms is not
known. It is speculated that individuals with asthma may make
more of a specific cytokine than those without asthma, leading to
increased airway inflammation and the development of symp-
toms. Alternatively, individuals with asthma and those without
asthma may make the same amount of cytokines in response to
viral infections, but these cytokines may react differently in indi-
viduals with asthma and produce different effects in the airway.
Individuals with asthma have a different cytokine profile from
those without asthma, which may result in a different clinical phe-
notype.

Studies have not identified an association between rhinovi-
rus infection and asthma development. Martinez (1995) observes
that most infants who wheeze during viral infections become
symptom free later in life and suggests that viral infections in in-
fants are likely to play a minor role in the subsequent develop-
ment of asthma. There is burgeoning research interest in this is-
sue, however, with investigators suggesting both the possibility
of a mechanistic association and the prospect that certain viruses
may have a protective effect (Grunberg and Sterk, 1999; Martinez,
1994).

Respiratory Syncytial Virus

Definition of the Agent and Means of Exposure

Respiratory Syncytial Virus (RSV) belongs to the Paramyxo-
viridae family and to the genus Pneumovirus. Human paramyx-
oviruses are a common cause of respiratory disease in children,
with RSV particularly important in infants. RSV has been found
in every geographical area examined for evidence of infection
(Glezen et al., 1981; Hall et al., 1979), and RSV infection appears
to have similar characteristics in areas with widely differing cli-
mates. Outbreaks of infection occur yearly, typically in the spring
and winter. Indeed, RSV is the only viral respiratory agent that
can be relied on to produce a sizable crop of infection each year.
Socioeconomic status and race or ethnicity appear to influence
the risk of RSV bronchiolitis (Glezen et al., 1981).
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Evidence Regarding Asthma Exacerbation and Development

The study of RSV and asthma exacerbations is complicated
by the problematic diagnosis of asthma in infants and young chil-
dren. However, viruses in general have been identified as respon-
sible for most wheezing illnesses and asthma exacerbations oc-
curring in childhood, with RSV among the predominant
organisms recognized (Hegele, 1999; Pattemore et al., 1992). An
association has also been noted for adults (Nicholson et al., 1993).

Significant attention has been paid to the possibility of an as-
sociation between RSV bronchiolitis in infancy and later develop-
ment of asthma. RSV bronchiolitis is associated with the develop-
ment of high titers of virus-specific IgE in respiratory secretions
during both the acute and the convalescent stages of illness in
some patients (Robinson et al., 1993; Welliver and Duffy, 1993).
An exaggerated RSV IgE response at the time of RSV bronchioli-
tis in infancy is associated with recurrent wheezing in later child-
hood (Scott et al., 1984). Various mechanisms may be proposed to
explain this association. These include direct induction of release
of inflammatory mediators from pulmonary mast cells, participa-
tion in a cascade of mediators of airway obstruction, reflection of
general IgE hyperresponsiveness to multiple allergens, and in-
duction of persistent T helper type 2 responses (Roman et al.,
1997). Although an exaggerated RSV IgE response to RSV infec-
tion during infancy may correlate with recurrent wheezing dur-
ing a child’s early years, this may not represent asthma per se but
rather repeated similar responses to multiple infections with RSV
and other respiratory pathogens (Welliver et al., 1986). A study by
Sigurs and associates (1995) tends to support the hypothesis that
RSV infection may cause or promote asthma by inducing atopy in
infected individuals. Since the rate of sensitization among con-
trols with and without IgG antibodies to RSV is similar, an en-
counter with the virus without development of bronchiolitis does
not seem sufficient to increase the risk of sensitization. Other in-
vestigators have reached different conclusions about the relation-
ship between RSV infection in infancy and the development of
atopy and asthma later in childhood. In a study by Pullan and
Hey (1982), the frequency of positive skin tests for common aller-
gens was similar for individuals with previous bronchiolitis and
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for controls. Murray and colleagues (1992) found no difference in
skin test reactivity to dust mites between bronchiolitis patients
and controls.

A precise mechanism by which RSV bronchiolitis might in-
duce allergies and asthma has not been elucidated (Dezateux et
al., 1997). However, one possible pathogenic mechanism could be
through increasing the synthesis of IgE since it has been demon-
strated that RSV bronchiolitis can induce an IgE antivirus re-
sponse and that RSV-specific IgE responses in infancy are associ-
ated with later recurrence of wheezing. Welliver and colleagues
(1981) found that IgE titers to RSV in nasal secretions were high-
est in patients with evidence of airway obstruction. Chang and
colleagues (1990) prospectively followed 38 of these infants for 48
months after an initial episode of RSV bronchiolitis. Only 20% of
infants with undetectable titers of RSV IgE had subsequent epi-
sodes of documented wheezing. In contrast, 70% of children with
high RSV IgE antibody titers experienced wheezing. In a four-
year prospective study of 13 infants of history-positive bilaterally
allergic parents, Frick and colleagues (1979) noted that viral infec-
tions including RSV occurred one to two months before the onset
of allergic sensitization in 10 of the 11 children who subsequently
became atopic.

Despite the strong correlation between virus-specific IgE, me-
diator release, and the clinical pattern of acute and recurrent dis-
ease, it is premature to conclude that virus-specific IgE is causal
in this process. Moreover, whether those infants who had persis-
tent wheezing and/or airway obstruction were concurrently both
sensitized and exposed to indoor allergens is not known.

Chlamydia

Definition of the Agent and Means of Exposure

There are two forms of the bacterium Chlamydia that have
been examined in relation to asthma. Chlamydia trachomatis is a
sexually transmitted infectious disease that may be spread from
mother to child during birth and perhaps through close contact
with secretions of an infected individual. Chlamydia pneumoniae is
an important cause of adult respiratory disease including pneu-
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monia, bronchitis, sinusitis, and pharyngitis and may be associ-
ated with atherosclerosis (Kalman et al., 1999). A 1991 editorial in
the Journal of the American Medical Association suggested that C.
pneumoniae infection might provide an explanation for the in-
creased incidence of asthma (Bone, 1991).

Evidence Regarding Asthma Exacerbation and Development

An anecdotal report suggests that C. trachomatis produces
asthma-like symptoms in infants that may be treated successfully
with antichlamydial antibiotic therapy (Bavastrelli et al., 1992).
Björnsson and colleagues (1996) report that serological signs of a
previous C. trachomatis infection were found significantly more
often in subjects who reported having had asthma at some time,
asthma during the past year, wheezing during the past year, and
bronchial hyperresponsiveness. It is unclear, however, whether
such reports uniquely implicate C. trachomatis or are unrecognized
C. pneumoniae infections since the two species are cross-reactive.

Chlamydia pneumoniae infection has been associated with
asthma exacerbations in both adults and children. Björnsson and
colleagues (1996) found a statistically significant relationship be-
tween current or recent C. pneumoniae infection and wheezing.
Johnston (1997) found that immune responses to C. pneumoniae
were positively associated with an increased frequency of asthma
exacerbations in a group of 9- to 11-year-olds. Cunningham and
colleagues (1998) report increased numbers of asthma exacerba-
tions in children with higher local antibody responses to C.
pneumoniae. Miyashita and colleagues (1998) found a significantly
higher frequency and geometric mean titer of C. pneumoniae anti-
bodies in adult patients with exacerbations of asthma. However,
Cook and colleagues (1998) did not find an association between
asthma exacerbations (termed “acute asthma” in the study) and
seropositivity in a two-year study of 123 adult asthmatics and
1,518 controls.

Several groups of researchers have reported a serological as-
sociation between C. pneumoniae and chronic adult asthma in
studies that controlled for one or more known confounders. Hahn
and colleagues (1991) found that patients with serologically con-
firmed C. pneumoniae infection were more likely than seronega-
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tive patients to develop bronchial asthma subsequent to their in-
fection. A later study of 163 adolescents and adults by Hahn and
McDonald (1998) had the same findings, leading the authors to
conclude that acute C. pneumoniae respiratory tract infections in
previously unexposed nonasthmatic individuals can result in
chronic asthma. Cook and colleagues (1998) found a statistically
significant association between severe chronic asthma and sero-
positivity in their two-year study of 123 adult asthmatics and
1,518 controls. Johnston (1999) reports a high prevalence of C.
pneumoniae infection in a group of 9- to 11-year-old asthmatics.
Von Hertzen and colleagues (1999) found asthma to be signifi-
cantly associated with IgG antibody levels to C. pneumoniae, with
the strongest association for nonatopic, long-standing asthma.

However, not all studies find this association. Kraft and col-
leagues (1998) did not find C. pneumoniae in the lungs or airways
of 18 asthmatic subjects. Larsen and colleagues (1998) found that
a group of 22 asthmatics did not differ from 55 controls with rela-
tion to two markers of C. pneumoniae infection. The authors note
two weaknesses in many of the studies reporting a relationship:
(1) a diagnosis of asthma was seldom well-established in these
cases, and (2) no pathobiologic mechanism was proposed to ac-
count for initiation in adults (production of specific IgE was noted
as a possible initiating mechanism in children).

At present (late 1999) there is a debate in the literature over
the meaning of these studies. Although their results are consis-
tent with an association between C. pneumoniae (and perhaps C.
trachomatis) and asthma development, present data are insuffi-
cient to distinguish this premise from other reasonable hypoth-
eses, notably whether asthma predisposes individuals to other
chronic respiratory infections.

Mycoplasma

Definition of the Agent and Means of Exposure

Mycoplasma pneumoniae is a bacterial infection that is respon-
sible for a number of respiratory diseases including tracheobron-
chitis, rhinitis, pharyngitis, otitis, and a form of pneumonia. Over
the past several years there have been multiple anecdotal reports
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and epidemiologic studies suggesting an association between M.
pneumoniae infection and exacerbations of asthma (e.g., Seggev et
al., 1986). Among the more recent studies, Freymuth and col-
leagues (1999) found that C. pneumoniae and M. pneumoniae infec-
tions—alone or in combination—were present in nearly 82% of
asthmatic exacerbations. However, Cunningham and colleagues
(1998) and Johnston (1997, 1999) found no evidence of a role for
M. pneumoniae in acute asthma exacerbations.

Evidence Regarding Asthma Exacerbation and Development

The literature regarding M. pneumoniae and asthma develop-
ment is sparse. Yano and colleagues (1994) suggested in a case
report that an adult male may have developed asthma as a result
of M. pneumoniae infection. Kraft and colleagues (1998) found M.
pneumoniae present in the lower airways of chronic stable asth-
matics with significantly greater frequency (10 of 18) than in con-
trols (1 of 11).

Conclusions: Asthma Exacerbation and Development

• There is sufficient evidence of an association between in-
fection with rhinovirus and exacerbation of asthma.

• There is limited or suggestive evidence of an association
between infection with RSV and exacerbation of asthma.

• There is limited or suggestive evidence of an association
between infection with Chlamydia pneumoniae and the exacerba-
tion of asthma.

• There is inadequate or insufficient evidence to determine
whether or not there is an association between infection with
Chlamydia trachomatis and exacerbation of asthma.

• There is limited or suggestive evidence of an association
between Mycoplasma pneumoniae infection and exacerbation of
asthma.

• There inadequate or insufficient information to determine
whether or not there is an association between infection with rhi-
novirus and the development of asthma in infants. There is lim-
ited or suggestive evidence of no association between infection
with rhinovirus and the development of asthma in older children
and adults.
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• There is limited or suggestive evidence of an association
between infection with RSV and the development of asthma.

• There is inadequate or insufficient information to deter-
mine whether or not there is an association between Chlamydia
trachomatis or Chlamydia pneumoniae infections and the develop-
ment of asthma.

• There is inadequate or insufficient information to deter-
mine whether or not there is an association between Mycoplasma
pneumoniae infection and the development of asthma.

Evidence Regarding Exposure Mitigation and Prevention

A primary infection prevention strategy is the avoidance of
transmission and exposure through proper personal hygiene
practices. Vaccination has also been mentioned as a means of pre-
vention. Although the data are conflicting, breast feeding offers a
possible mechanism of passive immunization of infants that may
play some role in protection against infection. Further studies are
needed to evaluate this notion. A detailed discussion of these
strategies and their effectiveness is outside the scope of this
report.

Some data are available on the characteristics of RSV that may
inform infection mitigation and prevention strategies for this
agent. RSV withstands changes in temperature and pH relatively
poorly. Only 10% of RSV remained after the virus was exposed to
55ºC for 5 minutes. At 37ºC, the virus was stable for 1 hour, and
only 10% of the infectivity remained after 24 hours. RSV also with-
stands an acid medium poorly, and the optimal pH is 7.5. Ether,
chloroform, and a variety of detergents such as sodium dodecyl
sulfate quickly inactivate the virus. At room temperature, RSV in
the secretions of patients may survive on nonporous surfaces,
such as countertops for 3–30 hours, depending on the humidity.
On porous surfaces such as cloth and paper, survival is shorter,
usually lasting less than an hour. The infectivity of RSV on the
hands is variable from person to person but usually lasts less than
one hour. The survival of RSV in the environment appears to de-
pend in part on the drying time as well as on the humidity. These
data suggest that proper cleaning of objects and surfaces exposed
to RSV may serve to limit exposure to the virus.
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Aspects of the indoor environment may also increase the risk
of respiratory infection. Building characteristics would have an
indirect effect on asthma symptoms if these characteristics influ-
enced the prevalence of the relevant respiratory illnesses among
building occupants. Crowded living conditions—found more of-
ten among urban residents and lower-income individuals in the
United States—may facilitate the spread of infectious disease.
Certain indoor spaces such as day care facilities and schools may
also present more favorable conditions for their spread. One study
suggested higher rates of transmission of infectious pulmonary
disease in more tightly constructed military barracks (Brundage
et al., 1988). As reviewed by Fisk (1999), the results of ten studies
suggest that the prevalence of respiratory illness can be influenced
significantly by building characteristics such as ventilation rate,
space sharing, or occupant density, with relative risks typically
between 1.2 and 1.5. None of these studies have confirmed that
the responsible agents were rhinoviruses, and only one older
study involved children; therefore, this indirect linkage of build-
ing characteristics to asthma exacerbation remains theoretical.
Nevertheless, the evidence of an indirect link is sufficient to war-
rant further investigation.

Conclusions: Exposure Mitigation and Prevention

• The committee declined to draw conclusions about the ef-
fectiveness of specific personal hygiene or medical practices in
mitigating or preventing exposure to infectious agents because it
believes this to be outside the scope of this report.

• There is inadequate or insufficient information to deter-
mine whether or not there is an association between building
characteristics that reduce close contact between individuals and
decreased spread of infectious diseases. There is also inadequate
or insufficient evidence of an association with ventilation rates.

Research Needs

Numerous studies suggest an association between the infec-
tions discussed in this section and asthma exacerbations, although
uncertain ascertainment of asthma and questions about the iden-
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tity of the specific infections responsible limit the confidence with
which some conclusions can be drawn. Advances in analysis tech-
niques that allow more sensitive and confident identification of
viruses, such as PCR and ELISA, will facilitate research on this
topic. These advances will also aid studies of other viruses that
may be associated with asthma such as adenovirus, coronavirus,
cytomegalovirus, and parainfluenza.

Research on the possible association between infectious
agents and asthma development is continuing and is encouraged.
There are gaps in the knowledge concerning the mechanism(s) by
which agents may promote asthma and whether particular inter-
ventions aimed at limiting infections result in decreased rates of
asthma. Among the interesting questions are whether the lower
respiratory tract acts as a potential reservoir for common respira-
tory viruses and whether maternal immunization has the poten-
tial to protect both the mother and the infant. Research on the
impact of building characteristics on the transmission of infec-
tious agents, which is in its infancy, may yield important public
health benefits.

HOUSEPLANTS

Definition of the Agent and Means of Exposure

Houseplants have the potential to release pollen, sap, and
other plant parts; arthropod pest allergens; and fungi.

Houseplant Pollen

The data on houseplant pollen allergy is restricted to the oc-
cupational literature and to case reports. Allergy to some flower
pollens has been clearly documented in occupational situations
and could occur in residential environments with cut flowers (de
Jong et al., 1998). Co-sensitization with some houseplant pollen
allergens and some outdoor allergens is extremely common (e.g.,
mugwort, daffodil) and may indicate that these plants share aller-
gens. In cases of this sort, asthma related to outdoor pollen expo-
sure could be exacerbated by houseplant pollen, although very
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little pollen is produced by most houseplants and close contact
would be required.

Other Plant Parts and Fluids

Exposure to plant materials during the production of plant
extracts as medicines has led to occupational asthma (Giavina-
Bianchi et al., 1997). The expanding use of herbal medicines may
lead to an increase in these types of exposures. Several papers
report cases of houseplant (in particular, Ficus) latex causing con-
tact sensitization and even inhalation allergy. The available data
are restricted entirely to the case study literature, and only two
reports were retrieved (Diez-Gomez et al., 1998; Schenkelberger
et al., 1998).

Arthropods

Arthropods that inhabit plants (particularly spider mites) may
release allergens. However, again, all data are in the occupational
case study literature, and no information is available on the ex-
tent of the problem (Orta et al., 1998). The potential for cross-reac-
tivity with dust mite allergens has not been evaluated.

Fungi

Several reports implicate houseplants as sources of fungi in
indoor environments, with a focus on human infectious agents
rather than allergens. These studies, in general, rely on source
(soil) sampling and do not relate exposure to any allergic disease
(Staib, 1992, 1996; Staib et al., 1978a, b, 1980; Summerbell et al.,
1989). Burge and colleagues (1982) found no relationship between
the presence of houseplants and either concentration or type of
fungal spores or pollen in the air.

Conclusions: Asthma Exacerbation and Development

There is no evidence that exposures from houseplants lead to
the development of asthma. Although patients occasionally com-
plain of worsening symptoms related to houseplants or exposure
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to cut flowers, no studies have been conducted to document this
connection. While some epidemiologic studies suggest that occu-
pational exposure to plant extracts may lead to allergic diseases
including asthma, the relevance of this literature to casual, non-
occupational exposure is not clear. Mites or fungi that may be
associated with houseplants could be involved in asthma devel-
opment or exacerbation, but there is no evidence bearing on this
hypothesis.

In summary:

• There is inadequate or insufficient evidence to determine
whether or not an association exists between exposures from
houseplants and the exacerbation or development of asthma.

Evidence and Conclusions:
Exposure Mitigation and Prevention

The committee did not identify any literature regarding the
effectiveness or impact on asthma outcomes of measures intended
to limit houseplant exposure.

Research Needs

Further research is needed to determine whether or not
houseplants release fungal spores into the air. This research will
benefit both the allergy community and the infectious disease
literature. Additionally, research should be conducted to deter-
mine what risks, if any, are associated with occupational expo-
sure to plant materials.

POLLEN

Definition of the Agent and Means of Exposure

Introduction

Pollen exposure has long been recognized as a stimulant for
symptoms of allergic disease. Allergic rhinitis (hay fever) has been
considered the primary outcome, and outdoor environments are
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the major source of exposure. The role of pollen in the develop-
ment and exacerbation of asthma has received relatively little di-
rect attention, and very few studies are available that document
indoor exposure to pollen allergens.

Nature of the Agent

Structure and Function Pollen is the male reproductive struc-
ture of flowering plants and gymnosperms. Pollen grains are usu-
ally unicellular, with a rigid and highly resistant cell wall formed
of a complex polysaccharide-based substance called sporopolle-
nin. Each pollen grain contains the systems required for recogni-
tion of genetically relevant female flowers and the production of
a pollen tube that grows into contact with the egg cell to effect
fertilization.

Pollen Allergens

The list of pollens from which extracts have been derived that
produce positive skin tests in some fraction of the population is
long. In one California study, 57 skin test allergens were neces-
sary to detect 90% of the atopic patients. This set included 2
grasses, 16 weeds, and 27 trees (Galant et al., 1998).

The list of purified allergens from pollens is also growing.
These include Amb a I (short ragweed, Ambrosia artemisiifolia), Bet
v I (birch pollen, Betula verrucosa), and Lol p I (ryegrass, Lolium
perenne). One study has estimated that a single pollen grain of B.
verrucosa contains 0.006 ng Bet v I (Schappi et al., 1997).

Other Pollen-Associated Agents

Serine proteases that could directly affect respiratory func-
tion apart from allergic reactions have been detected in ragweed
and mesquite pollen (Bagarozzi and Travis, 1998; Travis et al.,
1996).

Characteristics of Pollen Exposure

Particle Size Considerations Intact pollen grains range from
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about 10 to 100 µm, with the most common types in the range of
15–30 µm. However, pollen allergens have been documented in
air on much smaller particles. During light rain, 1.2 ng Bet v I/per
cubic meter (200 birch pollen equivalents) were present on the
particle fraction less than 7.5 µm in outdoor air (Schappi et al.,
1997). Grass pollen grains have been shown to rupture during
rainfall, and allergen (Lol p V) has been recovered in particle frac-
tions less than 5 µm both as free molecules and attached to other
particles such as starch grains and combustion (diesel exhaust)
particles (Suphioglu, 1998). Pollen allergens have been visualized
on the surface of diesel particles under laboratory conditions
(Knox et al., 1997). Ragweed allergens have also been recovered
from small particles (Habenicht et al., 1984; Solomon et al., 1983).

Patterns of Pollen Prevalence

Outdoors An enormous body of literature documents preva-
lence patterns for pollens throughout the world. In the United
States, the American Academy of Allergy, Asthma, and Immunol-
ogy has been collecting pollen prevalence data for more than 30
years and currently publishes an annual report containing data
from about 100 stations across the nation (e.g., AAAAI, 1998). In
the United States, the pollen types most often considered impor-
tant are mountain cedar, birch, and oak (trees); grasses (which
cross-react broadly across genera); and ragweed (a late-summer
weed).

Pollen is produced seasonally. In general, tree pollens are re-
leased early in the year, grasses during late spring and early sum-
mer, and weed pollens in the late summer and fall. Major excep-
tions occur. For example, some grass pollen is produced
throughout the year in some areas.

Meteorological variables directly affect pollen concentrations
in air (in addition to their effects on pollen production). Most pol-
len types are released during the morning hours, but dispersal
may occur later in the day with increase in wind and other distur-
bances. Wind is a well-known dispersal agent for pollens, which
may travel long distances (hundreds of miles) in traveling air
masses (Levetin and Buck, 1986). Rain generally washes pollen
from the air.
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Indoors Outdoor infiltrate is the primary source of pollen in in-
door environments. Birch pollen allergen (Bet v I) has been found
associated with suspended particles indoors (Holmquist and
Vesterberg, 1999; Ormstad et al., 1998).

Evidence Regarding Asthma
Exacerbation and Development

Pollen Exposure and Asthma

Sensitization to Pollen Allergens In 3,371 Canadian allergy pa-
tients, skin tests indicated that 52% were sensitive to grass aller-
gens and 45% to ragweed allergens (Boulet et al., 1997). In the
Swiss population (random, more than 8,000 individuals studied)
32% were atopic, with sensitivity to grass allergen the most preva-
lent (12%), followed by dust mite (8.9%) and birch pollen (7.9%)
(Wuthrich et al., 1995). In 1,159 random participants in Hamburg
and Ehrfurt, respectively, grass and birch allergen sensitivities
were 24 versus 19% and 19 versus 8% (Nowak et al., 1996). Of
inner city asthmatics in Chicago, 45% were sensitized to ragweed
pollen (76% were sensitive to indoor allergens) (Kang et al., 1993).
In 7,079 retrospectively observed patients with asthma and/or
rhinitis, 44% had one or more positive skin tests, with grass, cat,
and birch allergens eliciting the greatest number of positive tests.
Of the 35% of sensitized patients who were monosensitized, 7.4%
reacted only to mite allergens and 7.0% to grass allergen (Eriksson
and Holmen, 1996). On the other hand, Subiza and colleagues
(1994) report that 92% of Madrid allergy patients are sensitive to
grass allergens, 63% to olive allergens, and 56% to sycamore
(Platanus) allergens.

Relationships to Asthma

Pollen Sensitization Related to Asthma In general, pollen sen-
sitization has been associated primarily with hay fever rather than
asthma, and this opinion is supported in several studies. In a
study reported by Eriksson and Holmen (1996), patients with
grass allergen sensitivity were more likely to have rhinitis than
asthma. In a Tucson population, sensitivity to ryegrass and mul-
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berry pollen independently predicted rhinitis but not asthma
(Halonen et al., 1997). In a case-control study of 343 random chil-
dren, 35% were atopic, and 90% of those with five or more epi-
sodes of wheezing had one or more positive skin tests (Henderson
et al., 1995). Pollen sensitivity was not associated with wheezing
in this population.

On the other hand, in an Australian population of 745 young
adults, sensitivity to ryegrass pollen was among the four top al-
lergen sensitivities that posed a risk for the existence of current
asthma (Abramson et al., 1996). Winter respiratory symptoms (in-
cluding asthma) have been related to positive prick, RAST, or
endonasal challenge tests with alder and hazel pollen allergens
(Laurent et al., 1994). Grass allergen elicited the most positive skin
tests among black asthmatics in Johannesburg (Luyt et al., 1995).

Pollen Exposure and Asthma Ordaz and colleagues (1998) fol-
lowed symptoms in 104 asthmatic patients and related exacerba-
tion events to airborne pollen counts. When infectious disease-
related events were excluded, there was a good correlation
between event days and pollen counts (r = 0.7, p < .01). In a pro-
spective study of mild to moderate asthmatics (N = 139), Epton
and colleagues (1997) were unable to distinguish a relationship
between measured pollen concentrations and measured peak
flow.

Baraldi and colleagues (1999) documented a twofold increase
in exhaled NO in grass-sensitive asthmatic children during the
grass pollen season. Natural allergen exposure was shown to in-
duce T cell, mast cell, and eosinophil inflammatory response in
grass-sensitive patients undergoing seasonal exacerbation (N =
17) (Djukanovic et al., 1996). Rosas and colleagues (1998) report
an association between grass pollen counts and asthma admis-
sions in Mexico City in both dry and wet seasons. Celenza and
colleagues (1996) related changes in grass pollen concentrations
and decreases in temperature to epidemic asthma. Their patients,
who were involved in a thunderstorm-associated epidemic in
England, had high serum IgE levels specific for grass pollen aller-
gens (Venables et al., 1997). Newson and colleagues (1997)
counted asthma admissions in two age groups (0–14 and >14
years) and related these events to lightning episodes and grass
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pollen concentrations. Although there were excess densities of
lightning and grass pollen counts in epidemics, many (in fact,
most) epidemics were not preceded by thunderstorms. In a fol-
low-up study, they report that thunderstorms following periods
of high pollen counts are more likely to lead to asthma epidemics
(Newson et al., 1998).

In an analysis of 59,624 asthma hospitalizations in Finland, a
peak was observed in May that was attributed to the exposure of
sensitized people to birch pollen allergens (Harju et al., 1997). As
part of the increase in doctor-diagnosed asthma and episodes of
breathlessness in children in Norway, symptoms with exposure
to birch pollen increased from 3.7 to 6.1% of children between
1981 and 1993 (Skjonsberg et al., 1995).

Woodcock and Custovic (1998) suggest that exposure to rag-
weed allergen reduces corticosteroid binding capacity in sensi-
tized asthmatics, contributing to poor asthma control.

In 20 subjects, airway responsiveness to histamine challenge
was highest during the privet season, and symptom scores and
bronchodilator use increased. However, challenge with privet
pollen allergens induced no immediate asthmatic responses, and
late responses occurred in only 6 of 17 tested patients (Richards et
al., 1995).

Pollen–Air Pollutant Interactions

Laboratory Studies Strand and colleagues (1997) report that in a
group of 18 pollen-sensitive asthmatics, short exposure in the
laboratory to concentrations of NO2 representative of those that
occur in outdoor air enhances pollen allergen-induced late asth-
matic responses. Repeated short exposures to NO2 enhanced ef-
fects of otherwise nonsymptomatic doses of pollen allergen
(Strand et al., 1998). However, in similar studies, Hanania and
colleagues (1998) found no change in allergen response following
ozone challenge.

Field Studies Anderson and colleagues (1998) report a synergis-
tic effect for pollen and SO2 with respect to hospital admissions of
children (but not adults) for asthma. No other pollen–pollutant
interactions were observed. In a comparison between randomly

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

192 CLEARING THE AIR

selected participants in Hamburg and Ehrfurt, Germany, the
prevalence of atopy and pollen sensitization was highest in Ham-
burg, while air pollutant exposures were highest in Ehrfurt
(Nowak et al., 1996).

Conclusions: Asthma Exacerbation and Development

Evidence from studies of outdoor exposure indicates that pol-
len exacerbates existing asthma in sensitized individuals. Infor-
mation does not permit a conclusion concerning whether or not
there is an overall role for pollen allergens in the development of
asthma. Although pollen allergens have been documented in both
dust and indoor air, data is lacking to draw a informed conclu-
sion. Thus:

There is inadequate or insufficient evidence to determine
whether or not an association exists between pollen exposure in
the indoor environment and the exacerbation or development of
asthma.

The committee concludes:

• There is inadequate or insufficient evidence to determine
whether or not an association exists between interventions to
lower pollen concentrations in indoor environments and im-
provement of symptoms or lung function in pollen-allergic asth-
matics. Indoors is typically a protective environment for such in-
dividuals.

Evidence and Conclusions:
Exposure Mitigation and Prevention

There is relatively little information on the impact of ventila-
tion and air-cleaning measures on indoor pollen levels, although
it is axiomatic that shutting windows and other measures that
generally limit outdoor infiltrate can be effective. Chapter 10 dis-
cusses the studies identified by the committee and draws conclu-
sions about the effectiveness of ventilation and air-cleaning mea-
sures in reducing indoor concentrations in general.
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Research Needs

Studies should be conducted to evaluate the ambiguous rela-
tionship between pollen exposure, sensitivity, and asthma. Addi-
tional research is also needed to discover the extent of indoor pol-
len allergen exposure and the interactions between pollen
sensitivity and air pollutants.
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6
Indoor ChemicalExposures

Concern in recent years regarding the potential health ef-
fects of indoor air exposures, as well as the marked increase in the
prevalence of asthma in industrialized countries, has prompted a
burgeoning of scientific research on exposure to airborne agents
and asthma.

The committee was charged with the task of evaluating the
strength of the scientific evidence concerning the possible asso-
ciation between these agents and asthma prevalence and severity.
The committee was also tasked with examining possible means
of mitigating or preventing exposure to these agents. In this chap-
ter the committee evaluates indoor exposure to chemical agents,
addressing the following to the extent permitted by available re-
search:

1. which factors influence exposures to the agent;
2. whether a relationship exists between the agent and asthma

prevalence or severity, taking into account the strength of the sci-
entific evidence and the appropriateness of the methods used to
detect the relationship;

3. what type of relationship exists between the agent and
asthma;

4. whether there are special considerations regarding the
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agent (for example, subpopulations at risk and interactions with
other exposures);

5. which strategies effectively mitigate or prevent exposure
to the agent;

6. whether these strategies only reduce exposures, or decrease
the occurrence or exacerbation of asthma; and

7. whether these strategies are reasonable for use by the tar-
get populations.

Each section begins by providing a definition of the agent and
a summary of the factors that influence exposure. The evidence
concerning the possible association between the agent and asthma
is discussed, followed by the committee’s conclusions regarding
the health impacts. Where information is available, evidence re-
garding possible means of mitigating or preventing exposure to
the agent is addressed. Each section concludes with any commit-
tee recommendations for general or specific areas in which addi-
tional research is needed with respect to the agent. Because there
are great differences in the amount and type of information avail-
able on specific agents, the sections vary in their depth and focus.

NITROGEN DIOXIDE

Definition of Agent and Means of Exposure

Nitrogen dioxide (NO2) is a common indoor and outdoor pol-
lutant that is produced, along with other oxides of nitrogen,
whenever high-temperature combustion occurs. NO2 is one of six
“criteria” air pollutants for which National Ambient Air Quality
Standards are set by the U.S. Environmental Protection Agency
(EPA). The current standard is 50 parts per billion (ppb) averaged
over one year. Much higher indoor concentrations are sometimes
observed when indoor sources are present due to the limited di-
lution often observed in confined spaces. Indoor sources include
gas stoves and space heaters, kerosene space heaters, and poorly
vented furnaces and fireplaces. In homes with indoor combus-
tion sources, personal NO2 exposures are usually driven by in-
door concentration in the home, even in urban areas with elevated
outdoor levels.
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In addition to nitrogen oxides, indoor combustion appliances
may also emit CO, SO2, formaldehyde, volatile organic com-
pounds (VOCs), and submicron particulate matter (PM). Some of
these pollutants, including SO2 and PM, are known respiratory
irritants. Most epidemiologic studies reviewed in this section have
assessed NO2 exposure based on the presence or absence of gas
appliances in the home, rather than on the basis of NO2 measure-
ments. Few if any studies have simultaneously measured NO2
and associated co-pollutants such as PM. As a result, it is usually
not possible to attribute health effects associated with gas appli-
ance use to NO2 exposures per se.

Factors Influencing Exposure

Indoor exposure to NO2 resulting from the use of gas appli-
ances is common. On average, about half of U.S. homes have gas
stoves or ovens, and much higher percentages of gas appliances
exist in some urban areas (Samet et al., 1987).

Considerable data exist on indoor NO2 exposures in U.S.
homes and the factors that influence them (Goldstein et al., 1988;
Leaderer et al., 1986; Quackenboss et al., 1986; Ryan et al., 1988;
Spengler et al., 1983, 1994, 1996). Indoor NO2 concentrations de-
pend on the presence and emission strength of indoor sources,
the ventilation rate of the home, and the penetration of outdoor
NO2 (Drye et al., 1989; Spengler et al., 1996). Important indoor
sources include unvented cooking and heating appliances that
burn gas or kerosene.

The use of a gas range results in an increase of about 25 ppb in
the background NO2 concentration in a home, with peaks as high
as 200 to 400 ppb in the kitchen during cooking (Samet et al.,
1987). In a large study carried out in Albuquerque, New Mexico,
the highest two-week average indoor NO2 concentrations were
observed in homes with gas stoves that had continuous pilot
lights and in homes where the stove or unvented gas or kerosene
heaters were used for supplemental heating (Spengler et al., 1996).
In the same study, higher indoor NO2 concentrations were ob-
served in gas cooking than in electric cooking homes, but this
difference was much less pronounced in the summer when home
ventilation rates were higher. Regardless of stove type, indoor
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concentrations are generally higher in locations with high out-
door concentrations, such as large urban areas, due to the infiltra-
tion of outdoor air; however, indoor sources still explain most of
the variance in personal exposures in urban areas. There is some
evidence to suggest that homes with gas stoves in underprivi-
leged, inner city communities may have uniquely high NO2 lev-
els, possibly due to higher frequency and longer duration of cook-
ing, small home volume, and use of stoves for supplemental
winter heating (Goldstein et al., 1988). Further research into this
question is warranted.

Data collected in multiple locations in homes with gas stoves
show that strong NO2 concentration gradients exist, with kitchen
levels higher than elsewhere (Matti et al., 1999). Kitchen concen-
trations during cooking may exceed long-term average concen-
trations by an order of magnitude or more. These spatial and tem-
poral characteristics imply differential exposures for different
residents depending on time spent in the kitchen while cooking is
taking place.

Evidence Regarding Asthma
Exacerbation and Development

Numerous epidemiologic studies have examined whether
respiratory health effects are associated with exposures to typical
indoor NO2 concentrations. Most such studies have addressed
respiratory symptoms and/or lung function variables as the pri-
mary outcomes, both of which include measures (i.e., wheeze or
decline in FEF25-75) that are usually associated with the clinical
diagnosis of asthma. However, few studies have focused on
asthma as an outcome or on respiratory effects among asthmatic
subjects specifically. This limits the utility of the existing litera-
ture for assessing the impact of NO2 on the development or exac-
erbation of asthma.

Epidemiologic study designs have included cross-sectional
surveys, case-control studies, longitudinal cohort studies, and
time-series panel studies assessing acute impacts. Exposures in
most studies have been assigned based on answers to questions
regarding the presence of gas stoves or other indoor combustion
appliances. Some studies have included limited indoor or occa-
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sionally personal NO2 measurements using passive diffusion
samplers. As a group, epidemiologic studies have the advantage
of studying realistic levels and patterns of NO2 exposures. How-
ever, results can be difficult to interpret due to possible confound-
ing.

There have also been several clinical experiments involving
brief controlled exposures of humans in environmental chambers.
Such studies enable careful control of experimental conditions in-
cluding exposure level and duration. They also make it more fea-
sible to examine asthma-related respiratory outcomes other than
symptoms and lung function, such as airway hyperresponsive-
ness (AHR), pulmonary cells and cytokines obtained by bronchos-
copy, and effects on allergen responsiveness. A limitation of the
experimental chamber studies is that they usually employ NO2
concentrations much higher than those typically observed in the
indoor environment. Also, the study populations have typically
been small and, to some extent, unrepresentative of the more sen-
sitive members of the general population.

Very few epidemiologic studies have evaluated asthma diag-
nosis as an outcome in relation to NO2 exposure, and results from
these few studies have been mixed. A well-conducted case-con-
trol study found no association between the presence of a gas
cooking appliance in the home and incident asthma (odds ratio
[OR]=1.33; 95% confidence interval [CI] 0.68–2.58) among chil-
dren 3–4 years old in Montreal (Infante-Rivard, 1993). The main
study analyzed 457 cases (children with a first diagnosis of
asthma made by a pediatrician) and 457 controls (matched on age
and census tract), and found significant associations between in-
cident asthma and several factors other than gas appliances, in-
cluding heavy maternal smoking, childhood atopy, and others. A
subset of 140 subjects provided a 24-hour personal NO2 sample.
In an unmatched analysis of this subset, there was a significant
association with asthma for subjects in the highest category of
NO2 exposure (>15 ppb); however, the small size of the exposed
group and the post hoc nature of the analysis preclude any mean-
ingful inferences regarding the causality of this association.
Strachan and Carey (1995) analyzed environmental risk factors
for severe wheezing among school children aged 11–16 years in
Sheffield, England; 486 cases and 475 age- and school-matched
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controls were analyzed, where cases were children whose parents
reported 12 or more wheezing episodes in the past 12 months or
an attack of wheezing that limited speech. Controls had no his-
tory of asthma or wheezing at any age. Non-feather bedding and
ownership of furry pets were both significantly associated with
case status; however, the use of gas for cooking was not.

In contrast, two large questionnaire-based cross-sectional sur-
veys, one in Canada and the other in Australia, reported signifi-
cant associations between asthma and gas stove use. The first
study analyzed data from a nationwide survey of Canadian par-
ents. It found a significant association between current, doctor-
diagnosed asthma and gas cooking in the homes of children be-
tween 5 and 8 years of age, controlling for age, race, sex, parental
education, environmental tobacco smoke (ETS), and other factors
(Dekker et al., 1991). The adjusted odds ratio for gas cooking was
1.95 (95% CI 1.41–2.68) when 634 subjects with asthma were com-
pared to 9,207 with neither asthma, chest symptoms, nor other
respiratory diseases. However, the authors cautioned against
over-interpretation given the small number of asthma cases ex-
posed to gas cooking (N = 60 out of 634 total asthma cases). Asso-
ciations were also reported with ETS, living in a damp home, and
use of a humidifier. These factors, but not gas cooking, were also
associated with reports of wheezing. A second, similar study in
South Australia analyzed data from 14,124 families with a child
aged 4.25 to 5 years of age (Volkmer et al., 1995). Gas versus elec-
tric stove use was associated with slightly increased prevalence
of asthma (OR = 1.24, 95% CI 1.07–1.42) and wheezing in the pre-
ceding 12 months (OR = 1.16, 95% CI 1.01–1.32). The cross-sec-
tional associations found in these two surveys suggest the possi-
bility of small impacts of NO2 on asthma risk; however,
prospective cohort studies would be needed to rigorously test this
hypothesis.

Respiratory symptoms that are associated with asthma, such
as coughing, wheezing, and shortness of breath, have been stud-
ied in relation to gas stove usage and/or NO2 measurements in a
large number of cross-sectional surveys, longitudinal panel stud-
ies, and a more limited number of prospective cohort studies.
Symptom outcomes have also been analyzed in one chamber ex-
posure study.
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Cross-sectional surveys assess association between symptoms
and measures of exposure collected simultaneously by question-
naires in general population samples, usually controlling for
covariates with known or suspected effects on symptoms, such as
ETS, home dampness, allergies, and so forth. Although results
have been mixed, the accumulating evidence supports the exist-
ence of small associations between respiratory symptoms and gas
appliance use. At least ten survey studies have reported signifi-
cant associations between symptoms and gas stove exposure in
adults and/or children (Dodge, 1982; Garrett et al., 1998; Jarvis et
al., 1996, 1998; Jedrychowski et al., 1995; Koo et al., 1990; Melia et
al., 1977; Viegi et al., 1991, 1992; Volkmer et al., 1995). For example,
in a survey of 1,159 men and women in England, Jarvis et al.
(1996) detected significant associations for women only between
symptoms in the past 12 months and the use of gas appliances,
adjusting for covariates. The adjusted odds ratios were 2.07 (95%
CI 1.41–3.05) for wheezing, 2.32 (95% CI 1.25–4.34) for waking
with shortness of breath, and 2.60 (95% CI 1.20–5.65) for asthma
attacks. Other cross-sectional survey studies have reported no as-
sociations between respiratory symptoms and gas appliances
(Braun-Fahrlander et al., 1992; Dekker et al., 1991; Dijkstra et al.,
1990; Hosein et al., 1989). There are no obvious differences be-
tween the two groups of studies that would explain the differ-
ences in results.

Several of the cross-sectional studies mentioned above have
assessed exposure using actual NO2 measurements, as well as the
more common questionnaire-based assessments of gas appliance
usage (Brunekreef et al., 1990; Garrett et al., 1998). Interestingly,
such studies have generally found no analytical advantage to the
actual NO2 measurements. This counterintuitive finding may
have several explanations, including non-representativeness of
NO2 measurement times or locations, and/or that NO2 per se is
not the causal agent responsible for gas stove associations with
symptoms.

In a prospective cohort study, Neas et al. (1991) followed res-
piratory symptoms over a 12-month period in 1,567 white chil-
dren aged 7–11 living in six U.S. cities. Indoor home NO2 mea-
surements were collected over two weeks in the winter and in the
summer. Incident symptoms were analyzed in relation to mean
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NO2 levels. A 15 ppb increase in average household NO2 concen-
trations was associated with increased cumulative incidence of
any of several lower respiratory symptoms (OR = 1.4, 95% CI 1.1–
1.7). The effect was larger for girls than boys. Two 1999 studies of
asthmatic children, available only in abstract form when this re-
port was completed, appear to generally support these findings
(Kattan, 1999; Smith et al., 1999).

Longitudinal panel studies and experimental chamber stud-
ies assess the acute relationship between brief (episodic) NO2 ex-
posures and respiratory symptoms. These studies have not pro-
vided strong evidence for acute effects on symptoms at relevant
indoor concentrations. Chamber studies involving one- to three-
hour exposures to 50–1,500 ppb NO2 did not detect effects on res-
piratory symptoms among normal or asthmatic subjects (Salome
et al., 1996; Utell et al., 1991). In a panel study involving daily
recording of symptoms and gas stove use among 164 asthmatic
adults over the winter months in Denver, Colorado, Ostro et al.
(1994) reported statistically significant associations between a va-
riety of respiratory symptoms and stove use. However, interpre-
tation of these results as a causal effect of gas stove emissions
(e.g., NO2) is hampered by questions of biologic plausibility as
well as concerns about potential reporting bias. One 1999 abstract
suggests acute effects of NO2 on the severity of symptoms associ-
ated with respiratory syncytial virus (RSV) infections (Chauhan
et al., 1999), and an environmental chamber study concluded that
NO2 exposure increases the susceptibility of airway epithelial cells
to injury from respiratory viruses (Boscia et al., 1999).

Experimental chamber studies have noted increases in airway
responsiveness to carbochol or methacholine following brief,
high-level (1,500 or 2,000 ppb) NO2 exposures in normal subjects
(Frampton et al., 1991; Mohsenin, 1988; Utell et al., 1991)—expo-
sure levels that have not typically elicited direct effects on lung
function. Studies in asthmatics report enhanced airway responses
to histamine or methacholine challenges at concentrations as low
as 500–600 ppb, suggesting that the airways of asthmatics, already
more responsive to nonspecific stimuli, are more sensitive to the
enhancing effects of NO2 (Mohsenin, 1987; Salome et al., 1996).
While the mechanism for these effects remains uncertain,
proinflammatory effects of NO2 (Blomberg et al., 1999) may be
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involved. Although the relevance of these findings to typical in-
door NO2 concentrations encountered by the general public re-
mains unclear, they do raise concerns for persons, such as moth-
ers and infants, who may spend large amounts of time in kitchens
where gas stoves are being used, especially in conjunction with
low rates of home ventilation.

In addition to the enhancement of airway responses to non-
specific stimuli, NO2 exposure at 400 ppb has been shown in ex-
perimental chamber studies to enhance the lung response, mea-
sured by a drop in forced expiratory volume in one second (FEV1),
to house dust mite aerosol inhalation by asthmatic adults
(Rusznak et al., 1996; Tunnicliffe et al., 1994). Devalia and col-
leagues (1994) reported that exposure to a combination of SO2
and NO2 in concentrations that could be encountered in heavy
traffic areas produced a statistically significant decrease in the
concentration of allergen required to produce a 20% decrease in
FEV1 (PD20FEV1) of adult asthmatics challenged with Dermato-
phagoides pteronyssinus dust mite allergen. Again, no direct effects
of NO2 on lung function decline were noted in these studies.

Because of the importance of acute respiratory infections as
triggers of asthma symptoms, an effect of NO2 exposure on in-
creased risk of respiratory infections might represent an indirect
mechanism linking NO2 with asthma exacerbations. In the late
1970s, Melia and colleagues reported an increased risk of respira-
tory infections among children living in homes with gas stoves in
a large British cross-sectional survey (Melia et al., 1977, 1985).
However, other studies have not confirmed this finding (Samet et
al., 1993; Ware et al., 1984). In a prospective cohort study of in-
fants, no association was found between NO2 exposure or stove
type and the incidence rate or duration of respiratory infections
(Samet et al., 1993). Samet and colleagues (1987) extensively re-
viewed the historical literature on NO2 and respiratory infections,
concluding that “the findings on NO2 exposure and respiratory
illnesses indicate that the magnitude of the NO2 effect at concen-
trations encountered in most U.S. homes is likely to be small.”
Although there is insufficient new evidence to alter this conclu-
sion, it is worth noting that a 1999 longitudinal panel study re-
ported enhanced severity of RSV infections in association with
high indoor NO2 concentrations (Chauhan et al., 1999).
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Inconsistent associations between gas appliance use or NO2
concentrations and declines in lung function have been reported
in epidemiologic studies (Brunekreef et al., 1990; Dijkstra et al.,
1990; Dodge, 1982; Fischer et al., 1985; Garrett et al., 1998; Hack-
ney et al., 1992; Hasselblad et al., 1981; Hosein et al., 1989; Jarvis
et al., 1996, 1998; Jedrychowski et al., 1995; Kattan, 1999; Speizer
et al., 1980; Viegi et al., 1991; Ware et al., 1984), with significant
associations reported in less than half of the studies. Where
present, the nature of the lung function associations has not been
consistent across studies, and the possibility of confounding ex-
ists in some cases.

As noted earlier, little evidence of acute lung function impacts
of brief exposure to high concentrations of NO2 has been observed
in experimental chamber studies (Frampton et al., 1991; Hackney
et al., 1992; Mohsenin, 1987, 1988; Salome et al., 1996; Tunnicliffe
et al., 1994; Utell et al., 1991), except for four-hour exposures to
very high concentrations (i.e., 2,000 ppb) (Blomberg et al., 1999).
The committee concludes that lung function is not markedly af-
fected either acutely or chronically by NO2 at typical indoor con-
centrations.

Conclusions: Asthma Exacerbation and Development

• There is sufficient evidence of an association between brief
high-level exposures to NO2 and increased airway responses to
both nonspecific chemical irritants and inhaled allergens among
asthmatic subjects. These effects have been observed in human
chamber studies at concentrations (400–700 ppb) that may occur
only in poorly ventilated kitchens with gas appliances in use.

• There is limited or suggestive evidence of an association
between the use of gas appliances and increased risk of respira-
tory symptoms, increased risk of respiratory infections, and to a
lesser extent, decreased lung function. Data supporting this con-
clusion derive from epidemiologic studies.

• There is limited or suggestive evidence of no association
between brief NO2 exposures and acutely decreased lung func-
tion. This evidence comes from chamber studies of human sub-
jects.

• There is inadequate or insufficient evidence to determine
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whether or not an association exists between emissions from gas
appliances and asthma development. However, the association
observed between the use of gas appliances and the diagnosis of
childhood asthma in two, large cross-sectional population sur-
veys indicates that this topic should be examined more carefully
in future research. As noted above, few studies have simulta-
neously measured NO2 and associated co-pollutants and it is thus
usually not possible to attribute health effects associated with gas
appliance usage to NO2 or other combustion by-product expo-
sures per se.

Evidence and Conclusions:
Exposure Mitigation and Prevention

Indoor NO2 mitigation has received relatively little attention
in the published literature. Samet (1990) notes that general con-
trol options for pollutants emitted by indoor combustion appli-
ances include source modification (removal, substitution, or emis-
sion reduction), ventilation (exhaust or dilution), or pollutant
removal (filtration or reactivity). Source modification is usually
the most effective approach. For example, that study recom-
mended that “unvented combustion space heaters should not be
used, particularly in cold climates where they may be on for pro-
longed periods.” On the other hand, while removal of gas stoves
would in theory represent an effective exposure reduction strat-
egy, it may not be practical or economically feasible in most cases.
Continuous pilot lights add between 10 and 20 ppb of NO2 to
background indoor levels and should be turned off or eliminated
(Samet, 1990). Kitchen ventilation has the potential to be effective
in reducing the impact of gas appliance emissions. However, ex-
haust hoods should be vented outdoors and must be used consis-
tently while the appliance is on to be effective. Evidence suggests
that only a small fraction of kitchens with gas stoves achieve these
objectives (Fuhlbrigge and Weiss, 1997). For NO2, pollutant re-
moval via air cleaning is not a feasible approach. The committee
did not identify any studies that addressed whether lowering in-
door NO2 levels had an effect on asthma outcomes.
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Research Needs

Future research into the relationship between indoor NO2 and
asthma should target population subgroups that are likely to be
most exposed. These include women and infants, especially those
at the lower end of the socioeconomic spectrum, who may spend
more time in kitchens during cooking. Further research is needed
on the distributions of peak and mean personal exposures, on the
relationship between exposure and asthma, and on the exacerba-
tion of asthma among those with preexisting asthma. Research is
also needed into the development of practical, economical venti-
lation methods for kitchens.

PESTICIDES

Definition of the Agent and Means of Exposure

“Pesticide” is a general term for an agent used to kill an unde-
sirable organism. Among the categories of agents covered by this
umbrella term are fungicides, herbicides, insecticides, and roden-
ticides.

Residential pesticides represent a broad class of chemicals and
applications aimed at controlling flies, ants, moths, cockroaches,
fleas, ticks, infectious organisms, fungi, plants and other un-
wanted species in and around the residential environment. Pesti-
cides that have been measured in residential indoor air include
chlordane, heptachlor, aldrin, dieldrin, diazinon, propoxur,
dichlorvos, naphthalene, p-dichlorobenzene, pentachlorophenol,
chlorpyrifos, malathion, and carbaryl (Baker and Wilkinson,
1990).

Factors Influencing Exposure

For members of the general population, the home represents
the principal setting for pesticide exposures. It has been reported
that approximately 90% of U.S. homes use pesticides, and ~84%
use them inside the house (Baker and Wilkinson, 1990; U.S. EPA,
1979). Eskenazi and colleagues (1999) note that younger children
may have higher exposure than others in a contaminated envi-
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ronment because of the greater amount of time spent indoors and
closer contact with contaminated surfaces. They also identify
farmworkers and their families as a vulnerable population
through agents that penetrate or are tracked indoors. Children
who live in poverty may be at particular risk of exposure through
greater use of legal and illegal pesticides in urban environments
(Landrigan et al., 1999).

In addition to diet and dermal absorption, inhalation of air-
borne pesticides, either in vapor form or adsorbed on particles, is
an important route of exposure in the residential setting. Surveys
of residential air concentrations of a range of pesticides were sum-
marized by Baker and Wilkinson (1990, Table 2-11). Chlorpyrifos,
which is currently one of the most commonly used residential
pesticides, ranged in concentration from 2 to 37 µg/m3 in a sur-
vey of U.S. homes published in 1983 (U.S. EPA, 1983).

Evidence Regarding Asthma
Exacerbation and Development

Although there is a great deal of interest in the possibility of
an association between pesticide exposure and asthma, relatively
little research has been done on the topic to date. There is evi-
dence suggesting that high-level exposures to some pesticides may
elicit, via irritative mechanisms, persistent asthma. This consists
primary of anecdotal and case reports.

A case report (Deschamps et al., 1994) gives an account of a
26-year-old male who developed persistent asthma after work-
ing in a closed room that was heavily treated with the organo-
phosphate insecticide dichlorvos. Occupational exposure to the
fungicides metam sodium (Cone et al., 1994), captafol (Royce et
al., 1993), tetrachloroisophthalonitrile (chlorthalonil) (Honda et
al., 1992), and tributyl tin oxide (Shelton et al., 1992) have also
been associated with new asthma onset in case reports. Etzel
(1995) cites additional examples. Exposure to pyrethrins or pyre-
throids—insecticides commonly used in over-the-counter flea
and insect sprays and powders—may cause allergic rhinitis
(O’Malley, 1997). Individuals who are allergic to ragweed may
also exhibit an allergic reaction to pyrethrins (Wax and Hoffman,
1994). Although it is not known whether and how these findings
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are relevant to the general population, they do raise concern
about the possibility of asthmogenic effects of prolonged low-
level exposures.

There is little relevant epidemiologic information in the lit-
erature. Senthilselvan and colleagues (1992) surveyed 1,939 male
farmers in Saskatchewan on work, respiratory health, and expo-
sure to chemicals. The prevalence of self-reported asthma was sig-
nificantly associated with the use of carbamite insecticides. Other
studies in agricultural and rural settings list pesticides along with
numerous other exposures (animal, arthropod, and insect aller-
gens; endotoxins; molds; plant proteins; pollen) potentially asso-
ciated with asthma or other respiratory health outcomes (ATS,
1998).

The response noted in many of these reports appears to be
similar to the reactive airways dysfunction syndrome (RADS),
which is an asthma-like response that occurs in some people when
exposed, even briefly, to a single high concentration of irritative
chemicals, usually in the occupational setting. Whether a similar
response may occur in a subset of the general population follow-
ing lower-level but repeated exposures to irritating chemicals in-
cluding pesticides is not known. This is an area that deserves fur-
ther study.

Although some pesticides may affect the immune system,
there is currently a lack of information on whether pesticide ex-
posures can have an impact on the allergic asthma response. It
has also been suggested that dysregulation of parasympathetic
and sympathetic autonomic control of the airways through pesti-
cide exposure may provide a mechanism (Eskenazi et al., 1999).
Chan-Yeung and Lam (1986) note that acute asthma has been de-
scribed in farm workers who use organophosphate insecticides,
which act as an anticholinesterase and probably precipitate air-
flow obstruction on a pharmacologic basis without the require-
ment of an underlying predisposition to asthma.

Conclusions: Asthma Exacerbation and Development

• There is inadequate or insufficient evidence to determine
whether or not an association exists between pesticide exposures
at the levels typically encountered in nonoccupational or residen-
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tial settings and the development or exacerbation of asthma. As
noted in Chapter 5, proper use of some pesticides as part of an
exposure control program may yield benefits for asthmatics
through elimination or reduction of sources of allergen.

Evidence and Conclusions:
Exposure Mitigation and Prevention

There is considerable potential for reducing indoor residen-
tial exposures to pesticides. The methods of integrated pest
management (IPM), which emphasize habitat modification in
conjunction with minimal and selective use of pesticides, should
be useful in this regard. Although strategies exist that may be
effective in reducing indoor pesticide concentrations, it is not
known whether reducing these concentrations has any significant
impact on the risk of asthma development or exacerbation.

Research Needs

The most immediate need for research in this area is for infor-
mation on whether prolonged exposures to low to moderate con-
centrations of airborne pesticides can elicit an irritative asthma
response in susceptible individuals. Animal models may be help-
ful in this regard. Koren and O’Neill (1998) report that a presently
unpublished study on a microbial biopesticide used against cock-
roaches suggests it can induce asthma in mice. It has been sug-
gested that Flinders Sensitive Line rats, which exhibit increased
responses to an agent similar to commonly used organophosphate
pesticides, may be useful in the study of asthma outcomes.

VOLATILE ORGANIC COMPOUNDS

Definition of Agent and Means of Exposure

Volatile organic compounds are any of a large number of or-
ganic molecules that exist either as free vapors or adsorbed onto
particles in air. More than 300 VOCs have been measured in in-
door air (Wallace, 1987). Table 6-1 lists some of the more common
VOCs and their sources.
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Factors Influencing Exposure

Most available data suggest that personal exposures to VOCs
are dominated by indoor exposures, even for persons living in
urban areas near major outdoor VOC sources such as the petro-
chemical industry (Wallace, 1991; Wallace et al., 1987). Numerous
VOC sources exist indoors, including cigarette smoking, combus-
tion appliances, solvents, printed materials, photocopying ma-
chines, chlorinated water, dry-cleaned clothes, pesticides, silicone
caulk, floor adhesive, particleboard, moth crystals, floor wax,
wood stain, paint, furniture polish, floor finish, carpet shampoo,
room deodorizer, and vinyl flooring and tiles (Gold, 1992; Samet,
1990; Wallace, 1991). Cleaning agents used in homes either may
be a direct source of VOC emissions or may release VOCs through

TABLE 6-1 Common VOCs and Their Sources

Chemical Major Sources of Exposure

1,1,1-Trichloroethane Wearing or storing dry-cleaned clothes;
aerosol sprays; fabric protectors

Aliphatic hydrocarbons (octane, decane, Paints, adhesives, gasoline, combustion
undecane) sources

Aromatic hydrocarbons (toluene, Paints, adhesives, gasoline, combustion
xylenes, ethyl-benzene, sources
trimethylbenzene)

Benzene Smoking, auto exhaust, passive smoking,
driving, pumping gas

Carbon tetrachloride Industrial-strength cleaners

Methylene chloride Paint stripping, solvent usage

p-Dichlorobenzene Room deodorizers, moth cakes

Terpenes (limonene, α-pinene) Scented deodorizers, polishes, fabrics, fabric
softeners, cigarettes, food, beverages

Tetrachloroethylene Wearing or storing dry-cleaned clothes;
visiting dry cleaners

Trichloroethylene Unknown (cosmetics, electronic parts)

SOURCE: Adapted from Samet. Indoor Air Pollution: A Health Perspective. pp. 253.
© 1991, The Johns Hopkins University Press.
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chemical decomposition of the surface being washed (Wolkoff et
al., 1998).

Indoor VOC concentrations and time spent indoors are the
two main factors influencing personal exposures to VOCs. Fac-
tors that modify indoor concentrations, including emission rates
from sources and removal rates due to building ventilation, thus
have a strong impact on personal exposures. Depending on the
type of building material and the VOC, temperature and relative
humidity may influence emission rates (Wolkoff, 1998). Activity
patterns, personal habits, and hobbies also help determine expo-
sure. Many VOCs can adsorb onto clothing and interior surfaces,
which can then serve as reemission sources.

Table 6-2 shows average and maximum concentrations of 18
VOCs observed in a U.S. study of 24-hour and 12-hour personal
exposures and in a German study of two-week average indoor
concentrations. Average values ranged from 2 to 84 µg/m3, with
most concentrations falling below 10–15 µg/m3. Wallace and col-
leagues (1987) reported data on simultaneous personal and out-
door VOC measurements in randomly selected groups of sub-
jects living in two urban areas of New Jersey, in a moderately
sized city in North Carolina, and in a small town in North Da-
kota. Personal exposures were consistently higher than simulta-
neous outdoor measurements in all three populations, presum-
ably due to the dominant influence of indoor exposures. While
outdoor concentrations increased with degree of urbanization
across the three locations, personal exposures showed much less
interlocation variability.

In contrast to combustion pollutants such as NO2 and par-
ticulate matter, many VOCs tend to be source specific (Wallace et
al., 1987). For example, the major source of chloroform in indoor
air is hot water that has undergone chlorination. The principal
sources of benzene in indoor air are smoking and gasoline vapors
from attached garages. Tetrachloroethylene (PERC) is a VOC as-
sociated with dry cleaning; personal exposures are driven by time
spent in laundromats and proximity to clothes that have been dry
cleaned. p-Dichlorobenzene is a principal ingredient in both moth
crystals and room deodorizers, two materials whose presence in-
doors is strongly predictive of variations in human exposure. Be-
cause human exposures to many VOCs are associated with spe-
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TABLE 6-2 Concentrations of VOCs (µg/m3) in Indoor Air in Germany
Compared to Personal Exposures in the United States

Arithmetic Mean Maximum

West United West United
Compound Germany States Germany States

Chlorinated
Chloroform NM 3 NM
1,1,1-Trichloroethane 9 52 260 8,300
Trichloroethylene 11 6 120 350
Tetrachloroethylene 14 16 810 250
p-Dichlorobenzene 14 25 1,260 1,600

Aromatic
Benzene 10 16 90 510
Styrene 2 3 41 76
Ethylbenzene 10 9 160 380
o-Xylene 7 9 45 750
m + p-Xylene 23 26 NM 300
Toluene 84 NM 1,710 NM

Aliphatic
Octane 5 4 92 122
Nonane 10 12 140 177
Decane 15 6 240 161
Undecane 10 8 120 385
Dodecane 6 4 72 72

Terpenes
α-Pinene 10 4 120 208
Limonene 28 43 320 2,530

NOTE:  NM = not measured.
SOURCE: Adapted from Samet. Indoor Air Pollution: A Health Perspective. p. 259. © 1991,
The Johns Hopkins University Press.

cific indoor source materials, exposure mitigation can be directed
at reducing contact with specific sources.

Evidence Regarding Asthma
Exacerbation and Development

A series of studies examined associations between asthma or
asthma-related symptoms and indoor environmental factors in-
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cluding VOCs in Uppsala, Sweden. Norbäck and colleagues
(1995) reported results from a small case-control study nested
within a stratified population-based survey of adults 20–45 years
old in this community: 47 cases with doctor-diagnosed asthma or
asthma symptoms in the past year were compared with 41 sub-
jects lacking both a diagnosis and symptoms. The symptom noc-
turnal shortness of breath was associated with the presence of
carpets and indoor VOC, formaldehyde, and CO2 concentrations.
Significant VOC odds ratios ranged from 4.9 (95% CI 1.1–22.8) for
toluene to 9.9 (95% CI 1.7–58.8) for total VOCs. The authors also
reported associations between AHR and limonene (a terpene).
Variability in peak flow rates was related to two other terpenes,
α-pinene and δ-carene. A subsequent analysis of data from the
same underlying population survey reported a marginally sig-
nificant cross-sectional association (OR = 1.5, 95% CI 1.0–2.4) be-
tween asthma prevalence and the presence of newly painted inte-
rior surfaces in the home (Wieslander et al., 1997). Blood
eosinophil concentrations were also elevated in subjects from re-
cently painted dwellings. In a separate cross-sectional survey of
627 school children age 13–14 years, associations were observed
between current asthma and school VOC concentrations in a lo-
gistic regression analysis that controlled for atopy, food allergies,
and day care histories (Smedje et al., 1997). Many other environ-
mental factors besides VOCs were associated with asthma, includ-
ing school size, the presence of open shelves in classrooms, lower
room temperature, higher relative humidity, and formaldehyde
concentrations. This makes it difficult to attribute the association
to VOCs alone. The VOC association was not robust to different
VOC measurement methods; only passive, but not active, VOC
monitoring data were associated with asthma. A mouse bioassay
performed by Wolkoff and colleagues (1999) found that a mixture
of (+)-α-pinene and ozone at concentrations close to their no-ef-
fect levels (NOELs) produced reaction products including form-
aldehyde and induced strong airway irritation. The authors de-
termined that after accounting for sensitivity differences between
mice and humans, the measured concentrations of formaldehyde
and ozone in the reaction mixture were “not unrealistic for in-
door settings.”

While these studies suggest a variety of associations between
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indoor factors and measures of asthma status, because of the mul-
tiple correlations observed among exposure factors, it is not
possible to clearly implicate VOCs as the causative agents. The
possibility of residual confounding also clouds any causal inter-
pretation. Despite these limitations, the studies reviewed here
have generated several intriguing hypotheses regarding the pos-
sible influences of VOCs and other indoor environmental factors
on asthma.

Small, acute impacts of high-level VOC exposures on de-
creased lung function and increased nasal inflammation have
been suggested in controlled human chamber studies (Harving et
al., 1991; Koren et al., 1992). Harving and colleagues (1991) re-
ported a significant 9% pre–post exposure drop in FEV1 among 11
asthmatics with bronchial reactivity who were exposed for 85
minutes to 25-mg/m3 of a VOC mixture. However, this FEV1 de-
cline was not statistically different from the decline observed af-
ter sham exposure. Koren and colleagues (1992) exposed 16 adults
without asthma or allergy to a 25 mg/m3 VOC mixture for four
hours. Significant increases in inflammatory cells (neutrophils)
were observed in nasal washings performed immediately and 18
hours after exposure, adjusting for changes observed following
sham exposure. The relevance of these high-exposure findings to
the hundredfold lower concentrations observed in indoor resi-
dential settings in uncertain.

Conclusions: Asthma Exacerbation and Development

There is inadequate or insufficient evidence to determine
whether or not an association exists between indoor residential
VOC exposures and the development or the exacerbation of
asthma, although elevated indoor concentrations of VOC mix-
tures are suspected to play a role in the constellation of symptoms
known as sick building syndrome (e.g., headaches, fatigue, eye
and upper respiratory irritation).

Evidence and Conclusions:
Exposure Mitigation and Prevention

Although there is not clear evidence for a role of VOC expo-

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

INDOOR CHEMICAL EXPOSURES 243

sures in asthma, it is deemed prudent to limit indoor exposures
where practical. Approaches include indoor source removal or
control (e.g., eliminating or reducing indoor smoking, air fresh-
eners, moth crystals, use of solvent-based paints and solvent stor-
age), source avoidance (e.g., altering activity patterns and habits
to minimize exposures), and increased ventilation (e.g., increas-
ing the overall home air exchange rate, installing ventilation fans
in spaces containing sources).

Research Needs

With the advent of small, unobtrusive passive diffusion moni-
tors capable of measuring microgram quantities of VOCs in 48-
hour samples, it should be possible to incorporate personal VOC
exposure assessment into future epidemiologic studies address-
ing environmental factors and asthma, yielding an expanded data
base on which to judge the possible role of VOCs in asthma de-
velopment and exacerbation.

Prospective cohort studies that characterize time-averaged
personal VOC exposures of study subjects using passive badges
and then follow subjects to assess the development and/or exac-
erbation of asthma could generate information that would allow
a more confident assessment of any potential risk.

FORMALDEHYDE

Definition of the Agent and Means of Exposure

Although formaldehyde is a member of the VOC family, it is
usually discussed separately from other VOCs because of the
large body of scientific literature that specifically addresses form-
aldehyde exposures and human health. A colorless but character-
istically pungent-smelling gas, formaldehyde is the simplest of
the aldehydes, with the chemical formula HCHO. Formaldehyde
is a component of many building materials, consumer products,
and combustion gases. Potential indoor sources include urea–
formaldehyde foam insulation (UFFI); glues used in plywood and
pressed-board products; paper products including tissues, tow-
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els, and bags; cosmetics and detergents; and emissions from gas
stoves and tobacco smoking.

Because of its polar structure, formaldehyde is highly soluble
in water and thus is rapidly absorbed in the mucous membranes
of the upper respiratory system. Because formaldehyde is highly
reactive, it exerts its irritant effects primarily at or near the site of
deposition.

Factors Influencing Exposure

Formaldehyde pollution is present both outdoors and in-
doors. Outdoor sources include motor vehicle exhaust, especially
when oxygenates are used as fuel additives. Indoor concentra-
tions are determined by the presence, number, and age of sources
and by the degree of ventilation with fresh air. Formaldehyde off-
gassing by materials decays over time, with the highest emission
rates occurring when materials are new. Thus, formaldehyde con-
centrations will typically be highest in newly constructed or reno-
vated interior spaces or in those containing new furniture and/or
carpets, to the extent that these materials contain formaldehyde
resins. Because mobile homes often contain a high percentage of
such materials, as well as being relatively airtight, such structures
will often contain higher formaldehyde concentrations than other
types of residences.

Indoor residential formaldehyde concentrations in large num-
bers of conventional and mobile homes have been reported from
several studies (Dally et al., 1981; Hanrahan et al., 1984; Ritchie
and Lehnen, 1985; Sexton et al., 1986; Stock and Mendez, 1985)
and were summarized by Marbury and Kreiger (1991). In moni-
toring surveys carried out in response to physician or resident
requests, formaldehyde concentrations ranged from 0.01 to 5.62
parts per million (ppm), with mean concentrations falling below
0.50 ppm (Dally et al., 1981; Ritchie and Lehnen, 1985). In other
studies, where populations were chosen either at random or by
convenience, lower levels ranging from 0.01 to 0.80 ppm were
observed, with means falling below 0.20. According to an EPA
review (U.S. EPA, 1987), average concentrations in mobile homes
(0.2 to 0.5 ppm) usually exceed those in conventional homes (0.03
to 0.09 ppm).
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Evidence Regarding Asthma
Exacerbation and Development

Several excellent reviews of formaldehyde exposures and
health have been published (Marbury and Krieger, 1991; Samet,
1990). The known health effects of formaldehyde at high expo-
sure levels include nasal cancers in laboratory animals (Kerns et
al., 1983) and irritation of the mucous membranes of the eyes,
nose, and throat in humans. The influence of formaldehyde on
asthma is much less clear, except for relatively rare cases of occu-
pational asthma among workers exposed to high-level formalde-
hyde concentrations (Hendrick and Lane, 1977). With respect to
occupational asthma, it remains unclear to what extent formalde-
hyde acts through immunologic mechanisms involving specific
sensitization as opposed to irritant mechanisms (Nordman et al.,
1985).

Although several surveys have reported high rates of upper-
respiratory symptoms among residents of mobile homes and/or
homes containing UFFI (Breysse, 1980; Dally et al., 1981; Norsted
et al., 1985; Sardinas et al., 1979), interpretation is often difficult
due to potential selection bias, the lack of adequate control
groups, or the absence of exposure data (Marbury and Krieger,
1991). One large population-based study compared symptom
rates between 1,396 residents of UFFI-containing homes and 1,395
residents of non-UFFI homes (Thun et al., 1982). Reports of
wheezing were unusually low overall but were more frequent in
residents of UFFI-containing homes (0.6 versus 0.1%). No air-
borne formaldehyde measurements were carried out however.
Broder and colleagues (1988) reported elevated rates of a wide
range of symptoms, including wheezing among 1,726 residents
of UFFI-containing homes compared with 720 subjects from non-
UFFI homes. Measured formaldehyde levels did not predict
symptoms in a consistent way, suggesting the possible influence
of other air contaminants besides, or in addition to, formaldehyde.

Several more recent population-based surveys suggest pos-
sible associations between indoor formaldehyde levels, along
with many other indoor factors, and measures of asthma preva-
lence and/or symptoms in children and adults based on studies
in the city of Uppsala, Sweden (Norbäck et al., 1995; Smedje et al.,
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1997; Wieslander et al., 1997) (see earlier discussion of VOCs).
None of these studies were able to isolate formaldehyde specifi-
cally as the causative agent in the reported associations. How-
ever, they do demonstrate the strong associations that may be
found between a variety of measures of indoor air quality and
health outcomes related to asthma.

Conclusions: Asthma Exacerbation and Development

• There is limited or suggestive evidence of an association
between formaldehyde exposure and wheezing and other respi-
ratory symptoms.

• There is inadequate or insufficient evidence to determine
whether or not an association exists between formaldehyde expo-
sure and asthma development.

Evidence and Conclusions:
Exposure Mitigation and Prevention

Options for indoor formaldehyde mitigation include source
control, air cleaning, and dilution (Samet, 1990). As is generally
the case, source control is the option of first choice since it has the
greatest potential for significant exposure reductions. The use of
UFFI was banned in 1982 by the Consumer Products Safety Com-
mission, eliminating this important source of indoor formalde-
hyde (Ashford et al., 1983). Interestingly, studies in which UFFI
has been removed from houses have not demonstrated substan-
tial decreases in formaldehyde levels. Of the remaining indoor
sources, particleboard and hardwood plywood are the most sig-
nificant. While removing these products from interior spaces
would in theory represent an effective strategy for further expo-
sure reduction, the resulting asthma risk reductions, if any, are
considered unlikely to justify the costs associated with substitute
materials. An additional consideration is the age of the material,
since formaldehyde emission rates from these products diminish
rapidly in the first year after they are manufactured (Samet, 1990).
In-situ control of emissions can be achieved through the applica-
tion of sealant coatings or coverings over the formaldehyde-con-
taining materials, although VOC emissions from liquid coatings
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are likely to result. Other approaches to source reduction that
have demonstrated effectiveness include ammonia fumigation
and indoor temperature and humidity reduction.

Conclusions Regarding Means of
Source Mitigation or Prevention

Although strategies exist that may be effective in reducing
indoor formaldehyde concentrations, there is inadequate or in-
sufficient evidence to determine whether or not an association
exists between the implementation of these strategies and a de-
crease in asthma development or exacerbation.

Research Needs

No specific research is recommended.

FRAGRANCES

Definition of Agent and Means of Exposure

Fragrances are constituents of many personal (perfume, co-
logne, soap, shampoo, hairspray, shaving cream, deodorant, hand
lotion, nail color and enamel) and household (detergent, fabric
softener, dishwashing liquid, dishwasher detergent, air freshener)
products. A 1991 survey identified several classes of polar VOCs
in emissions from such products, including alcohols, esters, and
aldehydes (Wallace et al., 1991). It is estimated that more than
3,000 chemicals are used in fragrance manufacture and that syn-
thetic organic chemicals constitute the vast majority of the con-
stituent raw materials (Fisher, 1998).

Evidence Regarding Asthma
Exacerbation and Development

There is limited and largely anecdotal epidemiologic evidence
suggesting that exposure to fragrances may induce asthma-like
symptoms in some sensitive individuals and that some patients
with asthma are sensitive to strong scents. A small number of con-
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trolled clinical challenge studies have been carried out, with some
but not all of these demonstrating respiratory effects following
fragrance exposure in sensitive population groups.

A study by Shim and Williams (1986) examined the effect of
cologne and a saline placebo challenge on the expiratory volume
of four patients with sensitivity to cologne. The researchers found
an ~20–60% decline from baseline in FEV1 during the 10-minute
cologne exposure. Occlusion of the nostrils prevented the decline
in one of the subjects. Kumar and colleagues (1995) studied the
effect of exposure to commercial perfume-scented strips on 29
asthmatic adults and 13 nonasthmatic controls. They reported that
perfume inhalation challenges produced significant declines in
FEV1 in asthmatic patients compared to control subjects, with
greater declines noted among the more severely asthmatic sub-
jects and among atopic (versus nonatopic) asthma subjects. A
study by Millqvist and Löwhagen (1998) examined 10 asthmatic
patients who complained of sensitivity to strong scents. The pa-
tients were challenged with methacholine, perfume (with and
without a nose clip to block smell perception), and a placebo. They
found no changes in lung function after the perfume provocation,
although all of the patients were very sensitive to provocation
with methacholine.

Millqvist and colleagues (1999) conducted a single-blinded,
placebo-controlled randomized study of perfume exposure, us-
ing face masks or nose clips to block smell perception. They found
that a group of 11 patients with a history of hyperreactivity to
scents exhibited asthma-like symptoms that increased over the
30-minute exposure period when provoked. An earlier study by
Millqvist and Löwhagen (1996) found that breathing through a
carbon filter had no protective effect for nine patients with respi-
ratory symptoms (but without immunoglobulin E [IgE] mediated
allergy) subjected to perfume provocation, suggesting that the
symptoms were not transmitted via the olfactory nerve. Mecha-
nisms were also examined in an animal study by Hilton and col-
leagues (1996). They concluded that the fragrances eugenol and
isoeugenol did not cause sensitization of the respiratory tract of
mice or guinea pigs. Anderson and Anderson (1998) found that
one-hour exposure to emissions of five commercial colognes or
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toilet water elicited pulmonary irritation and decreases in expira-
tory airflow velocity in male Swiss-Webster mice.

A clinic-based occupational study (Ross et al., 1998) found
that workers in the perfume industry were among the groups
with the highest incidence rates of occupational asthma in 1997.
However, the specific workplace exposures that might account
for the observation were not identified.

Conclusions: Asthma Exacerbation and Development

It is difficult to draw conclusions concerning a possible direct
role of chemical fragrances in eliciting respiratory symptoms be-
cause many studies fail to control for the possible influence of
odor perception. The studies that do account for this factor pro-
vide limited or suggestive evidence of an association between ex-
posure to certain fragrances and the manifestation of respiratory
symptoms in asthmatics sensitive to such exposures. The com-
mittee did not identify any carefully controlled studies that ad-
dress the relationship between fragrance exposure and the devel-
opment of asthma. In summary:

• There is limited or suggestive evidence of an association
between exposure to certain fragrances and the manifestation of
respiratory symptoms in asthmatics sensitive to such exposures.

• There is inadequate or insufficient evidence to determine
whether or not an association exists between exposure to fra-
grances and asthma development.

Evidence and Conclusions:
Exposure Mitigation and Prevention

There is no scientific literature on the effectiveness of fra-
grance exposure prevention measures for sensitive asthmatics.
However, avoidance is clearly the most straightforward means of
addressing problematic exposures for sensitive individuals.
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Research Needs

Future research on fragrance exposures has to carefully con-
trol for confounding factors such as odor perception and to focus
on objective measures of respiratory health. Additional research
elucidating the mechanism or mechanisms underlying adverse
respiratory reactions to nonacute exposure to fragrances or their
component chemicals would also be helpful.

PLASTICIZERS

Definition of Agent and Means of Exposure

Chemicals that soften or enhance the flexibility of resins are
called “plasticizers.” These chemicals, which are also VOCs, are
used primarily to process polyvinyl chloride (PVC) resin into use-
ful forms. Plasticizer residues may be found in household items
such as sheet vinyl flooring, wall coverings, vinyl upholstery, and
shower curtains.

Evidence Regarding Asthma
Exacerbation and Development

There is a small literature addressing the possible connection
between plasticizer exposure and asthma. Di(2-ethylhexyl)
phthalate (DEHP), a plasticizer widely used in building materi-
als, has been implicated in airway inflammation, and it has been
suggested that residential exposure to DEHP may have a role in
asthma pathogenesis (Øie et al., 1997) and bronchial obstruction
(Øie et al., 1999). Doelman and colleagues (1990) report that
mono(2-ethylhexyl) phthalate (MEHP), a breakdown product of
DEHP, induces bronchial hyperreactivity in rats. Anderson and
Anderson (1999) found that one-hour exposure to emissions of
six brands of waterproof crib mattress covers, five of which were
manufactured with PVC cores, induced asthma-like symptoms in
male Swiss-Webster mice.

There are also reports of asthma exacerbation and develop-
ment related to occupational exposures to plasticizers (Cipolla et
al., 1999) and plastics manufacturing (Kogevinas et al., 1999), al-
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though their relevance to nonoccupational environments is open
to question.

Conclusions: Asthma Exacerbation and
Development and Research Needs

While the reports described above have attracted some inter-
est in the research and building trades communities, there is in-
adequate or insufficient evidence to determine whether or not an
association exists between nonoccupational exposure to plasticiz-
ers and the development or exacerbation of asthma. Research
characterizing residential exposure to such compounds and
evaluating asthma outcomes while controlling for known con-
founders would help resolve the question of their influence.

OTHER CHEMICAL EXPOSURES IN
THE INDOOR ENVIRONMENT

Some outdoor air pollutants potentially associated with
asthma penetrate the indoor environment and therefore present
opportunities for indoor exposure. The following section ad-
dresses three of these pollutants: ozone, non-biologic particulate
matter with sources other than tobacco smoke, and sulfur diox-
ide. Since the committee’s mandate was to address indoor air pol-
lutants, the discussion of these is less detailed than others in the
chapter and no conclusions are drawn concerning indoor expo-
sures and asthma outcomes.

Ozone

Ozone (O3) is a natural part of the atmosphere that is also a
by-product of the chemical reactions that create smog. Outdoor
ozone penetrates dwellings only partially, depending on ventila-
tion rate and reactions with indoor surfaces. In buildings without
indoor sources, average ratios of indoor to outdoor (i/o) concen-
trations are typically around 0.5, although i/o ratios as low as 0.1
are observed in tightly sealed homes with air conditioners1 . The

1 Chapter 10 discusses the relationship of ventilation and air cleaning to pollut-
ant exposures associated with asthma and asthma symptoms.
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primary indoor residential source of ozone is an appliance called
an ionizer or ozone generator, which is sold as an air freshening
or air cleaning device. The EPA report Ozone Generators That Are
Sold as Air Cleaners (U.S. EPA, 1999) details potential health prob-
lems from ozone exposure associated with the use of these de-
vices. Xerographic copying machines—found in offices, schools,
and some other indoor environments—also produce ozone.

Time-series epidemiologic studies have demonstrated signifi-
cant associations between daily asthma hospitalizations and/or
emergency room visits and daily outdoor ozone concentrations
(U.S. EPA, 1996). Although outdoor ozone concentrations usually
exceed indoor levels, it is likely that relevant exposures in these
studies occurred predominantly indoors. Other studies indicate
that higher ozone levels cause coughing and shortness of breath
in asthmatics and nonasthmatics, and exacerbation of symptoms
in asthmatics (Bielory and Deener, 1998). Peden and colleagues’
(1995) study of 11 asthmatics who were allergic to dust mites
(Dermatophagoides farinae) found that ozone exposure had both a
priming effect on allergen-induced responses and an intrinsic in-
flammatory action in the nasal airways. A mixture of (+)-α-pinene
and ozone yielded reaction products including formaldehyde and
induced strong airway irritation in male mice (Wolkoff et al.,
1999). The authors determined that after accounting for sensitiv-
ity differences between mice and humans, the measured concen-
trations of formaldehyde and ozone in the reaction mixture were
“not unrealistic for indoor settings.” There are no data suggesting
that ozone exposure is associated with the development of
asthma.

Chapter 10 contains an extended discussion of the impact of
ventilation on the indoor concentrations of gaseous pollutants.
As noted in that chapter, ozone is also removed from indoor air at
a significant rate by deposition on or reaction with indoor sur-
faces. Rates of removal depend on the intensity of indoor air mo-
tion and other factors.

Particulates (Nonbiologic Particles)

“Particulate matter” (PM) is the name given to solid and liq-
uid particles suspended in the air. Aside from outdoor infiltrate,
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the primary indoor sources of nonbiologic PM in indoor environ-
ments are combustion sources and tobacco smoke (which is ad-
dressed separately and in greater detail in Chapter 7). Unvented
or poorly vented coal stoves and wood-burning stoves and fire-
places—where present—may be significant sources of indoor PM.
For spaces without significant sources, indoors is a protective en-
vironment.

Studies consistently report an association between exposure
to high outdoor levels of air pollutants, including PM, and ad-
verse respiratory health effects (Koren, 1995). Evidence suggests
that for fine particles (i.e., those with aerodynamic diameters less
than 2.5 µm), outdoor PM often penetrates readily indoors. The
literature specifically addressing asthma suggests an association
between PM exposure and asthma exacerbation (e.g., Pope and
Dockery, 1992; Roemer et al., 1993; Sheppard et al., 1999). Ostro
and colleagues (1998) list three classes of possible mechanisms
for this:

1. reflex bronchoconstriction via nonspecific irritant effects;
2. direct toxicity to the airway epithelium and resident im-

mune cells, augmenting preexisting inflammation and airway
hyperresponsiveness; and

3. induction of an inflammatory immune response, either be-
cause the particles themselves are allergenic or by permitting ac-
cess of other allergens to the underlying tissues.

Aside from studies of the health effects of environmental to-
bacco smoke, where PM is part of a more complex exposure, data
have not shown an association between PM and asthma develop-
ment. Ongoing research is addressing this topic, including stud-
ies using animal models.

Limiting or eliminating sources is clearly the most straight-
forward means of addressing indoor PM exposures. Chapter 10
includes a discussion of the use of high-efficiency particulate air
(HEPA) filters in lowering concentrations of indoor particulates.

Sulfur Dioxide

Sulfur dioxide (SO2) is one of a family of gases called sulfur
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oxides (SOx) formed when fuel containing sulfur—primarily coal
and oil—is burned. Outdoor levels of SO2 have diminished sig-
nificantly since the 1960s in the United States due to the elimina-
tion of high-sulfur coal and oil as primary fuels for power genera-
tion and heating. Indoor sources include fossil fuel appliances and
furnaces. However, these are not significant in most indoor envi-
ronments, where outdoor infiltrate is the primary source.

Sensitive asthmatics breathing at elevated ventilation rates
(during exercise, for example) experience bronchoconstriction
and other airway responses in reaction to brief exposure to SO2.
These effects, which are relatively transitory, exhibit a dose–re-
sponse relationship. Sulfur dioxide may both have a direct irri-
tant effect and, possibly in combination with other air pollutants,
potentiate the effect of antigens (Bielory and Deener, 1998). Expo-
sure to a combination of SO2 and NO2 in concentrations that could
be encountered in heavy-traffic areas produced a statistically sig-
nificant decrease in the concentration of dust mite allergen re-
quired to produce a 20% decrease in FEV1 of adult asthmatics
(Devalia et al., 1994). There is no established mechanism for the
effects of SO2 on airways, although candidate mechanisms have
been proposed (Peden, 1997). The committee did not identify any
studies addressing indoor exposures to SO2 and asthma develop-
ment.

The exposure mitigation and prevention strategies discussed
above for indoor sources of NO2 are also relevant for SO2.
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7
Exposure to Environmental

Tobacco Smoke

Involuntary exposure to environmental tobacco smoke (ETS),
or “passive smoking,” has been extensively investigated with re-
spect to its potential health effects, particularly on respiratory
health. There is a significant body of research on its potential ef-
fects regarding the incidence, prevalence, and exacerbation of es-
tablished asthma. While attention has focused upon possible as-
sociations with childhood asthma, associations with asthma in
adults also have been investigated. The following analysis relies
heavily on several very detailed and comprehensive reviews, in-
cluding those of the U.S. Environmental Protection Agency (EPA)
(U.S. EPA, 1992), the California EPA’s Office of Environmental
Health Assessment (California EPA, 1997), the World Health Or-
ganization (WHO) International Consultation on Environmental
Tobacco Smoke (ETS) and Child Health (WHO, 1999), the report
of the United Kingdom’s Scientific Committee on Tobacco and
Health (SCOTH, 1998), and the series of ten meta-analyses (to
date) of the health effects of ETS by Cook, Strachan, and col-
leagues (Anderson and Cook, 1997; Cook et al., 1998; Cook and
Strachan, 1997, 1998, 1999; Strachan and Cook, 1997, 1998a–1998c).
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DEFINITION OF ENVIRONMENTAL TOBACCO SMOKE (ETS)

Environmental tobacco smoke has been defined (Daisey et al.,
1994) as:

. . . the smoke to which non-smokers are exposed when they are in
an indoor environment with smokers. It is composed largely of
sidestream tobacco smoke (SS), the smoke emitted by the smolder-
ing end of a cigarette between puffs, with minor contributions from
exhaled mainstream smoke (the smoke which is directly inhaled by
the smoker) and any smoke that escapes from the burning part of
the tobacco during puff-drawing by the smoker. ETS differs from
SS in that it is highly diluted and dispersed within a room and it
undergoes aging.

Tobacco smoke contains many chemical products with known
or suspected adverse health effects. These products include eye
and respiratory irritants, systemic toxicants, mutagens and car-
cinogens, and reproductive toxicants (California EPA, 1997). ETS
consists of solid particulates, and semivolatile and volatile organic
compounds (VOCs). The solid particulates have a mean diameter
of 0.32 µm (National Research Council, 1986). “The aging process
includes volatilization of nicotine, which is present in the particu-
late phase in mainstream smoke but is almost exclusively a com-
ponent of the vapor phase of ETS” (U.S. EPA, 1992). The mean
and standard deviation of the total emission factor for PM 2.5, de-
termined for six commercial cigarettes and Kentucky reference
cigarette 1R4F, is 8,100 ± 2,000 µg per cigarette. Bacterial endot-
oxin (lipopolysaccharide), previously associated with environ-
mental lung diseases, has been reported to be a respirable con-
stituent of both mainstream and sidestream smoke (Hasday et al.,
1999).

Significant amounts of nearly 30 volatile organic compounds
have been measured, including acetaldehyde, formaldehyde,
nicotine, 3-vinylpyridine, toluene, pyridine, benzene, pyrrole, xy-
lene, 2-butanone (methyl ethyl ketone [MEK]), phenol, and oth-
ers. Many of the more volatile VOCs (such as aldehydes) remain
in the air for prolonged periods of time following the smoking of
a cigarette (at least four hours) and do not appear to undergo
significant chemical reactions within this period. Some of the less
volatile compounds and particulates appear to decrease over time
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due to deposition as well as ventilation effects. With the excep-
tion of nicotine, the emission factors for VOCs are significantly
greater in ETS than in SS (U.S. EPA, 1992).

Additional information on the physical and chemical proper-
ties of ETS and the biological activities can be found in the U.S.
and California EPA reports (California EPA, 1997; U.S. EPA, 1992).

FACTORS CONTROLLING EXPOSURE TO ETS

Variations in Concentration of ETS in Indoor Environments

Exposure Assessment

Nicotine and particulate matter (PM), in addition to carbon
monoxide, have been the constituents most extensively measured
as a means of assessing ETS concentrations in indoor air. Nicotine
is considered an adequate tracer for PM under certain conditions,
and, possibly, for VOCs ranging from slightly to very volatile
compounds (Daisey, 1999). Among the documented conditions
influencing the concentration of nicotine are emission rates, ven-
tilation, and (for VOCs/SVOCs) resorption and desorption from
surfaces (Daisey, 1999). The EPA (1992) and Guerin et al. (1992)
summarized more than 25 studies of nicotine concentration in
more than 100 different indoor environments and found that the
average concentrations of nicotine ranged from 0.3 to 30 µg/m3, a
hundredfold difference. In residences with one or more smokers,
the typical range was from 2 to 10 µg/m3, typically being higher
in winter than in summer. Bars and smoking sections of commer-
cial airplanes recorded the highest levels—up to 50–75 µg/m3,
although nonsmoking regulations and ordinances have signifi-
cantly altered this. In general, the concentrations of nicotine have
been found to increase with the number of smokers and number
of cigarettes consumed in a given indoor environment (U.S. EPA,
1992).

One study involving personal monitor measurement of
approximately 100 individuals in 16 metropolitan areas in the
United States reported mean 24-hour time weighted average nico-
tine concentrations of 3.28 µg/m3 for those exposed to ETS both
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at work and away from work; 1.41 µg/m3 for those exposed away
from work only; 0.69 µg/m3 for those exposed at work only; and
0.05 µg/m3 for those exposed at neither location (Jenkins et al.,
1996; Jenkins and Counts, 1999). Particulate concentrations, un-
like nicotine, are not specific to ETS as a source. However, al-
though not unique to the combustion of tobacco, the quantity of
respirable particulates produced by cigarette smoking, is large—
significantly greater than the amounts produced by other com-
mon combustion sources within the home, such as wood-burning
fireplaces, gas stoves, and kerosene space heaters (California EPA,
1997). Respirable suspended particles in homes with at least one
smoker average about 20–100 µg/m3 higher than the levels in
similar nonsmoking homes. The highest concentrations have been
reported in restaurants and bars—a maximum of 1,379 µg/m3 and
a range of average concentrations of 35–986 µg/m3 (U.S. EPA,
1992). Ott et al. (1996) documented a 77% decrease in the average
concentration of respirable suspended particles in a northern
California tavern after a prohibition against smoking was insti-
tuted. In addition to the influence of the number of smokers and
the amount smoked on the concentration of ETS in a given indoor
environment, concentration is affected by the ventilation rate.

Long-term exposure to ETS has been of most concern from
the standpoint of effects on lung development and cancers. How-
ever, ETS concentration varies over an extreme spatial and tem-
poral range in indoor and outdoor environments, making it in-
feasible to comprehensively assess the ETS exposure history of an
individual over their lifetime by direct exposure assessment or
air sampling in all of the relevant environments. Critical aspects
of this history can, however, be determined and more compre-
hensive and accurate assessment is often feasible for infants and
very young children. Because of the difficulties involved, epide-
miologists have tended to use questionnaires and interviews to
determine individual history with regard to ETS exposure, classi-
fying people into categorical groups to provide a semiquantitative
measure of exposure. Direct measurement of exposure at or near
the breathing zone is often done via personal monitors and can
provide an assessment of integrated exposure, but this is feasible
for monitoring only over a relatively limited period of time.
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Biomarkers of Exposure

The most direct assessment of exposure involves the measure-
ment of ETS constituents or their breakdown products in body
fluids. To date, the most reliable of these biomarkers is cotinine, a
metabolite of nicotine (Benowitz, 1999). Cotinine has an average
half-life of approximately 16–19 hours (Benowitz and Jacob, 1994;
Jarvis et al., 1988), making it highly useful for the assessment of
integrated ETS exposure over the two to three days prior to the
measurement. In infants and children, the half-life is appreciably
longer, from approximately 40 hours in children more than 18
months old to approximately 65 hours in neonates (U.S. EPA,
1992). Because urinary cotinine excretion varies markedly among
individuals as a result of renal function, urinary flow rate, and
urinary pH (Benowitz et al., 1983), results often are expressed as
nanograms of cotinine per milligram of creatinine, rather than
simply in nanograms per milliliter of fluid. However, the produc-
tion of creatinine is a function of muscle mass; hence excretion
varies with age, sex, and other individual factors. In particular,
the low level of creatinine produced in children means that the
cotinine-to-creatinine ratios in children may fall into the range
reported for active smokers (Watts et al., 1990).

The levels of exposure of nonsmokers to ETS are sufficient
that nicotine and cotinine are detectable in their urine, blood, and
saliva (Benowitz, 1996). Values are typically in the range of 0.5 to
10–15 ng/mL in the saliva and plasma, respectively, of nonsmok-
ers, with urinary concentrations approximately three times
higher—as much as 50 ng/mL or more (Guerin et al., 1992; U.S.
EPA, 1992). A cutoff of 90 ng/mL has been used to distinguish
active smokers from exposed and unexposed nonsmokers
(Cummings et al., 1990), and studies consistently have been able
to distinguish active smokers from exposed and unexposed non-
smokers (Jarvis et al., 1987). It has been more difficult to distin-
guish exposed from non-exposed non-smokers for a variety of
reasons related to the validity of self-reported smoking status and
ETS exposure, variability in nicotine metabolism, variability in
sampling procedures, and the limits of sensitivity of the assay
methods used (Idle, 1990). Increasing levels of cotinine have been
generally found to be associated with increasing levels of self-
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reported ETS exposure (NRC, 1986; U.S. DHHS, 1986; U.S. EPA,
1992).

As would be expected from the results of measurement of
ambient concentrations of nicotine, the maximum reported expo-
sure levels have occurred in bars and restaurants and on commer-
cial airline flights—approximately 30 ng/mg creatinine (Mattson
et al., 1989). One study in which adults in an enclosed area were
exposed to sidestream smoke from four cigarettes being smoked
simultaneously and injected into the room continuously by ma-
chine, with ventilation conditions equivalent to those in the aver-
age office environment, found the air concentration of nicotine
rapidly reached a stable level of 280 µg/m3. Average nicotine con-
centration in saliva reached a maximum of 880 ng/mL after 60
minutes of exposure, and cotinine concentrations reached 3.4 ng/
mL in serum and 55 ng/mg creatinine in urine, a little more than
six hours after exposure.

A number of studies have compared biomarkers in active
smokers with those in exposed and nonexposed nonsmokers.
Jarvis and Russell (1984), for example, found mean urinary
cotinine levels in these three groups of 1,390.0, 7.7, and 1.6 mg/
mL, respectively (p < .001 between exposed and nonexposed non-
smokers). Cotinine concentrations of self-reported smokers and
nonsmokers have generally been found to overlap.

In infants and children exposed to ETS, levels of cotinine have
been found to be significantly higher in exposed than in
nonexposed children. Direct exposure assessment has detected
cotinine in the urine on the first day of life in neonates of both
active smokers and ETS-exposed nonsmokers with significantly
higher levels in the latter than in neonates of unexposed non-
smokers (Jordanov, 1990). Henderson et al. (1989) found that air
nicotine concentration in the home was significantly associated
with the average log urinary cotinine level (r = 0.68, p = .006).
Greenberg et al. (1989) found a median concentration of 121 ng
cotinine/mg creatinine (range 6–2,273 ng cotinine/mg creatinine)
in children with any detectable cotinine. Chilmonczyk et al. (1990)
found median levels of urinary cotinine of 1.6 mg/mL in non-
smoking households, 8.9 mg/mL where someone other than the
mother smoked, 28 mg/mL where only the mother smoked, and
43 mg/mL where both the mother and someone else smoked.
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Exposure Prevalence

In reviewing studies of ETS exposure prevalence, the Califor-
nia EPA (1997) concluded, “Taken as a whole, the various studies
[at least 10 separate investigations including large representative
sample surveys] . . . indicate that within California and the United
States, exposure to ETS was widespread during the time period
of the studies (1979 through 1992). Analysis of ETS exposure
within California indicated that the workplace, home, and other
indoor locations contributed significantly to the exposure of
adults. For children, the home was the most important single lo-
cation contributing to ETS exposure. In all studies using both self-
reporting and a biological marker (cotinine level) as measures of
exposure, prevalence was higher when determined using the bio-
logical marker.” It further cited indirect evidence that “the preva-
lence of ETS exposure in the rest of the U.S. population is higher
than that in California.”

It is particularly noteworthy that despite aggressive antismok-
ing education and regulation, and documented reductions in
smoking rates (to 16.7% of the adult population in 1995 [CDHS,
1995]), in 1992 an estimated 9.4% of California women pregnant
within the previous five years had smoked throughout pregnancy,
and an estimated 19.6% of those 17 years of age may be exposed
to ETS in their homes (Pierce et al., 1994). By inference from stud-
ies of adult smoking, it also would appear that the rates may be
appreciably higher in specific subpopulations.

Influence of Activity Patterns on Exposure

The activity patterns of both children and adults have been
studied in relation to exposure to ETS. For all ages, the home is
the location in which the average person spends the most time—
921 minutes per day for adults and 1,078 minutes per day for
children in California. Time within the home is spent primarily in
the bedroom—an average of 524 minutes per day for adults and
674 minutes per day for children (Wiley et al., 1991). The next
greatest amounts of time are spent by children in school or child
care (an average of 109 minutes for all children and 330 minutes
for those attending school), in other people’s homes (80 minutes
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average and 251 minutes for those doing this), and in-transit (69
minutes overall and 83 minutes for those traveling). Overall, chil-
dren spend an average of 1,230 min. (20.5 hours) each day in-
doors, 141 minutes outdoors, and 69 minutes in enclosed transit.
Infants and other children ages 2 and under spend the most time
indoors (an average of 21.6 hours), but somewhat less in enclosed
transit (48 minutes). For adults, the times are 1,253 minutes in-
doors, 73 minutes outdoors, and 111 minutes in enclosed trans-
portation, with time in the workplace replacing time spent in
school or child care by children.

For children, the home is clearly the most likely source of ex-
posure to ETS and the place that the child is most likely to sleep.
While smoking is not permitted in schools or day care facilities
and is prohibited in some states in licensed child care in private
homes when children are present, the fact that many children are
in nonlicensed child care arrangements or in states or communi-
ties where smoking prohibitions are not well enforced means that
significant regular exposure may occur in home settings. Expo-
sure during travel in the private automobile is another potential
source of exposure.

For adults, research in California (Lum, 1994a, 1994b) has
shown that exposure in the workplace is the most prevalent loca-
tion for exposure of nonsmokers to ETS, with the home as the
second most prevalent location. To the extent that workplaces
adopt antismoking regulations, this exposure source may dimin-
ish in importance. The private automobile represents another po-
tentially significant location for adult exposure.

It is possible for both adults and children to be exposed to
ETS the majority of the time they are indoors, both during the day
and at night. For the average preschool child, this could be virtu-
ally all of the time, for the school-aged child as many as 15.5 hours
a day, and for adults anywhere from 12 hours (for those working
in a nonsmoking environment) to 24 hours for those working as
well as living in environments in which smoking is permitted.
The only reliable exception would be time spent in school, public
buildings, or public transit where smoking is prohibited. There is
no reason to believe that the activity patterns of persons with
asthma differ significantly from those of nonasthmatics, except
for the possibility of their having lower activity levels that could
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result in more time spent indoors and hence greater exposure to
any ETS present in indoor environments. Further, there are ques-
tions as to whether the sensitization of children to allergens (e.g.,
dust mites, cockroaches) in the home environment may be in-
creased by the presence of ETS, as well as whether increased time
spent in the indoor environment, if this occurs, results in greater
exposure to ETS as well as to indoor allergens.

One study of children between the ages of 2 and 12 in Scot-
land, having at least one parent who smoked, found that salivary
cotinine levels were nondetectable in only four children, all of
whom had only a father who smoked (Irvine et al., 1997). In the
remaining 493 children, the levels ranged from 0.5 ng/mL (barely
detectable) to 21.2 ng/mL, with a mean of 4.35 ng/mL. The au-
thors cite two studies in which levels of 14.3 ng/mL or higher
have been taken as indicative of active smoking by a child. How-
ever, 13 of the 18 children who scored between 14.3 and 21.2 ng/
mL were younger than 6 years of age and are presumed not to be
active smokers. This study found that the age of the child, cotinine
level and self-reported amount smoked in the home by the index
parent, self-reported frequency of smoking in the same room as
the child, whether the index parent’s partner smoked, whether
the child had contact with other smokers, the number of persons
per room in the home, and whether the home had a yard or gar-
den were all significantly and independently related to the child’s
cotinine level.

EVIDENCE OF A RELATIONSHIP
BETWEEN ETS AND ASTHMA

Action of ETS on the Lungs

Tobacco smoke, whether mainstream, sidestream, or ETS, is a
lung irritant. From a pathophysiologic point of view, active smok-
ing is associated with significant structural changes in both the
airways and the pulmonary parenchyma (U.S. DHHS, 1984), in-
cluding hypertrophy and hyperplasia of the upper airway mu-
cous glands, leading to an increase in mucous production with
associated increased prevalence of cough and phlegm. Chronic
inflammation of the smaller airways also occurs, leading to bron-
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chial obstruction. In addition, airway narrowing may occur con-
sequent to destruction of the alveolar walls, decreased lung elas-
ticity, and development of centrilobular emphysema (U.S. EPA,
1992). Smoking also may increase mucosal permeability to aller-
gens, increasing total and specific immunoglobulin E (IgE) levels
(Zetterstrom et al., 1981) and blood eosinophil counts (Halonen et
al., 1982).

The adverse health effects and pathophysiologic changes as-
sociated with active smoking have been observed at low-dose ex-
posures, suggesting that ETS might have similar adverse effects,
a suspicion that was heightened by the fact that ETS contains
some volatile substances in greater quantities than are found in
mainstream smoke (U.S. EPA, 1992). In addition, since large pro-
portions of the population are involuntarily exposed to ETS, in-
cluding more susceptible infants and children, the index of suspi-
cion for adverse effects of ETS is high. Exposures early in life,
when the lung is undergoing significant growth and remodeling,
could plausibly alter lung development and increase the risk of
various respiratory illnesses, including asthma. It is also plausible
that, in addition to the marked susceptibility of young lungs, there
is variable individual susceptibility in other respects, including
genetic predisposition, lung injury such as bronchopulmonary
dysplasia consequent to premature birth, and greater contact with
a primary caregiver who smokes.

Maternal Active Smoking During Pregnancy

Exposure of the fetus to the products of maternal tobacco
smoking is a form of “environmental” exposure to tobacco smoke,
although not in the same proportions as in airborne ETS and not
to all constituents of ETS (notably, not the particulates). It is plau-
sible that virtually all products of active maternal smoking that
enter the bloodstream of the mother, including products arising
from mainstream and sidestream smoke, cross into the fetus
through the placenta with a diffusion gradient. This has been con-
firmed in the case of carbon monoxide (Longo, 1970) and cotinine.
A biomarker for nicotine exposure, cotinine has been detected in
the amniotic fluid of ETS-exposed women and the urine of their
neonates in significantly higher concentrations than in
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nonexposed nonsmoking women (Jordanov, 1990). Transplacen-
tal passage of the bloodborne products of passive maternal ETS
exposure also would be expected, although at lower levels and
with a different chemical composition than if the mother were an
active smoker.

Active maternal smoking has been associated with reduced
size of the placental arteries (Asmussen, 1979), a reduction in av-
erage birthweight of 75–400 gm. (Abell et al., 1991; Asmussen,
1979; Lodrup Carlsen et al., 1997; Milner et al., 1999; Sherwood et
al., 1999; Wang et al., 1997), and altered lung function measured
shortly after birth (Lodrup Carlsen et al., 1997). Small but statisti-
cally significant deficits in forced expiratory volume in one sec-
ond (FEV1) and other spirometric indices (forced vital capacity
[FVC], mid expiratory flow [MEF], and end expiratory flow [EEF])
have been fairly consistently demonstrated in school-aged chil-
dren (data reviewed in Cook and Strachan, 1999) and as early as
three days after birth (Lodrup Carlsen et al., 1997), thereby
strongly implicating maternal smoking during pregnancy as the
cause of these deficits. However, in Turkey, where there is heavy
smoking by men and virtually none by women, exposure of chil-
dren also has been associated with significant deficits in lung
function (e.g., Bek et al., 1999). Experimental studies in animals
have demonstrated that ETS exposure of pregnant rats is associ-
ated with reduced lung volume, number of saccules and septal
crests, and elastin fibers in fetal lungs (Collins et al., 1985). More
recently, Sekhon et al. (1999) reported that nicotine alone, when
administered to pregnant rhesus monkeys, altered the expression
of nicotine receptors in the developing fetal lung, leading to lung
hyperplasia with structural alterations and reduced complexity
of the gas-exchange surface.

ETS and Children’s Respiratory Health

Recent reviews of an extensive body of cross-sectional, case-
control, and longitudinal epidemiologic research on the effects of
parental smoking on children’s respiratory health have come to
very similar, although not identical, conclusions. These reviews
include both systematic, quantitative meta-analyses (Cook and
Strachan, 1999) and narrative reviews (California EPA, 1997; U.S.
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EPA, 1992; SCOTH, 1998; WHO, 1999). In updating their earlier
quantitative meta-analysis to include additional studies con-
ducted between April 1997 and June 1998, Cook and Strachan
(1999) summarize their earlier general conclusions (Cook and
Strachan, 1997, 1998; Cook et al., 1998; Strachan and Cook, 1997,
1998a–1998c) as follows:

Overall, there is a very consistent picture with odds ratios for respi-
ratory illnesses and symptoms and middle ear disease of between
1.2 and 1.6 for either parent smoking, the odds usually being higher
in pre-school than school-aged children and higher for maternal
smoking than for paternal smoking.

Virtually all of the evidence with regard to the effects of
chronic ETS exposure in children comes from epidemiologic re-
search, with very limited investigation of acute exposures. True
experimental investigations of controlled acute exposure in cham-
bers has been limited to adults.

Chronic ETS Exposure and Asthma Incidence, Prevalence,
and Severity in Infants and Children

With respect specifically to the prevalence of asthma and res-
piratory symptoms in school-aged children, both the previously
analyzed and the newer studies reviewed by Cook and Strachan
(1999) supported the conclusion that parental smoking is associ-
ated with “increased prevalence of asthma and respiratory symp-
toms in school children” and that “among children with estab-
lished asthma, parental smoking was associated with more severe
disease.” Indicators of disease severity for which such an associa-
tion has been documented include emergency room visits, life-
threatening attacks, and symptoms.

As indicated in Table 7-1, among children ages 5–16, pooled
odds ratios (ORs) for asthma prevalence in studies reported
through April 1997 were 1.21 (95% confidence interval [CI] 1.10–
1.34, 21 studies) for either parent smoking from cross-sectional
studies and 1.37 (1.15–1.64, 14 studies) from case-control studies,
1.36 (1.20–1.55, 11 studies) for maternal smoking only, 1.07 (0.92–
1.24, 9 studies) for paternal smoking only, and 1.50 (1.29–1.73, 8
studies) for both parents smoking. Maternal smoking was associ-
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ated with an OR of 1.31 (1.22–1.41, 4 studies) for asthma incidence
under age 6 and with an OR of 1.13 (1.04–22, 4 studies) over age 6.

In younger children (0–2 years of age), the odds ratio for
wheezing illness was 1.55 (95% CI 1.16–2.08, 5 studies) for either
parent smoking and 2.08 (1.59–2.71, 7 studies) for mother smok-
ing. These data suggest that parental smoking is more influential
as a cause of “wheezy bronchitis” in infants and toddlers than of
later-onset asthma.

There is, at present, some inconsistency with regard to the
interpretation of studies that have attempted to separate the in-
fluence of maternal smoking during pregnancy from postnatal
maternal smoking. Separation of the effects is difficult since those
who smoke during pregnancy are very likely to continue to do so
after the birth of the child, although some smokers may quit dur-
ing the first trimester and abstain for the remainder of the preg-
nancy, often resuming thereafter. One U.S. study of 705 Chicago
fifth graders (Hu et al., 1997) found that maternal smoking dur-
ing pregnancy was more strongly related to doctor-diagnosed
asthma than was current maternal smoking. Similarly, a Scandi-
navian study of nearly 16,000 children 6–12 years of age (Forsberg
et al., 1997) found that asthma attacks, dry cough, and asthma
treatment in the preceding year were inversely associated with
current smoking in the home but positively associated with smok-
ing in the first two years of life. The inverse relationship with
current smoking suggests that parents (at least in Scandinavia)
may modify their smoking behavior as a result of the child’s
asthma.

Several observations may be relevant in understanding the
lower odds ratios for asthma prevalence and incidence in school-
aged children than for wheeze in younger children, especially
where the data come from cross-sectional studies and relate to
current smoking in the home. ETS exposure of older children may
be lessened by virtue of the greater amounts of time spent outside
the home and may not reflect their smoke exposure at a younger
age. Cotinine, a marker for smoke exposure, has been shown to
be lower in school-aged than in younger children, among chil-
dren with comparable levels of smoking in the home (Irvine et al.,
1997).

As already noted, maternal antenatal smoking has been asso-
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TABLE 7-1 Summary of Effects of Parental Smoking on the Respiratory
Health of Children

Outcome Either Parent OR (95% Cl)

Lower respiratory illnesses
(LRI) at age 0–2
All studies 1.57 (1.42–1.74) [27]
Community studies of wheeze 1.55 (1.16–2.08) [5]
Community studies of LRI, 1.54 (1.31–1.80) [11]

bronchitis and/or pneumonia
Hospital admission for LRI, 1.71 (1.21–2.40) [8]

bronchitis, bronchiolitis, or
pneumonia

Prevalence rates at age 5–16
Wheeze 1.24 (1.17–1.31) [30]
Cough 1.40 (1.27–1.53) [30]
Phlegm 1.35 (1.13–1.62) [6]
Breathlessness 1.31 (1.08–1.59) [6]
Asthma (cross-sectional studies) 1.21 (1.10–1.34) [21]
Asthma (case-control studies) 1.37 (1.15–1.64) [14]
Bronchial reactivity
Skin prick positivity

Incidence of asthma
Under age 6
Over age 6

Middle-ear disease
Acute otitis media Range 1.0–1.6 [8]
Recurrent otitis media 1.48 (1.08–2.04) [7]
Middle-ear effusion 1.38 c (1.23–1.55) [4]
Referral for glue ear 1.21 c (0.95–1.53) [7]
Sudden infant deathd

NOTE: Numbers in square brackets are numbers of studies on which pooled odds ratios
(OR) are based.

aRelates largely, but not entirely to maternal smoking.
bResults relate to maternal smoking during pregnancy or exposure to ETS in infancy.

Data for ETS exposure during later childhood are too heterogeneous for meta-analysis.
cBased on fixed-effects estimate.
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Mother Only OR (95% Cl) Father Only OR (95% Cl) Both parents OR (95% CI)

1.72 (1.55–1.91) [27] 1.29 (1.16 – 1.44) [16]
2.08 (1.59–2.71) [7]
1.57 (1.33–1.86) [7]

1.53 (1.25–1.86) [9] 1.32 (0.87 – 2.00) [6}

1.28 (1.19–1.38) [18] 1.14 (1.06–1.23) [10] 1.47 (1.14–1.90) [11]
1.40 (1.20–1.64) [14] 1.21 (1.09–1.34) [9] 1.67 (1.48–1.89) [16]

1.46 (1.04–2.05) [5]

1.36 (1.20–l.55) [11] 1.07 (0.92–1.24) [9] 1.50 (1.29–1.73) [8]

1.29 a (I.10–1.50) [10]
0.87b (0.64–1.24) [8]

1.31c (1.22–1.41) [4]
1.13 c (1.04–1.22) [4]

2.13 (1.86–2.43) [18]

dEstimates and confidence limits differ due to exclusion of the study by Bulterys et al. (1993)
(see Erratum at the end of Cook and Strachan, 1999).

SOURCE: Cook and Strachan, 1999; based on studies published through April 1997.
Reprinted with permission of BMJ Publishing Group.
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ciated with reduced size of the placental vessels and decreased
blood flow to, if not oxygenation of, the fetus, a reduction in
birthweight of infants carried to term, and decreased airflow. In
addition, the risks of prematurity, neonatal respiratory distress
syndrome, and bronchopulmonary dysplasia (BPD) are greater
in children of mothers who smoke during pregnancy. Antenatal
smoke exposure is associated with decreased airflow, which is
considered likely to be related to airway size (Hanrahan and
Halonen, 1998), and it has been suggested that postnatal expo-
sure may induce or augment airway inflammation, both of which
could contribute to the observed greater likelihood of develop-
ment of wheezing and respiratory infections in young children
(Cook and Strachan, 1999; U.S. EPA, 1992). Arguably, this may
also increase the likelihood of both respiratory infections and sen-
sitization to aeroallergens. All of these factors may, especially in
an infant genetically predisposed to allergen sensitization and
asthma, increase the likelihood that a persistent inflammatory
condition will be established in the airways, thus promoting the
development of asthma and perhaps hastening its manifestation.
However, since asthma clearly occurs in children from nonsmok-
ing homes with little or no ETS exposure, the gradual addition of
such children to the pool of “cases” might tend to weaken the
observed association between asthma and ETS exposure among
older children, whether they are considered cross-sectionally or
as a birth cohort followed longitudinally. A possibly more delayed
development of asthma in some non-ETS-exposed children would
not dilute the observed relationship between ETS exposure and
early wheezing.

Dose–Response Relationship Between
ETS Exposure and Asthma

As summarized in Table 7-1 and noted above, the OR for
asthma prevalence when both parents smoke tends to be higher
than when only the mother smokes, which in turn is higher than
when only the father smokes. The presumed explanation is that,
in general, fathers have less intense contact with the child (and/
or that a nonsmoking mother may exert some influence in pro-
tecting the child against ETS exposure due to the father’s smok-
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ing). The relative risks associated with these four situations with
respect to tobacco smoke in the home (i.e., both parents smoke,
only the mother smokes, only the father smokes, neither parent
smokes) suggests a dose–response relationship to asthma preva-
lence as well as to wheeze, cough, phlegm, and breathlessness.
This further suggests that a reduction in exposure, short of total
avoidance, confers some benefit. However, the OR for either par-
ent smoking and for paternal smoking is still greater than 1, indi-
cating that this level of exposure is not without risk. Moreover,
once asthma is established, the evidence supports the conclusion
that ETS exposure is associated with more frequent asthma exac-
erbations. Although a threshold may exist, there is no evidence as
to what, if any, level of ETS exposure of a child, especially a child
with asthma, could be said to be “risk free.”

ETS Exposure and Asthma Incidence in Adults

There do not appear to be any studies linking chronic adult
ETS exposure to adult onset asthma or any findings of an in-
creased prevalence of asthma in adults exposed to ETS compared
to those not exposed. In fact, if adults with asthma purposely
avoided such exposure, a negative association might be observed.
However, one study has shown an increased likelihood of new
onset of wheezing in young adults, as well as children, attribut-
able to maternal smoking during pregnancy, even after control-
ling for exposure in the home and other risk factors (Strachan et
al., 1996).

Acute ETS Exposure and Asthma Exacerbations

Assessing the contribution of acute ETS exposure to asthma
exacerbations is difficult since, for a significant proportion of ex-
posed individuals, exposure is likely to be chronic (although vari-
able). The evidence from studies comparing reported recent ETS
exposure and cotinine levels in children seen for acute asthma
versus similar children seen for well-child visits is somewhat
equivocal (Ehrlich et al., 1992; Ogborn et al., 1994). These studies
suffer from small sample sizes and low power. One large study of
adults correlated asthma symptoms with reported daily ETS ex-
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posure and reported an OR of 1.61 (95% CI 1.06–2.46) for restricted
activity days in relation to ETS exposure level, with a somewhat
higher ratio (2.05; 95% CI = 1.78–2.40) for the level of asthma
symptoms associated with having a smoker in the home, suggest-
ing an effect of chronic as well as acute ETS exposure (Ostro et al.,
1994).

ETS exposure in a chamber under controlled conditions has
been investigated predominantly in adults with asthma, rather
than in children. These studies, which were reviewed in detail by
the California EPA (1997), have shown slight to moderate tran-
sient effects on lung function in at least a portion of participants
but have not demonstrated a consistent effect. The studies had
significant design limitations, including exclusion of participants
who had recently been ill or had brittle asthma and, in many
cases, the use of exposures of an hour or less in duration. Al-
though participants in some of these studies may have been vul-
nerable to the effects of psychological suggestion because re-
searchers did not disguise the concentration of ETS delivered,
others with effective “blinding” of participants had observed ef-
fects.

CONCLUSIONS REGARDING THE HEALTH IMPACTS OF
 ETS WITH RESPECT TO ASTHMA

The evidence cited above permits the following conclusions
with regard to the relationships between ETS exposure and
asthma:

• There is sufficient evidence to conclude that there is a
causal relationship between ETS exposure and exacerbations of
asthma in preschool-aged children.

• There is sufficient evidence to conclude that there is an as-
sociation between ETS exposure and the development of asthma
in younger children. In the limited number of studies that have
been able to separate the effects of maternal active smoking dur-
ing pregnancy from the effects of ETS exposure after birth, evi-
dence suggests that—while both exposures are detrimental—ma-
ternal smoking during pregnancy has the stronger adverse effect.

• There is limited or suggestive evidence of a relationship
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between chronic ETS exposure and exacerbations of asthma in
older children and adults. Limited or suggestive evidence of an
association between acute ETS exposure and exacerbation also
exists for asthmatics sensitive to this exposure.

• There is inadequate or insufficient evidence to determine
whether or not an association exists between ETS exposure and
the development of asthma in school-age children.

EVIDENCE REGARDING MEANS OF
SOURCE MITIGATION OR PREVENTION

Ventilation and Air Cleaning

At present, source control appears to be the only reliably ef-
fective means of preventing ETS exposure. As discussed in Chap-
ter 10, ventilation and air cleaning measures are available that
have the technical capability of reducing the particulate compo-
nents of ETS in indoor environments. However, these measures
would be unlikely to appreciably reduce exposure of the fetus of
a pregnant woman who smokes. Further, there is currently no
direct evidence as to how much a reduction in the concentration
of ETS particulates in a home, if achieved, would reduce the dem-
onstrated adverse effects of ETS exposure on asthma. Also, there
is no evidence regarding the degree of reduction in ETS particu-
late concentration that actually would be achieved through venti-
lation and air cleaning in the homes of smokers who continue to
smoke indoors, even if these were introduced by an aggressive
educational intervention. Any changes in ventilation that smok-
ers did implement might also vary in effectiveness as a function
of season and weather conditions. Nor is it known how such mea-
sures would affect the actual exposure of the residents, particu-
larly children, and how this might vary as a function of who
smokes and how many smokers are in the home. A more thor-
ough discussion of ventilation and air-cleaning technologies is
contained in Chapter 10.

Gas-phase air cleaning systems are available and potentially
effective for some gas-phase constituents of ETS; however, no
proven, reliable, and cost-effective means of air cleaning currently
exists of removing the broad range of gaseous components of ETS
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from the indoor air. Until the components of ETS that affect
asthma are better characterized, including the role, if any, of spe-
cific VOCs, the importance of developing a means for the removal
of ETS-related VOCs as a means of addressing the asthma prob-
lem will remain unclear.

Source Control

If all ETS exposure were eliminated for fetuses, infants, and
children, and for persons of any age who have already developed
asthma, it is reasonable to assume that the population risk of de-
veloping wheezing with respiratory infections and the risk of
asthma exacerbations would decrease to the levels currently ob-
served among similar persons who are not exposed. This conclu-
sion, however, is inferred primarily from the epidemiologic data
comparing persons from homes with smokers to those living in
homes with no smoker. No demonstration has been reported
showing that exposure can be totally eliminated by an educational
intervention, much less that doing so achieves beneficial asthma
outcomes. However, Eisner et al. (1998) have reported an associa-
tion of asthma severity, health status, and health care initiation
with ETS exposure in 451 nonsmoking adults. They also reported
that cessation of ETS exposure at follow-up was associated with
an improvement in the severity of asthma scores and reduced
health care utilization.

Even in accepting the likelihood that a benefit would result
from truly effective elimination of exposure, questions remain
about the extent to which this can be achieved in practice. Suc-
cessful elimination of exposure is dependent on the extent to
which the initiation of smoking can be prevented, especially in
young women of childbearing age; that women who do smoke
can be induced to cease smoking during and following preg-
nancy; that all persons, particularly parents but also other
caregivers and frequent visitors, can be induced not to smoke at
all or not in the environment of a child with asthma; and that
adults with asthma will actually eliminate their exposure to ETS.
The evidence that these changes can be induced by regulatory or
educational means is reviewed below.

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

EXPOSURE TO ENVIRONMENTAL TOBACCO SMOKE 283

Regulatory Strategies

Where they exist and are enforced, regulatory strategies pro-
hibiting smoking in public buildings, schools and child care fa-
cilities, on public transit, and in the workplace (e.g., offices, plants,
commercial airplanes, restaurants, bars) have clearly been associ-
ated with decreased population exposure to ETS (California EPA,
1997). Within private homes, however, regulatory strategies have
been deemed unacceptable, except where licensed child care is
being provided. This leaves source control in the major environ-
ment where ETS exposure occurs—the home—to be addressed
by indirect regulatory forces (e.g., increased cigarette taxes, con-
trols on cigarette advertising, etc.) and by educational or behav-
ioral change methods.

The overall prevalence of cigarette smoking in the United
States declined substantially from 40% in 1965 to 29% in 1987, but
the decline has leveled off and has not reached the public health
goal of 15% set for the year 2000 (U.S. DHHS, 1991). In 1995, the
overall prevalence of cigarette smoking was 25% (CDC, 1997). The
decline has been marginal among those with low education aspi-
rations. Of every five persons who use tobacco, four begin before
age 18 (CDC, 1989). After several years of substantial decline
among adolescents in four ethnic minority groups, smoking
prevalence increased during the 1990s among African-American
and Hispanic youth (CDC, 1998). These trends and the success of
efforts at smoking prevention and cessation among young women
in particular are especially relevant to the issue of avoiding ante-
natal and postnatal exposure of children to maternal smoking.

Adolescent Smoking Prevention and Cessation

School-based programs to prevent the initiation of smoking
can be successful if they include social reinforcement and other
strategies demonstrated to promote behavioral change (Bruvold,
1993). Moreover, properly designed school smoking policies (i.e.,
multiple components including a greater emphasis on prevention
and less emphasis on cessation) are associated with lower
amounts of smoking in adolescents (Pentz et al., 1989). It also has
been shown that certain strategies directed at adolescents can
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have an effect opposite from that intended (McKenna and Will-
iams, 1993).

Success of Smoking Cessation Efforts Directed at Adults

Public health strategies to prevent initiation of smoking and
encourage cessation have clearly been associated with a decline
in smoking prevalence. However, smoking is an addictive behav-
ior with many personal and social factors that support its con-
tinuation. Many unsuccessful strategies to get smokers to quit
have been attempted, notably those based on simply providing
information and/or those directed at the general population of
smokers who have not evidenced an interest in quitting (e.g.,
Gritz et al., 1992). Programs directed at smokers who are highly
addicted or who initiated smoking earlier in their lives have been
less successful than those directed at shorter-term, less addicted
smokers (Chen and Millar, 1998; Killen et al., 1988; Senore et al.,
1998; Smith et al., 1999). As overall smoking cessation rates in the
United States have decreased, those who continue to smoke tend
to be heavier smokers (COMMIT, 1995). However, the compari-
son of less and more successful programs has enabled a distilla-
tion of the components of the more successful approaches. It has
been clearly demonstrated that well-designed smoking cessation
programs, delivered by trained counselors, can be effective in
achieving smoking cessation in adult men and women, including
ethnic and minority groups (AHCPR, 1996). Such programs are
associated with greater and more sustained short- and longer-
term quit rates than the rates among persons who quit on their
own, without the benefit of such assistance. Cessation programs
are more successful to the extent that they are more intensive,
take account of the varying motivations and level of addiction of
participants, and are attuned to the individual’s readiness to con-
sider and initiate cessation attempts.

With regard to smoking cessation attempts in the clinical set-
ting, strong cessation messages from clinicians, structured in rela-
tion to the readiness and personal needs of the patients and utiliz-
ing nicotine replacement therapy and supplementary educational
and behavioral interventions, have been associated with an in-
crease in both initial and sustained quit rates in controlled trials
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(Law and Tang, 1995; Ockene and Zapka, 1997). The Agency for
Health Care Policy and Research (AHCPR) recently reviewed
more than 3,000 scientific articles that addressed the assessment
and treatment of tobacco dependence, nicotine addiction, and
clinical practice in order to develop guidelines for smoking cessa-
tion for primary care and specialist physicians (AHCPR, 1996;
Fiore et al., 1997). These guidelines emphasize the importance of
several components: nicotine replacement therapy (NRT), social
support from the clinician, and skills training or problem solving
based on practical advice and techniques to help individuals
adapt to life as a nonsmoker. The inclusion of NRT is associated
with pooled ORs of smoking cessation at six months, compared
with a placebo, of from ~1.6 to ~3.0, depending on the method of
delivery. Odds ratios are lowest for gum, rising to ~2.0 for the
transdermal patch, and 2.92 and 3.05 for nasal spray and inhaled
nicotine (Cepeda-Benito, 1993; Fiore et al., 1994; Law and Tang,
1995; Li Wan Po, 1993; Silagy et al., 1994; Tang et al., 1994;
Viswesvaran and Schmidt, 1992).

Smoking Cessation Interventions in Pregnant Women

As discussed above, maternal smoking, in particular, has been
associated with adverse respiratory and asthma outcomes. In the
United States in 1994, 23.1% of all women and 14.6% of pregnant
women smoked (Kendrick and Merritt, 1996). Special efforts to
obtain cessation in women, particularly pregnant women and
mothers, appear to be warranted. A meta-analysis of randomized
trials of prenatal smoking cessation interventions that measured
effects between the sixth and ninth months of pregnancy con-
cluded that “prenatal smoking cessation interventions increase
rates of smoking cessation during pregnancy” (Dolan-Mullen et
al., 1994). Haddow et al. (1991), not included in the review, re-
ported only modest success in getting pregnant women to cease
smoking during pregnancy using a cotinine-assisted intervention.
The relative success of such interventions with women of various
ages, ethnicities, and education has not been analyzed, although
most of the reported studies took place with patients seen in pub-
lic clinic settings, suggesting that the results are not limited to
middle- or upper-income and education groups. There is evidence
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that many women who quit smoking during pregnancy resume
soon after delivery (McBride and Pirie, 1990; Mullen et al., 1997).

Three studies were reviewed that included low birthweight
and other pregnancy outcome measures in addition to smoking
cessation risk ratios. Reduced risk of low birthweight was found
in studies that achieved higher rates of smoking cessation. Al-
though these studies are suggestive of a potential beneficial effect
on respiratory outcomes, no studies to date appear to have inves-
tigated these outcomes directly. Long-term follow-up is also
needed to determine the effectiveness in sustaining cessation af-
ter delivery.

Reduction of ETS Exposure in Children with Asthma by
Source Control Methods Other Than Smoking Cessation

Efforts to reduce the exposure of children, with or without
asthma, by getting family members who smoke and others to limit
their smoking to outside the home or even to certain well-venti-
lated areas within the home appear to face significant challenges
due to the inherent inconvenience to the smoker and the limita-
tions posed by inclement weather and building characteristics.
Nevertheless, it is useful to consider what is known about the
effectiveness of educational programs in achieving the goal of
protecting children from exposure.

Intervention attempts to reduce passive smoking of infants
and children, with or without asthma, have had mixed success.
Greenberg et al. (1994) reported on an intervention designed to
assist families in reducing infants’ ETS exposure. The interven-
tion was based on social learning theory and was delivered dur-
ing four nurse home visits within the first 6 months of life. There
was a tendency for nonparticipants to include higher proportions
of mothers who smoked, as well as black, younger, and less edu-
cated mothers. Intervention effects were considered separately for
families where the mother smoked and families where the mother
did not smoke. Among those randomized, when the mother
smoked the intervention was associated with significantly lower
self-reported exposure of the infant to tobacco smoke from the
mother and from nonmaternal household members. Infants
whose mother did not smoke had low reported exposure from
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the outset of the study, and no intervention effect was observed.
This differential self-reported exposure of infants of maternal
smokers was not, however, accompanied by a significant differ-
ential in the cotinine-to-creatinine ratios of the intervention and
control children. In fact, the proportion with detectable urine
cotinine levels tended to increase over the year of follow-up in
both groups. The incidence of all acute lower respiratory illnesses
(ALRIs) and of severe acute respiratory illnesses did not decrease
in the intervention group, and in fact, there was a small but statis-
tically significant difference in all ALRIs favoring the control
group. There was a significant difference in the frequency of per-
sistent lower-respiratory symptoms in the maternal smoking
subsample, but only where the head of household had a high
school education or less. The authors interpret the results as indi-
cating that mothers took steps to protect the infant from exposure
by removing them from the vicinity of the smoker and that the
infants were nevertheless subsequently exposed to residual nico-
tine but not to other ETS products, “which may be more likely
than nicotine to have acute and chronic toxicity for passive smok-
ers.” The authors did not discuss whether parental report could
have been biased in the direction of reduced reporting of expo-
sure, and the unplanned subgroup analysis means that the posi-
tive results with regard to persistent lower-respiratory symptoms
are merely suggestive.

Chilmonczyk et al. (1992) reported an unsuccessful phy-
sician’s office-based intervention strategy that used feedback from
the physician to the parent on infant urine cotinine measurements
in an attempt to reduce the infant’s exposure to ETS. The 6% re-
duction of urine cotinine levels for the intervention group at fol-
low-up two months later was not statistically significant. This lack
of success was in contrast to the investigator’s previous success
in getting women to stop smoking during pregnancy based on
feedback on their own urine cotinine levels (Haddow et al., 1991),
suggesting there may be greater motivation and ability of women
to cease smoking and eliminate exposure of their fetus than to
prevent exposure of infants and older children. An earlier unsuc-
cessful attempt to reduce passive smoking in infancy was re-
ported by Woodward et al. (1987).

Hovell et al. (1994) and Wahlgren et al. (1997) have reported
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that among children with asthma, a preventive medicine counsel-
ing intervention was associated with a greater reduction in self-
reported and air monitor-verified ETS exposure than a monitored
or usual care control condition. McIntosh et al. (1994) did not re-
port a significant benefit of a cotinine-assisted, minimal-contact
intervention.

Where positive results and promising interventions have been
reported, there is a need for replication and, if possible, extension
to other populations. Extensions of interventions should be made
to populations including those who tend to be more resistant to
cessation efforts and may be more typical of those whose children
are being exposed to significant levels of ETS and are at risk for
poor asthma outcomes for a variety of reasons. Wilson et al. (1996)
have found that both adults with asthma who smoke and smok-
ing parents of children with asthma are less likely than nonsmok-
ers to attend an asthma education program, making it less likely
that they will modify the child’s exposure or experience the other
benefits of such asthma education programs.

None of the studies to date that have investigated educational
interventions to reduce ETS exposure have extended this to in-
clude asthma outcomes—either doctor-diagnosed asthma or
wheezing illness incidence, or the prevalence or exacerbations of
established asthma. Until this is done, it leaves unanswered the
question of whether any ETS exposure reduction that may be
achieved is sufficient to alter these disease outcomes, as well as
whether there is any safe ETS exposure level. This is particularly
important when the intervention aims to reduce infant exposure
by means other than cessation of smoking by all caregivers and
others in the child’s environment. For this reason it also is impos-
sible to directly answer questions regarding the cost-effectiveness
of mitigation and prevention strategies.

CONCLUSIONS REGARDING ETS SOURCE CONTROL OR
MITIGATION: FEASIBILITY AND BENEFITS

Conclusions Regarding the Effects of
Complete Avoidance of ETS Exposure

Based on reasoning from the epidemiologic evidence pre-
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sented above, the following conclusions can be reached regard-
ing the potential benefits of essentially complete avoidance of ETS
exposure, if this could be achieved:

• There is sufficient evidence to conclude that complete
avoidance of ETS exposure would be associated with a lower like-
lihood of exacerbations of asthma in preschool children with es-
tablished asthma.

• There is limited evidence suggesting that complete avoid-
ance of ETS exposure would be associated with a lower likeli-
hood of exacerbations of asthma in older children and adults.

• There is sufficient evidence to conclude that complete
avoidance of ETS exposure, if this could be achieved, would re-
duce the probability of the development of wheezing with respi-
ratory illness in younger children.

• There is limited or suggestive evidence that complete
avoidance of ETS exposure, if this could be achieved, would re-
duce the likelihood of the persistence of asthma or of new-onset
asthma in children and adults.

Conclusions Regarding Mitigation Through Source Control

• There is sufficient evidence to conclude that increased ven-
tilation and air-cleaning methods are technologically capable of
reducing the concentration of ETS particulates in indoor air.

• There is no evidence as to how readily the necessary venti-
lation and air-cleaning methods or technologies would be
adopted and how effectively they actually would be used to re-
duce ETS concentration.

• There is no evidence of whether interventions designed to
encourage the use of the requisite ventilation and air-cleaning
methods would be associated with a reduction in ETS concentra-
tion, in the exposure of persons with asthma to ETS, or in asthma
prevalence or exacerbations.

• There is inadequate evidence to conclude that interven-
tions intended to establish smoke-free homes where a family
member has asthma and to require smokers to smoke only out-
doors are associated with a reduction in ETS exposure or asthma
exacerbations.
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RESEARCH NEEDS

A better understanding is needed of the mechanism(s) by
which ETS and its individual constituents may

• impair the normal development of the airways in the fetus,
• promote allergic sensitization,
• promote respiratory infections,
• promote early wheezing illness, and
• (possibly) induce pathophysiologic changes that may pro-

mote the establishment of asthma.

Research is also needed to understand the nature of the inter-
actions, both at the population or epidemiologic level and at the
molecular and cellular levels, between the genetic predispositions
to allergic sensitization and bronchial hyperresponsiveness and
ETS exposure as they relate to the development of asthma. The
respective roles of antenatal and postnatal exposure to ETS in the
pathophysiologic changes associated with asthma and other res-
piratory illnesses are in need of further investigation.

Behavioral research also is needed to better understand the
factors that lead to the initiation of smoking in adolescents, espe-
cially young women, and to the maintenance of smoking in preg-
nant women and mothers. Additionally, there is a need to develop
more effective interventions to achieve sustained pre- and post-
natal smoking cessation in pregnant women and mothers, espe-
cially those whose children are at higher risk of developing
asthma due to their family history, socioeconomic status, and
place of residence. Since ETS exposure of children at greatest risk
for adverse asthma outcomes (especially low-income and minor-
ity children of African-American ancestry) may come from other
caregivers as well as the mother or parents (i.e., other family mem-
bers with whom the mother and child live and from day care pro-
viders), interventions must be developed that will be effective in
reducing the child’s exposure from all sources. The effectiveness
of ETS exposure reduction interventions in actually improving
asthma outcomes should be evaluated as well.

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

EXPOSURE TO ENVIRONMENTAL TOBACCO SMOKE 291

REFERENCES

Abell TD, Baker LC, Ramsey CN Jr. 1991. The effects of maternal smoking on
infant birth weight. Family Medicine 23(2):103–107.

AHCPR (Agency for Health Care Policy and Research). 1996. Smoking Cessation:
Clinical Practice Guideline (No. 18). DHHS Publication No. (AHCPR) 96-0892.
U.S. Department of Health and Human Services, Public Health Service.
Washington, DC.

Anderson HR, Cook DG. 1997. Health effects of passive smoke. 2. Passive
smoking and sudden infant death syndrome. Review of the epidemiological
evidence. Thorax 52(11):1003–1009. [Published erratum appears in Thorax
1999. 54(4):365–366.]

Asmussen I. 1979. Fetal cardiovascular system as influenced by maternal
smoking. Clinical Cardiology 2(4):246–256.

Bek K, Tomac N, Delibas A, Tuna F, Tezic HT, Sungur M. 1999. Department of
Pediatric Allergy, Dr Sami Ulus Children’s Hospital, Ankara, Turkey.
Postgraduate Medicine Journal 75(884):339–341.

Benowitz NL, Jacob P III. 1994. Metabolism of nicotine to cotinine studied by a
dual stable isotope method. Clinical Pharmacology Therapeutics 56(5):483–
493.

Benowitz JL, Kuyt F, Jacob P III, Jones RT, Osman AL. 1983. Cotinine disposition
and effects. Clinical Pharmacology Therapeutics 34(5):604–611.

Benowitz NL. 1996. Cotinine as a biomarker of environmental tobacco smoke
exposure. Epidemiologic Reviews 18(2):188–204.

Benowitz NL. 1999. Biomarkers of environmental tobacco smoke exposure.
Environmental Health Perspectives 107(Suppl 2):349–355.

Bruvold WH. 1993. A meta-analysis of adolescent smoking prevention programs.
American Journal of Public Health 83(6):872–880.

Bulterys M. 1993. Passive tobacco exposure and sudden infant death syndrome.
Pediatrics 92(3):505–506.

California EPA (California Environmental Protection Agency). 1997. Health
Effects of Exposure to Environmental Tobacco Smoke. Office of Environmental
Health Hazard Assessment. Sacramento, CA.

CDC (Centers for Disease Control and Prevention). 1989. Reducing the Health
Consequences of Smoking: 25 Years of Progress—A Report of the Surgeon
General. U.S. Department of Health and Human Services, Public Health
Service, CDC, DHHS publication no. (CDC) 89-8411. Washington, DC.

CDC. 1997. Cigarette smoking among adults—United States, 1995. Morbidity and
Mortality Weekly Report 46(51):1217–1220.

CDC. 1998. Tobacco Use Among U.S. Racial/Ethnic Minority Groups—African
Americans, American Indians and Alaska Natives, Asian American and
Pacific Islanders, and Hispanics: A Report of the Surgeon General. U.S.
Department of Health and Human Services, National Center for Chronic
Disease Prevention and Health Promotion, Office on Smoking and Health.
Atlanta, GA.

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

292 CLEARING THE AIR

CDHS (California Department of Health Services). 1995. Are Californians
protected from environmental tobacco smoke? A summary of the findings on
work site and household policies. California adult tobacco study. CDHS
Tobacco Control Section, Sacramento, CA.

Cepeda-Benito A. 1993. Meta-analytical review of the efficacy of nicotine chewing
gum in smoking treatment programs. Journal of Consulting Clinical
Psychology 61(5):822–830.

Chen J, Millar WJ. 1998. Age of smoking initiation: implications for quitting.
Health Reports 9(4):39–46.

Chilmonczyk BA, Knight GJ, Palomaki GE, Pulkkinen AJ, Williams J, Haddow
JE. 1990. Environmental tobacco smoke exposure during infancy. American
Journal of Public Health 80(10):1205–1208.

Chilmonczyk BA, Palomaki GE, Knight GJ, Williams J, Haddow JE. 1992. An
unsuccessful cotinine-assisted intervention strategy to reduce environmental
tobacco smoke exposure during infancy. American Journal of Diseases of
Children 146(3):357–360.

Collins MH, Moessinger AC, Kleinerman J, Bassi J, Rosso P, Collins AM, James
LS, Blanc WA. 1985. Fetal lung hypoplasia associated with maternal smoking:
a morphometric analysis. Pediatric Research 19(4):408–412.

COMMIT. 1995. Community Intervention Trial for Smoking Cessation
(COMMIT): I. Cohort results from a four-year community intervention.
American Journal of Public Health 85(2):183–192.

Cook DG, Strachan DP. 1997. Health effects of passive smoking. 3. Parental
smoking and prevalence of respiratory symptoms and asthma in school age
children. Thorax 52(12):1081–1094.

Cook DG, Strachan DP. 1998. Health effects of passive smoking. 7. Parental
smoking, bronchial reactivity and peak flow variability in children. Thorax
53(4):295–301.

Cook DG, Strachan DP, Carey IM. 1998. Health effects of passive smoking. 9.
Parental smoking and spirometric indices in children. Thorax 53(10):884–893.

Cook DG, Strachan DP. 1999. Health effects of passive smoke. 10. Summary of
effects of parental smoking on the respiratory health of children and
implications for research. Thorax 54(4):357-366.

Cummings KM, Markello SJ, Mahoney M, Bhargava AK, McElroy PD, Marshall
JR. 1990. Measurement of current exposure to environmental tobacco smoke.
Archives of Environmental Health 45(2):74–79.

Daisey JM, Mahanama KRR, Hodgson AT. 1994. Toxic volatile organic
compounds in environmental tobacco smoke: Emission factors for modeling
exposures of California populations. A133–186; California Air Resources
Board, Sacramento, CA.

Daisey JM. 1999. Tracers for assessing exposure to environmental tobacco smoke:
what are they tracing? Environmental Health Perspectives 107(Suppl 2):
319–327.

Dolan-Mullen P, Ramirez G, Groff JY. 1994. A meta-analysis of randomized trials
of prenatal smoking cessation interventions. American Journal of Obstetrics
and Gynecology 171(5):1328–1334.

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

EXPOSURE TO ENVIRONMENTAL TOBACCO SMOKE 293

Ehrlich R, Kattan M, Godbold J, Saltzberg DS, Grimm KT, Landrigan PJ, Lilienfeld
DE. 1992. Childhood asthma and passive smoking. Urinary cotinine
as a biomarker of exposure. American Review of Respiratory Disease
145(3):594–599.

Eisner MD, Yelin EH, Henke J, Shiboski SC, Blanc PD. 1998. Environmental
tobacco smoke and adult asthma. The impact of changing exposure status on
health outcomes. American Journal of Respiratory and Critical Care Medicine
158(1):170–175.

Fiore MC, Smith SS, Jorenby DE, Baker TB. 1994. The effectiveness of the nicotine
patch for smoking cessation. Journal of the American Medical Association
271(24):1940–1947.

Fiore MC, Jorenby DE, Baker TB. 1997. Smoking cessation: principles and practice
based upon the AHCPR Guideline, 1996. Agency for Health Care Policy and
Research. Annals of Behavioral Medicine 19(3):213–219.

Forsberg B, Pekkanen J, Clench-Aas J, Martensson MB, Stjernberg N, Bartonova
A, Timonen KL, Skerfving S. 1997. Childhood asthma in four regions in
Scandinavia: risk factors and avoidance effects. International Journal of
Epidemiology 26(3):610–619.

Greenberg RA, Bauman KE, Glover LH, Strecher VJ, Kleinbaum DG, Haley NJ,
Stedman HC, Fowler MG, Loda FA. 1989. Ecology of passive smoking by
young infants. Journal of Pediatrics 114(5):774–780.

Greenberg RA, Strecher VJ, Bauman KE, Boat BW, Fowler MG, Keyes LL, Denny
FW, Chapman RS, Stedman HC, LaVange LM, et al. 1994. Evaluation of a
home based intervention program to reduce infant passive smoking and lower
respiratory illness. Journal of Behavioral Medicine 17(3):273–290.

Gritz ER, Berman BA, Bastani R, Wu M. 1992. A randomized trial of a self-help
smoking cessation intervention in a nonvolunteer female population: testing
the limits of the public health model. Health Psychology 11(5):280–289.

Guerin MR, Jenkins RA, Tomkins BA. 1992. The Chemistry of Environmental
Tobacco Smoke: Composition and Measurement. Boca Raton, FL: Lewis
Publishers.

Haddow JE, Knight GJ, Palomaki GE, Wald NJ. 1991. Cotinine-assisted
intervention in pregnancy to reduce smoking and low birthweight delivery.
British Journal of Obstetrics and Gynaecology 98(9):859–865.

Halonen M, Barbee RA, Lebowitz MD, Burrows B. 1982. An epidemiologic study
of interrelationships of total serum immunoglobulin E, allergy skin-test
reactivity, and eosinophilia. Journal of Allergy and Clinical Immunology
69(2):221–228.

Hanrahan JP, Halonen M. 1998. Antenatal interventions in childhood asthma.
European Respiratory Journal 12(Suppl 27):46s–51s.

Hasday JD, Bascom R, Costa JJ, Fitzgerald T, Dubin W. 1999. Bacterial endotoxin
is an active component of cigarette smoke. Chest 115(3):829–835.

Henderson FW, Reid HF, Morris R, Wang OL, Hu PC, Helms RW, Forehand L,
Mumford J, Lewtas J, Haley NJ, et al. 1989. Home air nicotine levels and
urinary cotinine excretion in preschool children. American Review of
Respiratory Disease 140(1):197–201.

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

294 CLEARING THE AIR

Hovell MF, Meltzer SB, Zakarian JM, Zakarian JM, Wahlgren DR, Emerson JA,
Hofstetter CR, Leaderer BP, Meltzer EO, Zeiger RS, O’Connor RD, et al. 1994.
Reduction of environmental tobacco smoke exposure among asthmatic
children: a controlled trial. Chest 106(2):440–446. [Published erratum appears
in Chest 1995. 107(5):1480.]

Hu FB, Persky V, Flay BR, Zelli A, Cooksey J, Richardson J. 1997. Prevalence of
asthma and wheezing in public schoolchildren: association with maternal
smoking during pregnancy. Annals of Allergy, Asthma, and Immunology
79(1):80–84.

Idle JR. 1990. Titrating exposure to tobacco smoke using cotinine—a minefield of
misunderstandings. Journal of Clinical Epidemiology 43(4):313–317.

Irvine L, Crombie IK, Clark RA, Slane PW, Goodman KE, Feyerabend C, Cater JI.
1997. What determines levels of passive smoking in children with asthma?
Thorax 52(9):766–769. [Comment in Thorax 1998. 53(3):233–234.]

Jarvis MJ, Russell MAH. 1984. Measurement and estimation of smoke dosage to
non-smokers from environmental tobacco smoke. European Journal of
Respiratory Disease Supplement 133:68–75.

Jarvis MJ, Tunstall-Pedoe H, Feyerabend C, Vesey C, Saloojee Y. 1987. Comparison
of tests used to distinguish smokers from nonsmokers. American Journal of
Public Health 77:1435–1438.

Jarvis MJ, Russell MA, Benowitz NL, Feyerabend C. 1988. Elimination of cotinine
from body fluids: implications for noninvasive measurement of tobacco
smoke exposure. American Journal of Public Health 78(6):696–698.

Jenkins RA, Palausky A, Counts RW, Bayne CK, Dindal AB, Guerin MR. 1996.
Exposure to environmental tobacco smoke in sixteen cities in the United States
as determined by personal breathing zone air sampling. Journal of Exposure
Analysis and Environmental Epidemiology 6(4):473–502.

Jenkins RA, Counts RW. 1999. Personal exposure to environmental tobacco
smoke: salivary cotinine, airborne nicotine, and nonsmoker misclassification.
Journal of Exposure Analysis and Environmental Epidemiology 9(4):352–363.

Jordanov JS. 1990. Cotinine concentrations in amniotic fluid and urine of
smoking, passive smoking and non-smoking pregnant women at term and in
the urine of their neonates on 1st day of life. European Journal of Pediatrics
149(10):734–737.

Kendrick JS, Merritt RK. 1996. Women and smoking: an update for the 1990s.
American Journal of Obstetrics and Gynecology 175(3 Pt 1):528–535.

Killen JD, Fortmann SP, Telch MJ, Newman B. 1988. Are heavy smokers different
from light smokers? A comparison after 48 hours without cigarettes. Journal
of the American Medical Association 260(11):1581–1585.

Law M, Tang JL. 1995. An analysis of the effectiveness of interventions intended
to help people stop smoking. Archives of Internal Medicine 155(18):1933–1941.

Li Wan Po A. 1993. Transdermal nicotine in smoking cessation. A meta-analysis.
European Journal of Clinical Pharmacology 45(6):519–528.

Lodrup Carlsen KC, Jaakkola JJ, Nafstad P, Carlsen KH. 1997. In utero exposure
to cigarette smoking influences lung function at birth. European Respiratory
Journal 10(8):1774–1779.

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

EXPOSURE TO ENVIRONMENTAL TOBACCO SMOKE 295

Longo LD. 1970. Carbon monoxide in the pregnant mother and fetus and its
exchange across the placenta. Annals of the New York Academy of Sciences
174(1):312–341.

Lum S. 1994a. Duration and location of ETS exposure for the California
population. Memorandum from S. Lum, Indoor Exposure Assessment Section,
Research Division, California Air Resources Board, to L. Haroun,
Reproductive and Cancer Hazard Assessment Section, Office of
Environmental Health Hazard Assessment, February 3.

Lum S. 1994b. Corrections to the table of duration and location of ETS exposure
for kids 6–11 years old transmitted February 3, 1994. Memorandum from S.
Lum, Indoor Exposure Assessment Section, Research Division, California Air
Resources Board, to L. Haroun, Reproductive and Cancer Hazard Assessment
Section, Office of Environmental Health Hazard Assessment, July 19.

Mattson ME, Boyd G, Byar D, Brown C, Callahan JF, Corle D, Cullen JW,
Greenblatt J, Haley N, Hammond K, Lewtas J, Reeves W. 1989. Passive
smoking on commercial airline flights. Journal of the American Medical
Association 261(6):867–872.

McBride CM, Pirie PL. 1990. Postpartum smoking relapse. Addictive Behaviors;
15(2):165–168.

McIntosh NA, Clark NM, Howatt WF. 1994. Reducing tobacco smoke in the
environment of the child with asthma: a cotinine-assisted, minimal-contact
intervention. Journal of Asthma 31(6):453–462.

McKenna JW, Williams KN. 1993. Crafting effective tobacco counter-
advertisements: lessons from a failed campaign directed at teenagers. Public
Health Report 108 (Suppl 1):85–89.

Milner AD, Marsh MJ, Ingram DM, Fox GF, Susiva C. 1999. Effects of smoking in
pregnancy on neonatal lung function. Archives of Disease in Childhood. Fetal
and Neonatal Edition 80(1):F8–F14.

Mullen PD, Richardson MA, Quinn VP, Ershoff DH. 1997. Postpartum return to
smoking: who is at risk and when. American Journal of Health Promotion
11(5):323–330.

National Research Council. 1986. Environmental Tobacco Smoke: Measuring
Exposures and Assessing Health Effects. Washington, DC: National Academy
Press.

Ockene JK, Zapka JG. 1997. Physician-based smoking intervention: a rededication
to a five-step strategy to smoking research. Addictive Behaviors 22(6):
835–848.

Ogborn CJ, Duggan AK, DeAngelis C. 1994. Urinary cotinine as a measure of
passive smoke exposure in asthmatic children. Clinical Pediatrics 33(4):
220–226.

Ostro BD, Lipsett MJ, Mann JM, Weiner M, Selner JS. 1994. Indoor air pollution
and asthma: results from a panel study. American Journal of Respiratory and
Critical Care Medicine 149(6):1400–1406.

Ott WR, Switzer P, Robinson J. 1996. Particle concentration inside a tavern before and
after prohibition of smoking: evaluating the performance of an indoor air quality
model. Journal of the Air and Waste Management Association 46:1120–1134.

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

296 CLEARING THE AIR

Pentz MA, Brannon BR, Charlin VL, Barrett EJ, MacKinnon DP, Flay BR. 1989.
The power of policy: the relationship of smoking policy to adolescent
smoking. American Journal of Public Health 79(7):857–862.

Pierce JP, Evans N, Farkas SJ, Cavin SW, Berry C, Kramer M, Kealey S, Rosbrook
B, Choi W, Kaplan RM. 1994. Tobacco use in California: an evaluation of the
tobacco control program, 1989–1993. La Jolla, CA. Cancer Prevention and
Control, University of California, San Diego.

Scientific Committee on Tobacco and Health (SCOTH). 1998. Report of the
Scientific Committee on Tobacco and Health. Her Majesty’s Stationery Office
(United Kingdom). URL: http://www.official-documents.co.uk/document/
doh/tobacco/contents.htm. Accessed December 10, 1999.

Sekhon HS, Jia Y, Rab R, Kuryatov A, Pankow JF, Whitsett JA, Lindstrom J,
Spindel ER. 1999. Prenatal nicotine increases pulmonary 7 nicotinic receptor
expression and alters fetal lung development in monkeys. Journal of Clinical
Investigation 103(5):637–647.

Senore C, Battista RN, Shapiro SH, Segnan N, Ponti A, Rosso S, Aimer D. 1998.
Predictors of smoking cessation following physicians’ counseling. Preventive
Medicine 27(3):412–421.

Sherwood RA, Keating J, Kavvadia V, Greenough A, Peters TJ. 1999. Substance
misuse in early pregnancy and relationship to fetal outcome. European
Journal of Pediatrics 158(6):488–492.

Silagy C, Mant D, Fowler G, Lodge M. 1994. Meta-analysis on efficacy of nicotine
replacement therapies in smoking cessation. Lancet 343(8890):139–142.

Smith PM, Kraemer HC, Miller NH, DeBusk RF, Taylor CB. 1999. In-hospital
smoking cessation programs: who responds, who doesn’t? Journal of
Consulting and Clinical Psychology 67(1):19–27.

Strachan DP, Cook DG. 1997. Health effects of passive smoking. 1. Parental
smoking and lower respiratory illness in infancy and early childhood. Thorax
52(10):905–914.

Strachan DP, Cook DG. 1998a. Health effects of passive smoking. 4. Parental
smoking, middle ear disease and adenotonsillectomy in children. Thorax
53(1):50–56.

Strachan DP, Cook DG. 1998b. Health effects of passive smoking. 5. Parental
smoking and allergic sensitisation in children. Thorax 53(2):117–123.
[Published erratum appears in Thorax 1999. 54(4):366.]

Strachan DP, Cook DG. 1998c. Health effects of passive smoking. 6. Parental
smoking and childhood asthma: longitudinal and case-control studies. Thorax
53(3):204–212.

Strachan DP, Butland BK, Anderson HR. 1996. Incidence and prognosis of asthma
and wheezing illness from early childhood to age 33 in a national British
cohort. British Medical Journal 312(7040):1195–1199.

Tang JL, Law M, Wald N. 1994. How effective is nicotine replacement therapy in
helping people to stop smoking? British Medical Journal 308(6920):21–26.

U.S. DHHS (U.S. Department of Health and Human Services). 1984. The Health
Consequences of Smoking: Chronic Obstructive Lung Disease. A Report of
the Surgeon General. U.S. DHHS, Public Health Service, Office of the Assistant

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

EXPOSURE TO ENVIRONMENTAL TOBACCO SMOKE 297

Secretary for Health, Office of Smoking and Health, Washington, DC. DHHS
Pub. No. (PHS) 84-50205.

U.S. DHHS. 1986. The Health Consequences of Involuntary Smoking. A Report
of the Surgeon General. DHHS (CDC) Pub. No. 87-8398. Washington, DC:
U.S. Government Printing Office.

U.S. DHHS. 1991. Healthy People 2000: National Health Promotion and Disease
Prevention Objectives. DHHS Pub. No. (PHS) 91-50212. Washington, DC:
Office of the Assistant Secretary for Health.

U.S. EPA (U.S. Environmental Protection Agency). 1992. Respiratory Health
Effects of Passive Smoking: Lung Cancer and Other Disorders. EPA/600/6-
90/006F. Washington, DC.

Viswesvaran C, Schmidt FL. 1992. A meta-analytic comparison of the
effectiveness of smoking cessation methods. Journal of Applied Psychology
77(4):554–561.

Wahlgren DR, Hovell MF, Meltzer SB, Hofstetter CR, Zakarian JM. 1997.
Reduction of environmental tobacco smoke exposure in asthmatic children. A
2-year follow-up. Chest 111(1):81–88.

Wang X, Tager IB, Van Vunakis H, Speizer FE, Hanrahan JP. 1997. Maternal
smoking during pregnancy, urine cotinine concentrations, and birth outcomes.
A prospective cohort study. International Journal of Epidemiology 26(5):978–
988.

Watts RR, Langone JJ, Knoght GJ, Lewtas J. 1990. Cotinine analytical workshop
report: consideration of analytical methods for determining cotinine in human
body fluids as a measure of passive exposure to tobacco smoke.
Environmental Health Perspectives 84:173–182.

WHO (World Health Organization). 1999. Tobacco Free Initiative—Consultation
Report. WHO/NCD/TFI/99.10. International Consultation on Environmental
Tobacco Smoke (ETS) and Child Health proceedings, January 11–14, Geneva,
Switzerland.

Wiley JA, Robinson JP, Cheng YT, Piazza T, Stork L, Pladsen K. 1991. Study of
children’s activity patterns. ARB/9-93/489; California Air Resources Board,
Sacramento, CA.

Wilson SR, Latini DM, Starr-Schneidkraut N, Fish L, Loes L, Page A, Kubic P.
1996. Education of parents of infants and very young children with asthma: a
developmental evaluation of the Wee Wheezers program. Journal of Asthma
33(4):239–254. [Published erratum appears in J Asthma 1997. 34(3):261.]

Woodward A, Owen N, Grgurinovich N, Griffith F, Linke H. 1987. Trial of an
intervention to reduce passive smoking in infancy. Pediatric Pulmonology
3(3):173–178.

Zetterstrom O, Osterman K, Machado L, Johansson SG. 1981. Another smoking
hazard: raised serum IgE concentration and increased risk of occupational
allergy. British Medical Journal (Clinical Research Edition) 283(6301):1215–
1217.

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

298

8
Indoor Dampness

and Asthma

One of the environmental factors most commonly associ-
ated with respiratory disease is building dampness. This chapter
presents an overview of the research on dampness and human
health, and the nature, causes, and control of dampness problems.
There is a large and detailed literature addressing the engineer-
ing and physics underlying moisture control in buildings (e.g.,
Trechsel, 1994). In addition, professional organizations such as the
American Society for Testing and Materials and the American So-
ciety of Heating, Refrigerating, and Air Conditioning Engineers
publish reference materials and promulgate consensus standards
intended, in part, to limit indoor moisture problems. A task force
formed by the International Society of Indoor Air Quality and
Climate published guidelines for the control of moisture-related
problems in 1996 (Flannigan and Morey, 1996).

A complete treatment of the science and art of controlling in-
door moisture is beyond the scope of this report. As this overview
suggests, moisture in buildings is an area of research that has the
potential to significantly affect public health. The committee be-
lieves that better communication between health, engineering,
and building professionals is likely to result in more informed
studies on the health effects associated with moisture problems
and the means to prevent or remediate these problems. It strongly
encourages efforts to bring these groups together to educate one
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another on their areas of expertise and to establish collaborations
aimed at improving the public’s health.

INDOOR WATER SOURCES AND REMOVAL PROCESSES

Water is present in buildings as vapor within the indoor air,
as a liquid reservoir, as a solid (ice or frost), as a layer of mol-
ecules adsorbed on the surface of building materials, or as con-
densation within the pores of these materials. A continuous pro-
cess of moisture transfer occurs among the phases and indoor
locations of water. The observed relationship of moisture prob-
lems to asthma is presumed to be a consequence of the influence
of moisture on the growth of microorganisms on building materi-
als; consequently, the moisture content of materials is of primary
interest for asthma. However, the moisture content of building
materials is influenced by the other phases and locations of mois-
ture within the building.

Sources of water on or within building materials include leaks
of liquid water from interior plumbing or from outdoors above or
below grade. Other sources include melting of ice or frost (e.g., in
attics), capillary transport from moist soil (e.g., through concrete
foundations), water vapor condensation, and the water present
in building materials (e.g., wood or concrete) at the time of build-
ing construction, which is particularly significant during the first
year after construction. Additionally, water vapor from air sur-
rounding a building material adsorbs on or in building materials.
The equilibrium moisture content of a building material sur-
rounded by air is primarily a function of the relative humidity of
the air; however, the equilibrium relationship varies considerably
among building materials (Kumaran et al., 1994).

Sources of water vapor in indoor air include the water vapor
in incoming outdoor air, which is often a dominant source during
hot humid weather. Air that is drawn into buildings from crawl
spaces or after passing through soil and cracks in the building
substructure may be particularly humid. Additional indoor wa-
ter vapor sources include human respiration; evaporation that
occurs from water-using activities such as cooking, bathing, wash-
ing, and drying; intentional humidification; evaporation from liq-
uid water that originates from leaks or condensation; and the de-
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sorption of water from materials. Combustion products that en-
ter the indoor air space due to the use of unvented gas or kero-
sene heaters or a failure of the venting of “vented” heating equip-
ment can be a large source of water vapor.1  Christian (1994)
summarizes information on the rates of water vapor production
from many of these sources.

Removal processes for indoor water vapor include the flow
of air with water vapor from indoors to outdoors (i.e., ventila-
tion), absorption on surfaces, the intentional water vapor conden-
sation that occurs in air conditioning and dehumidification sys-
tems, and unintentional water vapor condensation on surfaces.

Water vapor condenses from air when the air temperature is
cooled below the dew-point temperature. In buildings, uninten-
tional water vapor condensation occurs when humid air contacts
cool surfaces. In winter, the temperature of portions of the build-
ing envelope that exchange heat with outdoor air or soil may fall
below the dew-point temperature of indoor air, leading to water
vapor condensation. The condensation that occurs on windows is
a familiar phenomenon; however, condensation can also occur
within the building envelope as humid indoor air passes through
the envelope and comes in contact with cool surfaces. In the sum-
mer, surface temperatures in air-conditioned buildings may be
lower than the dew-point temperature of the outdoor air. Con-
densation may occur as the warm humid outdoor air flows into
the building and contacts these surfaces. Vapor barriers (i.e.,
sheets of material with a low permeability to water vapor that
also retard air flow) are commonly installed in building envelopes
to limit moisture transport and the associated risks of condensa-
tion. Vapor barriers should be installed near the warm side of the
building envelope—for example, near the inner surface of walls
in a building located in a cold climate. Improper placement of
vapor barriers or unintentional vapor barriers can lead to con-
densation. Impermeable vinyl wallpaper located on the inner sur-

1An estimated 0.5 million unvented gas heaters were sold in 1996 (Apte, 1996).
Even a small 10,000 Btu-per-hour unvented gas heater, about one-tenth the ca-
pacity of a residential furnace system, would release water vapor equivalent to
about 10 L per day of liquid water (Apte, 1996).
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faces of walls of air-conditioned buildings has been associated
with moisture problems behind the wallpaper (Lstiburek and
Carmody, 1994; Rose, 1994).

In mechanically ventilated buildings, pressure differences be-
tween indoors and outdoors or between indoors and the sur-
rounding soil are generated by mechanically produced airflows.
These pressure differences modify the rates of moist air transport
through the building envelope in a manner that may inhibit or
increase indoor moisture problems. In cold climates, the design
intent is often to maintain buildings depressurized relative to out-
doors and to prevent humid indoor air from flowing outward
through the building envelope. In warm, humid climates, pres-
surization of the building to limit infiltration of humid outdoor
air is usually the design intent. Because houses rarely have con-
tinuously operating mechanical ventilation systems, outdoor air
infiltrates into the building through portions of the building en-
velope and indoor air exfiltrates through other sections of the en-
velope.

Based on this discussion, the risk factors for moisture prob-
lems include water leaks from the building interior or exterior;
unusually high rates of water vapor generation indoors; a high
rate of moisture entry into buildings from moist soil (often associ-
ated with problems in water drainage around foundations); a low
rate of ventilation particularly during the winter (see Chapter 10);
the absence or improper location of vapor barriers; insufficient
water vapor removal by dehumidifiers or air-conditioning sys-
tems; and an unusually cold or unusually humid climate. The
prevalence of these different risk factors and the implications for
microbiological growth are not well documented; however, water
leaks are very common (see below) and cited in many case stud-
ies of building-related respiratory health problems.

Measures of Dampness

Moisture Measurements

Temperature and relative humidity measurements are the
fundamental information regarding moisture in buildings. Hu-
midity is usually measured psychometrically and is represented
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as relative humidity—the amount of water in the air relative to
the amount of water the air can hold at saturation at the same
temperature and pressure.

At present there are no accepted protocols for characterizing
the moisture levels of buildings. However, wide variations in both
temperature and humidity are to be expected from place to place
and over time, daily and seasonally. Given this variation, moni-
toring may be necessary to track environmental changes over
time. The design of a monitoring system depends on the type of
information one desires. Building monitoring may be designed to
disclose center-of-room moisture conditions, moisture conditions
at particular (perhaps troublesome) locations, response of the
building to exterior conditions such as the entry of rainwater,
moisture movement within the building, and change in humidity
conditions over time. However, monitoring cannot be used to dis-
cern the appearance of undesirable conditions away from where
instruments are placed, nor can it be used to determine that all
moisture-related aspects in a building are acceptable.

There are a wide variety of tools available for measuring spe-
cific moisture conditions (Lagus, 1994). Infrared pyrometers can
be used to identify surface temperature anomalies, which may
become moisture and mold sites. Pin-type moisture meters mea-
sure material moisture content, although calibration difficulties
may limit their effectiveness. Smoke pencils can help identify en-
velope leakage sites and also the effectiveness of combustion
product discharge. Pressure difference instruments (manometers
and micromanometers) may be employed to estimate the role of
air pressure and movement in the development of water prob-
lems in building envelopes.

Abe and colleagues (1996) developed a sensor for determin-
ing the ability of fungi to grow in microenvironments. The
method uses an agar medium impregnated with spores of a
xerophilic fungus and relies on water absorption from the envi-
ronment to stimulate fungal growth. Microclimate differences and
changes were documented in an apartment using the method.

Visible Signs of Dampness

Although humans are poor humidity sensors, there are signs
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of inappropriate moisture conditions that can be directly per-
ceived. Such perceptions are the basis for most epidemiologic
studies in which moisture condition data are collected by ques-
tionnaire. Questions are typically formulated to seek information
on whether conditions such as leaks, floods, wet basements, win-
dow condensation, visible fungal growth, or moldy odors are cur-
rently present or have been present in the past. It should be noted,
however, that reporting bias is an important source of error in
such studies. Dales and colleagues (1997) report that under some
conditions, allergy patients may be more likely than nonallergic
people to report visible fungal growth. Additionally, smokers may
be less likely than nonsmokers to report such growth.

Moisture conditions in buildings are best discovered through
direct observation and inspection. Home inspectors are known to
rely on smell to supplement visual inspection. Among the items
typically included in an inspection report are presence of mold,
water stains, evidence of leaks or flooding, current leaks, crawl
space conditions, attic sheathing condition, and overall stoutness
or dilapidation of the building. Characterization of rainwater dis-
charge and management is also necessary, given the importance
and prevalence of foundation leakage to the overall moisture bal-
ance of a building.

Extent of the Home Dampness Problem

The reported percentage of homes with dampness problems
varies widely depending on geography, the approach to home
selection, and the types of questions or inspection procedures
used to detect such problems. Selected study results are presented
in Table 8-1.

The U.S. Census collects data on water leakage in homes. The
results for 1973–1984 are reported in the Annual Housing Survey.
Results after 1984 are reported in the American Housing Survey
for the United States. Based on these data, Figure 8-1 shows the
percentage of homes with water leakage from indoor and out-
door water sources. The overlap between these categories and the
total percentage of homes with water leakage are not reported.
The reported percentages of homes with water leaks are relatively
constant, and most water leaks are from outdoors. Based on the
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data in Table 8-1 and Figure 8-1, a substantial portion of homes
have moisture problems.

Underlying Causes of Moisture Problems

Although extensive guidance is available on means of pre-
venting and remediating moisture problems in both residential
and commercial buildings (e.g., Trechsel, 1994, chapters 15–22),
moisture problems are very common. Economic and institutional
barriers contribute to moisture problems. For example, water
leaks will not be repaired if financial resources are inadequate.
Also, the relevant features of building design, operation, and
maintenance may be determined substantially by speculative
builders or other decision-makers who are substantially unaf-
fected by future moisture problems. Similarly, landlords who do
not reside in the affected building may not be motivated to repair
water leaks rapidly.

Despite the technical knowledge about prevention of mois-
ture problems that is available in current scientific and engineer-
ing literature, the errors in building design and construction re-
ported in case studies indicate that many architects, engineers,
builders, and roofers have an inadequate knowledge of the means
of preventing moisture problems. Additionally, these profession-
als and tradesmen, and the general public, may not fully under-
stand the association between moisture problems and health
problems. The lack of awareness of health consequences reduces
the motivation to prevent or correct problems.

FIGURE 8-1 Prevalence of water leaks in U.S. housing, based on data from
the U.S. Census.
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Moisture and Sources for Disease Agents

The relationship between dampness and respiratory disease
is considered to be linked to allergens or other materials derived
from fungal growth, or dust mites, or both, although none of these
pathways has been clearly documented. Billings and Howard
(1998) reviewed the literature on indoor dampness and respira-
tory disease and concluded that dampness increases allergen bur-
den, leading to increased risk of developing asthma.

Fungi

Fungi are among the more versatile organisms with respect to
water requirements and are able to grow with extremely little
moisture under some conditions. Fortunately, conditions in build-
ings do not usually permit such growth, which occurs only under
optimal substrate and temperature conditions for the fungus. The
majority of fungal growth occurs on surfaces that are continu-
ously wet for many days. Such wetness may occur on cold sur-
faces where condensation is continuously present, in materials
that remain at or near the dew point (e.g., carpeting on
uninsulated cold or damp surfaces), or in materials that get wet
as a result of leaks or floods. Fungal growth can also occur with-
out the presence of liquid water from leaks or condensation. High
relative humidities (e.g., greater than approximately 80%) in-
crease the risk of fungal growth on some surfaces (Foarde et al.,
1996). It should be noted that indoor middle-of-the-room humid-
ity is not a consistent predictor of the presence of fungal growth,
and fungal control cannot be achieved just with ambient indoor
air humidity control. Fungi grow on surfaces under microenvi-
ronmental conditions that may be very different from those in
room air (Li and Hsu, 1997).

Data are equivocal on the relationship of airborne fungi to
humidity or other dampness indicators. Verhoeff and colleagues
(1992) found only a weak relationship between airborne fungi and
dampness as characterized by a checklist. On the other hand,
Garrett and colleagues (1998) found associations between high
airborne fungal concentrations and musty odor, water intrusion,
limited ventilation, and high indoor humidity. Relatively weak
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relationships have also been shown for dampness indicators and
concentrations of some fungi in dust (Dales et al., 1997; Douwes
et al., 1999). Visible fungal growth has been associated with high
airborne concentrations of some fungi but not others. However,
good studies examining the association between surface and air-
borne fungi are lacking.

Dust Mites

Dust mite populations have been shown experimentally to
respond to increasing humidity (Arlian et al., 1998). Dust mite
allergen concentrations have been associated with humidity and
signs of dampness (Couper et al., 1998; Julge et al., 1998; Nicolai
et al., 1998; van Strien et al., 1994), as well as with conditions
known to lead to dampness such as increasing number of occu-
pants and reduced ventilation (Couper et al., 1998; Sundell et al.,
1995; van Strien et al., 1994). Chapter 5 contains a discussion of
the influence of humidity levels on dust mites.

INDOOR DAMPNESS AND RESPIRATORY DISEASE

Overview

Table 8-2 summarizes studies that report odds ratios (ORs)
for the association of dampness or visible mold with asthma.

Ronmark and colleagues (1998) ranked home dampness sec-
ond only to family history as a risk factor for asthma in northern
Sweden. Øie and colleagues (1999) report an association between
ventilation rate and dampness in the home and bronchial obstruc-
tion during the first year of life. The OR for bronchial obstruction
related to dampness in low-ventilation homes was 9.6 (confidence
interval [CI] 1.05–87.4); in high ventilation homes the OR was 2.3
(CI 0.83–6.39).

Connections between animal allergens, dampness, and
asthma have been made in several studies. Norbäck and col-
leagues (1995) report that symptoms related to asthma were more
common in dwellings with house dust mites and visible signs of
dampness or microbial growth. However, a later study by some
of the same individuals (Norbäck et al., 1999) reports no connec-
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TABLE 8-2 Odds Ratios (ORs) for Association of Dampness or
Visible Mold with Asthma

Author/ Population Dampness OR (CI) for Asthma-
Location (N ) Indicator Related Health Effect

Aldous et al., Infants (936) Presence or absence of 1.8 (1.1–3.0)a

1996 (Arizona) evaporative cooler
Nafstad et al., Children: Questionnaires, 3.8 (2.0–7.2)a

1998 (Norway) 251 cases, home visits
251 controls

Yazicioglu et al., Children: Questionnaire 2.62 (1.13–6.81)b

1998 (Turkey) 597 controls,
85 asthmatics

Yang et al., 1998b Children: Reported dampness 1.77 (1.24–2.53)b

 (Taiwan) 86 cases,
86 controls

Norbäck et al., Adults: Observed dampness Overall: 1.8 (1.1–3.0)b

1999 (Sweden) 98 asthmatics, Floor: 4.6 (2.0–10.5)a

357 controls
Jaakkola et al., Children (2,568) Any dampness or mold 1.10 (0.54–2.24)b

1993 (Finland) 2.17–2.62a

Slezak et al., Head Start Signs of dampness, 4.5 (1.25–16.3)b

1998 (U.S.) children visible mold 1.94 (1.23–3.04)b

(1,085)
Hu et al., 1997 Young adults Mold growth 2.0 (1.2–3.2)b

(2,041)
Brunekreef et al., Children Dampness and mold 1.27–2.12 a

1989 (Netherlands) (4,625)
Strachan, 1988 Children Visible mold 3.0 (1.72–5.25)a

(Scotland) (873)
Yang et al., 1998a Children: Reported dampness 2.65b

(Taiwan) 165 cases,
165 controls

Nicolai et al., 1998 Adolescents Observed dampness 16.14 (3.53–73.73)a

(Germany) (155)
Jedrychowski and Children Reported dampness 1.6 (1.1–2.5)a

Flak, 1998 (Poland) (1,129)

NOTE: CI = confidence interval.

aWheeze, persistent cough, bronchial obstruction.
bAsthma.
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tion between allergy to dust mites and either current asthma or
home dampness in Sweden. In another study, positive skin tests
to dust mite allergens were more prevalent among occupants of
damp houses than among occupants of homes without reported
signs of dampness (Iversen and Dahl, 1995). Lindfors and col-
leagues (1995) report that a combination of high-dose exposure to
cat or dog allergen, environmental tobacco smoke, and damp
housing was significantly associated with asthma (OR = 8.0; CI
1.9–34.1).

Williamson and colleagues (1997) report a correlation between
mold growth indicators and asthma (196 age- and sex-matched
subjects): r = 0.23, p < .035. Norbäck and colleagues (1999) report
that allergy to fungi (Cladosporium or Alternaria) was more preva-
lent in damp homes (9.3% versus 3.9%) and fungal sensitivity was
related to current asthma (OR = 3.4; CI 1.4–8.5). Brunekreef and
colleagues (1989) studied 4,625 children relating symptoms and
pulmonary function to reported dampness and molds in the
homes. The OR for reported molds varied from 1.27 to 2.12. There
was a drop in FEF25–75 of 1.6% associated with reported mold.
Among a population sample of 873 children, Strachan (1988) stud-
ied respiratory symptoms, measured pulmonary function, and
evaluated the home environment for reported dampness or mold.
Wheezing in the past year was most closely associated with vis-
ible mold (adjusted OR = 3.0; CI 1.72–5.25). However, there was
no association with the degree of bronchospasm in children mea-
sured in homes with and without mold; the association may be
due to awareness of mold leading to increased reporting. The
prevalence of lower-respiratory symptoms (any cough, phlegm,
wheezing, or wheeze with dyspnea) was increased among those
reporting dampness or mold compared with those not reporting
dampness or mold as follows: 38% versus 27% among current
smokers, 21% versus 14% among ex-smokers, and 19% versus
11% among nonsmokers (all p values < .001). Maier and col-
leagues (1997) indicate an association between reported house-
hold water damage and physician-diagnosed asthma in Seattle
school children.
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Conclusions Regarding Health Effects

1. Damp conditions are associated with the existence of doc-
tor-diagnosed asthma and with the presence of symptoms con-
sidered to reflect asthma (i.e., dampness may lead to the develop-
ment of asthma).

2. Symptom prevalence among asthmatics is also related to
home dampness indicators (i.e., dampness may exacerbate exist-
ing asthma).

3. The factors related to dampness that actually lead to the
development of disease and to disease exacerbation are not yet
confirmed, but probably relate to dust mite and fungal allergens.

DAMPNESS CONTROL

Implementation of measures that are effective in reducing
dampness problems should be a logical approach to lessening the
indoor asthma problem. Several recommendations for prevention
and remediation of moisture problems, including periodic inspec-
tions to prevent water leakage, are provided in a review article
based on a workshop held by the American Thoracic Society (ATS,
1997). However, no intervention studies clearly document that
any form of dampness control works effectively to reduce symp-
toms or to reduce the chances of asthma development. Rose (1994)
provides recommendations for retrofitting existing buildings for
dampness control. Peat and colleagues (1998) suggest that retrofit-
ting for dampness control is expensive and unlikely to have long-
term beneficial effects, and that houses be designed to prevent
dampness problems.

Logical steps can be taken to reduce dampness problems, and
most have been documented as effective. For houses, these steps
include

1. powered mechanical ventilation to remove and/or dilute
occupant-generated moisture (Harrje, 1994);

2. proper installation of vapor barriers (Lsteburek and
Carmody, 1993);

3. channeling ground water away from foundations and seal-
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ing below-ground walls to prevent water intrusion (Lstiburek and
Carmody, 1994);

4. properly protecting ground-level concrete slabs from mois-
ture intrusion (Lstiburek and Carmody, 1994); and

5. constructing crawl spaces to prevent water intrusion
(Lstiburek and Carmody, 1994).

RESEARCH NEEDS

With respect to the association of dampness problems with
asthma development and symptoms, research is needed to clearly
identify the causative agents (e.g., molds, dust mite allergens) and
to document more accurately the relationship between dampness
and allergen exposure. Research is also needed to characterize
and demonstrate the reductions in asthma morbidity from pre-
vention or remediation of moisture problems.

Regarding characterization of moisture problems, research is
needed to:

1. develop accurate, standardized protocols for assessing
moisture problems in buildings;

2. develop and document the effectiveness of specific mea-
sures for dampness reduction in existing buildings; and

3. develop standardized, effective protocols for flood cleanup
that will limit microbial growth.

In addition to these research needs, there is a need for improved
education of the public about the consequences of moisture prob-
lems and for better education of building professionals regarding
means of preventing moisture-related problems.
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9
Asthma and Nonresidential

Indoor Environments

Many cross-sectional epidemiologic studies document an
association of asthma diagnoses or asthma symptoms with as-
pects of the residential environment, such as dampness or mold.
In contrast to residences, nonindustrial work buildings often have
large numbers of occupants in whom the epidemiology of asthma
can be studied in relation to the built environment. Several lines
of evidence suggest the efficiency of pursuing indoor environ-
mental factors in relation to asthma among office workers, school
staff, and students.

This chapter briefly reviews the scientific literature regarding
asthma and nonresidential indoor environments—primarily of-
fice buildings and schools. Industrial environments, which may
expose workers to a wide variety of allergens and irritants ca-
pable of inducing asthma (Chan-Yeung, 1995), are outside the
scope of this chapter and report.

BUILDING-RELATED ASTHMA

New-onset asthma caused by specific building environments
has been investigated infrequently. Case reports of office build-
ing-related asthma with a clear work-related pattern exist, and
the causes were related to humidifiers or the biocides used in hu-
midifiers (Finnegan and Pickering, 1986; Robertson and Burge,
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1985). Epidemic asthma occurred in a printing factory in associa-
tion with a contaminated humidifier (Burge et al., 1985). The most
compelling description of office building-related asthma found
that employees of a county social services agency in Denver had a
2.9-fold rate of physician-diagnosed asthma arising since build-
ing occupancy compared to employees of a comparable subur-
ban social service agency (Hoffman et al., 1993). The Denver
workers reported excess shortness of breath and chest tightness,
and 36% of Denver employees with preexisting asthma reported
exacerbation of their asthma in relation to building occupancy, in
contrast to none of the preexisting asthma cases in the suburban
county agency. Peak expiratory flow measurements of a sentinel
case fell markedly over the course of time at work, with recovery
within an hour outside the office building. Bronchial reactivity
measurements from serial methacholine challenge tests showed
improvement to the normal range within two to three months of
assignment to another building; recurrence of bronchial hyperre-
activity with reassignment to the implicated building; and partial
resolution with removal for the second time. In addition to a 4.9-
fold excess of asthma with onset or exacerbation since building
occupancy, cases of hypersensitivity pneumonitis and other in-
terstitial lung disease occurred among occupants of the implicated
building. In this investigation, the suspected cause was
bioaerosols associated with below-grade moisture incursion from
the posterior wall that was built into an earthen bank.

Although the few publications discussed above document the
phenomenology of building-related asthma, little information ex-
ists regarding the contribution of building-related asthma to the
increasing asthma burden in the United States or elsewhere. Sev-
eral state health departments solicit physician case reports of oc-
cupational asthma for the purpose of state- or federally funded
surveillance. Data from four states reported to the National Insti-
tute for Occupational Safety and Health (NIOSH) for 1993–1995,
documented 86 physician-diagnosed cases attributed to indoor
air quality deficiencies, without other specific cause, accounting
for 8% of all occupational asthma cases recognized by reporting
physicians (Romero Jajosky et al., 1999). Michigan, Massachusetts,
and Connecticut supplied data over a longer time, which docu-
ment increasing proportions of all reported occupational asthma

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

318 CLEARING THE AIR

cases attributable to indoor environmental quality, up to 25% (un-
published reports from Carolyn Jean Dupuy, Connecticut Depart-
ment of Public Health, Respiratory Disease and the Indoor Envi-
ronment, sent to NIOSH by email on May 13, 1999; from Ruth
Vanderwaals, Michigan Department of Public Health sent by
email on March 22, 1999; and from Letitia Davis, Massachussetts
Department of Health, sent by email on March 6, 1999).

Another source of physician case reporting is the data base of
the Association of Occupational and Environmental Health Clin-
ics (AOEC). An unpublished report indicates that from 1991 to
1996, 15% of the 542 occupational asthma cases seen in the report-
ing members of largely academic clinics were related to indoor
air exposures, with the annual proportion increasing from 6% in
1991 to 30% in 1996 (Hunting, 1999). Half of the cases of reported
asthma–reactive airways dysfunction syndrome (RADS) from pri-
mary and secondary schools and vocational schools in this data
base were attributed to indoor air exposures. These data must be
interpreted with caution because the number and location of re-
porting clinics varied from year to year and the numbers are likely
influenced by the characteristics of the responding facilities.

This limited information from practitioners reporting to pub-
lic health agencies or their occupational health association sug-
gests that physicians are seeing patients with work-related pat-
terns of asthma symptoms or objective measurements for which
they are unable to identify specific causes apart from alleged poor
indoor air quality. Investigations in response to these reports by
public health agencies have been limited by lack of knowledge
about what agents to measure in evaluating hazards for asthma
or for less specific indoor air quality (IAQ) complaints.

Attribution of asthma and asthma symptoms to specific build-
ing environments by the lay public far exceeds physician recogni-
tion of building-related asthma. One source of data regarding
public concerns about building contributions to asthma are the
requests from employees or management for Health Hazard
Evaluations, a mandated service program of NIOSH. Since the
late 1970s, after the energy crisis and changes in ventilation codes,
health hazard evaluations coded as “indoor air quality requests”
from office and school employees have increased persistently in
numbers and proportions of all requests. Of the 100–200 IAQ re-

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

ASTHMA AND NONRESIDENTAL INDOOR ENVIRONMENTS 319

quests received each year since 1990, the proportion mentioning
asthma in the written request increased during the 1990s to 14%
in 1998; the proportion mentioning any chest symptom increased
to 46% in 1997–98. Among IAQ requests mentioning asthma as a
health concern to be investigated in the health hazard evaluation,
a substantial minority—43%—come from school staff, manage-
ment, or unions representing teachers.

Most office workers do not attribute chest symptoms to their
building environments. Preliminary analyses of questionnaire in-
formation from occupants of 29 buildings surveyed in the U.S.
Environmental Protection Agency’s (EPA’s) Building Assessment
and Evaluation Study (Brightman et al., 1997), revealed that the
median prevalence of occupants reporting frequent work-related
shortness of breath was 2%. An unpublished NIOSH report evalu-
ating a series of buildings selected without regard to indoor air
quality complaints indicated a maximum prevalence of 8% (Sieber
and Godwin, 1998). In contrast, one-third of 80 office buildings
studied by NIOSH in 1993 in response to health hazard evalua-
tion requests had prevalences of frequent work-related shortness
of breath greater than 8%, ranging up to 24% (Malkin et al., 1996).
In conclusion, most buildings in which occupants have IAQ com-
plaints probably do not have excesses of respiratory disease, but
a substantial subset of “complaint” buildings may have occupants
who associate their chest symptoms with building occupancy.

The NIOSH experience with indoor air quality investigations
in 1993 gives some epidemiologic leads regarding building-re-
lated asthma and its causes (Sieber et al., 1996). Among 2,435 oc-
cupants of 80 office buildings classified according to whether
moisture was found in the heating, ventilation, and air-condition-
ing (HVAC) system, the prevalence of physician-diagnosed
asthma arising since building occupancy was 61% higher in build-
ings with HVAC moisture, and the prevalence was doubled of
having three of four chest symptoms (cough, shortness of breath,
wheezing, and chest tightness) at least once per week in the last
month that improved away from work (Table 9-1). In logistic
analyses controlled for age and gender, postoccupancy asthma
was associated with dirty HVAC filters, debris in the air intake
system, and renovation with drywall within the previous three
weeks; daily surface cleaning with wet methods appeared protec-
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tive in logistic regression models (Table 9-2). Similar risk factors
existed for the outcome of frequent multiple work-related chest
symptoms, which may represent asthma-like conditions for
which medical consultation has not been sought or for which an
asthma diagnosis was not made. Although these findings do not

TABLE 9-1 Health Condition Prevalence (%), by Moisture Status of HVAC,
Among 2,435 Occupants of 80 Office Buildings with IAQ Complaints

Moisture Moisture
Health Condition Present Absent Range

Any physician-diagnosed asthma 11.7 11.6

Postoccupancy asthma 3.7 2.3 0–33.3

Chest symptomsa 4.1 1.8 0–33.3

aThree of four (cough, shortness of breath, wheezing, chest tightness) occurring
≥1/week in last month and improving away from work.

SOURCE: W. Karl Sieber, Division of Surveillance, Hazard Evaluations, and Field Studies,
National Institute for Occupational Safety and Health, written communication to Kathleen
Kreiss, March 8, 1999.

TABLE 9-2 Relative Risks by Health Condition for Environmental Factors

Environmental Postoccupancy Multiple
Variable Asthma Chest Symptoms

Dirty filters 2.0 a 1.9 a

Air intake debris 2.0 a 3.1 a

Recent renovation with drywall 2.5 a 1.1

Ceiling panels 3.2 3.4

Daily surface cleaning 0.5 a 0.7

ap < .05.

SOURCE: W. Karl Sieber, Division of Surveillance, Hazard Evaluations, and Field Studies,
National Institute for Occupational Safety and Health, written communication to Kathleen
Kreiss, March 8, 1999.
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document specific agents causing asthma in office buildings, they
suggest that bioaerosols associated with HVAC moisture, mainte-
nance deficiencies, and water damage requiring renovation are
promising hypotheses.

Commercial office building stock and schools are often con-
structed with flat roofs, which predispose to puddling and mois-
ture incursion; other common sources of moisture problems in
nonindustrial building stock are HVAC coils, drain pans, and duct
liners; below-grade drainage; inadequate moisture barriers; flash-
ing leaks; flooding; and plumbing mishaps. At present, little in-
formation is available regarding the relative health risks of these
conditions. Absent risk assessment information, building occu-
pants, tenants, and managers have little leverage to have these
conditions fixed.

STUDIES OF SCHOOLS

School is an important indoor environment for many children.
The possible influence on health of indoor air in schools and day
care centers have been the subject of research. However, very little
of this literature specifically addresses indoor air exposures and
asthma. Of the available studies on the topic, few have done care-
ful and complete exposure assessments.

Schools are subject to many of the same exposure problems
found in homes, although not necessarily at the same levels. The
level of some allergens such as cockroach and dust mite is thought
to be generally lower in schools because of the relative scarcity of
appropriate habitats for infestation (Perzanowski et al., 1999;
Sarpong et al., 1997). The absence of a direct source does not, how-
ever, necessarily preclude its presence. Cat allergen—which clings
to clothing and other belongings—has been measured in schools
and other indoor environments where cats have never been
(Chan-Yeung et al., 1999). Indeed, schools may be a major source
of exposure to cat and dog allergen for individuals who do not
have these pets at home (Almqvist et al., 1999; Lonnkvist et al.,
1999).

A survey of research on indoor air quality in schools noted
that the major building-related problem identified was inad-
equate outdoor air ventilation (Daisey and Angell, 1998). Water
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damage and concomitant mold growth constituted the second
greatest problem.

Among the epidemiologic studies identified by the commit-
tee, Smedje and colleagues (1997) investigated air quality, envi-
ronmental characteristics, and asthma outcomes in 762 students
in 39 schools in Uppsala County, Sweden. They used a self-ad-
ministered questionnaire for health status information and em-
ployed trained occupational hygienists to gather building infor-
mation and measurements in the schools. Data gathered included
air exchange rate, temperature, and relative humidity; airborne
levels of volatile organic compounds (VOCs), NO2, molds, and
bacteria; and levels of endotoxin, and cat, dog and mite allergen
in settled dust. They found that self-reported current asthma was
more common in schools that were larger, and had more open
shelves (a repository of settled dust), lower room temperature,
higher relative humidity, higher concentrations of formaldehyde
or other VOCs, viable mold or bacteria, and more cat allergen.
The observations were drawn on the basis of 40 asthma cases.

Haverinen and colleagues (1999) investigated three school
buildings that were suspected of causing occupant health prob-
lems. The buildings were subjected to extensive structural and
microbial contamination surveys; questionnaires were used to
collect data on health problems. Widespread moisture damage
was observed. Fungi identified (Aspergillus, Eurotium) were typi-
cal of buildings with mold problems. The prevalence of self-iden-
tified asthma among upper secondary school students, but not
elementary or high school students, was reported to be higher
than typical for the age group.

Hunting (1999) noted that half (14 of 28) of the cases of re-
ported “occupational asthma” or RADS from primary and sec-
ondary schools and vocational schools in AOEC’s Occupational
and Environmental Disease Surveillance Database over the years
1991–1996 were attributed to indoor air exposures. The specific
exposures were not identified.

Nafsted and colleagues (1999) investigated the respiratory
health of 3,853 children in Oslo, Norway. Parents completed a
questionnaire concerning day care arrangements, the child’s
health, environmental conditions, and family characteristics. The
study found that the lifetime risk of doctor-diagnosed asthma was
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higher in children who started attending day care centers during
the first two years of life. The authors speculated that this was a
consequence of the higher rate of early respiratory infections in
children in day care. There were no data reported on other envi-
ronmental exposures.

Two studies addressed respiratory outcomes in children in
the United States. A study of 1,268 children in Minnesota by
Marbury and colleagues (1997) found that day care attendance
was associated with an increased risk of recurrent wheezing ill-
nesses and lower-respiratory infections. Celedon and colleagues
(1999) examined respiratory tract illnesses in 498 Boston-area chil-
dren who had at least one parent with a history of allergy or
asthma. Researchers found that day care attendance increased the
risk of upper and lower respiratory tract illnesses in the first year
of life for these children. (Chapter 5 includes a discussion of the
state of the literature regarding exposure to infectious agents and
asthma.)

Such findings are not, however, uniform. McCutcheon and
Woodward (1996) studied the respiratory health of 445 Adelaide,
South Australia, school children, using data from questionnaires
completed by parents and school records. They found that chil-
dren who had attended child care prior to commencing school
experienced half as many episodes of asthma as children who
had never attended child care. Among the explanations for the
findings offered was protection against later respiratory illness as
a result of early exposure, although selection of illness-prone chil-
dren into home care might also have had an influence.

School exposures are an area of continuing research interest.
One ongoing study of schools in the Chicago area is monitoring
levels of a wide variety of potentially problematic agents—includ-
ing molds, dust mites, animal and insect allergens, particulates
and various chemicals—and other environmental characteristics
such as ventilation and humidity. The study is also evaluating the
effect of interventions including educational initiatives and inte-
grated pest management. An interesting observation from this ef-
fort is the importance of involving engineering and janitorial staff,
along with school management, in the planning and implementa-
tion of interventions (Persky, 1999).
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CONCLUSION

Published case reports, public health surveillance of physi-
cian reporting, and cross-sectional studies of building occupants
with indoor air quality complaints provide limited or suggestive
evidence of an association between aspects of the nonindustrial
indoor environment and the development of asthma with a build-
ing occupancy-related pattern of symptoms and, in some in-
stances, objective abnormalities. What is lacking for the most part,
however, is knowledge of specific etiologic agents in these nonin-
dustrial indoor environments that might be responsible for these
new work-related asthma cases. Epidemiologic data suggest that
moisture and ventilation system problems are markers for the
problematic agents when work-related asthma arises in particu-
lar office and school buildings. Similarly, one cross-sectional study
comparing two building populations (with comparable IAQ dis-
comfort complaints) provides evidence that one particular office
environment caused exacerbation of asthma among more than a
third of occupants with preoccupancy physician diagnoses of
asthma, and the other office environment did not. However, the
proportion of building environments that precipitate exacerba-
tion of asthma and the specific etiologies of asthma exacerbation
are unstudied.

RESEARCH NEEDS

The few available studies suggest the importance of building
factors in relation to asthma, but further research is critical to as-
sessing the attributable risks, remediable risk factors, and means
of hazard assessment. Development of methods for representa-
tive quantitative assessment of bioaerosols of fungal and bacte-
rial origin is a high priority for health outcome studies and haz-
ard assessment. In addition, knowledge of the epidemiology of
building-related asthma in problem buildings where there are ex-
cess chest complaints among occupants, in comparison to build-
ings where there are no complaints, can advance our understand-
ing of specific bioaerosols in relation to asthma. Research should
focus on exposure–response studies of many building environ-
ments and populations; clinical investigation of patients with
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building-related asthma; and intervention studies, even without
knowing the specific etiology involved. This research agenda re-
quires new partnerships among academic investigators, clini-
cians, public health agencies, industrial hygienists, and building
scientists.
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10
Impact of Ventilation and Air

Cleaning on Asthma

Indoor exposures to pollutants associated with the incidence
or symptoms of asthma are affected by many aspects of building
design, maintenance, and operation. Building features modify the
indoor sources of pollutants, the rates of pollutant entry from out-
doors, and the rates of pollutant removal from indoors. Building
ventilation and air cleaning are the two primary processes used
intentionally within buildings to remove pollutants from the in-
door air and maintain acceptable indoor environmental condi-
tions. This chapter provides an overview of the relationship of
building ventilation and particle air cleaning to exposures to in-
door-generated pollutants that are associated with asthma. The
findings from experimental assessments of the effects of air clean-
ing on allergy and asthma symptoms are also summarized. Be-
cause the association of asthma with pollutants from outdoor air
is not a primary focus of this report, even though the exposures
may occur primarily indoors, the dependence of these exposures
on ventilation and air cleaning is not addressed in this chapter.

THEORETICAL BACKGROUND

This section provides a very brief overview of theoretical con-
siderations that are necessary to understand the influence of
building ventilation and air cleaning on indoor pollutant concen-
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trations. Emphasis is placed on indoor particles because the in-
door-generated pollutants most clearly associated with asthma
are particles. Appendix A provides a more detailed technical dis-
cussion of this topic along with the equations and parameter val-
ues used for the theoretical predictions later in this chapter.

From conservation of mass, the steady-state indoor air con-
centration1  of a pollutant that is emitted indoors and absent from
outdoor air equals the indoor pollutant generation rate divided
by the sum of all pollutant removal rates. In the present context,
the most important pollutant removal processes are (1) ventila-
tion (i.e., the flow of indoor air containing pollutants to outdoors);
(2) pollutant depositional losses on indoor surfaces; and (3) air
cleaning (i.e., intentional removal of pollutants from indoor air
by air filters and other types of air cleaners). The influence of
changes in ventilation or air-cleaning rates on the indoor pollut-
ant concentration depends on the magnitude of the other two pol-
lutant removal processes.

Many of the indoor-generated pollutants important for
asthma are particles with diameters ranging from a fraction of a
micrometer (1 µm equals one-millionth of a meter) to approxi-
mately 20 µm. Table 10-1 provides information of the sizes (aero-
dynamic diameters)2  of these particles. The available data are lim-
ited and sometimes contradictory. Many of the bioaerosols
associated with asthma, particularly dust mite allergens, whole
pollens, cockroach allergen, and many fungal spores are large par-
ticles greater than a few micrometers in diameter. There are con-
tradictions among available data on the size of particles with cat
allergen; however, a significant fraction of airborne cat allergen
appears to be associated with particles smaller than a few mi-
crometers. Environmental tobacco smoke is composed almost en-
tirely of submicron-size particles (i.e., particles smaller than 1 µm).
Droplet nuclei from coughs and sneezes, which often contain vi-
rus, are included in Table 10-1 because viral infections are strongly

1For this discussion, we have assumed perfect mixing of the indoor air. See
Appendix A for more information.

2Except that the sources of the data for pollens and fungal spores do not indi-
cate whether the sizes are physical or aerodynamic diameters.
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linked to exacerbation of asthma, at least in children (Johnston et
al., 1995). There is evidence that rates of building ventilation and
occupant density modify the rates of respiratory illness experi-
enced by building occupants (Fisk, 1999; Fisk and Rosenfeld,
1997), presumably by changing exposures to infectious droplet
nuclei. Data on the size distribution of droplet nuclei are ex-
tremely limited and the methods employed to obtain the data may
have resulted in an undercounting of the larger particles. The
available data indicate that most of these particles are submicron
in size but most of the particle volume is associated with particles
larger than 1 µm. It is not clear whether the number concentration
or volume concentration of infectious droplet nuclei is more rel-
evant for disease transmission.

The magnitude of two of the particle removal processes—
deposition on surfaces and air cleaning—can vary dramatically
with particle size. Particles deposit on indoor surfaces when in-
door air motion, gravitational settling, electrostatic forces, and
other phenomena cause them to collide with indoor surfaces. For
particles, larger than a few micrometers in diameter, depositional
losses are dominated by rates of gravitational settling. A 20-µm
particle falls a distance of 1 m in about 80 seconds so it remains
suspended indoors for only a short period. The deposition losses
of such large particles tend to overwhelm normal rates of particle
removal by ventilation or air cleaning. In contrast, a 0.2-µm par-
ticle falls a distance of 1 m in about five days. The rate of deposi-
tional removal of 0.2-µm particle from the indoor air, which is
controlled by the indoor air motion, indoor surface roughness,
and other factors, is almost a factor of 100 lower than the rate of
depositional removal of a 20-µm particle.

Some gaseous pollutants such as nitrogen dioxide and ozone
are also removed from indoor air at a significant rate by deposi-
tion (often called sorption) on or reaction with indoor surfaces.
Rates of depositional removal depend on the chemical nature of
the pollutant, the intensity of indoor air motion, and other fac-
tors. Gravitational settling is unimportant for gaseous pollutants.

Particles deposited on indoor surfaces can be resuspended in
indoor air when the surfaces are disturbed by human activities
(e.g., walking, vacuuming) or by high air velocities (e.g., air exit-
ing a fan). Theory (Hinds, 1982) and limited empirical data

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

IMPACT OF VENTILATION AND AIR CLEANING ON ASTHMA 331

(Thatcher and Layton, 1995) indicate that resuspension occurs
predominantly for particles larger than approximately 2 µm.
Based on our current knowledge of the behavior of particles, ex-
posures to some of the larger particles associated with asthma
may be substantially influenced by the localized resuspension of
particles that results from occupant activities.

BUILDING VENTILATION

Background

In this document, the term “ventilation” refers to the flow of
outside air indoors, which is always accompanied by an equal
flow of indoor air outdoors. Ventilation removes and dilutes in-
door airborne pollutants, brings outdoor air pollutants into build-
ings, and often removes or supplies heat and water vapor. Venti-
lation is also needed to maintain oxygen concentrations inside
buildings, although the quantity of ventilation needed to supply
oxygen is very small relative to other ventilation requirements.

Increasing the rate of ventilation generally leads to overall
improvements in indoor air quality; however, the indoor concen-
trations of some pollutants from outdoors, such as outdoor par-
ticles and ozone, can increase with the ventilation rate. Indoor
humidity can increase or decrease with ventilation rate. When it
is cold and dry outdoors, increased ventilation usually reduces
the indoor humidity.

While increased ventilation rates are usually considered ben-
eficial for health and for improving perceived air quality (e.g.,
odors), ventilation air must often be heated (and sometimes hu-
midified) or cooled and dehumidified. Consequently, the ventila-
tion rates selected for buildings must strike a balance between the
benefits of energy savings with reduced ventilation and the
known or suspected benefits to health with increased ventilation.

Several metrics are used to specify the rates of building venti-
lation. Generally, these metrics are flow rates of outside air nor-
malized by the number of occupants, floor area, or indoor vol-
ume. Corresponding units of ventilation rates include the
following: liters per second per person (L s–1 per person); liters
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per second per square meter of floor area (L s–1 per square meter);
and air changes per hour (h–1).

Municipalities typically adopt one of the several building de-
sign codes used in the United States. These codes, or state energy
codes, include building design provisions intended to maintain
ventilation rates above a minimum rate that varies with the build-
ing type. The American Society of Heating, Refrigerating, and Air
Conditioning Engineers (ASHRAE) publishes a minimum venti-
lation standard that is the basis for the ventilation specifications
in many codes. The current version of the ASHRAE standard is
Standard 62-1999—Ventilation for Acceptable Indoor Air Quality
(ASHRAE, 1999). Standard 62-1999 lists 0.35 h–1 as a minimum
ventilation rate in residences,3  10 L s–1 per person (20 cubic feet
per minute [cfm] per person) as a minimum ventilation rate in
offices, and 8 L s–1 per person (15 cfm per person) as a minimum
ventilation rate in schools. Due to a paucity of scientific data on
the relationship of building ventilation rates with the health and
well-being of occupants (Seppanen et al., 1999), the minimum
ventilation rates in the ASHRAE standard are based substantially
on professional judgment and on studies performed in laborato-
ries with conditions quite different from those encountered in real
buildings.

Building design codes and ASHRAE’s minimum ventilation
standard do not ensure that all buildings maintain the specified
minimum ventilation rates. In most states and municipalities,
there are no legal requirements to actually maintain ventilation
rates at or above the levels in building design codes. Additionally,
building ventilation rates are difficult to measure accurately, in-
frequently measured, and as discussed later, poorly controlled.

Ventilation systems, although intended to remove indoor pol-
lutants, can also become sources of pollutants. Portions of venti-
lation systems, particularly components that become wet, can be-
come colonized by microorganisms and produce bioaerosols that

3Standard 62-1999 states that the 0.35 h–1 of ventilation is normally satisfied by
infiltration and natural ventilation but includes no technical specifications for the
building to ensure that this ventilation rate is met continuously or on average.
Standard 62-1999 also specifies installed mechanical exhaust capacities of 50
L s–1 (100 cfm) per kitchen and 25 L s–1 (50 cfm) per bathroom.
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are transported by the airflow to the occupied space. In addition,
particles, fibers, and odorous and potentially irritating volatile
organic compounds (VOCs) may be emitted from synthetic mate-
rials, including fibrous insulation materials, from residual oils
used in component production, from deposited dusts, and from
microorganisms. Ventilation also affects the indoor humidity
which in turn influences the growth or survival of microorgan-
isms within buildings.

Heating, ventilating, and air conditioning (HVAC) is the more
general process of thermally conditioning and ventilating build-
ings. In commercial buildings, these functions are usually inte-
grated. The HVAC process employed in commercial buildings is
reviewed here because HVAC features may influence exposure to
pollutants that are known or thought to be associated with
asthma.

Methods and Rates of Ventilation in
U.S. Single-Family Residences

Diamond (1999) has summarized many of the basic physical
characteristics of the U.S. residential building stock. In 1997, de-
tached single-family units and row houses constituted 73% of the
U.S. housing stock, 6% of the housing stock was mobile homes,
and the remainder was apartments. The average heated floor
space in all U.S. housing stock was 181 m2 (1,950 square feet) and
air conditioning was installed in 70% of these dwellings. The av-
erage conditioned floor area of mobile homes was 87 m2 (940
square feet) and 70% of mobile homes had air conditioners. Four-
teen percent of all housing units used humidifiers, and nine per-
cent had dehumidifiers.

When windows are closed, the ventilation of single-family
residences in the United States is almost exclusively an uncon-
trolled process. In air infiltration (or infiltration and exfiltration),
air leaks through unintentional cracks and holes in the building
envelope. The infiltration rate is driven by small pressure differ-
ences across the building envelope that are typically less than a
few pascals in magnitude. These pressure differences arise due to
the differences between the indoor and outdoor air temperatures,
resulting in different indoor and outdoor air densities, and also as
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a consequence of wind. Unintentional air leakage in the ductwork
of forced-air heating and air-conditioning systems located in at-
tics and crawl spaces, also causes large increases in air infiltra-
tion. Even if the ducts do not leak, forced-air systems can pressur-
ize or depressurize specific rooms relative to the outdoor pressure,
forcing air leakage through the building envelope.

U.S. homes often have intermittently-operated exhaust fans
in bathrooms and kitchens. When operated, these fans draw out-
door air into the building. Window and door opening by occu-
pants, predominantly during mild weather, also has a large influ-
ence on residential ventilation rates.

A very small portion of single-family dwellings in the United
States have mechanical ventilation systems (i.e., fans operating
continuously or intermittently to provide ventilation). Mechani-
cal ventilation is most common in the State of Washington be-
cause the state energy code now requires mechanical ventilation.
The technologies used to mechanically ventilate residences are
described in Roberson et al. (1998).

Ventilation rates in residences vary considerably over time.
The lowest ventilation rates occur during mild weather with win-
dows and doors closed. When weather is more severe, windows
remain closed but ventilation rates are higher due to increased
indoor-to-outdoor temperature differences and increased use of
forced-air heating and air conditioning. The highest ventilation
rates generally occur when windows or doors are open.

Present data on ventilation rates in U.S. single-family resi-
dences are limited and possibly not representative of the building
stock. One source of information is measurements of the airtight-
ness of building envelopes with windows and doors closed. Ven-
tilation rates are predicted with semiempirical models, using mea-
sured values of building airtightness4  combined with climate data
and indicators of a building’s shielding from wind, as model in-

4Airtightness is used here as a general term understandable to a broad audi-
ence. The actual measured parameter is the effective leakage area (ELA) at a ref-
erence pressure, usually 25 or 50 Pa across the building envelope. The ELA is the
area of an orifice that would leak air at the same rate as all the leakage paths in the
building envelope. The ELA is usually normalized with building floor area and
height to produce a normalized leakage.
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puts. When annual average ventilation rates are desired, the pre-
dictions may also include terms to account for natural ventilation
via windows; however, the current knowledge of window use
and effects on ventilation is cursory. The second source of infor-
mation on residential ventilation rates is measurements made us-
ing a tracer-gas procedure. Although considered more accurate
than predictions based on airtightness, the measured data are
more sparse than airtightness data. Therefore, we presently have
only crude estimates of residential ventilation rates.

Based on airtightness and climate data for about 12,000
houses, Sherman and Matson (1997) estimate that the arithmetic
average effective ventilation rate of houses in the United States is
1.1 h–1. This average reflects ventilation rates when windows are
closed and also the higher ventilation rates that occur with open
windows during mild weather. Airtightness normalized by house
size is highly variable (Sherman and Dickerhoff, 1994), with a
standard deviation that is approximately 50% of the mean. The
mean of the airtightness data from individual states varies among
states by more than a factor of three. In the available data, there is
no trend in airtightness with severity of climate. The available
data indicated that houses constructed after 1980 are more air-
tight (by ~50%) than older houses (Sherman and Dickerhoff,
1994); however, there was no trend evident in airtightness with
age for houses constructed after 1980.

A set of 2,844 measurements of residential ventilation rates in
U.S. houses was analyzed by Murry and Burmaster (1995). The
measured data from 66 research projects are not from a represen-
tative sample of residences; however, this analysis is probably the
best available information on the distribution of ventilation rates
in U.S. houses. When considering all climate zones and seasons,
the arithmetic and geometric mean ventilation rates were 0.76 h–1

and 0.53 h–1, with a geometric standard deviation of 2.3. There are
large variations in ventilation rates with season and climate zone.
The winter and summer arithmetic means, for all climate zones,
are 0.55 and 1.50 h–1. Approximately one-third of the measure-
ments in the winter season are less than the 0.35 h–1, the rate in
the current ASHRAE ventilation standard. In the coldest climate
zone, approximately 55% of the measured ventilation rates, from
all seasons, are less than 0.35 h–1.
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Methods, Patterns, and Rates of Ventilation in
U.S. Multifamily Apartment Buildings

In 1997, 21% of U.S. housing units were apartments. The aver-
age conditioned floor area of apartments was 85 m2 (920 square
feet) and air conditioning was installed in 65% of apartments (Dia-
mond, 1999). Published information on the methods and rates of
ventilation in multifamily apartment buildings are extremely
sparse. Based on the limited information available,5  older low-
rise (i.e., less than ~three stories) apartment buildings usually
have no mechanical supply of ventilation air. Much like single-
family dwellings, these buildings are ventilated primarily by un-
controlled infiltration and natural ventilation windows that can
be opened. Intermittently operated bathroom and kitchen exhaust
fans cause temporary increases in ventilation rates. Leakage in
the ductwork of forced-air heating and air-conditioning systems
and pressurization or depressurization of individual rooms can
drive infiltration and exfiltration in apartments, just as it does in
single-family houses. Newer low-rise apartment buildings are
ventilated similarly to older low-rise buildings; however, a larger
portion of these buildings have continuous mechanical exhaust
ventilation from the bathrooms and/or kitchens of each apart-
ment.

Older apartment buildings with more than approximately
three stories typically have no mechanical air supply or some
mechanical supply to the interior hallways. The air supply sys-
tem, when present, is frequently not functional (Shapiro-Baruch,
1993). Apartments within these buildings sometimes have a sys-
tem for continuous exhaust ventilation from bathrooms and kitch-
ens, although it is not always operational. Some portion of these
older high-rise buildings have a vertical ventilation shaft that
functions much like a chimney and passively draws air from the
apartments.

In new apartment buildings with more than three stories,

5The information in this section is based primarily on case studies, on two gen-
eral guidance documents (Diamond et al., 1999; Liddament, 1996) and on discus-
sions with Dr. Rick Diamond of Lawrence Berkeley National Laboratory. who
conducts research on energy use and ventilation in apartment buildings.
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exhaust ventilation is usually drawn continuously from the
kitchen and bathroom(s) of each apartment. The exhaust fans may
serve groups of apartments or individual apartments. Outside air
enters either from unintentional leaks and vents at windows or
via ventilation systems that supply air continuously to each apart-
ment. When a mechanical air supply is present, often this air is
supplied to a single room of each apartment from a duct system
in the building’s interior hallway.

The airflow in heated multistory apartment buildings with-
out mechanical ventilation often occurs in an upward direction
from lower-level to upper-level apartments (e.g., Diamond et al.,
1986; Modera et al., 1986). Cool outdoor air leaks into the lower
apartments; flows upward, picking up moisture and pollutants;
and exfiltrates through the walls and ceilings of upper-level apart-
ments. Due to this airflow pattern, the lower-level apartments
tend to have more fresh air supply, lower humidity, and more
cold drafts. Humidity and pollutant levels are often increased in
upper-level apartments because a portion of the air entering these
apartments comes from lower levels of the building. As moist air
exfiltrates out of the upper-level apartments, water vapor may
condense within cold walls and ceilings. Possibly, the higher pol-
lutant levels and humidity in upper-level apartments could con-
tribute to asthma symptoms.

This same upward-flow phenomenon occurs to a variable de-
gree in all heated multistory buildings. When the building is air
conditioned (i.e., cooled), the airflow direction can reverse; how-
ever, the downward airflow in air-conditioned buildings will be
less pronounced because the indoor-to-outdoor temperature dif-
ferences are typically much smaller during air conditioning than
during heating of buildings. By reducing the openings between
floors, the vertical airflow between floors can be reduced. Me-
chanical ventilation can also reduce or overwhelm the upward
buoyancy-driven airflow.

In addition to the buoyancy-driven upward airflow in apart-
ments, other unintentional flows of air between adjacent apart-
ments are reported commonly from case studies. These flows oc-
cur through unintentional openings in walls and floors, and may
be driven by mechanical ventilation systems, buoyancy, and
wind.
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The vertical and horizontal airflows between apartments
transport pollutants; therefore, occupants may be exposed to pol-
lutants such as tobacco smoke, cooking odors, and pet allergens
from the apartments of neighbors. These airflows also transport
indoor moisture, potentially causing moisture problems.

The ASHRAE ventilation standard has the same minimum
ventilation requirements for multifamily and single-family resi-
dential buildings, 0.35 h–1, with exhaust capacity required in
kitchens and bathrooms. Measurements of ventilation rates in
apartments are extremely limited. Based on case studies in a small
number of buildings, the reported ventilation rates are 0.5–1.5 h–1

for low rise apartments with frame or brick construction and 0.2–
1.0 h–1 for high-rise apartments with a more airtight concrete con-
struction (Diamond et al., 1999). Based on the available informa-
tion, we can expect ventilation rates to vary a great deal with time,
among apartment buildings, and among apartments within a
building.

Heating, Ventilating, and Air Conditioning in
U.S. Commercial and Institutional Buildings

Building and HVAC Characteristics

Approximately 40% of commercial floor space has windows
that open and approximately one-half of this floor space is in
buildings with a floor area less than 4650 m2 (50,000 square feet)
(DOE-EIA, 1994, 1995). Most U.S. commercial buildings have
HVAC systems that thermally condition and ventilate the occu-
pied spaces. Larger buildings, as well as many smaller buildings,
typically use HVAC systems that thermally condition air in me-
chanical rooms or in equipment located at the rooftop. The condi-
tioned air, usually a mixture of outdoor air and recirculated in-
door air known as the supply airstream, is supplied throughout
the building or building section. The supply airstream typically
passes through a fibrous particle filter, heat exchangers (called
heating and cooling coils) that add or remove heat, a supply fan,
a system of air ducts, dampers used to regulate airflow rates, and
supply registers located at or near the ceilings. The return air-
stream is drawn from the occupied spaces usually at or near the
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ceiling and typically flows back to the mechanical equipment
through return ducts or through the plenum between a sus-
pended ceiling and the floor of the next-higher story. Return air
fans are used in many HVAC systems, particularly larger systems.
A portion of the return airstream is exhausted to the outdoors,
and the remainder is mixed with outdoor air and resupplied to
the space after filtering and thermal conditioning. Dampers lo-
cated in the outside, recirculated, and exhaust airstreams are au-
tomatically or manually adjusted to controls the airflow. In addi-
tion to these central HVAC systems, some buildings have
distributed systems located throughout the building with com-
ponents for adding and removing heat, particularly at the build-
ing perimeter that is most affected by heat loss and gains through
the building envelope. Many variations in HVAC system designs
are described elsewhere (e.g., ASHRAE, 1996).

The supply airflow rates of HVAC systems serving offices or
schools are typically 3.5–5 L s–1 per square meter of floor area
(0.7–1.0 cfm per square foot) which is equivalent to approximately
four to five indoor air volumes per hour. In some smaller build-
ings, the supply air fan stops when there is no demand for heat-
ing or cooling. The supply airstream usually contains more recir-
culated indoor air than outdoor air. The ratio of flow of outside
air to total supply air is called the percentage of outside air. Some
HVAC systems are designed and adjusted to maintain an approxi-
mately fixed rate of outside air intake, or a fixed percentage of
outside air, consistent with code requirements. To save energy,
many HVAC systems employ an economizer cycle that increases
the rate of outside air intake during mild weather to reduce the
need for mechanical cooling.

While the above-described approach for controlling outside
air supply in commercial buildings appears straightforward, in
practice it often works poorly. The flow rate of outside air is con-
trolled by a small pressure drop across the outside air dampers,
and this pressure difference is rarely monitored or controlled.
HVAC systems almost never incorporate instruments for directly
monitoring the rate of outside airflow. Air-balance professionals
may monitor and adjust HVAC system airflows after initial build-
ing construction and occasionally thereafter; however, accurate
measurements of the rates of outside air intake are very difficult
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even for these personnel. Often, the damper systems used to regu-
late airflows are nonfunctional, disconnected from the damper
actuators, or casually adjusted by building operators. Occasion-
ally, building operators will fully close outside air dampers, as-
suming that leakage provides adequate outside air. It is not un-
common to find inside air flowing out of the building through
outside air dampers. In HVAC systems serving smaller buildings
with supply air provided only during heating or cooling, there
may be no outside air supply during mild weather. The poor per-
formance of control systems for outside air is reflected in the mea-
sured ventilation data. Measured minimum ventilation rates in
commercial buildings vary a great deal among buildings and of-
ten deviate substantially from code requirements (Dols and
Persily, 1994; Fisk and Faulkner, 1992; Lagus Applied Technolo-
gies, 1995; Persily and Grot, 1985; Teijonsalo et al., 1996; Turk et
al., 1989).

Outside air drawn into HVAC systems and mixed with recir-
culated air is distributed to the various rooms of a building with a
complex duct system. In many buildings the rate of air supply to
each section of the building is modulated automatically over time
to maintain a comfortable indoor temperature. Sometimes out-
side air is distributed very unevenly to the rooms or floors within
a building so that effective ventilation rates within rooms of the
same building vary by a factor of two or three (e.g., Dols and
Persily, 1994; Fisk and Faulkner, 1992; Teijonsalo et al., 1996). In
other buildings, the effective ventilation rate is spatially uniform.

In addition to the ventilation provided by HVAC systems,
natural ventilation through windows that open occurs in the 40%
of commercial floor space having such windows. Air infiltration
also occurs in all commercial buildings, just as it does in resi-
dences; however, the mechanical ventilation systems of commer-
cial buildings can drive air infiltration and exfiltration through
the building envelope, modifying or sometimes reversing the air-
flows that would occur due to wind and buoyancy. For many
large commercial buildings, particularly those in warm humid
climates, the design intent is to pressurize the building slightly
with the mechanical ventilation system in order to prevent unde-
sirable infiltration of unconditioned air, moisture, and outdoor
air pollutants. In cold climates, some buildings are designed to be
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slightly depressurized to prevent warm humid indoor air from
flowing outward through the building envelope. In practice, in-
door–outdoor pressure differences are often poorly controlled,
and many buildings are not pressurized (Persily and Norford,
1987).

Ventilation Rates in Commercial and Institutional Buildings

Commercial and institutional buildings are ventilated mechani-
cally with the HVAC system, via air infiltration and through the
openable windows present in 40% of the commercial floor space.
The ventilation provided through each of these mechanisms varies
over time. In warm climates, the mechanical supply of outside air is
minimized when the outside air exceeds approximately 20–24oC,
hence, the building may be operated with a minimum ventilation
rate for much of the cooling season. Minimum ventilation is also
provided during cold weather when the outside air temperature
falls below a set point that varies among buildings. During periods
of minimum ventilation, concentrations of indoor-generated pollut-
ants will tend to be highest. During mild weather in the spring and
fall, the indoor-to-outdoor concentration ratio for some outdoor air
pollutants, such as outdoor particles (e.g., molds) and ozone, will
tend to be at a maximum.

Ventilation rate data from United States commercial and in-
stitutional buildings are very limited and come primarily from
convenience samples of buildings and modest-size research
projects. Consequently, only very rough estimates can be pro-
vided on the distribution of ventilation rates in U.S. commercial
buildings. Table 10-2 provides summary information from the
largest data sets. The measured ventilation rates vary over a large
range and usually exceed the minimum ventilation rates speci-
fied in ASHRAE Standard 62-1989. However, the ventilation rates
measured when the HVAC systems provided the minimum
amount of outside air were less than the corresponding minimum
rate specified in the current ASHRAE standard6  in a majority of

6Some buildings were constructed when the applicable ventilation standard
specified lower minimum ventilation rates than ASHRAE Standard 62-1999
(ASHRAE, 1999).
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buildings (i.e., in 8 of 13 buildings studied by Turk et al., 1989; 20
of 49 buildings [including 13 out of 14 schools] studied by Lagus
Applied Technologies, 1995; and 8 of 8 buildings studied by
Persily and Grot, 1985).

In commercial and institutional buildings that are not occu-
pied continuously, HVAC systems are often not operated when
the building is vacant. The concentrations of indoor-generated air
pollutants may increase when the building is vacant and there is
no mechanical ventilation, and then decrease over a period of a
few hours after mechanical ventilation starts. Therefore, occu-
pants’ exposures to indoor air pollutants depend on the operat-
ing schedule for the HVAC system.

Even less is known about the proportion of commercial build-
ing ventilation that results from air infiltration; however, the ex-
isting data suggest that infiltration is appreciable, particularly in
the smaller buildings (Lagus Applied Technologies, 1995; Persily,
1999). The ratio of infiltration to total ventilation may be impor-
tant for asthma because the air that infiltrates a building is not
filtered to remove outdoor particles before it enters the building.

Pollutant Sources in HVAC Systems

HVAC systems can become sources of indoor air pollutants,
possibly increasing asthma symptoms. Pollutant emissions from
certain types of HVAC systems constitute one of several potential
explanations for the consistent association between the type of
HVAC system and the prevalence of nonspecific health symptoms
(called sick building syndrome) experienced by office workers
(e.g., Mendell, 1993). In particular, almost all studies have found
a statistically significant increase in symptom prevalence among
occupants of office buildings with mechanical ventilation and air
conditioning (Mendell, 1993) relative to occupants in naturally
ventilated offices. There is also some evidence that humidifiers
are associated with increased symptoms (Mendell, 1993). The sub-
jectively assessed (i.e., via questionnaire) nonspecific health
symptoms in these studies usually include a few symptoms po-
tentially indicative of asthma, such as wheezing, tight chest, and
difficulty breathing. Therefore, the evidence that HVAC systems
can become sources of pollutants is relevant for asthma. The avail-
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able information about pollutant sources in HVAC systems is
quite limited and comes predominately from commercial build-
ings; however, similar pollutant sources, or risk factors for
sources, may be present in HVAC systems of other types of build-
ings. This section provides a brief review of the issue.

Liquid water is often present at several locations in or near
commercial building HVAC systems, facilitating the growth of
microorganisms that may contribute to asthma. The outdoor air
is often drawn from the rooftop or from a below-grade “well”
where water (and organic debris) may accumulate. Raindrops,
snow, or fog can be drawn into HVAC systems with the incoming
outside air, although the systems are usually designed to prevent
or limit this moisture penetration. Moving along the supply air-
stream in the direction of airflow leads to the cooling coil where
moisture condenses and ideally drips from the surfaces of the coil
into a drain pan with a drainage pipe connected to the sewer or to
outdoors. Frequently, drain pans contain stagnant water because
they do not slope toward the drain line. The drain also may be
plugged or nonfunctional because air pressure differences pre-
vent drainage, sometimes causing the drain pan to overflow with
water. If the velocity of air passing through the cooling coils is too
high, drops of water on the surface of the cooling coil can become
entrained in the supply airstream and deposit in the HVAC sys-
tem downstream of the cooling coil. Air exiting cooling coils is
frequently nearly saturated with water vapor, and the high hu-
midity of this air increases the risk of microbiological growth. The
HVAC system may have a humidifier that uses steam or some
evaporation process to add moisture. Humidifiers, used predomi-
nantly in the colder climates, may have reservoirs of water, sur-
faces that are frequently wetted, or water drops that do not evapo-
rate. Thus, there are many sources of liquid water and very high
humidity in HVAC systems.

Microbiological contamination of HVAC systems has been
reported in many case studies and investigated in a few multi-
building research efforts (e.g., Batterman and Burge, 1995; Bencko
et al., 1993; Martiny et al., 1994; Morey, 1994; Morey and Williams,
1991; Shaughnessy et al., 1998). Sites of reported microbiological
contamination include the outside air louvers, the mixing box
where outside air mixes with recirculated air, filters, cooling coils,
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cooling coil drain pans, humidifiers, and the surfaces of ducts.
The porous insulating and sound-adsorbing material called duct
liner, which is used inside some HVAC systems may be particu-
larly prone to contamination (Morey, 1988; Morey and Williams,
1991). Supporting the evidence of microbiological contamination
from field studies are numerous laboratory-based studies dem-
onstrating that fungi can grow on various HVAC materials at a
wide range of temperatures and humidities. The flow of air
through HVAC systems to the occupied spaces is a means of trans-
porting bioaerosols from contaminated sites inside HVAC sys-
tems to occupants. Thus, microbiological contamination of HVAC
systems is theoretically a risk factor for asthma. However, rela-
tively little is known about the extent to which microbiological
contaminants within HVAC systems actually increase bioaerosol
exposures or affect asthma symptoms.

HVAC systems can also be sources of other pollutants such as
fibers, nonbiological particles, and VOCs. Sources of these pollut-

TABLE 10-2 Summary Information from the Three Largest Surveys of
Ventilation Rates in U.S. Commercial Buildings

Type of Number of Operating
Study Building Buildings Condition

Turk et al., 1989 Offices, schools 38 As found
and libraries 38 As found
combined 13 Min. vent.a

14 Min. vent.a

Lagus Applied Tech., Small office 17 Min. vent.a

1995 Large office  5 Min. vent.a

Retail 13 Min. vent.a

School 14 Min. vent.a

Persily and Grot, 1985 Offices  9 Yearly avg.
Min. vent.a

aWith the ventilation system providing the minimum rate of supply of outside air, a normal
condition during cold weather and also when outside temperatures exceed the indoor
temperature.
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ants inside HVAC systems include duct liners, gaskets, oil left on
surfaces after manufacturing, dust deposited on surfaces includ-
ing dusts generated during building construction and renovation,
and the wear of fan belts. It is clear that HVAC systems and com-
ponents, particularly dirty filters and the oily surfaces of ducts,
can release odorous compounds that significantly degrade the
perceived acceptability of the air supplied to the occupied space
(e.g., Pasanen et al., 1995; Pejtersen, 1996; Seppanen, 1998); how-
ever, the relevance of these pollutants for asthma is not known.

Causes of HVAC Problems

The rates of ventilation provided by HVAC systems and the
contamination of HVAC systems with pollutants depend as much
on system construction, maintenance, and operation practices as
on system design. Proper operation and maintenance of HVAC
systems is hindered by system complexity, inaccessibility of com-

bLegend for ventilation rate units: L s–1 per–1 = liters per second per person; h–1 = air
changes per hour; Min. vent. = minimum ventilation; SD = standard deviation; and Yearly
avg. = yearly average.

Reported Ventilation Rates
Estimated ASHRAE

Mean SD Min Max Unitsb Std. 62-1999 Equivalentb

28 18 4.5 84 L s–1 per–1 10 L s–1 per–1

1.5 0.9 0.3 3.6 h–1

10 9 1.5 37 L s–1 per–1 10 L s-1 per–1

1.6 0.7 0.4 3.0 h–1

1.4 0.7 0.3 2.7 h–1 0.8 h–1

0.8 0.6 0.7 2.7 h–1 0.8 h–1

2.2 1.6 0.5 7.0 h–1 1.2 h–1

2.4 1.6 1.2 2.9 h–1 3.0 h–1

0.7 0.2 0.3 1.1 h–1 0.7 h–1

0.4 0.2 0.1 0.6 h–1 0.7 h–1
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ponents, and lack of training of construction and maintenance
staff. The absence of economic incentives for proper HVAC op-
eration and maintenance may be even more important. When
buildings are leased, their owners and operators are usually un-
affected economically by the adverse health of building occu-
pants, unless the health problems are severe and clearly linked to
the building. In speculative new construction, the designer is
similarly unaffected. However, these designers, owners, and op-
erators have an incentive to reduce the highly tangible costs of
building construction, maintenance, and operation.

Costs of Ventilation and
Associated Carbon Dioxide Emissions

Ventilation is one of the most energy-intensive methods of
reducing indoor pollutant concentrations primarily because of the
need to thermally condition ventilation air. For several reasons,
including great uncertainty about average ventilation rates in
buildings, the available estimates of the energy used for ventila-
tion are relatively crude. Orme (1998) estimates that ventilation
accounts for about 30% of the energy used in U.S. residential
buildings. A rough estimate of the average annual cost per resi-
dence of energy for ventilation is $400.7  In the U.S. service sector
(e.g., commercial, institutional, and government buildings), the
estimated energy consumed for ventilation (Orme, 1998) is ap-
proximately one-quarter of total service-sector building energy
use. The cost of energy for ventilating commercial buildings de-
pends highly on climate, building size, occupant density, and type
of HVAC system. If the average ventilation rate is 10 L s–1 per
person, Emmerich and Persily (1998) have estimated that 46% of
the total heating and cooling load in the stock of office buildings
is attributable to ventilation. With nearly 50% of the U.S. work
force, or 57 million workers, in offices (U.S. Department of Com-

7This estimate is based on the 30% of total residential energy used for ventila-
tion (Orme, 1998) and the average U.S. household’s total energy cost of $1,355
(Diamond, 1999).
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merce, 1997; Table 645) and average energy prices, the annual cost
of ventilation per office worker is roughly $25.8

Carbon dioxide, a greenhouse gas, and other air pollutants
are generated in the production of the energy used for ventila-
tion. The annual CO2 emissions attributed to ventilation are ap-
proximately 1000 and 800 million tons for the residential and ser-
vice sectors, respectively (Orme, 1998).

Influence of Ventilation Rates on
Indoor Concentrations of Pollutants

Direct Impacts

Measured data quantifying the influence of ventilation rates
on indoor concentrations of indoor-generated pollutants are sur-
prisingly limited, particularly for pollutants associated with
asthma. Data from surveys with ventilation rate and pollutant
concentration measurements have emphasized measurements of
pollutants that are generated indoors and also present in outdoor
air—reducing the influence of ventilation rates on indoor concen-
trations. None of the large cross-sectional surveys have monitored
concentrations of indoor-generated particles associated with
asthma, such as environmental tobacco smoke (ETS) particles and
indoor-generated bioaerosols. Indoor particle mass concentra-
tions have been measured in some surveys, but these measure-
ments reflect both indoor-generated particles and particles from
outdoors. In a study of 150 residences located in Riverside, Cali-
fornia (Özkaynak et al., 1996), there were statistically significant,
but small, increases in indoor particle concentrations with in-
creased ventilation rates. The values of PM10 and PM2.5 increased
about 12 and 5 µg m–3, respectively,9  for a 1 h–1 increase in venti-
lation rate.

8Estimated heating and cooling energy are 110 and 28 PJ, respectively (Emmerich
and Persily, 1998). Average prices of natural gas ($0.69 per therm) and electricity
($0.098 per kilowatt-hour) from U.S. Department of Commerce (1997, Table 768)
have been used to convert energy use to energy costs, which are then divided by
the size of the office work force.

9PM10 and PM2.5 are particle mass concentrations for particles smaller than 10
and 2.5 µm, respectively.

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

348 CLEARING THE AIR

In data from surveys, there is sometimes no clear association
of indoor pollutant concentrations with ventilation rates. In a sur-
vey of 26 houses near Spokane, Washington, and 35 houses near
Portland, Oregon, the indoor formaldehyde concentration de-
creased 40 and 300 parts per billion (ppb), respectively, per 1 h–1

increase in ventilation rate (Turk et al., 1987b). However, in sur-
veys of 38 commercial buildings in the U.S. Pacific Northwest,
there were no clear associations of ventilation rates with indoor
concentration of respirable particles, nitrogen dioxide, or formal-
dehyde (Turk et al., 1987a, 1989). Apparently, variations in indoor
pollutant emission rates and other factors are large enough to ob-
scure the effects of ventilation in a survey of this size.

Few experiments have been performed with changes in ven-
tilation rates as the only intervention. Again, most of the experi-
mental data involve pollutants generated indoors but also present
in outdoor air. Offermann et al. (1982) used mechanical ventila-
tion systems to increase wintertime ventilation rates in nine
houses from an average of 0.35 to 0.83 h–1. The average indoor
formaldehyde10  concentration decreased 21% and average indoor
relative humidity decreased 13%. Indoor nitrogen dioxide con-
centrations increased slightly because concentrations were higher
outdoors than indoors. In a set of two houses, inhalable particle
concentrations decreased 30%. Using a mechanical ventilation
system with a filter, Turk et al. (1997) increased ventilation rates
in two classrooms from about 0.7 to 2–3 h–1 and indoor particle
concentrations decreased by approximately 50%. Berglund et al.
(1982) increased the percentage of outside air in the air supply of
an office building from 20 to 50%, and then to 80%, and their mea-
sure of total indoor-generated VOCs in detector-response units
decreased from 120 to 50 and then to ~20. Menzies et al. (1993)
increased ventilation rates in a set of four office buildings and
found that formaldehyde and total VOC concentrations were 40
and 60% lower, respectively, during periods with a higher venti-
lation rate. Hodgson et al. (1999) measured concentrations of 24
VOCs in a house with ventilation rates of 0.14 and 0.32 h–1. At the

10Indoor concentrations of formaldehyde are usually much larger than outdoor
concentrations due to indoor formaldehyde sources.
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higher ventilation rate, on average for the 24 compounds the in-
door concentrations was 42% lower, with a standard deviation of
11%.

Some experimental studies did not detect clear reductions in
indoor pollutant concentrations when ventilation rates were in-
creased. Shaughnessy et al. (1997) increased ventilation rates from
~ 0.2 h–1 to 3 h–1 in one elementary classroom and from ~ 0.7 h–1 to
3 h–1 in another classroom. There were no clear changes in indoor
PM10 concentrations reportedly because of large natural temporal
fluctuations. Indoor total volatile organic compound (TVOC) con-
centrations decreased by about a factor of two, but natural tem-
poral variations precluded firm conclusions about the effects of
ventilation. Nagda et al. (1990) increased ventilation rates in an
office building from 0.84 h–1 to 1.08 h–1 and indoor concentrations
of formaldehyde, nicotine, respirable particles, and carbon mon-
oxide did not change significantly.

Neither the cross-sectional nor experimental data provide us
with a clear indication of the influence of ventilation rates on in-
door concentrations of indoor-generated pollutants. The cross-
sectional findings are subject to many confounders. Experimental
data are complicated by temporal variations in indoor pollutant
emissions. Neither type of study has focused on pollutants with
only indoor sources. Therefore, Equation A1 in Appendix A has
been used to provide theoretical predictions for particles of vari-
ous sizes as well as for some types of gaseous pollutants.11  For
predictions, ventilation rates have been varied from 0.2 to 4 h–1,
and 0.75 h–1 has been used as a reference point for which the con-
centration is arbitrarily set equal to one. The low end of this range
(0.2 h–1) is equivalent to the lowest ventilation rates commonly
reported in buildings. Because of energy costs and equipment re-
quirements, increasing ventilation rates to greater than 4 h–1 dur-
ing periods of heating or cooling seems unlikely except in spaces
with a high occupant density such as classrooms. A ventilation
rate of 4 h–1 is a factor of five greater than the arithmetic mean
ventilation rate of residences reported by Murry and Burmaster

11The same equation can be used for many gaseous pollutants, as long as the
indoor pollutant emission rate is unaffected by the indoor concentration.
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(1995) and corresponds approximately to the total rate of supply
of recirculated plus outdoor air in U.S. commercial buildings. The
reference ventilation rate of 0.75 h–1 is typical of the ventilation
rates in residences (Murry and Burmaster, 1995) and also roughly
equivalent to the minimum ventilation rates in schools and com-
mercial buildings (Table 10-2).

The influence of ventilation rate on pollutant concentrations
depends on the magnitude of pollutant removal by air cleaning.
Figure 10-1 provides some predicted relationships for a space with
no air cleaning. In this figure, relative concentrations are used,
which are defined as the actual concentration divided by the con-
centration at the reference ventilation rate of 0.75 h–1. One clear
observation is that the relative concentrations of some indoor-gen-
erated pollutants increase dramatically as ventilation rates be-
come unusually low (e.g., below a few tenths of an air change per
hour). Because ventilation rates are poorly controlled in build-
ings, a portion of the building stock will have these low ventila-
tion rates. The airflow requirements and associated energy penal-
ties of avoiding these particularly low ventilation rates are
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FIGURE 10-1 Predicted trends in the relative concentrations of indoor-
generated pollutants with ventilation rate.
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modest, but low ventilation rates cannot be prevented with cur-
rent ventilation technologies and processes (e.g., natural infiltra-
tion) that control ventilation rates poorly.

As illustrated in Figure 10-1, the predicted change in pollut-
ant concentrations with ventilation rate is greatest for an “ideal”
gaseous pollutant that is not removed by deposition or sorption
on surfaces and that has an emission rate unchanged by ventila-
tion rate. In this highly ideal case, often used to illustrate the ef-
fects of ventilation, the relative concentration in Figure 10-1 de-
creases from 3.0 to 0.2 as the ventilation rate increases from 0.2 to
4 h–1. For real pollutants, ventilation rates have a smaller pre-
dicted impact on concentrations—in many cases, a much smaller
impact. The range in predicted relative concentrations of nitrogen
dioxide12  is 1.6 to 0.3—much less than the range for the ideal pol-
lutant because of losses of NO2 via sorption on surfaces. If out-
door NO2 concentrations are significant relative to those indoors,
ventilation rates will cause an even smaller change in indoor NO2
concentrations. For indoor-generated VOCs, the dependence of
indoor concentration on ventilation rates is more difficult to pre-
dict and will vary among compounds, but concentrations will
usually be less affected by ventilation rate than the ideal gaseous
pollutant.

For indoor-generated particles, the predicted effects of venti-
lation rate depend highly on particle size because the depositional
losses of particles increase dramatically with particle size. Practi-
cal changes in ventilation rates have a substantial predicted im-
pact on indoor concentrations of small particles, such as ETS par-
ticles and the portion of airborne cat allergens associated with
particles smaller than a couple micrometers. Ventilation rates are
not likely to have an appreciable direct13 impact on indoor con-
centrations of the larger particles associated with dust mite and

12To simulate the change in nitrogen dioxide concentrations with ventilation
rate, a deposition velocity (see Appendix A) of 7.4 × 10–5 m s–1 was used (Nazaroff
et al., 1993), and for illustrative purposes, the outdoor NO2 concentration was
neglected.

13However, as discussed later, ventilation rates can affect indoor humidity, which
in turn modifies the indoor sources of bioaerosols.
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cockroach allergens and many indoor-generated fungal spores.
For example, in Figure 10-1 the predicted range in relative con-
centrations of 10-µm indoor-generated particles is only 1.14 to 0.57
as the ventilation rates varies from 0.2 to 4 h–1. If there is some
form of air cleaning within the building, ventilation rates will
change indoor pollutant concentrations by a smaller amount.

The previous discussion has focused on indoor-generated air
pollutants. Outdoor pollutants are not substantially addressed in
this document; however, the influence of ventilation rate on in-
door concentrations of outdoor pollutants is a relevant issue for
asthma. Increasing ventilation rates will increase the rates of en-
try of outdoor pollutants into buildings. For pollutants that are
not removed indoors by deposition on surfaces or air cleaning
(e.g., outdoor carbon monoxide), a change in ventilation rate will
not substantially affect the time-average indoor concentration, al-
though peak concentrations may be affected. However, an in-
crease in ventilation rate will increase the indoor concentrations
of other outdoor pollutants such as particles and ozone from out-
door air.

Indirect Impacts

Ventilation rates may have a very significant indirect impact
on indoor concentrations of some pollutants because they affect
indoor humidities, which in turn modify indoor pollutant
sources. Potentially most important for asthma is the influence of
indoor humidity on indoor dust mites, molds, and bacteria.

Two humidity parameters are necessary to characterize the
relationship between indoor and outdoor humidity. The humid-
ity ratio is the mass of water vapor divided by the mass of dry air.
The relative humidity (RH) is the partial pressure of water vapor
divided by the partial pressure of water vapor in air at the same
temperature that is saturated with water vapor. The amount of
water vapor required to saturate air decreases with decreasing air
temperature; hence, 0oC outdoor air with a 100% RH will have a
low humidity ratio relative to room-temperature indoor air with
a RH of 50%.

Due to indoor moisture generation, the humidity ratio in-
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doors will exceed that outdoors,14  unless the indoor air or incom-
ing outside air is dehumidified. In cold winter climates, outdoor
air is very dry and ventilation rates have a pronounced impact on
humidities indoors, with the humidity decreasing as the ventila-
tion rate increases. In warm humid climates, air-conditioning sys-
tems must remove moisture from the indoor air to maintain ac-
ceptable indoor relative humidities. Increasing the ventilation rate
in warm humid climates will increase indoor humidity ratios and
relative humidities unless the rate of water removal by the air-
conditioning system increases accordingly. This relationship be-
tween ventilation rate and humidity places constraints on the ven-
tilation rates in buildings. Particularly high ventilation rates
during cold weather causes indoor RHs to decrease to a point
(less than ~25%) that causes discomfort and dryness symptoms.
Particularly high ventilation rates in warm humid weather over-
load the moisture-removal capabilities of typical HVAC systems,
leading to excessive indoor relative humidities.

Recognizing the relationship of ventilation rate to RH, a few
studies have investigated whether indoor dust mite levels or al-
lergy symptoms in dwellings can be controlled by increasing ven-
tilation rates with mechanical ventilation systems (Table 10-3). In
cold climates, mechanical ventilation appears to be associated
with decreases in indoor humidity and dust mite levels (Emenius
et al., 1998; Harving et al., 1994) or allergic symptoms (Aberg et
al., 1996). In more humid climates, the results are mixed. Mechani-
cal ventilation was associated with significant reductions of dust
mite levels in the small study by McIntyre (1992) in the United
Kingdom. However, Fletcher et al. (1996) did not measure signifi-
cant reductions in dust mites in England and Aberg et al. (1996)
did not find significant reductions in allergic symptoms in the
more humid areas of Sweden.

Summary

Ventilation rates are poorly controlled in residential and com-
mercial buildings. Measured data indicate that ventilation rates

14At equilibrium.
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TABLE 10-3 Investigations of the Association of Residential Mechanical
Ventilation Systems with Indoor Humidities, Dust Mite Levels, and
Allergy Symptoms

Reference (Study Type) Location (Climate) No. of Buildings

Fletcher et al., 1996 Northwest England 18 (9 experimental and
(controlled experiment) (mild, humid) 9 controls)

Åberg et al., 1996 Sweden 1,694 questionnaires and
(survey) (cold, dry winters) 400 skin prick allergy tests

Emenius et al., 1998 Stockholm area 59
 (cross-sectional) (cold, dry winters)

Harving et al., 1994 Aarhus, Denmark 32 families moved to houses
(experimental study with (mild)  with mechanical ventilation;
control group) 29 controls

Wickman et al., 1994 Suburban Stockholm 70
(cold, dry winters)

McIntyre, 1992 South Wales, UK 8 houses (excluding 4 flats)
(cross-sectional) (moderate humid

climate)

NOTES: CI = confidence interval; OR = odds ratio.
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Increase in Ventilation Rate Findings

Not assessed Indoor RHs during autumn and winter were about
10% lower with increased ventilation, but still
generally above 50%. No significant effects of
increased ventilation on mite counts or mite
allergen concentrations (p > .1). Reported severity
of water condensation indoors diminished.

Not assessed Mechanical ventilation of the home was associated
with a reduced prevalence of allergic disease with
relative risk for one or more symptoms of 0.68
(95% CI 0.46–1.00), but only in northern Sweden.

Median ~0.6 h–1 with Median indoor RH ~9% lower (30 vs. 40%) with
mechanical ventilation and mechanical ventilation (p < .001); median dust
~0.26 h–1 with natural mite allergen in mattress dust ~70% lower with
ventilation mechanical ventilation (p < .0001); median TVOC

levels ~60% lower with mechanical ventilation
(p < .0001).

0.4 h–1 in experimental group Move to mechanically ventilated house associated
before move, versus 1.0 and with ~80% reduction in dust mites in mattress dust
1.5 h–1 in the post-move of experimental group (p < 0.05). The post-move
mechanically ventilated homes. absolute humidity was also significantly decreased
For the control group, the in one of two measurement periods. For the control
median ventilation rate was group, humidity did not change significantly and
unchanged at 0.29 h–1. dust mite levels in mattress dust increased

nonsignificantly by a factor of ~2. Results of studies
of bedroom floor dust were similar.

Not assessed Presence of mechanical ventilation system was
associated with significantly lower indoor humidity
ratio (OR = 0.1; 95% CI 0.0–0.2) and significantly
lower levels of dust mite allergen in mattress dust
(OR = 0.1; 95% CI 0.0–0.5).

Not assessed Significantly lower humidity (p < .05) and ~90%
lower dust mite levels in dust (p < .01) in 4
houses with continuous mechanical ventilation
relative to 4 houses that did not continuously use
mechanical ventilation.
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vary widely among buildings of the same class (e.g., residences,
schools, offices) and that rates of ventilation are frequently below
or well above the rates specified in the current ASHRAE ventila-
tion standard. Insufficient data are available for conclusions about
changes in building ventilation rates during the past few decades;
however, there are some indications that ventilation rates have
decreased.

Concentrations of indoor-generated air pollutants associated
with asthma may be influenced by ventilation systems via three
primary mechanisms. First, changes in the rate of ventilation
modify indoor concentrations of indoor-generated air pollutants
by changing the rates of pollutant removal and dilution with out-
door air. Measured data and model predictions indicate that the
changes in indoor pollutant concentrations associated with the
typical range of indoor ventilation rates vary dramatically among
pollutants. Because of the sparseness of empirical data, model
predictions are the best available means of estimating the typical
changes in indoor pollutant concentrations that result from
changes in ventilation rates. However, there are considerable un-
certainties in the applicability of these predictions to actual com-
plex indoor environments, with rates of pollutant loss by deposi-
tion on indoor surfaces being one of the largest sources of
uncertainty.

Based on these predictions, the indoor concentrations of some
pollutants increase dramatically as ventilation rates become un-
usually low (e.g., <0.25 h–1). The energy costs associated with
avoiding these particularly low ventilation rates are modest; how-
ever, current methods and technologies of ventilation do not con-
sistently prevent these low ventilation rates.

Increases in ventilation rates are one obvious approach for
reducing exposures to some pollutants associated with asthma.
Increasing ventilation rates from a typical value (0.75 h–1) to a
high value (4 h–1) should decrease concentrations of indoor-gen-
erated particles 1 µm or smaller by up to 80%. Indoor-generated
particles in this size range that are relevant for asthma include
those associated with ETS, portions of airborne cat allergen, and
most of the droplet nuclei produced during coughing and sneez-
ing. Some grass and birch allergens from outdoors are also smaller
than 1 µm. As particle size increases, changes in ventilation rates

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

IMPACT OF VENTILATION AND AIR CLEANING ON ASTHMA 357

have a diminishing predicted impact on indoor concentrations.
For particles 10 µm in size, increasing the ventilation rate from
0.75 to 4 h–1 would be expected to decrease indoor concentrations
by about 50%. For 20- and 30-µm particles, an even smaller change
in concentration with ventilation rate is expected. The limited data
available indicates that much of the airborne dust mite and cock-
roach allergen is associated with particles that are 10 µm or larger
in size.

The impact of ventilation rates on concentrations of gaseous
pollutants associated with asthma will generally be modest. With-
out a strong indoor source of nitrogen dioxide, outdoor NO2 con-
centrations are often higher than indoor concentrations, and in-
creases in ventilation rates will increase the concentrations
indoors. Even when strong indoor sources are present, such that
the outdoor concentration is negligible, practical changes in ven-
tilation rates should change indoor nitrogen dioxide concentra-
tions by 50% less. The influence of ventilation rates on indoor
concentrations of indoor-generated VOCs will vary among com-
pounds and, for many compounds, is not easily modeled with
existing data. In general, concentrations of the more volatile com-
pounds are more strongly affected by ventilation rates.

Overall, these predictions and available data suggest that
large increases in ventilation rates would be most effective in re-
ducing exposures to ETS, cat allergens, infectious droplet nuclei,
and some volatile organic compounds. Such large increases in
ventilation rates, applied broadly, would substantially increase
building energy use and energy costs and would significantly in-
crease emissions of the greenhouse gas carbon dioxide. Unless
ventilation systems with heat recovery were used, increasing ven-
tilation rates to ~4 h–1 in U.S. residences would typically increase
annual energy costs from several hundred to more than a thou-
sand dollars. When possible, eliminating or reducing indoor
sources of these pollutants would be a much more effective
method of reducing exposures and generally would not increase
building energy use.

Microorganisms and other pollutants that are potentially rel-
evant for asthma can contaminate HVAC systems and be trans-
ported via the system to occupied spaces. There are many sources
of liquid water in HVAC systems, as well as regions with very
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humid air, that facilitate the growth of microorganisms. The con-
tamination of HVAC systems with microorganisms and other pol-
lutants is one hypothesized explanation for the consistent find-
ings that office workers in buildings served by HVAC systems
with air conditioning have more nonspecific health symptoms
than occupants of naturally ventilated office buildings. However,
the relevance of this association to asthma remains unclear. Pre-
venting HVAC system contamination requires improvements in
system design, construction, and maintenance.

Ventilation rates also affect indoor humidities, in turn, influ-
encing indoor levels of dust mites. Higher indoor humidities may
also increase indoor molds and bacteria. When it is cold and dry
outdoors, increases in ventilation decrease the indoor humidity.
When it is warm and humid outdoors, increases in ventilation
rate tend to increase the humidity in air-conditioned buildings.
The limited data available suggest that using mechanical ventila-
tion systems to increase ventilation rates in residences can result
in significantly lower dust mite levels only in cold climates.

Most U.S. houses and many schools rely for ventilation on air
leakage through unplanned openings in the building envelope
plus natural ventilation through windows and doors. Increased
window opening will increase ventilation rates, but not in a con-
trolled or predictable manner. Mechanical ventilation systems
would have to be installed in these buildings to achieve controlled
increases in ventilation rate. Mechanical ventilation systems are
commercially available, but they are often expensive (hundreds
of dollars to more than a thousand dollars) and unfamiliar to
many homeowners.

Several health effects other than asthma, including nonspe-
cific irritation symptoms, allergies, and communicable respiratory
illnesses, are potentially influenced by ventilation rates and ven-
tilation system contamination. All of these health outcomes have
to be considered when policies and education programs about
ventilation are established.

Conclusions Regarding the Relationship of
Ventilation to Asthma

Existing data are inadequate for conclusions regarding the
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association between ventilation rates or ventilation system mi-
crobiological contamination and either the exacerbation of asthma
symptoms or asthma development. However, there are both theo-
retical evidence and limited empirical data indicating that fea-
sible modifications in ventilation rates can decrease or increase
indoor concentrations of some of the indoor-generated pollutants
associated with asthma by up to 75%.

Research Needs

Additional research is needed on ventilation, but only a small
proportion of these research needs are critical to advancing our
understanding of the relationship of ventilation to asthma. At the
present time, our understanding of the influence of changes in
ventilation rates on concentrations of (or exposures to) indoor-
generated pollutants associated with asthma is very limited—ac-
cordingly, model predictions that have not been adequately evalu-
ated are the best source of information. Experiments in actual
buildings, with manipulation of ventilation rates, are the pre-
ferred approach for quantifying the direct (i.e., via pollutant re-
moval) influence of changes in ventilation rates on the indoor con-
centrations of these pollutants. Because indoor pollutant source
strengths can vary temporally, experiments should be repeated
several times. To assess how changes in ventilation rates affect
indoor humidities and, in turn, the proliferation of dust mites and
molds in buildings will require either long-term experiments last-
ing a year or more or large cross-sectional studies with control for
confounding factors.

Airtight building envelopes and low rates of ventilation have
been cited as factors that may contribute to asthma incidence or
symptoms or may explain recent increases in asthma; however,
very few relevant data are available. The evidence of a linkage of
ventilation rates with asthma is not sufficient to justify large stud-
ies intended to resolve only this issue. However, measurements
of ventilation rates should be included, when possible, in future
asthma case-control studies or cross-sectional surveys. Ventilation
measurements in houses can be performed using nonobtrusive
tracer-gas methods with passive tracer-gas emitters and samplers
(Dietz and Cote, 1982; Stymne and Eliasson, 1991).
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Finally, research is needed to advance our very limited cur-
rent knowledge about microbiological contamination of HVAC
systems, its influence on microbial exposures, and its influence
on asthma development or asthma symptoms.

PARTICLE AIR CLEANING: INTRODUCTION AND
REVIEW OF CONVENTIONAL PRACTICE

Background

Because many of the indoor pollutants associated with
asthma are airborne particles, particle air cleaning is considered a
potentially beneficial technology for the prevention of asthma or
asthma symptoms. Particle air cleaning is any process used inten-
tionally to remove particles from the indoor air. Filtration and
electronic air cleaning are the two most common examples. Natu-
ral deposition of particles on indoor surfaces, ventilation, and
measures that reduce indoor particle emission rates are not con-
sidered particle air cleaning.

The magnitude of the reduction in indoor particle concentra-
tions accomplished with particle air cleaning depends on the air
cleaner’s particle removal rate relative to the particle removal rate
by all other processes. The rate of particle removal by an air
cleaner varies with particle size and equals the flow rate of air
through the air cleaner (Qac) multiplied by the air cleaner’s par-
ticle removal efficiency ε. The product of Qac and ε integrated over
particle size for a specific type of particle source is sometimes
called the clean air delivery rate (CADR). Based on standard test
protocols, the American Home Appliance Manufacturers pro-
vides CADRs for tobacco smoke, dust, and pollen for many por-
table air cleaners.

Although particle air cleaning reduces indoor particle con-
centrations, microorganisms can grow on some air-cleaning
equipment such as filter media; thus, air cleaners are also a poten-
tial source of indoor pollutants.

Particle Air-Cleaning Technologies

By far, the most common method of air cleaning is to circulate
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air through a fibrous filter. The filtration media is usually a mat of
thin fibers, often glass fibers. The efficiency of the filter is a func-
tion of fiber diameter, fiber packing density (e.g., distance be-
tween fibers), thickness of the media, velocity of the air as it passes
through the media, particle size, and other factors. A pleated (i.e.,
folded) filter media is often employed to increase the media sur-
face area, reducing the air velocity in the media, and the resis-
tance to airflow through the media. A wide range of filter prod-
ucts are available, with a correspondingly wide range of
efficiencies and prices. Based primarily on data from Hanley et al.
(1994) and data from manufacturers, Figure 10-2 provides ex-
amples of particle removal efficiency versus particle size for fil-
ters with a range of efficiency ratings, using an ASHRAE rating
method (ASHRAE, 1992). At one extreme are the coarse panel
filters, usually called furnace filters, commonly used in residen-
tial forced-air furnace systems. This filter has a negligible effi-
ciency for particles smaller than ~0.5 µm and a low efficiency (e.g.,
< 20%) for particles smaller than 10 µm. The other extreme is a
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high-efficiency particle air (HEPA) filter, which has a minimum
efficiency of 99.97 % for 0.3-µm particles and a higher efficiency
for smaller and larger particles. For indoor applications, the effi-
ciency of a HEPA filter is effectively 100% at all particle sizes if all
air that flows through the air cleaner actually passes through the
filter.

In addition to fibrous filters, a wide range of electronic air
cleaners are available. Electrostatic precipitators first produce ions
that attach to and electrically charge particles entering the air
cleaner. These charged particles then pass through an electric field
where they migrate to a surface and attach. The collection sur-
faces must be cleaned or replaced periodically. An example of an
efficiency curve for an electrostatic precipitator is also provided
in Figure 10-2. An ion generator is another device that produces
ions that attach to and charge particles, but ion generators often
have no particle collection surfaces. Instead, ion generators may
increase the rate of particle deposition on normal indoor surfaces.
A variety of hybrid technologies employ both fibrous filters and
particle charging or fibrous filters and electric fields. Electronic
air cleaners can produce ozone, sometimes in significant quanti-
ties (U.S. EPA, 1999; Viner et al., 1989). Many units have a char-
coal filter to remove the ozone produced by the air cleaner.

The efficiency data in Figure 10-2 are from tests with all air
passing through a previously unused filter. In practical installa-
tions, a portion of the air bypasses the filter, flowing between ad-
jacent filters or between filters and their housing, causing the air
cleaner’s particle removal efficiency to be lower than the effi-
ciency of the filter media. In commercial installations, gaps of a
few centimeters between adjacent filters, even missing filters, are
common. Systems of higher-efficiency filters usually have fewer
gaps and more gaskets to reduce the quantity of air that bypasses
the filter media. Almost no information is available on typical by-
pass rates. As filters accumulate deposited particles, their effi-
ciency generally increases (sometimes markedly); however, the
resistance to airflow through the filter also increases.

The resistance to airflow as air passes through an air cleaner
is a common concern of engineers, building operators, and HVAC
equipment providers. If airflow rates are constant, more power-
ful fans and increased fan energy are required when the air pres-
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sure drop increases. More efficient fibrous air filters tend to have
a greater pressure drop. However, the pressure drop of high-effi-
ciency filters can be diminished by increasing the degree of pleat-
ing of the filter matt, which usually increases both the thickness
of the filter in the direction of airflow and the filter cost. Addition-
ally, a larger number of filters in parallel can be used to reduce the
air velocity and pressure drop. Thus, pressure drop does not nec-
essarily increase with increased filter efficiency; however, the cost
of, and space required for, the filters increases unless a greater
pressure drop is accepted. Electronic air cleaners tend to have
smaller pressure drops than fibrous filters with the same particle
removal efficiency.

There are two basic installation options for particle air clean-
ers. First, air cleaners can be installed within existing HVAC sys-
tems and rely on the normal fan-driven airflow through the
HVAC system to force air containing particles through the air
cleaner. Air drawn from the occupied indoor space flows though
a duct system, through the air cleaner, and then back to the occu-
pied space. With this type of installation, often called “in-duct”
air cleaning, the rate of air cleaning is limited by the rate of air-
flow through the HVAC system, and air cleaning occurs only
when the HVAC fan operates. For example, an air cleaner in a
residential furnace system cleans air only when the residence is
heated, unless the furnace fan is forced to operate at other times.
One option for improving filtration in buildings is to increase the
efficiency of the in-duct filters or air cleaners. The particle removal
rate increases only for particles that are removed with a higher
efficiency after the filtration upgrade. Hence, substitution of a
high-efficiency in-duct air cleaner for a lower-efficiency device
may dramatically increase the particle removal rate for small par-
ticles but have a small or negligible influence on the removal rate
for large particles.

The second option is a supplemental air cleaner with an inte-
gral fan that forces airflow through the air-cleaning devices. Nor-
mally, these are portable devices placed on the floor, designed to
clean the air predominantly in a single room. The addition of por-
table air cleaners to a building with an in-duct air cleaner in-
creases the total flow rate of filtered air. Portable air cleaners are
often a significant source of noise. In some studies, occupants
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have turned air cleaners off because this noise is annoying. The
air flow rate of some portable air cleaners is too small for mean-
ingful air cleaning within a room or house.

Typical Particle Air-Cleaning Practices in U.S. Buildings

In U.S. single-family homes with forced-air heating or air-con-
ditioning systems, a filter designed to remove coarse particles is
generally installed in the stream of air circulated through the heat-
ing or air-conditioning system. Usually this is a coarse panel fil-
ter, such as the furnace filter with an efficiency versus particle
size as depicted in Figure 10-2. Recently, filters and electronic air
cleaners with a higher removal efficiency for small particles have
been designed to replace the standard furnace filter. Standard fur-
nace filters cost only a few dollars or less and should be replaced
a few times per year. Higher-efficiency replacements for furnace
filters often cost between $10 and $20 per filter.

An unknown proportion of residential heating and cooling
systems have an additional in-duct particle air cleaner within the
recirculated airstream, often an electronic air cleaner. The price of
supplemental in-duct air cleaners for residential applications var-
ies widely (e.g., $500 to $800) among products. The cost of elec-
tricity used to operate the electronic components of the air-clean-
ing system is usually insignificant15  (e.g., $25 per year). If the
recirculation fan is operated only during heating or air condition-
ing, there is no significant incremental cost for fan energy. Occa-
sionally, home owners will operate the HVAC fan continuously
in order to have continuous air cleaning. If 4,380 incremental
hours of fan operation (50% of the year), a fan power of 300 W,
and an electricity prices of $ 0.098 per kilowatt-hour (kWh) are
assumed, the annual incremental fan energy cost would be $130.
The rates of airflow through these air cleaners correspond to the
rates of airflow through the residential heating and air-condition-
ing system, with about four indoor air volumes per hour being
typical.

15This excludes the cost of energy used by fans that drive airflow through the
air cleaner and associated in-duct heating or air-conditioning system.
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In U.S. commercial and institutional buildings with HVAC
systems, the system invariably contains a filter in the supply air-
stream (i.e., in the mixture of outside air and recirculated indoor
air).16  A typical supply air filter has an efficiency rating of roughly
40% (Figure 10-2);17  however, the efficiency rating for supply air
filters varies widely among buildings. Historically, the rationale
for these supply filters has been to reduce the deposition of large
particles on the heat-transfer equipment inside HVAC systems.
In the past few years, more attention has been directed toward
filtration to protect human health. The cost of filters in commer-
cial buildings varies with the product used. Using cost estimates
from Burroughs (1997) for filters with a 30% ASHRAE efficiency
rating, annual costs per person for a typical level of air filtration
in a commercial building are on $4 to $8.18  Fisk and Rosenfeld
(1997) estimated that the annual incremental cost of using very
high efficiency filters in an office building was $24 per person. 19

In a typical commercial HVAC system, the filter is upstream
of many of the HVAC components, including the cooling coils,
coil drain pans, humidifiers (when present), and sections of duct
work that can become contaminated with microorganisms. Thus,
the supply filters do not prevent particles released from these
components from entering the occupied spaces of the building.

Supplemental portable air cleaners are not standard equip-
ment in any particular type of building; however, they are widely
available and used in many buildings, particularly residences.
Although a very large range of products is available, many of the
heavily marketed products incorporate HEPA filters and a multi-
speed fan, with airflow rates at maximum fan speed ranging from
50 to 200 L s–1. This range of flow rates corresponds to 8 to 32
room air volumes per hour in a small 22-m3 bedroom and to 0.4 to

16Electronic air cleaners may also be used in commercial buildings, but they are
much less common than filters.

17The most common efficiency rating is the “dust spot” rating in ASHRAE Stan-
dard 52.1-1992 (ASHRAE, 1992).

18A total supply flow rate per person of 70 L s–1 (150 cfm) was assumed. Esti-
mate includes cost of filters, labor, and energy.

1995% efficiency for 0.3 µm particles.
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1.6 house volumes per hour in a 450-m3 house. In practice, units
may often be operated with less than maximum airflow or they
may be unused, for example, because they are noisy. These por-
table air cleaners are sized primarily for cleaning the air in single
rooms. When the door to the room is open or a forced-air heating
or cooling system operates, room air will often mix with air
throughout the building and the air-cleaning system must have a
larger capacity to obtain the same reduction of particle concentra-
tions within the room. The retail cost of portable air cleaners var-
ies widely. As an example, the retail cost of one of the most com-
monly used HEPA room filter units with a maximum flow rate of
165 L s–1 is about $250 ($1.50 per L s–1 maximum airflow).20  Peri-
odic replacement of pre-filters and HEPA filters in this unit would
cost about $70 annually. At maximum fan speed, this unit con-
sumes 350 W of electrical power, with an annual electrical cost of
~$300 if operated continuously. If a product life of four years is
assumed, the annualized cost is roughly $400 ($2.4 per L s–1 of
maximum airflow), with 75% of this cost associated with electric-
ity to operate the fan. The annualized costs per unit airflow of
other commercially available products could be considerably
higher or lower.

Higher-capacity supplemental air cleaning units, sometimes
mounted at ceiling level, are also readily available. These devices
are intended primarily for use in health care facilities, smoking
rooms, and restaurants, but they could be used in residences.
Prices vary widely, and in many instances, there is no obvious
relationship between product price and published specifications.

Air Cleaner Standards

Standard test procedures for assessing the efficiency of par-
ticle air cleaners are available from ASHRAE (1992). The most
commonly cited current test methods yields an “ASHRAE dust-
spot efficiency,” hereafter called an ASHRAE efficiency, but this
standard does not provide an efficiency rating versus particle size.

2020 room volumes per hour for a 30-m3 bedroom; 1.3 room volumes per hour
for a 450-m3 house.
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Hanley et al. (1994) have provided efficiency curves for typical
products. Air cleaner manufacturers also often provide size-de-
pendent efficiency data upon request.

At present, there are no standards that specify the minimum
allowable filter efficiency in HVAC systems in U.S. buildings. A
proposed revision of the ASHRAE minimum ventilation standard
includes a minimum efficiency specification.

Predicted and Measured Influence of
Particle Air Cleaning on Indoor Concentrations of

Indoor-Generated Particles of Various Sizes

Measurements

Figure 10-3 presents the results of experimental studies of air
cleaners that specify both the rate of airflow through the air
cleaner and the reduction in indoor pollutant concentration. Some
of the studies summarized later in Tables 10-4 and 10-5 also pro-
vide a measured reduction in indoor pollutant concentration but
no rate of airflow through the air cleaner. The studies specifying
the rate of air cleaning are listed at the top of each table in order of
decreasing air cleaner flow rate.21  Most experimental studies
have used portable air cleaners with HEPA filters in rooms of
homes. Ten studies provide some information on the decrease in
airborne allergen or particle concentrations, usually within the
room containing the air cleaner, associated with air cleaner opera-
tion.22  Six of these studies reported large or statistically signifi-
cant decreases in airborne particles or allergens. The reported per-
centage reductions in particles or allergens in five studies ranged
from 30 to 90% and averaged 60%. Overall, these data indicate
that air cleaners can significantly reduce airborne allergens or par-
ticles in some applications. However, these findings should be
interpreted with caution. Temporal variations in indoor allergen

21Less than 50% of the studies provide information on the rate of air cleaning.
22One study checked for changes in dust mite concentrations in dust samples, a

parameter unlikely to change as a consequence of short-term air cleaner opera-
tion.

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

368 CLEARING THE AIR

production or resuspension rates and in outdoor allergen concen-
trations make accurate experimental assessments of the effects of
air cleaning quite difficult. Most of the experimental studies have
been short term, thereby increasing the potential errors from natu-
ral fluctuations in allergen sources. The studies of de Blay et al.
(1991) on the effects of air cleaning on airborne cat allergen con-
centrations serve as an example of changes in allergen sources.
The influence of air cleaner use on airborne cat allergen concen-
tration varied widely (Figure 10-3), with large reductions occur-
ring only if the room was previously vacuum cleaned, presum-
ably because the resuspension of allergen from indoor surfaces
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was enhanced by the higher indoor air velocities that occur with
air cleaning.

A few of the experimental studies provide information on the
type of air cleaner needed to reduce concentrations of various
types of pollutants. Van der Heide et al. (1997) used multistage
filter systems and found that most of the dust mite antigen was
removed by the coarse filters—indicating that HEPA filters are
unnecessary for the large particles associated with dust mite anti-
gen. Miller-Leiden et al. (1996) determined that HEPA filter units
did not perform significantly differently from non-HEPA units
for particles with a mass median diameter of 0.7 µm. Offermann
et al. (1991) evaluated the effectiveness of six types of air cleaners
installed in a forced-air furnace duct system for removal of envi-
ronmental tobacco smoke. The highest rates of ETS removal oc-
curred using a filter with an ASHRAE efficiency rating of 95%,
followed by an electrostatic precipitator, and then by a HEPA fil-
ter. The HEPA filter had a higher airflow resistance and thus, a
lower airflow rate and smaller particle removal rate.

Predictions

The influence of various particle air-cleaning options on con-
centration of indoor-generated particles was predicted using the
steady-state mass balance equation and assumptions provided in
Appendix A. Figure 10-4 provides predictions of the percentage
reductions in indoor particle concentrations versus particle size
for various air filtration systems installed within the forced-air
heating and air-conditioning system of a house. Figure 10-5 pro-
vides predictions of the effects of using portable filter units in
isolated bedrooms or entire houses. All predictions are for spaces
with perfectly mixed air.

Several observations based on these predictions follow. First,
to obtain a substantial reduction in indoor concentrations of 10-
µm particles, the rate of airflow through the air cleaner per unit of
indoor air volume must be high. Even with 10 room volumes per
hour through a filter with a 100% efficiency for 10-µm particles,
the predicted reduction in concentration is only 70%. The effec-
tiveness of air cleaning would diminish rapidly with increases in
particle size above 10 µm because of increases in gravitational
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TABLE 10-4 Influence of Air Cleaner Use on Indoor Allergens and Allergy
or Asthma Symptoms of Subjects with Perennial Allergic Disease

Air Cleaner
Flow Rate

Air Cleaner (room volumes
Reference Setting Type per hour)

Studies with Information on Air Cleaning Rate
Criep and Green, Hospital rooms Electrostatic 25 (assuming

1936  and homes precipitator in 30-m3 room);
patient’s room or 1.6 assuming
house 450-m3 house

Reisman et al., 1990 Homes HEPA 17 (assuming
30-m3 room);
1.1 assuming
a 450-m3 house

Wood et al., 1998 Homes with cats HEPA in bedrooms 15 bedroom
volumes;
1.3 (assuming
450-m3 house)

Mitchell and Elliott, Homes Electrostatic 9 (assuming
1980 precipitator in 30-m3 room);

bedroom 0.6 assuming
450-m3 house

Warburton et al., 1994 Homes HEPA in bedroom 2–4 in bedroom

Studies Without Information on Air Cleaning Rate
van der Heide, 1997 Homes (smokers Portable unit with Not specified

in 15 of 45) coarse filter,
cyclone, high-
efficiency filter
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Table continued on next page

Change in
Allergen Blinded or Reported Change in
Concentrations Subjects Placebo?  Health Outcomes

Separate experiment 61 patients No Allergy symptoms improved
demonstrated large with moderately or completely in 47
reductions allergies, of 61 subjects. No statistical

some with test.
asthma

70% reduction in 32 allergic Yes Total study: no significant change
particle concentration patients in symptom or medication
for particles >0.3 µm (children scores. Weeks without

and adults) respiratory illnesses: several
symptom and medication scores
improved significantly but no
change in asthma.

Airborne cat allergen 35 Yes No significant changes in symptom
reduced 30% cat-allergic scores, peak flow rates, sleep
(p = .045) subjects disturbance, or medication use,

although a few of these
parameters improved
nonsignificantly.

Not assessed 10 children Yes No significant change in peak flow.
with asthma

Nonsignificant 12 atopic Placebo air No significant changes in symptom
decrease  in adult cleaners, scores, spirometry, or bronchial
gram-positive asthmatics with foam hyperreactivity. Nonsignificant
bacteria and fungi filtersa trend toward higher peak flow

with air cleaner use

Nonsignificant 45 non- Placebo air Significant improvement in airway
decrease in gram- smoking cleaners with hyperresponsiveness and
positive bacteria allergic coarse filters eosinophils, but only with both
and fungi asthmatic and cyclonea air cleaners and impermeable

patients mattress covers. No significant
change in peak flow.
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Bowler et al., 1985 Homes Electrostatic Not specified,
precipitator and not operated
HEPA in bedroom continuously

Friedlaender and Homes Electrostatic 6 (in 56-m3

Friedlaender, 1954 precipitator room)

Antonicelli et al., 1991 Homes HEPA in bedroom Not specified

Warner et al., 1993 Homes Ionizer Not applicable

Studies with Fresh Air Delivery from or near the Headboard of the Bed
Verall et al., 1988 Homes HEPA-filtered air Not applicable

from bed’s
headboard

Zwemer and Karibo, Homes HEPA-filtered air Not applicable
1973 from bed’s

headboard

Villaveces et al., 1977 Homes HEPA-filtered air Not applicable
directed over pillow

Studies with Air Conditioners
Trasoff and Hospital rooms Air conditioner 8

Blumstein, 1936  with filters

aPlacebo air cleaner may have removed some larger allergen particles.

TABLE 10-4 Continued

Air Cleaner
Flow Rate

Air Cleaner (room volumes
Reference Setting Type per hour)
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Not assessed 9 subjects Yes No significant change in symptom
with score or peak expiratory flow.
asthma,
age 14–31

Not assessed 18 subjects No Excellent or moderate improvement
(16 with in symptoms in 40% of subjects.
asthma) No controls, no statistical tests.

No significant change 9 patients No No significant improvement in
in dust mite allergen allergic to forced expiratory volume or
in bedroom dust dust mites symptom score.
samples

Airborne mite allergen 20 children Yes No change in peak flow, symptoms,
decreased by ~50% with or medication use.
(p  < .0001) asthma

Not assessed 13 dust Yes Significantly less medication
mite-allergic (p < .05) and significant
asthmatics improvement in airway

responsiveness (p = .05).
Crossover study.

Not assessed 12 asthmatic Yes (but Total symptom score reduced 75%;
children not fully) 300% increase in days of

uninterrupted sleep, Lost school
days decreased from 15 to 0.
No statistical test.

Not assessed 13 asthmatic Yes No significant improvement in peak
children flow.  Significant improvement in

symptom scores (p < .05).

Not assessed 22 (all with No No clear benefits, relative to
 asthma) patients in other hospital rooms.

No statistical test.

Change in
Allergen Blinded or Reported Change in
Concentrations Subjects Placebo? Health Outcomes
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TABLE 10-5 Influence of Air Cleaner Use on Indoor Allergens and Allergy or
 Asthma Symptoms in Subjects with Seasonal Allergic Disease

Air Cleaner
Flow Rate

Air Cleaner (room volumes
Reference Setting Type per hour)

Studies with Information on Air Cleaning Rate
Criep and Green, 1936 Hospital rooms ESP 25 (assuming

and homes 30-m3 patient
room

Rappaport et al., 1932 Hospital ward Air filter unit, 10
efficiency not
specified

Nelson et al., 1933 Hospital wards Air filter units, no 12
efficiency data

Scherr and Peck, Converted railroad One or two HEPA 1.5 room
1977 bunk cars  units volumes per

hour per air
cleaner

Studies Without Information on Air-Cleaning Rate
Cohen, 1927 Home and work Filtered air 9 (assuming

pressurizes room, 30-m3 rooms)
no efficiency rating

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

IMPACT OF VENTILATION AND AIR CLEANING ON ASTHMA 375

Table continued on next page

Change in
Allergen Blinded or Reported Change in
Concentrations Subjects Placebo? Health Outcomes

In separate experiments, 61 subjects No Symptoms improved in 77% of
large reductions with subjects. No statistical test
in artificially allergies,
introduced allergens some with

asthma
Not assessed 105 patients No? The 35 patients with hay fever but

with pollen no asthma experienced complete
allergy, or moderate relief on 100 of 115
some with patient nights. Asthma symptoms
asthma and medication use persisted in

many patients. However, data
from 39 patients were excluded
because they left after one night
or had infections.

Relative to control 51 patients No 50% of hay fever patients reported
wards, pollen counts with hay great or complete symptom relief.
reduced about 90% fever, Symptoms in 17 of 35 asthma

35 patients patients improved or
with pollen disappeared.
asthma No statistical tests.

Not assessed 130 children Yes Borderline significant improvement
with asthma in score for nighttime asthma
at summer attacks (p = .07).
camp

Not assessed 4 case No Asthma and allergy symptoms
studies improved in three subjects. Hay

fever symptoms improved in one
subject. No controls, self-
assessment of symptoms, no
statistical test.
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Friedlaender and 9 homes and ESP 6 in 56-m3

Friedlaender, 1954  3 in hospital room

Kooistra et al., 1978 Homes with central Air cleaner in return Not specified
air conditioning duct of heating

system, 99%
efficiency at 6 µm

Studies with Air Conditioners
Vaughan and Cooley, Hospitals Air conditioner 17

1933 without filter, with
closed windows

Trasoff and Blumstein, Hospital rooms Air conditioner with 8
1936 filters

NOTE: ESP = electrostatic precipitator.

TABLE 10-5 Continued

Air Cleaner
Flow Rate

Air Cleaner (room volumes
Reference Setting Type per hour)

settling rates with particle size. Thus, air cleaning does not ap-
pear to be a very attractive option for reducing exposures to dust
mite allergens, which predominantly contain particles larger than
10 µm. The second observation is that increasing the filter effi-
ciency rating from a furnace filter to an ASHRAE 95% efficiency
filter, while maintaining a constant rate of airflow through the
filter, decreases the predicted indoor concentrations by approxi-
mately 40% or less for particles 5 µm or larger. An equivalent re-
duction in concentrations of particles within this size range is ob-
tained using an ASHRAE 65% filter in place of the ASHRAE 95%
filter. Thus, for many of the bioaerosols associated with asthma,
high-efficiency filters, which are more expensive and often require
larger and noisier fans, are not likely to be superior to moderate-
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efficiency filters. Third, it appears feasible to reduce concentra-
tions of particles smaller than 2 µm, such as ETS particles, droplet
nuclei, and the smaller particles of cat allergen, by 70% or more
using air cleaners with a moderate to high efficiency rating and a
flow rate of several indoor air volumes per hour.

Figure 10-6 provides predicted reductions in indoor-gener-
ated particle concentrations from the use of typical filters and
higher-efficiency filters in a commercial and institutional build-
ing HVAC system. These upgrades could substantially reduce
concentrations of submicron particles but have virtually no effect
on particles larger than a few micrometers.

Portable air cleaners could be used to reduce concentrations
of the larger-size indoor-generated particles in the air within com-

>90% reduction in 12 (6 with No Excellent relief in 75% of subjects
pollen, but not asthma) and moderate relief in 25%. No
measured in rooms controls, no statistical tests.
with subjects

Allergen concentrations 20 adults Yes 14% decrease in nocturnal
nonsignificantly with hay symptoms, significant only at
lower with air fever, 6 of nighttime. Significant daytime
cleaner use these with improvement in 10 most sensitive

asthma subjects.

99% reduction in 2 No Moderate improvement in one of
pollen compared to two subjects. No controls, no
room with open statistical test.
windows and no
air conditioner

Not assessed 10 (all with No Marked improvement in symptoms
asthma) in 90% of subjects. No controls,

no statistical test.

Change in
Allergen Blinded or Reported Change in
Concentrations Subjects Placebo? Health Outcomes
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mercial buildings. As in residences, high rates of airflow through
the filters would be necessary to obtain substantial percentage
reductions in indoor concentrations. Use of portable air cleaners
in isolated individual offices of asthmatics is not likely to be effec-
tive unless the office door is kept closed, and even with closed
doors the reductions in indoor particle concentrations may be
quite small.

Effects of Particle Air Cleaning on
Allergy and Asthma Symptoms

The influence of air cleaner use on asthma and allergy out-
comes has been evaluated in many experimental studies, and was
the subject of a 1997 review by the American Lung Association
(ALA, 1997). Building on the review articles of Nelson et al. (1988)
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FIGURE 10-4 Predicted reduction in indoor-generated particles in a house
with use of various filters in the forced-air heating system if a recirculation
flow of four house volumes per hour and a ventilation rate of 0.75 h–1 are
assumed.
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and de Blay et al. (1997a), these studies are summarized in Tables
10-4 and 10-5 for subjects with perennial and seasonal symptoms,
respectively.23

Many of these experimental studies have important limita-
tions, including a very small number of subjects (e.g., <15), lack
of blinding, low or unspecified rates of air cleaning, no informa-
tion on building ventilation rates, virtually no specification of rel-
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Portable HEPA filter with air flow of 2 house volumes per hour in house with a furnace filter
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12108642

FIGURE 10-5 Predicted reduction in indoor-generated particles from op-
eration of portable air cleaners in an isolated bedroom or an entire house,
where a ventilation rate of 0.75 h–1 is assumed.
NOTE:  Isolated bedroom: bedroom door closed and no air circulation between
the bedroom and other rooms. Furnace filter: furnace recirculates air through-
out the house.

23The committee is using the perennial versus seasonal categorization of Nelson
et al. (1988) and de Blay et al. (1997a), but the proper categorization of individual
studies is sometimes ambiguous.
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24Important building and building operation characteristics not reported in the
literature include the normal position of doors (open or closed) in bedrooms with
air cleaners, the presence or absence of carpets, and the type of building heating
system (e.g., forced air recirculating system with a filter).

evant buildings characteristics,24  short-term study periods, and
reliance on self-reports of symptoms. Many studies assessed
changes in allergy symptoms rather than clear indications of
asthma symptoms. Some studies selected subjects who were al-
lergic to dust mites, and as discussed above, air cleaning is un-
likely to be highly effective in reducing exposures to the large
particles that carry dust mite allergens. A minority of the studies
quantified the reduction in airborne allergen levels. Many studies
reported whether changes in outcomes were significant but did
not provide relative risks or odds ratios. Thus, the results of these
studies are suggestive, rather than a basis for firm conclusions.

Most of the studies involving subjects with perennial allergic
or asthma symptoms (Table 10-4) used portable air cleaners, most
often portable HEPA filter units, in bedrooms. Large reductions

FIGURE 10-6 Predicted reduction in indoor-generated particles from air
filtration in a commercial building HVAC system with a recirculation rate of
three indoor volumes per hour and a ventilation rate of 0.75 h–1.
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in concentrations of allergens within these bedrooms would not
be expected unless bedroom doors were kept closed and forced-
air heating or cooling systems did not mix air between the bed-
rooms and the remainder of the house. Excluding three studies
with filtered air delivery over the bed, only 4 of 11 studies re-
ported improvements in symptoms or reduced use of medica-
tion, and in 3 of these studies the subjects were not blinded. In
one of the four studies (Reisman et al., 1990), symptoms and medi-
cation use improved significantly only during the period when
patients had no respiratory illnesses. In another of the four stud-
ies, only air cleaners used in combination with impermeable mat-
tress covers were associated with significant improvements in air-
way hyperresponsiveness and eosinophils.25

Three experimental studies involving subjects with perennial
allergic or asthma symptoms (bottom of Table 10–4) used air-
cleaning devices that supplied filtered air over the bed. All three
studies reported improvements in outcomes, suggesting that sup-
plying cleaned air to the breathing zone may be more effective
than attempting to clean the air in entire rooms or buildings.

The results of studies involving subjects with seasonal aller-
gic or asthma symptoms are much more encouraging. Excluding
the two studies using only air conditioning as a form of air clean-
ing, six of seven studies reported improvements in symptoms,
and the seventh study showed a borderline significant improve-
ment (p = 0.07). However, subjects were blinded in only two of
these studies, and most studies were old and without formal sta-
tistical tests.

One additional experimental study (Bascom et al., 1996) per-
formed in an experimental chamber (not included in the tables)
assessed the reduction in acute symptoms from ETS exposure
when particle air cleaners are used to reduce concentrations of
ETS particles. With a 50% reduction in particle concentrations,
some symptoms (headache, eye irritation, rhinorrhea) and the
minimum cross-sectional area of the nasal passage improved. The
relevance of these findings for asthma is not clear.

Overall, these data suggest that air cleaners are probably help-

25Impermeable mattress covers are intended to reduce exposures to dust mite
allergens.
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ful in some situations in reducing allergy or asthma symptoms,
but air cleaning, as applied in the studies, is not consistently and
highly effective in reducing symptoms. It is conceivable that a
more consistent or larger reduction in symptoms could be ob-
tained using higher rates of air cleaning. The available data pro-
vide no information regarding the effects of air cleaning on the
development of asthma or the development of sensitization to
allergens.

Air Conditioning as a Substitute for Air Cleaning

Previous reviews of air cleaning and asthma have included
studies of air conditioning. Air conditioners can remove some
particles from the indoor air because they often contain coarse
particle filters and because some particles may be removed from
the air along with water in the air conditioner’s cooling coil. Con-
sequently, Table 10-5 also summarizes the results of two investi-
gations in the 1930s that evaluated the effects of air conditioning
on symptoms. One study demonstrated that the use of an air con-
ditioner and closing windows resulted in a large reduction in in-
door pollens. Symptoms improved in one of two subjects. In the
second study the air conditioners contained filters, and marked
improvements in asthma symptoms were reported for 9 of 10 sub-
jects. Neither study was blind, and neither performed a statistical
test to assess the significance of the change in outcomes.

Air conditioners are not designed to remove particles from
air. Air conditioning will, in general, be less effective than con-
ventional air cleaning in reducing exposures to indoor-generated
particles. However, air conditioners enable the occupants of build-
ings to keep windows and doors closed during warm weather,
greatly reducing the rate of entry of pollens and other outdoor
pollutants into buildings. Additionally, air conditioners reduce
indoor temperatures and humidities that may influence asthma
symptoms.

Home owners and medical doctors sometimes consider resi-
dential air conditioning a form of ventilation. In the general mode
of operation, residential air conditioners do not provide ventila-
tion—they simply remove heat and moisture (and, to some de-
gree, particles) from a stream of recirculated indoor air. However,
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to save energy, some modern air conditioners will stop the recir-
culation and cooling of indoor air and instead provide ventilation
(i.e., supply outdoor air to the building) when the outdoor air is
relatively cool and suitable for cooling the house.

Summary and Discussion of Limitations of Assessment

Many of the indoor pollutants associated with asthma are air-
borne particles; thus, particle air cleaning has been considered a
potentially beneficial technology for the prevention of asthma or
asthma symptoms. Technologies for particle air cleaning are well
developed. Air filters with a moderate to high efficiency for par-
ticles larger than approximately 2 µm are used routinely in the
heating and air-conditioning systems of buildings.

The magnitude of the reduction in indoor-generated particle
concentrations accomplished with particle air cleaning depends
on the air cleaner’s particle removal rate relative to the particle
removal rate by all other processes including ventilation and par-
ticle deposition on surfaces. The rate of particle removal by an air
cleaner varies with particle size and is proportional to the flow
rate of air through the air cleaner multiplied by the air cleaner’s
size-dependent particle removal efficiency. The two primary air
cleaning options for reducing indoor particle concentrations are
to replace the existing filters in heating and air-conditioning sys-
tems with higher-efficiency filters and to operate supplemental
air cleaners with integral fans in the occupied space.

In field studies, enhanced air cleaning has been associated
with reductions in airborne particle concentrations that range
from negligible to more than 90%. For the airborne particles asso-
ciated with asthma, the published data are very limited. Simple
model predictions indicate that substantial reductions in indoor
concentrations of 10-µm particles can be obtained only when the
rate of airflow through the air cleaner per unit of indoor air vol-
ume is large, for example, 10 room volumes per hour or more.
The predicted effectiveness of air cleaning diminishes rapidly
with increases in particle size above 10 µm because gravitational
settling rates increase with particle size. Thus, air cleaning does
not appear to be an attractive option for reducing exposures to
dust mite allergen, which predominantly involves particles larger
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than 10 µm. However, based on predictions it is feasible to reduce
concentrations of particles smaller than 2 µm, such as ETS par-
ticles, droplet nuclei, and smaller particles with cat allergen, by
70% or more using air cleaners with a moderate to high efficiency
rating and a flow rate of several indoor air volumes per hour.

Both the available experimental data and model predictions
indicate that HEPA filters, which are more expensive and often
require larger and noisier fans, are not likely to be superior to
lower-efficiency filters in reducing concentrations of many of the
bioaerosols associated with asthma. Even for submicron-size ETS
particles, available data indicate that HEPA filters are not neces-
sarily the preferred option. Thus, the very common recommenda-
tion that HEPA filtration, in contrast to lower-efficiency air clean-
ing, be used by allergic and asthmatic individuals when they
choose to employ air cleaning, is not supported by either experi-
ments or theoretical predictions. Unfortunately, the limited per-
formance data available for many non-HEPA residential air clean-
ers make it difficult to provide alternate recommendations.

The influence of air cleaner use on asthma and allergy out-
comes has been evaluated in numerous experimental studies;
however, most of these studies have important limitations. Over-
all, the data suggest that air cleaners are helpful in some situa-
tions in reducing allergy or asthma symptoms, particularly sea-
sonal symptoms, but it is clear that air cleaning, as applied in the
studies, is not consistently and highly effective in reducing symp-
toms. The available data provide no information regarding the
effects of air cleaning on the development of asthma or the devel-
opment of sensitization to allergens.

Conclusion Regarding Air Cleaning and Asthma

There is limited or suggestive evidence that particle air clean-
ing is associated with a reduction in the exacerbation of asthma
symptoms. There is insufficient evidence to determine whether
or not the use of particle air cleaners is associated with decreased
asthma development. Theoretical and limited empirical data sug-
gest that air cleaners are most likely to be effective in reducing the
indoor concentrations of particles smaller than approximately 2
µm. Much of the airborne allergen appears to be within larger
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particles. Relevant particles smaller than 2 µm include environ-
mental tobacco smoke particles, significant portions of airborne
cat, grass, and birch allergen, and virus-containing droplet nuclei
from coughs and sneezes.

Research Needs Related to Air Cleaning and Asthma

The results of existing experimental studies are inadequate to
draw firm conclusions regarding the benefits of air cleaning for
asthmatic and allergic individuals. Many of the existing studies
have important limitations, such as small study size, lack of blind-
ing, a small or undefined rate of air cleaning, placebo air cleaners
that may significantly remove the larger particles associated with
asthma, and no exposure assessment or inadequate assessment.
Additional research to assess the benefits of air cleaning is clearly
warranted, but future studies must overcome as many of these
limitations as possible. Because air cleaning is most promising for
reducing indoor concentrations of particles smaller than a couple
of micrometers, future research should emphasize these agents.

Sensitization to allergens—a critical step in the development
of allergic asthma—often occurs early in life. No information is
available to indicate whether air cleaning of spaces occupied early
in life can reduce the rate of allergic sensitization. Research is
needed to address this issue.

As described in Appendix A, particles larger than a few mi-
crometers have a complex and inadequately understood behav-
ior in the indoor environment, including rapid rates of gravita-
tional settling, resuspension from surfaces, and possibly
incomplete mixing with the indoor air. Consequently, the influ-
ence of air cleaning systems on exposures to particles in this size
range is not well understood and the associated benefits from air-
cleaning cannot be predicted with a high degree of confidence. A
combination of aerosol science and air-cleaning research is needed
to fill this gap in our knowledge.

The limited data on the size distribution of many of the
bioaerosols and allergens associated with asthma limit our un-
derstanding of the benefits of air cleaning. Additional data are
needed particularly for pet allergens and pollens.

As stated earlier, HEPA filter units have been widely recom-
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mended for allergy and asthma patients who desire to use air
cleaners. Air cleaner manufacturers have responded by aggres-
sively marketing air cleaners with HEPA filters and offering few
other products. However, experimental data and theoretical pre-
dictions indicate that air cleaners with a lower efficiency rating
are likely to be equally effective in reducing the concentrations of
most, and perhaps all, of the indoor-generated particles associ-
ated with allergies and asthma. These lower-efficiency air clean-
ers could have a lower product cost, less powerful or noisy fans,
higher rates of airflow and particle removal, and reduced energy
consumption. The scientific and medical community should de-
velop revised recommendations regarding the selection of air
cleaners by allergic and asthmatic individuals, and air cleaner
manufacturers should respond by providing new air-cleaning
products.
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11
Summary of Research

Recommendations and

Overall Conclusions

This chapter summarizes the research recommendations of-
fered by the committee in the preceding chapters and draws some
general conclusions regarding the report’s findings.

PATHOPHYSIOLOGIC BASIS OF ASTHMA

Collectively, the evidence reviewed by the committee under-
scores the need to further identify the mechanistic interplay be-
tween specific inflammatory cells, cell adhesion molecules, and
the changes in airway function that characterize the asthmatic
condition. It emphasizes that much more research, based on com-
bining data from genetic analyses with those identifying patho-
physiological processes involved in asthma, is needed to ulti-
mately determine the genetic basis of asthma, as well as
the potential development of new strategies for therapeutic
intervention.

ANIMAL ALLERGENS

The associations between dust mite allergen, asthma exacer-
bation, and asthma development are much more well defined
than the associations between larger animals and asthma. This is
only partly a function of the number of years and intensity of
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efforts to investigate the health effects of dust mites. Compared
with dust mite allergen, once the allergen source is present, cat
and dog allergens are more easily dispersed throughout the
household. Cat and dog allergens remain airborne for much
longer than dust mite. The potential for exposure to allergens out-
side the home is markedly greater for cats and dogs than for dust
mites. The potential for home exposure to cat or dog allergen in
homes without cats or dogs has also been underestimated. The
absence of adequate information regarding allergen exposure
may, in part, account for contradictory data regarding the effects
of cats or dogs in the home on the development of asthma.

Research is needed to assess whether removal of the cat or
dog from the home results in sufficient reduction in overall aller-
gen exposure to reduce symptoms and improve bronchial reac-
tivity in specifically sensitized asthmatics. Further research is
needed to assess the level of animal allergen exposure (cat and
dog) in day care centers and schools. When significant levels are
noted, the potential for lowering exposure should be investigated.
Since so many cat- or dog-allergic asthmatics are emotionally at-
tached to their pets, investigators should explore the success of
efforts that recommend the removal of the pet for sensitized
symptomatic child and adult asthmatics. Further research is also
needed to evaluate the effect of mitigation measures short of ani-
mal removal on asthma symptoms, lung function, or bronchial
responsiveness in specifically sensitized asthmatics. Although fre-
quent animal washing and HEPA filter use are widely recom-
mended, their efficacy in reducing asthma severity has not been
proven.

The relationship between cat or dog allergen exposure in early
childhood, the development of sensitization, and the develop-
ment of asthma merits further investigation. This investigation
will require better assessment of exposure. It is likely that the ge-
netic phenotype will modify the response to cat or dog allergen at
different levels of exposure, but gene-by-environment interactions
cannot be effectively explored until the genetics of asthma is bet-
ter understood.

Further research is needed to evaluate rodent allergen expo-
sure in the home as a potential factor in the exacerbation of asthma
in rodent-sensitized asthmatics. Particularly in socially disadvan-
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taged populations, research should focus on effective reduction
of rodent allergen and its effect on symptoms or lung function in
specifically sensitized asthmatics.

Researchers should also consider the possibility that animal
(or animal allergen) exposure may be either protective or aller-
genic. The effects may depend on the mode of exposure, the ge-
netic characteristics of the populations, the timing in the life cycle
when exposure occurs, and many other cofactors (e.g., early-life
viral, bacterial, and parasitic infection experience).

COCKROACH

The committee’s review of the literature suggests there is still
a need for fundamental research on cockroach allergens and
asthma outcomes. Future research should focus on the efficacy of
cockroach allergen reduction in the homes of asthmatic patients,
the aerodynamic properties of cockroach allergen, the efficacy of
cockroach immunotherapy, and B and T cell reactive epitopes.
Further studies are also needed to better elucidate any relation-
ship between cockroach allergen exposure and asthma develop-
ment; explore the interaction of cockroach allergen with infectious
agents, irritants, and other allergens in causing asthma; and ex-
amine the influences of genetics, socioeconomic status, and loca-
tion on exposure and sensitization.

HOUSE DUST MITES

Although more is known about dust mite allergen and its im-
pact on asthma than most indoor exposures, research remains to
be done. Particularly important is additional work on the effec-
tiveness of specific environmental interventions in limiting
asthma exacerbations and development (rather than simple mea-
surement of allergen levels). Several studies now under way are
evaluating whether aggressive allergen avoidance regimes have
an effect on the subsequent development of asthma. The results
of such studies will inform the question of whether primary pre-
vention of dust mite-induced asthma is possible, although the
burdensome nature of such interventions suggests they may be
difficult to implement in many circumstances. The development
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of methods to identify individuals, especially infants, at high risk
would provide the information needed to focus primary preven-
tion activities. A major issue in this regard is whether sensitiza-
tion can occur before birth.

ENDOTOXIN

Given the significant body of data on the exquisite sensitivity
of the innate immune system to small quantities of endotoxin, the
hypotheses that domestic endotoxin exposure may influence the
development of the immature immune system or affect the sever-
ity of asthma warrant further investigation.

The committee’s review suggests several avenues of research
directed at understanding the role of endotoxin exposure and en-
dotoxin susceptibility in the pathogenesis of asthma. These in-
clude studies of gene–environment interactions and the risk of
developing atopy or asthma, preferably with prospective assess-
ment of endotoxin exposure from birth, improved endotoxin ex-
posure assessment across populations likely to have significant
differences in exposure, and studies of endotoxin exposure and
asthma severity.

Gene–environment interactions between the CD14 polymor-
phism and endotoxin exposure should take into account that
CD14 is a pattern receptor and thus not specific for LPS–LBP com-
plexes. Thus, future studies should include an assessment of ex-
posure to other bacterial products that stimulate innate immunity
via CD14 such as peptidoglycan. Prospective studies will be re-
quired to determine whether endotoxin exposure early in life
plays a role in determining the direction of immune system de-
velopment. Studies that can compare populations with possibly
larger variations in exposure to endotoxin and other components
of organic dusts than can be found within an urban or suburban
area would likely have increased power to detect the effects of
endotoxin exposure. Because the CD14 polymorphism is associ-
ated with atopy, a focus on specific and nonspecific IgE and TH
phenotypes will likely be the most important variables for these
studies.

Given that the Limulus bioassay has limitations and that “un-
usual” lipid A structures dominate the composition of house and
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other organic dusts, additional exposure assessment methods that
can detect the range of environmental LPS should be employed
along with Limulus assays in future studies. The possibility that
endogenous sources of endotoxin exposure may be important in
modulating the level of tolerance to environmental exposure (or
vice versa) should also be examined.

FUNGI

Few fungal allergens have been identified, and patterns of
cross-reactivity among fungal allergens have not been docu-
mented. Standardized methods for assessing exposure to fungal
allergens are essential, preferably based on measurement of aller-
gens rather than culturable or countable fungi. Acquisition of
these data is a necessary step before adequate estimates of the
role of fungal allergen in asthma can be documented.

Studies seeking to find environmental factors that either lead
to the development of asthma or precipitate symptoms in exist-
ing asthmatics must include good measures of fungal exposure.
No studies have attempted to control exposure to fungal aller-
gens either indoors or out. Intervention studies that seek to con-
trol indoor exposure to fungi are especially needed.

INFECTIOUS AGENTS

Numerous studies suggest an association between the infec-
tions discussed in Chapter 5 and asthma exacerbations, although
uncertain ascertainment of asthma and questions about the iden-
tity of the specific infections responsible limit the confidence with
which some conclusions can be drawn. Advances in analysis tech-
niques that allow more sensitive and confident identification of
viruses, such as PCR and ELISA, will facilitate research on this
topic. These advances will also aid studies of other viruses that
may be associated with asthma such as adenovirus, coronavirus,
cytomegalovirus, and parainfluenza.

Research on the possible association between infectious
agents and asthma development is continuing and is encouraged.
There are gaps in the knowledge concerning the mechanism(s) by
which agents may promote asthma and whether particular inter-
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ventions aimed at limiting infections result in decreased rates of
asthma. Among the interesting questions are whether the lower
respiratory tract acts as a potential reservoir for common respira-
tory viruses and whether maternal immunization has the poten-
tial to protect both the mother and the infant. Research on the
impact of building characteristics on the transmission of infec-
tious agents, which is in its infancy, may yield important public
health benefits.

PLANTS

Further research is needed to determine whether or not
houseplants release fungal spores into the air. This research will
benefit both the allergy community and the infectious disease lit-
erature. Additionally, research should be conducted to determine
what risks, if any, are associated with occupational exposure to
plant materials.

Studies should be conducted to evaluate the ambiguous rela-
tionship between pollen exposure, sensitivity, and asthma. Addi-
tional research is also needed to discover the extent of indoor pol-
len allergen exposure and the interactions between pollen
sensitivity and air pollutants.

NITROGEN DIOXIDE (NO2)

Future research into the relationship between indoor NO2 and
asthma should target population subgroups that are likely to be
most exposed. These include women and infants, especially those
at the lower end of the socioeconomic spectrum, who may spend
more time in kitchens during cooking. Further research is needed
on the distributions of peak and mean personal exposures, on the
relationship between exposure and asthma, and on the exacerba-
tion of asthma among those with preexisting asthma. Research is
also needed into the development of practical, economical venti-
lation methods for kitchens.

PESTICIDES

The most immediate need for research in this area is for infor-
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mation on whether prolonged exposures to low to moderate con-
centrations of airborne pesticides can elicit an irritative asthma
response in susceptible individuals. Animal models may be help-
ful in this regard—a presently unpublished study on a microbial
biopesticide used against cockroaches suggests it can induce
asthma in mice. It has been suggested that Flinders Sensitive Line
rats, which exhibit increased responses to an agent similar to com-
monly used organophosphate pesticides, may be useful in the
study of asthma outcomes.

PLASTICIZERS

Research characterizing residential exposure to plasticizer
and evaluating asthma outcomes while controlling for known
confounders would help resolve the question of their influence.

VOLATILE ORGANIC COMPOUNDS

With the advent of small, unobtrusive passive diffusion moni-
tors capable of measuring microgram quantities of VOCs in 48-
hour samples, it should be possible to incorporate personal VOC
exposure assessment into future epidemiologic studies address-
ing environmental factors and asthma, yielding an expanded data
base on which to judge the possible role of VOCs in asthma de-
velopment and exacerbation.

Prospective cohort studies that characterize time-averaged
personal VOC exposures of study subjects using passive badges
and then follow subjects to assess the development and/or exac-
erbation of asthma could generate information that would allow
a more confident assessment of any potential risk.

No specific asthma-related research is recommended for
formaldehyde, a member of the VOC family.

FRAGRANCES

Future research on fragrance exposures has to carefully con-
trol for confounding factors such as odor perception and to focus
on objective measures of respiratory health. Additional research
elucidating the mechanism or mechanisms underlying adverse
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respiratory reactions to nonacute exposure to fragrances or their
component chemicals would also be helpful.

ENVIRONMENTAL TOBACCO SMOKE (ETS)

A better understanding is needed of the mechanism(s) by
which ETS and its individual constituents may

• impair the normal development of the airways in the fetus,
• promote allergic sensitization,
• promote respiratory infections,
• promote early wheezing illness, and
• (possibly) induce pathophysiologic changes that may pro-

mote the establishment of asthma.

Research is also needed to understand the nature of the inter-
actions, both at the population or epidemiologic level and at the
molecular and cellular levels, between the genetic predispositions
to allergic sensitization and bronchial hyperresponsiveness and
ETS exposure as they relate to the development of asthma. The
respective roles of antenatal and postnatal exposure to ETS in the
pathophysiologic changes associated with asthma and other res-
piratory illnesses are in need of further investigation.

Behavioral research also is needed to better understand the
factors that lead to the initiation of smoking in adolescents, espe-
cially young women, and to the maintenance of smoking in preg-
nant women and mothers. Additionally, there is a need to develop
more effective interventions to achieve sustained pre- and post-
natal smoking cessation in pregnant women and mothers, espe-
cially those whose children are at higher risk of developing
asthma due to their family history, socioeconomic status, and
place of residence. Since ETS exposure of children at greatest risk
for adverse asthma outcomes (especially low-income and minor-
ity children of African-American ancestry) may come from other
caregivers as well as the mother or parents (i.e., other family mem-
bers with whom the mother and child live and from day care pro-
viders), interventions must be developed that will be effective in
reducing the child’s exposure from all sources. The effectiveness
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of ETS exposure reduction interventions in actually improving
asthma outcomes should be evaluated as well.

INDOOR DAMPNESS, MOISTURE PROBLEMS, AND
MOISTURE CONTROL

With respect to the association of dampness problems with
asthma development and symptoms, research is needed to clearly
identify the causative agents (e.g., molds, dust mite allergens) and
to document more accurately the relationship between dampness
and allergen exposure. Research is also needed to characterize
and demonstrate the reductions in asthma morbidity from pre-
vention or remediation of moisture problems.

Regarding characterization of moisture problems, research is
needed to:

1. develop accurate, standardized protocols for assessing
moisture problems in buildings;

2. develop and document the effectiveness of specific mea-
sures for dampness reduction in existing buildings; and

3. develop standardized, effective protocols for flood cleanup
that will limit microbial growth.

In addition to these research needs, there is a need for im-
proved education of the public about the consequences of mois-
ture problems and for better education of building professionals
regarding means of preventing moisture-related problems.

NONRESIDENTIAL INDOOR ENVIRONMENTS

The few available studies suggest the importance of building
factors in relation to asthma, but further research is critical to as-
sessing the attributable risks, remediable risk factors, and means
of hazard assessment. Development of methods for representa-
tive quantitative assessment of bioaerosols of fungal and bacte-
rial origin is a high priority for health outcome studies and haz-
ard assessment. In addition, knowledge of the epidemiology of
building-related asthma in problem buildings where there are ex-
cess chest complaints among occupants, in comparison to build-
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ings where there are no complaints, can advance our understand-
ing of specific bioaerosols in relation to asthma. Research should
focus on exposure–response studies of many building environ-
ments and populations; clinical investigation of patients with
building-related asthma; and intervention studies, even without
knowing the specific etiology involved. This research agenda re-
quires new partnerships among academic investigators, clini-
cians, public health agencies, industrial hygienists, and building
scientists.

VENTILATION

Additional research is needed on ventilation, but only a small
proportion of these research needs are critical to advancing our
understanding of the relationship of ventilation to asthma. At the
present time, our understanding of the influence of changes in
ventilation rates on concentrations of (or exposures to) indoor-
generated pollutants associated with asthma is very limited—ac-
cordingly, model predictions that have not been adequately evalu-
ated are the best source of information. Experiments in actual
buildings, with manipulation of ventilation rates, are the pre-
ferred approach for quantifying the direct (i.e., via pollutant re-
moval) influence of changes in ventilation rates on the indoor con-
centrations of these pollutants. Because indoor pollutant source
strengths can vary temporally, experiments should be repeated
several times. To assess how changes in ventilation rates affect
indoor humidities and, in turn, the proliferation of dust mites and
molds in buildings will require either long-term experiments last-
ing a year or more or large cross-sectional studies with control for
confounding factors.

Airtight building envelopes and low rates of ventilation have
been cited as factors that may contribute to asthma incidence or
symptoms or may explain recent increases in asthma; however,
very few relevant data are available. The evidence of a linkage of
ventilation rates with asthma is not sufficient to justify large stud-
ies intended to resolve only this issue. However, measurements
of ventilation rates should be included, when possible, in future
asthma case-control studies or cross-sectional surveys. Ventilation
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measurements in houses can be performed using nonobtrusive
tracer-gas methods with passive tracer-gas emitters and samplers.

Finally, research is needed to advance our very limited cur-
rent knowledge about microbiological contamination of HVAC
systems, its influence on microbial exposures, and its influence
on asthma development or asthma symptoms.

AIR CLEANING

The results of existing experimental studies are inadequate to
draw firm conclusions regarding the benefits of air cleaning for
asthmatic and allergic individuals. Many of the existing studies
have important limitations, such as small study size, lack of blind-
ing, a small or undefined rate of air cleaning, placebo air cleaners
that may significantly remove the larger particles associated with
asthma, and no exposure assessment or inadequate assessment.
Additional research to assess the benefits of air cleaning is clearly
warranted, but future studies must overcome as many of these
limitations as possible. Because air cleaning is most promising for
reducing indoor concentrations of particles smaller than a couple
of micrometers, future research should emphasize these agents.

Sensitization to allergens—a critical step in the development
of allergic asthma—often occurs early in life. No information is
available to indicate whether air cleaning of spaces occupied early
in life can reduce the rate of allergic sensitization. Research is
needed to address this issue.

As described in Appendix A, particles larger than a few mi-
crometers have a complex and inadequately understood behav-
ior in the indoor environment, including rapid rates of gravita-
tional settling, resuspension from surfaces, and possibly
incomplete mixing with the indoor air. Consequently, the influ-
ence of air cleaning systems on exposures to particles in this size
range is not well understood and the associated benefits from air-
cleaning cannot be predicted with a high degree of confidence. A
combination of aerosol science and air-cleaning research is needed
to fill this gap in our knowledge.

The limited data on the size distribution of many of the
bioaerosols and allergens associated with asthma limit our un-
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derstanding of the benefits of air cleaning. Additional data are
needed particularly for pet allergens and pollens.

As stated in Chapter 10, HEPA filter units have been widely
recommended for allergy and asthma patients who desire to use
air cleaners. Air cleaner manufacturers have responded by ag-
gressively marketing air cleaners with HEPA filters and offering
few other products. However, experimental data and theoretical
predictions indicate that air cleaners with a lower efficiency rat-
ing are likely to be equally effective in reducing the concentra-
tions of most, and perhaps all, of the indoor-generated particles
associated with allergies and asthma. These lower-efficiency air
cleaners could have a lower product cost, less powerful or noisy
fans, higher rates of airflow and particle removal, and reduced
energy consumption. The scientific and medical community
should develop revised recommendations regarding the selection
of air cleaners by allergic and asthmatic individuals, and air
cleaner manufacturers should respond by providing new air-
cleaning products.

OVERALL CONCLUSIONS

This report represents a summary of the best available evi-
dence the committee could find from a wide variety of sources
including: published peer reviewed scientific studies, presenta-
tions by recognized experts, and personal knowledge. In many
cases the conclusions the committee reached were neither as firm
nor as broad as the committee would have liked, primarily be-
cause of limitations in the available information. Many of the pub-
lished studies reviewed by the committee suffered from potential
problems such as small numbers of study subjects, subjects who
were not representative of large segments of the population, or
studies evaluating the effect of only a single allergen or pollutant
rather than the multiple agents encountered by most persons. The
lack of large, well-conducted, epidemiologic studies made it diffi-
cult for the committee to make judgments about the relative im-
pact or proportion of asthma caused by different agents. Even
when suggestive information was available, it was often difficult
to determine whether the effects of an agent would be the same in
different areas of the country since there is little information con-
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cerning regional variations in exposure to various indoor agents
that may be related to asthma outcomes. The indoor air problems
that are the greatest concern in the northern U.S. are in many cases
different from those found in the South or West. Similarly, indoor
air problems are likely to be quite different in cities compared to
suburbs or rural areas. More comprehensive studies are needed
to resolve many important issues concerning the health effects of
indoor air.

The report’s review of the epidemiology and etiology of
asthma reflects the complex nature of the disease. While a num-
ber of indoor exposures are or may be associated with asthma,
none is by itself a necessary cause, since asthma is associated with
other factors. Each factor is probably not a sufficient cause, since
each likely functions through an interaction with other environ-
mental agents and with genetic factors.

Nevertheless, for some of the factors discussed, it seems pos-
sible and reasonable to institute mitigation with a reasonable hope
of reducing the rate of asthmatic attacks. However, often it is not
known what degree of mitigation would be necessary to reduce
the risk of attacks in known asthmatic individuals. Mitigation
generally involves two components: reducing the existing levels
of exposure and preventing any increases in exposure as a result
of further introduction of the suspected agent into the environ-
ment. The level of effort that should be recommended for mitigat-
ing a given factor will depend on how clear the evidence both of
association or causation and of the effectiveness of mitigation is,
as well as the importance attached to the problem of asthma by
the individual, his family, and community.

Clearly, individual sensitivity is a major consideration. The
factors that lead to the development of asthma and sensitivity are
generally not well understood. Most of the factors discussed play
a role in exacerbating existing asthma in sensitive individuals.

A major problem in choosing and implementing an interven-
tion to mitigate an exposure is the generally limited data avail-
able. The limitations exist in regard to both the quantity and the
quality of research data. Many of the studies reported are not
based on rigorous protocols. Definition of clinical outcome espe-
cially in infants, measurement of exposure, rigorous study de-
sign, appropriate population selection, and dealing with issues of
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generalizability of the findings are often not adequately ad-
dressed. The distinction between association and causation is of-
ten not clear. It has proven difficult to assess the individual roles
of the factors implicated and to determine whether any effects
noted are indeed the results of the specific exposures studied or
of confounders. Furthermore, the interaction of different environ-
mental exposures with genetic susceptibilities must be elucidated.

Although considerable work has been done and is being done
on asthma per se, increased research efforts are needed to address
the characteristics of healthy indoor environments. Asthma re-
search clearly needs interdisciplinary involvement—not only of
clinicians, immunologists, and researchers in related biologic ar-
eas—but also of engineers, architects, materials manufacturers,
and others who are responsible for the design and function of
indoor environments.
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Appendix A

Theoretical Considerations

Relevant to the Influence of

Ventilation and Air Cleaning on

Exposures to Indoor-Generated

Pollutants

Because limited empirical data are available for quantifying
the effects of ventilation and air-cleaning rates on concentrations
of indoor-generated pollutants (particularly particles), a steady-
state mass balance model for an indoor space with perfectly
mixed air has been used to generate the estimates (predictions) of
these effects that are provided in Chapter 10. This appendix pre-
sents the mass balance equation and provides a brief review of
the behavior of indoor particles.

Since only indoor-generated pollutants are being considered,
the only source is the indoor pollutant generation. At equilibrium,
the indoor pollutant generation rate equals the total rate of pol-
lutant removal by ventilation, natural deposition on surfaces, and
air cleaning.

For particles of size i, the mass balance equation is

G C A V C Q V Ci
vent

i
dep
i i

ac ac
i i= + +λ ν ε/ ( / ) , (A1)

where Gi is the indoor particle generation rate per unit volume, λv
is the air exchange rate equal to the rate of outside air entry Q
divided by the indoor air volume V, Ci is the indoor particle con-
centration,  v i

dep is the particle deposition velocity, A is the indoor
surface area, Qac is the rate of airflow through the air cleaner, and
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εi is the efficiency of the air cleaner in removing particles of size i.
Equation A may be solved for C i and the dependence of C i on air
exchange rate, rate of airflow through the air cleaner, and particle
removal efficiency examined for a range of particle sizes. The air
cleaner’s particle removal efficiency εi is defined by the equation

ε i
outlet
i iC C= [ ]1 – / (A2)

with Coutlet equal to the concentration exiting the air cleaner. For
many gaseous pollutants, an identical mass balance equation ap-
plies, except that there is no size variation and the deposition ve-
locity is zero for some nonreactive gases. However, Equation A1
does not apply when the steady-state indoor pollutant emission
varies with the indoor air pollutant concentration—the case for
some volatile organic compounds (VOCs). Many VOCs may also
adsorb on indoor surfaces and later desorb when the indoor VOC
concentrations are lower; thus, equilibrium conditions may rarely
be achieved.

INDOOR AEROSOL BEHAVIOR

An important source of uncertainty in the application of Equa-
tion A1 is the limited current knowledge about the rate at which
particles are removed from indoor air by deposition on the sur-
faces inside buildings. For the largest particles, greater than a few
micrometers in diameter, depositional losses are dominated by
rates of gravitational settling which can be calculated with rea-
sonable accuracy if the particle characteristics are known. For
unit-density (1 g/cm3) particles of various sizes, Table A-1 lists
gravitational settling velocities from Hinds (1982) and the time
for particles to fall 1 m, approximately one-half the distance be-
tween floor and ceiling in a typical room. Gravitational settling
can become the dominant particle removal process for large par-
ticles, such that practical changes in ventilation and air-cleaning
rates change indoor particle concentrations only marginally. For
submicron particles (i.e., particles smaller than 1 µm), gravita-
tional settling is unimportant. Typical indoor air velocities are 0.05
to 0.3 m s–1; thus, indoor particles may be transported a consider-
able distance before settling on surfaces.
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Particles also collide with and deposit on indoor surfaces due
to mechanisms other than gravitational settling, and the deposi-
tion rates may vary with indoor air velocities, turbulence inten-
sity, and surface roughness. As larger particles are transported by
indoor air motion, their momentum causes collisions with sur-
faces. The random Brownian motion of the smallest particles, pro-
duced by collisions with gas molecules, increases the rate of par-
ticle collisions with surfaces. Electrostatic forces and other
phenomena also affect particle deposition rates. Particles in an
intermediate size range, about 0.2 or 0.3 µm, have the lowest
deposition rates because they have neither sufficient momentum
nor Brownian motion for high deposition rates.

As illustrated in Equation A1, the particle deposition velocity
is used to characterize the rate of loss of particles to surfaces. The
deposition velocity is the net flux of particles to indoor surfaces
divided by the indoor particle concentration. For predictions, av-
erage particle deposition velocities from the available experi-
ments in room-size enclosures (Lai and Nazaroff, 1999) and from
the settling rate of large particles have been used. These numbers
are considered the best presently available; however, the uncer-
tainties about typical values of deposition velocity for particles
smaller than a few micrometers are large for some particle sizes.
A ratio of surface area to volume, A/V, of 2.7 was used for the
predictions based on information in the literature and calcula-

TABLE A-1 Theoretically Predicted Rates of
Gravitation Settling of Unit Density Spheres in Still Air

Aerodynamic Terminal Settling
Diameter (µm) Velocity (m/s) Time to Fall 1 m

0.2 2.2 × 10–6 5.3 day
0.5 1.0 × 10–5 28 h
1.0 3.5 × 10–5 7.9 h
5.0 7.8 × 10–4 21 min

10 0.003 330 s
20 0.012 83 s
30 0.027 37 s
50 0.075 13 s
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tions. The deposition velocities and the products of the deposi-
tion velocities and A/V, called the deposition coefficients, are
listed in Table A–2.

When particles collide with a surface, they usually adhere as
a consequence of van der Waals forces, electrostatic forces, and
surface tension of liquid aerosols. Adhesive forces increase in pro-
portion to the first power of particle diameter (Hinds, 1982). De-
posited particles may be resuspended from indoor surfaces when
the surfaces are disturbed by human activities (e.g., walking,
vacuuming) or by high air velocities (e.g., the air exiting a fan).
Based on theory (Hinds, 1982) and limited empirical data
(Thatcher and Layton, 1995), resuspension occurs predominantly
for particles larger than approximately 2 µm. Equation A1 does
not contain an explicit term for particle resuspension, but
resuspension can be considered a component of the term for par-
ticle generation. However, Equation A1 would not apply if a sub-
stantial proportion of the deposited particles are subsequently re-
suspended. At present, the resuspension of deposited particles is

TABLE A-2 Deposition Velocities and Corresponding
Deposition Coefficients Used in Calculations

Aerodynamic Deposition Deposition Coefficient
Diameter (µm) Velocity (m/s) with A/V of 2.7 m–1 (h–1)

0.05 3 × 10–5 0.3
0.1 1 × 10–5 0.1
0.2 6 × 10–6 0.05
0.5 1 × 10–5 0.1
1.0 2 × 10–5 0.2
2.0 5 × 10–5 0.5
5.0 1.3 × 10–4 1.3

10* 3.7 × 10–4 3.6
20* 1.5 × 10–3 15
30* 3.3 × 10–3 32

NOTE: All deposition velocities are based on the total indoor surface
area.

*For 10-µm and larger particles, deposition velocities were calculated
from the settling rates of spherical particles with a density of 1 g/cm–3.
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not well understood; hence further research is needed to advance
our understanding of the behavior of large particles.

The forces that govern particle deposition in rooms also
largely govern the removal of particles by air filters; therefore,
filters tend to have minimum particle removal efficiencies for 0.2-
or 0.3-µm-diameter particles. Filters have an additional removal
mechanism called straining, which occurs when particles are too
large to pass through openings in the filter.

Equation A1 does not account for the collision and resultant
coagulation of airborne particles. The coagulation rate increases
with the square of the particle number concentration (Hinds,
1982). When particle number concentrations are less than approxi-
mately 104 to 105 per cubic centimeter, coagulation rates are too
low relative to pollutant removal rates to have a substantial influ-
ence on indoor particles. In many indoor settings, particle con-
centrations are less than 104 per cubic centimeters, and the rate of
coagulation is of secondary importance. An exception is a room
with heavy tobacco smoking.

The assumption of perfect mixing is another limitation of
Equation A1. With imperfect mixing and a localized indoor par-
ticle source, the benefits of ventilation or air cleaning may be en-
hanced if the ventilation exhaust inlet or the inlet to the air cleaner
is near the pollutant source (e.g., a kitchen range hood). Expo-
sures to pollutants can also be reduced as a consequence of im-
perfect mixing—for example, when air with a low pollutant con-
centration is supplied preferentially to the breathing zone or room
containing the susceptible individual (e.g., the bedroom). The ex-
posure reduction from ventilation and air cleaning can also di-
minish as a consequence of imperfect mixing. As an example,
large particles resuspended from surfaces may not mix through-
out the indoor air because substantial particle redeposition oc-
curs in less time than necessary to achieve mixing. In this case,
many of the particles may not reach the inlet of the air cleaner or
ventilation system, and Equation A1 will overestimate the ben-
efits of increased ventilation or air cleaning.

Imperfect mixing causes personal indoor particle exposures
to be higher than implied by measurements of indoor particle con-
centrations. In a large survey involving subjects of 150 residences
(Özkaynak et al., 1996), the average concentration of particles
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smaller than 10 µm (PM10) measured in the breathing zone was
about 50% higher than predicted based on the indoor and out-
door measurements. It is hypothesized that a “personal cloud” of
particles occurs around people because their activities generate
particles (e.g., cooking) or resuspend particles (e.g., walking).
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Appendix B

Workshop Summaries

PUBLIC WORKSHOP ON ASTHMA
CAUSATION AND EXACERBATION

The Arnold and Mabel Beckman Center
Irvine, California
January 18, 1999

WORKSHOP PRESENTATIONS AND SPEAKERS

Epidemiology of Asthma
Peter Gergen, M.D., M.P.H., Agency for Health Care Policy and

Research, Department of Health and Human Services,
Rockville, Maryland

Viral Exposures and Asthma
James E. Gern, M.D., Associate Professor of Pediatrics, Division

of Allergy and Immunology, University of Wisconsin,
Madison

Endotoxin Exposures and Asthma
Donald K. Milton, M.D., Dr.P.H., Associate Professor of

Occupational and Environmental Health, Department of
Environmental Health, Occupational Health Program,
Harvard School of Public Health

Environmental Tobacco Smoke Exposure and Asthma
Ira B. Tager, M.D., Professor of Epidemiology, Division of Public

Health Biology and Epidemiology, School of Public Health,
University of California at Berkeley
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Asthma Induction in Early Childhood
Diane R. Gold, M.D., M.P.H., Assistant Professor of Medicine,

Harvard Medical School, Assistant Professor, Environmental
Health, Harvard School of Public Health

Marilyn J. Halonen, Ph.D., Professor of Pharmacology,
Microbiology, and Immunology, Deputy Director,
Respiratory Sciences Center, University of Arizona College
of Medicine

Use of Animal Models to Inform the Issue of Indoor
Exposures and Asthma
M. Ian Gilmour, Ph.D., Immunotoxicology Branch,

Environmental Toxicology Division, National Health and
Environmental Effects Research Laboratory, U.S.
Environmental Protection Agency, Research Triangle Park,
North Carolina

Pathobiology of Asthma
Stephen I. Wasserman, M.D., Chairman and Professor,

Department of Medicine, University of California at San
Diego

PUBLIC WORKSHOP ON EXPOSURE PREVENTION,
LIMITATION, OR REMEDIATION

National Academy of Sciences Building
Washington, D.C.

March 22, 1999

WORKSHOP PRESENTATIONS AND SPEAKERS

Dust Mite Allergen Exposure and Control
Larry G. Arlian, Ph.D., Professor, Department of Biological

Sciences, Wright State University
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Cockroach Allergen Exposure and Control
Peyton A. Eggleston, M.D., Professor, Department of Pediatrics,

Johns Hopkins University School of Medicine

Animal Allergen Exposure and Control
Robert A. Wood, M.D., Associate Professor, Department of

Pediatrics, Johns Hopkins University School of Medicine

Asthma and Exposures in the School Environment
Victoria W. Persky, M.D., Associate Professor of Epidemiology

and Biostatistics, School of Public Health, University of
Illinois, Chicago

Asthma and Exposure in the School Environment
Kathleen Kreiss, M.D., Branch Chief—Field Studies Branch,

Division of Respiratory Disease Studies, National Institute
for Occupational Safety and Health, Morgantown, West
Virginia

Effectiveness of Air Filtration in Limiting Problematic
Exposures
William W. Nazaroff, Ph.D., Professor, Department of Civil and

Environmental Engineering, University of California at
Berkeley

Characterizing and Controlling Moisture Conditions in
Residences
William B. Rose, M.Arch., Research Architect, School of

Architecture-Building Research Council, University of
Illinois at Urbana-Champaign
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Appendix C

Committee and

Staff Biographies

COMMITTEE BIOGRAPHIES

Richard B. Johnston, Jr., M.D., is professor in the Department of
Pediatrics at the National Jewish Medical and Research Center of
the University of Colorado School of Medicine. Among his previ-
ous appointments is the position of physician-in-chief of the
Children’s Hospital of Philadelphia. He was named a member of
the Institute of Medicine (IOM) and a fellow of the American As-
sociation for the Advancement of Science in 1995. Dr. Johnston
has served on several ad hoc review and advisory committees for
the National Institutes of Health (NIH’s) National Institute of Al-
lergy and Infectious Diseases (NIAID) and the Food and Drug
Administration, and he is a member of the Advisory Committee
of the Centers for Disease Control and Prevention’s (CDC’s) Na-
tional Center for Environmental Health. He has previously
chaired three IOM committees. His more than 240 papers, mono-
graphs, and book chapters include work on immune diseases in
children and the microbiology of respiratory disorders. Dr.
Johnston is a past president of the Society for Pediatric Research
and the American Pediatric Society.

Harriet A. Burge, Ph.D., is associate professor in the Department
of Environmental Health Sciences at the Harvard School of Public

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

APPENDIX C 419

Health. Dr. Burge is a mycologist specializing in indoor air qual-
ity. She has served on several National Academy of Sciences’ com-
mittees, including service as vice-chair of the Committee on the
Health Effects of Indoor Allergens, which published the report
Indoor Allergens: Assessing and Controlling Adverse Health Effects.
Dr. Burge is currently a member of the American Society of Heat-
ing, Refrigerating, and Air-Conditioning Engineers (ASHRAE)
Standard 62 (Ventilation for Indoor Air Quality) Committee,
serves on the Board of Directors of the New England Chapter of
the Asthma and Allergy Foundation of America, and is a fellow
of the American Academy of Allergy and Immunology and the
American College of Allergy and Immunology. Previously, she
chaired the Bioaerosol Committee of the American Conference of
Governmental Industrial Hygienists and was vice-chair of the Pan
American Aerobiology Association. Dr. Burge has published ex-
tensively on fungi and respiratory health, and is author of the
forthcoming book Allergy to the Fungi.

William J. Fisk, M.S., P.E., is staff scientist and group leader of the
Indoor Environment Department in the Environmental Energy
Technologies Division at the Lawrence Berkeley National Labora-
tory (LBNL). He also serves as group leader for LBNL’s Ventila-
tion and Indoor Air Quality Control Technologies Group. Mr.
Fisk’s primary research interests include indoor air pollutant ex-
posure, indoor air quality (IAQ) control technologies, and indoor
environmental quality and health; he has published and con-
sulted extensively in these fields. He is on the Editorial Advisory
Committee of Indoor Air: International Journal of Indoor Air Quality
and Climate and is a member of the steering committee for the
IAQ ‘96, IAQ ‘98, and IAQ ‘00 conferences on indoor air quality
held by ASHRAE. In 1996, he was awarded the Ralph G. Nevins
Award in Physiology and the Human Environment by ASHRAE.

Diane R. Gold, M.D., M.P.H., is assistant professor of medicine at
the Harvard Medical School and assistant professor in the De-
partment of Environmental Health at the Harvard School of Pub-
lic Health. She is board certified in internal medicine with sub-
specialty board certificates in pulmonary disease and critical care
medicine. Dr. Gold’s research focuses on the relationships be-

http://www.nap.edu/9610


Clearing the Air: Asthma and Indoor Air Exposures

Copyright National Academy of Sciences. All rights reserved.

420 CLEARING THE AIR

tween environmental exposures and the incidence or severity of
respiratory diseases, including asthma. Her work investigates the
environmental exposures that may explain the socioeconomic,
cultural, and gender differences observed in asthma severity. She
is presently principal investigator (PI) of a study on the epidemi-
ology of home allergens and asthma sponsored by NIAID and
NIEHS. Dr. Gold’s professional activities include membership in
the American Thoracic Society. She is on the Advisory Committee
of the NIEHS Center for Environmental Health in Northern Man-
hattan. In 1992 she was a corecipient of the Premio Matilde M. de
Santos en Salud Ambiental de la Fundación Mexicana para la
Salud.

Leon Gordis, M.D., Dr.P.H., is professor in the Department of Epi-
demiology in the Johns Hopkins School of Hygiene and Public
Health and in the Department of Pediatrics at the Johns Hopkins
School of Medicine, where he also is director of the Clinical Epi-
demiology Program and associate dean for Admissions and Aca-
demic Affairs. He was named a member of the Institute of Medi-
cine in 1986 and is chair of the IOM’s Public Health, Biostatistics,
and Epidemiology Membership Committee. Dr. Gordis is a mem-
ber of the Board of Scientific Counselors of the National Institute
of Child Health and Human Development. He authored the book
Epidemiology of Chronic Lung Diseases in Children and edited Epide-
miology and Health Risk Assessment, among numerous writing cred-
its. Dr. Gordis’ professional associations include service as presi-
dent of the Society for Epidemiologic Research and the American
Epidemiological Society.

Michael M. Grunstein, M.D., Ph.D., is professor of pediatrics and
chief of the Division of Pulmonary Medicine at the Children’s
Hospital of Philadelphia, a part of the University of Pennsylvania
School of Medicine. He is board certified in pediatrics and has a
subspecialty board certificate in pediatric pulmonology. Dr.
Grunstein’s research interests are focused on the mechanisms un-
derlying asthma’s various inflammation-associated effects on the
airways and he is PI on two RO1 grants related to this work. He is
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Access to health care, see Utilization of
health care

Adolescents
chlamydia, 180
dampness and asthma, 173, 180
fungi, 168, 173
gender factors, 71
prevalence, 30
smoking, 269, 283-284, 290, 401
symptoms, 24, 26-27

Adoptee studies, 79
Adults, 24

allergic vs nonallergic asthma, 33
cat allergens, 108
chlamydia, 179-180
clinical presentation, 24, 26
cockroach allergens, 132
cow and horse allergens, 121
dampness, 308
endotoxins, 152
fungi, 11, 166, 170
molds, 11, 308
mortality, 81
nitrogen dioxide, 229, 231, 254
prevalence, 30, 33
respiratory syncytial virus, 177
rhinovirus, 11, 101
sulfur dioxide, 254

Index

tobacco smoking, 7, 9, 268, 269, 270,
279, 280-281

cessation efforts, 282, 284-285
gender factors, 274-275, 276-277,

278-279
pregnant women, 10, 269, 272-

273, 275, 278, 280, 282, 285-286,
290, 401

twin studies, 78-79
volatile organic compounds, 241, 242
see also Occupational asthma;

Pregnant women
African Americans, 1, 30-31, 68, 70, 71-

73, 77
children, 71, 73, 77
cockroach allergens, 126, 129
tobacco smoke, 283, 286, 290, 401

Age factors, general, 27
CDC study, 29, 30
gender and, 27, 71
“growing out of asthma,” 26
mortality, 81
prevalence, 73
see also Adolescents; Adults;

Children; Infants; Preschool
children

Agriculture
cow and horse allergens, 120-121
endotoxins, 151, 155
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fungi, 163
pesticides, 235, 236
respiratory syncytial virus, 176

Air cleaning, 3, 14-16, 124, 253, 327, 328,
360-386, 417

cat allergens, 111-112, 113, 114, 124,
370-371

climate and weather, 381, 382
cost factors, 363, 382-383
electrostatic precipitators, 362, 370-377
heating, ventilation, and air-

conditioning systems, 362-363,
364-365, 367, 372-373, 377, 380,
382-383

mites, 380
noise, 363-364, 366, 384
ozone, 252
portable, 363-364, 365, 366, 367, 369,

377-378, 379, 380
research recommendations, 385-386,

404-405
standards, 360, 361, 366-367, 369
theoretical considerations, 327-331,

409-414
tobacco smoke, 281-282, 289, 369,

370-371, 381
see also High-efficiency particulate air

(HEPA) filters; Ventilation
Air conditioning, see Heating,

ventilation, and air-
conditioning (HVAC) systems

Airway inflammation, 6, 27-28, 31, 34,
87, 89-90, 92-93, 96, 253

endotoxins, 150, 152
tobacco smoke, 271-272, 278

Airway smooth muscle, 89, 96-98
American Home Appliance

Manufacturers, 360
American Lung Association, 378-379
American Society of Heating,

Refrigerating, and Air
Conditioning Engineers
(ASHRAE), 332, 338, 341-342,
356, 361, 366-367, 369

American Thoracic Society, 310
Animal allergens, 3, 4, 6, 7, 11, 105-124,

417
attitudes toward pets, 117, 124
birds, domestic, 7, 9, 11, 121-123
exposure assessment, general, 57, 58-

59

prevention and mitigation, general,
13-14, 15, 16

research recommendations, 22, 123-
124, 136, 150, 394-397

see also Cats; Cows; Dogs; Horses;
Insects; Rodents

Animal models, 41, 416
cockroach allergens, 129
formaldehyde, 245
ozone, 252
pesticides, 237, 400
plasticizers, 250
tobacco smoke, 273
volatile organic compounds, 241

Annual Housing Survey, 303
Antibiotics, 29, 63
Assays, see Bioassays
Attitudes and beliefs

air conditioning, 382-383
dampness, 306
fear of attack, 34
“growing out of asthma,” 26
office workers, 319
tobacco smoking, 278-279, 280, 284-

286 (passim)
toward pets, 117, 124

Australia, 1, 116, 228, 323

Bacteria, see Chlamydia; Endotoxins;
Mycoplasma pneumoniae

Beliefs, see Attitudes and beliefs
Bioassays, 106, 128

cockroach allergens, 125, 126
dust mites, 137, 139, 142
ELISA, 125, 142, 184, 398
endotoxins, 151-152, 157-158, 397-398
fungi, 160, 162, 168, 169
pollen, 190
polymerase chain reaction, 106, 184,

398
RAST, 80, 107, 108, 126, 160, 168, 169,

190
volatile organic compounds, 241

Biological markers, other, 53, 57, 60-61
tobacco smoke, 267-268, 269, 272-273

Birds, domestic, 7, 9, 11, 121-123
Black persons, see African Americans
Breast-feeding, 78
Building Assessment Evaluation Study,

319
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Building materials, 4-5, 18, 21, 62
formaldehyde, 243, 245
moisture, 299-301, 303
volatile organic compounds, 239

Buildings, nonresidential, 7, 21, 183, 316-
326

cat allergens, 112-113, 123-124, 321
dog allergens, 113, 114-115, 123-124,

321
infectious agents, 183
symptoms, 342, 358, 402-403
tobacco smoke, 123-124, 266, 270,

283, 321
see also Heating, ventilation, and air-

conditioning (HVAC) systems;
Occupational asthma; Schools
and daycare centers

Canada, 228
Carbon dioxide, 241, 347, 357
Carbon monoxide, 225, 265
Cats, 3, 6, 9, 11, 12, 13-14, 55, 106-114,

116, 123, 141, 395
air cleaning, 111-112, 113, 114, 124,

370-371
children, 109, 112, 168
dampness and, 309
exposure assessment, 11, 57, 58-59,

106-108, 123-124
immunoglobin, 107, 110
public buildings, 112-113, 123-124,

321
schools, 112, 123-124, 321
ventilation, 356

Cell adhesion molecules, 92-95, 394
Census Bureau, 78
Centers for Disease Control and

Prevention, 1, 29-30, 68
Chemical agents, 3, 4, 6, 7-8, 9, 11, 15, 16,

20, 223-262, 323
carbon dioxide, 241, 347, 357
carbon monoxide, 225, 265
fragrances, 3, 9, 11, 247-250
herbicides, 49
see also Formaldehyde; Nitrogen

dioxide and nitrogen oxides;
Pesticides; Plasticizers;
Tobacco smoke, Volatile
organic compounds

Children, 24-25, 26, 69-70
adoptee studies, 79
African Americans, 71, 73, 77
air cleaning, 385
allergic vs nonallergic asthma, 33
bird allergens, 122
cat allergens, 109, 112, 168
chlamydia, 179
cockroach allergens, 130-132
cow and horse allergens, 120
dampness and mold, 308, 309
dog allergens, 116-117
dust mite allergens, 9, 136, 143-144,

168
endotoxins, 152, 155
fungi, 166-172 (passim)
Hispanics, 73
incidence and prevalence, 20, 27, 30,

33, 67-68, 69-70, 71, 73, 78, 80
nitrogen dioxide, 227-228, 229-230
pesticides, 234-235
pollen, 190-191
respiratory syncytial virus, 176, 177,

178
rhinovirus, 175-176, 181, 183
rodent allergens, 119
spirometry, 34
tobacco smoke, 6, 7, 11, 20, 263, 267,

268, 269-281, 283, 286-290, 401
volatile organic compounds, 241,

322, 349
see also Infants; Preschool children;

Schools and daycare centers
Chlamydia, 3, 7, 9, 11, 178-180, 181, 182
Chronic obstructive pulmonary disease,

27-28, 81-82
Cleaning techniques, see Air cleaning
Climate and weather, 13

air cleaning, 381, 382
cockroaches, 4, 131-132
dust mites, 62, 147-148
fungi, 168
tobacco smoke, 281, 286
ventilation, 334, 335, 339, 340-341,

344, 346, 353, 354-355
see also Dampness and moisture;

Heating, ventilation, and air-
conditioning systems;
Temperature factors

Clinical presentation, see Symptoms
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Cockroaches, 3, 4, 6, 9, 11, 13, 109, 124-
136, 417

African Americans, 126, 129
bioassays, 125, 126
children, 130-132

infants, 127, 130-131
preschool, 10, 11, 130-131, 132

climate, 4, 131-132
dampness, 127
dose-response relationships, 130-131,

132
eosinophils, 128-129
exposure assessment, 57, 58, 125-126,

132, 329
genetic factors, 132
hospitalization, 130-131
immunoglobin, 125, 126, 129, 130-131
immunotherapy, 396
occupational asthma, 126
particulate matter, 126, 135
pesticides, 133-134, 237
prevention and mitigation measures,

132-136
race/ethnicity, 129
research recommendations, 13-16,

136, 396
respiratory syncytial virus, 131-132
schools and daycare centers, 126-127
socioeconomic status, 126, 128, 129
standards, 126
symptoms, 128-129, 131-132, 149, 150
urban areas, 127, 128, 129, 130, 134, 140

Commercial and institutional buildings,
see Buildings, nonresidential

Consumer Products Safety Commission,
246

Cosmetics, see Fragrances
Cost and cost-effectiveness factors, 22

air cleaning, 363, 382-383
burden of asthma, 68
heating, ventilation, and air-

conditioning systems, 346-347,
349, 356, 357, 382-383

methodological considerations, 40
moisture remediation, 305

Cows, 9, 11, 120-121,

Dampness and moisture, 4, 7, 14, 18,
298-316, 417

adolescents, 173, 180

building materials, 299-301, 303
cockroach allergens, 127
dog allergens, 309
dust mites, 142, 145, 147-148, 307,

309, 310, 354-355
endotoxins, 151, 155, 156
flooding, 303, 306, 311, 321, 402
fungi, 154, 168, 171-173, 302, 303,

306-307, 309, 310
geographic factors, 62; see also

Climate and weather
heating, ventilation, and air-

conditioning systems, 300, 307,
310, 319-320, 340-341, 343, 357-
358, 365

measurement of, 302-304, 307, 308
mold, 302, 303, 308, 309, 322
nonresidential buildings, 316; see also

“moisture” under  Heating,
ventilation, and air-
conditioning (HVAC) systems

public education on, 311, 402
research recommendations, 294, 311,

402
schools, 322
standards, 21, 298, 311, 402
types of, 299-300
ventilation, 300, 307, 310, 319-320,

331, 340-341, 343, 352-353, 354-
355, 357-358, 359

volatile organic compounds, 239
Definitional issues, general, viii, 2, 4, 19,

22-24, 406-407
causality, 45-47
dose, 55-56
exposure assessment, 12(n.3), 51-54
methodological bias, 42-44
prevalence and, 70-71
ventilation, 331

Definition of specific agents
bird allergens, 121
cat allergens, 106-107
cockroach allergens, 125-126
cow and horse allergens, 120
chlamydia, 178
dog allergens, 114
dust mites, 137-138, 149
endotoxins, 150-151
formaldehyde, 243-244
fragrances, 247
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fungi, 158-159, 161
mycoplasma, 180-181
nitrogen dioxide, 224
ozone, 251
particulate matter, 253
pesticides, 234
plants, 184
plasticizers, 250
pollen, 184, 186
respiratory syncytial virus, 176
rhinovirus, 175
rodent allergens, 118
sulfur dioxide, 253-354
tobacco smoke, 264-265
volatile organic compounds, 237

Demographic factors, see Educational
attainment; Gender factors;
Genetic factors; Geographic
factors; Migrant population
studies; Race/ethnicity;
Socioeconomic status

Department of Health and Human
Services, 19

see also National Institute for
Occupational Safety and
Health

Diagnosis, see Symptoms
DNA, 98, 106, 161
Dogs, 3, 6, 9, 11, 109, 114-117, 123-124,

141, 321, 395
children, 112
dampness and, 309
exposure assessment, 57, 59, 123-124
immunoglobin, 115, 117
public buildings, 113, 114-115, 123-

124, 321
symptoms, 115, 395

Dose-response relationships, 10, 22, 47,
50

cockroach allergens, 130-131, 132
dust mites, 146
tobacco smoke, 278-280

Drugs, see Medication
Dust mites, see Mites

Economic factors, see also Cost and cost-
effectiveness factors;
Socioeconomic status

Education, see Public education
Educational attainment, 21, 285, 286

Electrostatic precipitators, 362, 370-377
ELISA, 125, 142, 184, 398
Emergency department visits, 30, 33, 70,

80
cat allergens, 109

Employment-related asthma, see
Occupational asthma

Endotoxins, 3, 4, 7, 9, 11, 14, 150-158,
297, 415

agriculture and, 151, 155
airway inflammation, 150, 152
bioassays, 151-152, 157-158, 397-398
children, 152, 155
dampness, 151, 155, 156
exposure assessment, 151-152, 156
immune system, 153, 154, 157, 158, 397
occupational asthma, 151, 155, 156
pregnant women, 152
prevention and mitigation, 156-157
research recommendations, 157-158,

397-398
symptoms, 152-156
T lymphocytes, 153, 154, 157, 158, 397
urban areas, 155, 157

England, 113, 227-228
Environmental Protection Agency

Indoor Air Division, 19, 20
Indoor Environments Division, 20
nitrogen dioxide regulation, 224
Office of Research and Development,

20
outreach strategy, 2
ozone, 252
study at hand, vii, 19, 39-40
tobacco smoke, 263, 265

Environmental tobacco smoke, see
Tobacco smoke

Enzyme-linked-immunosorbent assays,
see ELISA

Enzymes, 90, 138-139, 159
Eosinophils, 25-26, 89-90, 92, 93, 95

cockroach allergens, 128-129
Ethnicity, see Race/ethnicity
ETS, see Tobacco smoke
European Community Respiratory

Health Survey, 116
Exercise, 28, 32
Exposure assessment, 12, 17, 56-62, 63,

77-78, 223, 224, 402, 406-407
bird allergens, 121-122
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cat allergens, 11, 57, 58-59, 106-108,
123-124

cockroach allergens, 57, 58, 125-128,
132, 329

cow and horse allergens, 120
definitional issues, 12(n.3), 51-54
dog allergens, 57, 59, 114-115, 123-124
dust mites, 56-58, 78, 139, 142-143,

329
endotoxins, 151-152, 156
formaldehyde, 57, 225, 244
fragrances, 247, 249
fungi, 57, 59, 158, 162-164, 169-173,

174-175, 329
microenvironmental model, 54-55
nitrogen dioxide, 57, 61, 77, 224-226

time factors, 226, 231, 234-235, 399
ozone, 251-252
pesticides, 57, 133, 234-235
plants, 57, 399
pollen allergens, 59, 187-188, 329
rhinovirus, 175
rodents, 118, 396
time factors, see “exposure” under

Time factors
tobacco smoke, 57, 60-61, 77-78, 263,

265-271, 278-280, 286-287, 288
volatile organic compounds, 57, 61-

62, 238-242
time factors, 239, 242, 244, 400

see also Bioassays; Dose-response
relationships; specific allergens
under Prevention and mitigation
measures

Exposure mitigation and prevention, see
Prevention and mitigation
measures

Farm animals, see Cows; Horses
Fetuses, see Pregnant women
Filters, 360-363, 364-365, 368, 370-375,

377, 417
see also High-efficiency particulate air

(HEPA) filters
Finland, 116-117, 121
Flooding, 303, 306, 311, 321, 402
Food and Drug Administration, 126
Foreign countries, see International

perspectives; specific countries

Formaldehyde, 3, 7, 9, 11, 225, 241, 243-
247

building materials, 243, 245
exposure assessment, 57, 225, 244

Fragrances, 3, 9, 11, 247-250, 400-401
Fungi, 3, 6, 7, 9, 14, 17, 158-175, 185

adolescents, 168, 173
adults, 11, 166, 170
agricultural, 163
bioassays, 160, 162, 168, 169
children, 166-172 (passim)
dampness and, 154, 168, 171-173,

302, 303, 306-307, 309, 310
exposure assessment, 57, 59, 158,

162-164, 169-173, 174-175, 329
glucans, 159, 161, 162
immunotherapy, 168-169
inflammatory response, 160-161
mycotoxins, 159, 161-162
occupational asthma, 163
plant, 185, 186
prevention and mitigation, 173-174
research recommendations, 22, 174-

175, 186, 307, 398
schools, 170, 322
standards of exposure, 174
symptoms, 164-173, 174-175
temperature factors, 154, 156, 306,

322
T lymphocytes, 161
ventilation, 352, 359

Gender factors
adolescents, 71
age and, 27, 71
CDC study, 29, 30
hospitalizations, 70
mortality, 68
nitrogen dioxide, 399
prevalence, 27, 29, 72, 78
tobacco smoke, 274-275, 276-277, 278-

279
twin studies, 78
see also Pregnant women

Genetic factors, 16, 17, 23, 28, 32, 63, 67,
80, 98-99, 110

cat allergens, 106, 107
cockroach allergens, 132
DNA, 98, 106, 161
endotoxins, 157
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research recommendations, 99, 394,
396

twin studies, viii, 78-79, 80
Geographic factors, 29-31, 62, 68, 70, 73

dust mites, 147-148
fungal sensitization, 166-167
prevalence, 70, 71, 73, 74-75
rural areas, 120-121, 151, 155, 163,

176, 235, 236
ventilation rates, 335
see also Climate and weather;

Dampness and moisture;
International perspectives;
Urban areas; specific countries

Germany, 80, 143, 239
Glucans, 159, 161, 162
Guidelines for the Diagnosis and

Management of Asthma, 33, 87

Heating, ventilation, and air-
conditioning (HVAC) systems,
3, 14-15, 18, 319-321, 333, 336-
337, 338-347, 353-358, 360

air cleaning, 362-363, 364-365, 367,
372-373, 377, 380, 382-383

beliefs about, 382-383
cost factors, 346-347, 349, 356, 357,

382-383
dust mites, 147, 148
formaldehyde, 244
infectious agents, 183, 299, 343-344,

357-359, 365, 404
moisture, 300, 307, 310, 319-320, 340-

341, 343, 357-358, 365
mold, 321-322
nitrogen dioxide, 225, 231, 233
ozone, 251
preventive measures, 21, 310
schools, 321-322
sulfur dioxide, 254
tobacco smoke, 281, 289
volatile organic compounds, 239, 243
see also Ventilation

High-efficiency particulate air (HEPA)
filters, 124, 362, 365-366, 367,
369, 384, 395, 405

cat allergens, 112, 113, 114, 124, 395
particulate matter (nonbiologic), 253
research recommendations, 385-386
symptoms, effects on, 370-375, 380

Hispanics, 71, 73, 129, 283
Historical perspectives

dampness, 303, 305
morbidity and mortality, vii, 3, 29-31,

67-68, 105
nonresidential buildings, 318-319
prevalence, 29-31, 72, 73, 81-82, 105
previous IOM studies, 19-22, 40
risk factor studies, 28-29, 77-78

Horses, 9, 11, 120-121
Hospitalization, 33, 69-70, 81

air cleaning, 374-377
CDC prevalence study, 29-30
cockroach allergens, 130-131
emergency departments, 30, 33, 70,

80, 109
ozone, 252
pollen, 191-192
regional factors, 29-30
socioeconomic status, 79-80

House dust mites, see Mites
Houseplants, see Plants
Humidity and humidifiers, see

Dampness and moisture
HVAC, see Heating, ventilation, and air-

conditioning (HVAC) systems

Immune system, viii, 253, 396
definition of asthma, 22-23
endotoxins, 153, 154, 157, 158, 397
formaldehyde, 245
macrophages, 22, 93, 104, 152-153, 161
see also Inflammatory response; T

lymphocytes
Immunoassays, see Bioassays
Immunoglobin, 31, 34, 57, 88

cat allergens, 107, 110
chlamydia, 180
cockroach allergens, 125, 126, 129,

130-131
dog allergens, 115, 117
dust mites, 137-139, 149
endotoxins, 157
monoclonal antibodies, 125, 142
respiratory syncytial virus, 177, 178
rodent allergens, 119

Immunotherapy, 28, 115, 184
cockroaches, 396
dog allergens, 115
fungi, 168-169
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Incidence and prevalence, vii, 1, 21, 22,
29, 67-68, 70-82, 231

adolescents, 30
adults, 30, 33
allergic vs nonallergic asthma, 33
children, 20, 27, 30, 33, 67-68, 69-70,

71, 73, 78, 80
dampness and, 7, 310
definitional issues, 70-71
gender factors, 27, 29, 72, 78
historical perspectives, 29-31, 72, 73,

81-82, 105
international perspectives, 1, 73-74,

76, 77
tobacco smoke, 269, 274-278, 283

Income, see Socioeconomic status
Indoor Allergens: Assessing and Controlling

Adverse Health Effects, 19-21
Infants, 8, 26, 399, 406-407

breast-feeding, 78
chlamydia, 179
cockroach allergens, 127, 130-131
dampness and mold, 308
dust mites, 397
nitrogen dioxide, 399
respiratory syncytial virus, 177, 178
rhinovirus, 181
tobacco smoke, 266, 267, 268, 272,

275-278, 286-287, 290
see also Pregnant women

Infectious agents, general, 3, 20, 28, 32,
175-184

heating, ventilation, and air-
conditioning systems, 183, 299,
343-344, 357-359, 365, 404

nitrogen dioxide exposure and, 231-
232

research recommendations, 183-184,
398-399

ventilation systems, 183, 332-333, 356
see also Chlamydia; Dampness and

moisture; Endotoxins; Fungi;
Molds; Mycoplasma pneumoniae;
Respiratory syncytial virus;
Rhinovirus

Inflammatory response, viii, 31, 32-33,
253

cat allergens, 107
definition of asthma, 22-23
eosinophilic, 25-26, 89-90, 92, 93, 95,

125-129

fungi, 160-161
nitrogen dioxide, 230-231
research recommendations, 23, 34, 394
see also Airway inflammation;

Chronic obstructive
pulmonary disease

Insects, 9, 17, 124-125, 185
see also Cockroaches; Mites

Institutional and commercial buildings,
see Buildings, nonresidential

Interleukin, 93, 95, 97, 99
endotoxins, 152, 153, 154

International Agency for Research on
Cancer, 49

International Classification of Diseases,
30

International perspectives
dampness, 304
dust mites, 136-137, 140, 146
fungal sensitization, 166-167
prevalence, 1, 73-74, 76, 77
severity, 77
twin studies, 78-79
see also specific countries

International Study of Asthma and
Allergy in Childhood, 73, 76

Macrophages, 22, 93, 104, 152-153, 161
Mast cells, 22, 88-89, 90, 177
Medication, 23, 33, 96, 371

antibiotics, 29
children, 25

Mexican Americans, 73
Microenvironmental model, 54-55
Migrant population studies, 79
Minority groups, see Race/ethnicity
Mites, 3, 4, 6, 7, 9, 10, 11, 13, 17, 29, 115-

116, 122, 127, 135, 136-150, 165,
178, 254, 416

air cleaning, 380
bioassays, 137, 139, 142
children, 9, 136, 143-144, 168
climate conditions, 62, 147-148
dampness and, 142, 145, 147-148,

307, 309, 310, 354-355
dose-response relationships, 146
exposure assessment, 56-58, 78, 139,

142-143, 329
geographic factors, 147-148; see also

“climate conditions” supra and
“international perspectives” infra
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heating, ventilation, and air-
conditioning (HVAC) systems,
147, 148

immunoglobin, 137-139, 149
infants, 397
international perspectives, 136-137,

140, 146
plants, 185
prevention and mitigation measures,

145-150, 396-397
research recommendations, 22, 123,

150, 394-395, 396-397
schools, 322, 323
symptoms, 139-145
temperature factors, 62, 145; see also

“climate conditions” supra
T lymphocytes, 137-138
urban areas, 145, 146
ventilation, 147, 148, 351-352, 353,

354-355, 359
Mitigation measures, see Prevention and

mitigation measures
Moisture, see Dampness and moisture
Molds, 4, 9, 122, 171-173, 302, 303, 308,

309
schools, 321-322, 323
ventilation, 359

Molecular biology, 3, 87, 96-97, 401
cell adhesion molecules, 92-95, 394
see also Genetic factors

Monoclonal antibodies, 125, 142
Morbidity and mortality, 67-70, 75-77,

79-82, 129
EPA outreach strategy, 2, 20
race/ethnicity, 69, 70, 71-73, 77, 79
socioeconomic status, viii, 69, 79-80,

81
trends, vii, 3, 29-31, 67-68, 105
see also Symptoms

Mycoplasma pneumoniae, 3, 7, 9, 11, 180-
181, 182

Mycotoxins, 159, 161-162

National Ambient Air Quality
Standards, 224

National Center for Health Statistics, 29
National Cooperative Inner City

Asthma Study, 119, 130, 134
National Health and Nutrition

Examination Survey, 70-71

National Health Care Survey, 69
National Health Interview Survey, 29,

73, 77, 79
National Hospital Discharge Survey, 29,

69
National Institute for Occupational

Safety and Health, 317, 318,
319

Netherlands, 118, 137, 144
New Zealand, 1, 79, 109, 116, 122, 140
Nitrogen dioxide and nitrogen oxides, 3,

6, 9, 11, 224-234, 254, 330
adults, 229, 231, 254
children, 227-228, 229-230
exposure assessment, 57, 61, 77, 224-

226
time factors, 226, 231, 234-235,

399
gender factors, 399
heating, ventilation, and air-

conditioning systems, 225, 231,
233

infants, 399
infectious diseases, 231-232
inflammatory response, 230-231
pollen and, 190, 191
prevention and mitigation measures,

233
regulatory interventions, 224
research recommendations, 234, 399
respiratory syncytial virus, 231
schools, 227-228, 322
socioeconomic status, 226, 399
symptoms, 226-233
tobacco smoke, 228
urban areas, 224, 225, 229-230
ventilation, 225, 231, 233, 351, 357

Noise, air cleaning equipment, 363-364,
366, 384

Nonresidential indoor environments, see
Buildings, nonresidential

Norway, 78-79, 112-113, 322-323

Occupational and Environmental
Disease Surveillance Database,
322

Occupational asthma, 27, 41, 118-119,
142, 316-326

agriculture, 120-121, 151, 155, 163,
235, 236
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cockroach allergens, 126
cows and horses, 120-121
endotoxins, 151, 155, 156
fungi, 163
pesticides, 235, 236
plant allergens, 185
plasticizers, 250-251
tobacco smoke, 265-266, 270
see also Schools and daycare centers

Ozone, 3, 77, 241, 251-252, 330, 352
Ozone Generators That Are Sold as Air

Cleaners, 252

Particulate matter, general, 3, 4, 15-16,
32, 77, 95, 225, 252-253, 323

cockroach allergens, 126, 135
dog allergens, 117
dose concepts, 55-56
nonresidential buildings, general,

344-345
ventilation, 327-331, 347, 351-352,

356-357, 409-414
see also Air cleaning; Mites; Pollen;

Tobacco smoke
Passive smoking, see Tobacco smoke
Perfumes, see Fragrances
Pesticides, 3, 7, 11, 234-237

animal models, 237, 400
children, 234-235
cockroach control, 133-134, 237
exposure assessment, 57, 133, 234-235
occupational exposures, 235, 236
research recommendations, 237, 399-

400
socioeconomic status, 235
symptoms, 235-238
urban areas, 235
volatile organic compounds, 239

Pets, see Birds, domestic; Cats; Dogs;
Pharmacological agents, see Medication
Plants, 3, 7, 9, 11, 184-186

exposure assessment, 57, 399
fungi, 185, 186
mites, 185
research recommendations, 22, 186,

399
see also Pollen

Plasticizers, 3, 11, 250-251, 400
Pollen, 3, 8, 9, 11, 14, 122, 184-185, 186-193

bioassays, 190

children, 190-191
dose concepts, 55-56
exposure assessment, 59, 187-188, 329
nitrogen dioxide and, 190, 191
sulfur oxides and, 191-192
symptoms, 187, 189-192, 193

Polymerase chain reaction, 106, 184, 398
Portable air cleaners, 363-364, 365, 366,

367, 369, 377-378, 379, 380
Poverty, see Socioeconomic status
Pregnant women, 27

endotoxins, 152
research recommendations, 17, 21,

22, 290, 399, 401
tobacco smoke, 10, 269, 272-273, 275,

278, 280, 282, 285-286, 290, 401
Preschool children, 6, 9, 10, 24-25, 26, 30,

70, 71, 416
cockroach allergens, 10, 11, 130-131,

132
tobacco smoke, 7, 9, 10, 11, 25, 266,

270, 276-278, 280, 289
see also Infants

Prevalence, see Incidence and prevalence
Prevention and mitigation measures, vii,

2, 12-18, 20, 21, 22, 33, 39, 40,
49, 87, 224, 253, 406

cat allergens, 111-114, 395
cockroach allergens, 132-136
dampness and moisture, 298, 305,

310-311, 402
dog allergens, 116-117, 395
dust mites, 145-150, 396-397
endotoxins, 156-157
formaldehyde, 246-247
fragrances, 249-250
fungi, 173-174
heating, ventilation, and air-

conditioning systems, 21, 310
infectious agents, 182-183
nitrogen dioxide, 233
pesticides, 237
pollen, 192
rodent allergens, 119-120
schools, 323
socioeconomic status, viii, 285, 290
tobacco smoke, 282-290, 401-402
volatile organic compounds, 242-243
see also Air cleaning; Public

education; Regulatory
interventions; Ventilation
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Professional associations
American Home Appliance

Manufacturers, 360
American Lung Association, 378-379
American Society of Heating,

Refrigerating, and Air
Conditioning Engineers
(ASHRAE), 332, 338, 341-342,
356, 361, 366-367, 369

American Thoracic Society, 310
Public buildings, see Buildings,

nonresidential
Public education, 20, 21, 39

dampness, 311, 402
tobacco smoking, 282, 284-285, 286-

288, 289
see also Schools and daycare centers

Puerto Ricans, 129

RAST, 80, 107, 108, 126, 160, 168, 169,
190

Race/ethnicity, 1, 10
CDC study, 29, 30
cockroach allergens, 129
Hispanics, 71, 73, 129, 283
morbidity and mortality, 69, 70, 71-

73, 77, 79
prevalence, 71
respiratory syncytial virus, 176
smoking, 283, 285, 286, 290, 401
utilization of health care, 79-80
see also African Americans

Radioallergenic absorbent test, see RAST
Regional factors, see Geographic factors
Regulatory interventions, 283

dampness, 21, 311
formaldehyde, 246
nitrogen dioxide, 224
tobacco smoke, 270, 283
ventilation, 318, 332, 338, 341-342, 356

Research recommendations, 2, 16-18, 21,
22, 39, 394-407

air cleaning, 385-386, 404-405
animal allergens, 22, 123-124, 136,

150, 394-397
cockroach allergens, 13, 136, 396
dampness and moisture, 294, 311, 402
dose-response relationships, 22
dust mites, 22, 123, 150, 394-395, 396-

397

endotoxins, 157-158, 397-398
fragrances, 250, 400-401
fungi, 22, 174-175, 186, 307, 398
genetics, 99, 394, 396
infectious agents, 183-184, 398-399
inflammatory response, 23, 34, 394
nitrogen dioxide and nitrogen

oxides, 234, 399
nonresidential buildings, 324-325,

359, 402-403
pesticides, 237, 399-400
plant allergens, 22, 186, 399
plasticizers, 251, 400
pollen, 193
pregnant women, 17, 21, 22, 290, 399,

401
previous IOM study, 21-22
rodent allergens, 395-396
synergistic effects, 62-63
tobacco smoke, 290, 401-402
ventilation, 359-360, 403-404
volatile organic compounds, 243, 400

Respiratory syncytial virus, 3, 7, 9, 10,
11, 176-178, 181, 182

cockroach allergens, 131-132
infants, 177, 178
nitrogen dioxide, 231
socioeconomic status, 176

Rhinovirus, 3, 6, 9, 11, 175-176, 181, 183
Risk factors, general, 28-29, 39-40, 67

adoptee studies, 79
historical perspectives, 28-29, 77-78
see also Chemical agents; Dampness

and moisture; Demographic
factors; Exposure assessment;
Genetic factors; Infectious
agents, general; Occupational
asthma; Tobacco smoke; other
specific allergens

Rodents, 3, 9, 11, 118-120, 396
Rural areas, see Agriculture

Schools and daycare centers, 28, 78, 318,
321-323, 324, 417

cat allergens, 112, 123-124, 321
cockroach allergens, 126-127
dampness, 322
days of school missed, 77
dog allergens, 123-124, 321
dust mites, 322, 323
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fungi, 170, 322
heating, ventilation, and air-

conditioning (HVAC) systems,
321-322

infectious agents, 183
molds, 321-322, 323
nitrogen dioxide, 227-228, 322
prevention and mitigation measures,

323
rodent allergens, 118
tobacco smoke, 269-270, 283
ventilation, 321-322, 344-345, 349, 358

Sex-based differences, see Gender factors
Smoking, see Tobacco smoke
Socioeconomic status, 1, 17, 21

cockroach allergens, 126, 128, 129
hospitalization, 79-80
infectious agents, 183
methodological issues, 43, 63
morbidity and mortality, general,

viii, 69, 79-80, 81
nitrogen dioxide, 226, 399
pesticides, 235
prevention and mitigation measures,

viii, 285, 290
respiratory syncytial virus, 176
rodent allergens, 395-396
smoking cessation, 285, 290
utilization of health care services, 79-

80
Spirometry, 33-34
Standards

air cleaning, 360, 361, 366-367, 369
American Home Appliance

Manufacturers, 360
American Society of Heating,

Refrigerating, and Air
Conditioning Engineers
(ASHRAE), 332, 338, 341-342,
356, 361, 366-367, 369

cockroach allergens, 126
dampness, 21, 298, 311, 402
fungal exposure assessment, 174
International Classification of

Diseases, 30
nitrogen dioxide regulation, 224
ventilation, 318, 332, 338, 341-342,

356
see also Regulatory interventions

Sulfur oxides, 3, 77, 225, 253-254
pollen and, 191-192

Sweden, 114-115, 116, 121, 241, 245-246,
308, 322, 353

Symptoms, viii, 24-28, 34, 81, 253, 406-
407

adolescents, 24, 26-27
air cleaners, effects on symptoms,

370-377, 378-382
birds, 122, 123
cat allergens, 108-110, 111, 395
chlamydia, 179-180
cockroach allergens, 128-129, 131-

132, 149, 150
definition of asthma, general, 22, 23,

70-71
dampness-related asthma, 310
dog allergens, 115, 395
dust mites, 139-145
endotoxins, 152-156
formaldehyde, 245-246
fragrances, 247-249, 400-401
fungi, 164-173, 174-175
infants, 8
mycoplasma, 181-182, 183-184
nitrogen dioxide, 226-233
nonresidential buildings, 342, 358,

402-403
ozone, 252
patients’ perception of symptoms, 33
pesticides, 235-238
plants, 185-186
plasticizers, 250-251
pollen allergens, 187, 189-192, 193
pulmonary function tests, 33-34
respiratory syncytial virus, 177-178
rhinovirus, 175-176
rodent allergens, 118-119
sulfur dioxide, 254
tobacco smoke, 271-278, 279-280, 290
volatile organic compounds, 240-242

Synergistic effects, definition, 62-63; see
also specific exposures (e.g.,
“pollen and” under “Sulfur
oxides”)

Temperature factors, 333, 334, 337, 344,
352

fungi, 154, 156, 306, 322
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mites, 62, 145
moisture, 300, 301-302, 306
mold, 302, 322
schools, 322
volatilized organic compounds, 239,

241, 247, 322
see also Climate and weather;

Dampness and moisture;
Heating, ventilation, and air-
conditioning (HVAC) systems

Time factors, 23-24, 48, 52-53, 54
air cleaning, 367-368
days of school missed, 77
exposure, 1, 52-53, 54, 55, 56, 58, 60,

61, 107, 113, 410-411, 413
dampness, 302
endotoxins, 156
formaldehyde, 244, 246
fungi, 170, 173-174
nitrogen dioxide, 226, 231, 234-

235, 399
occupational exposures, 317
pesticides, 133
tobacco smoke, 264-271 (passim),

275
volatile organic compounds, 239,

242, 244, 400
ventilation rates, 334, 338, 340, 341,

348, 352
T lymphocytes, 22, 89, 90-95, 99, 396

cow and horse allergens, 121
dust mites, 137-138
endotoxins, 153, 154, 157, 158, 397
fungi, 161

Tobacco smoke (ETS), 3, 4, 14-15, 55, 95,
263-297, 328, 415

adolescents, 269, 283-284, 290, 401
adults, 7, 9, 268, 269, 270, 279, 280-

281
cessation efforts, 282, 284-285
gender factors, 274-275, 276-277,

278-279
pregnant women, 10, 269, 272-

273, 275, 278, 280, 282, 285-286,
290, 401

African Americans, 283, 286, 290, 401
air cleaning, 281-282, 289, 369, 370-

371, 381
airway inflammation, 271-272, 278

attitudes and beliefs, 278-279, 280,
284-286 (passim)

biological markers, 267-268, 269, 272-
273

children, 6, 7, 11, 20, 263, 267, 268,
269-281, 283, 286-290, 401

adolescents, 269, 283-284, 290, 401
infants, 266, 267, 268, 272, 275-

278, 286-287, 290
preschool, 7, 9, 10, 11, 25, 266, 270,

276-278, 280, 289
climate and weather, 281, 286
dampness and, 309
dose-response relationships, 278-280
EPA efforts, 263, 265
exposure assessment, 57, 60-61, 77-

78, 263, 265-271, 278-280, 286-
287, 288

gender factors, 274-275, 276-277, 278-
279

heating, ventilation, and air-
conditioning systems, 281, 289

infants, 266, 267, 268, 272, 275-278,
286-287, 290

nitrogen dioxide and, 228
nonresidential buildings, 123-124,

266, 270, 283, 321
occupational exposures, 265-266,

270
pregnant women, 10, 269, 272-273,

275, 278, 280, 282, 285-286, 290,
401

prevalence, 269, 274-278, 283
prevention and mitigation measures,

282-290, 401-402
race/ethnicity, 283, 285, 286, 290, 401
regulatory interventions, 270, 283
research recommendations, 290, 401-

402
schools, 269-270, 283
socioeconomic status, 285, 290
symptoms, 271-278, 279-280, 290
urban areas, 265-266
ventilation, 281, 289, 347, 356, 369

Treatment, 22, 23-24, 33-34, 87
medication, 23, 25, 29, 33, 96, 371
see also Hospitalization; Prevention

and mitigation measures
Twin studies, viii, 78-79, 90
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United Kingdom, 1, 113, 118-119, 227-
228, 263, 271

Urban areas, 1, 17, 69
cockroach allergens, 127, 128, 129,

130, 134, 140
dust mites, 145, 146
endotoxins, 155, 157
infectious agents, 183
nitrogen dioxide, 224, 225, 229-230
pesticides, 235
prevalence, 70, 71, 79
rodent allergens, 119
tobacco smoke, 265-266
volatile organic compounds, 239

Utilization of health care, 69-70, 81
socioeconomic status, 79-80
see also Hospitalization

Ventilation, 3, 14-15, 18, 327-328, 331-
360, 379

air conditioning vs, 382-383
cat allergens, 356
climate conditions, 334, 335, 339, 340-

341, 344, 346, 353, 354-355
defined, 331
dust mites, 147, 148, 351-352, 353,

354-355, 359
formaldehyde, 244
fungi, 352, 359
infectious agents, 183, 332-333, 356
moisture, 300, 307, 310, 319-320, 331,

340-341, 343, 352-353, 354-355,
357-358, 359

multifamily apartment buildings,
336-338

nitrogen dioxide, 225, 231, 233, 351,
357

particulate matter, general, 327-331,
347, 351-352, 356-357, 409-414

regulatory interventions and
standards, 318, 332, 338, 341-
342, 356

research recommendations, 359-360,
403-404

schools, 321-322, 344-345, 349, 358
single-family residences, 333-335,

348, 354-355, 359

sulfur dioxide, 254
theoretical considerations, 327-331,

409-414
time factors, 334, 338, 340, 341, 348,

352
tobacco smoke, 281, 289, 347, 356, 369
volatile organic compounds, 239,

243, 348-349, 351, 357
see also Air cleaning; Heating,

ventilation, and air-
conditioning (HVAC) systems

Viral agents, 328, 330, 415
see also Respiratory syncytial virus;

Rhinovirus
Volatile organic compounds, 3, 7, 11,

225, 237-243
adults, 241, 242
bioassays, 241
building materials, 239
children, 241, 322, 349
dampness, 239
exposure assessment, 57, 61-62, 238-

242
time factors, 239, 242, 244, 400

heating, ventilation, and air-
conditioning (HVAC) systems,
239, 243

nonresidential buildings, general,
344-345

pesticides, 239
prevention and mitigation measures,

242-243
research recommendations, 243, 400
schools, 322, 349
symptoms, 240-242
temperature factors, 239, 241, 247,

322
tobacco smoke, 264-265, 272
urban areas, 239
ventilation, 239, 243, 348-349, 351,

357
see also Formaldehyde

Water vapor, see Dampness and
moisture

Weather, see Climate and weather
World Health Organization, 263
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