THE ROLE OF PRENATAL MATERNAL STRESS AND GENETICS IN CHILDHOOD
ASTHMA

1. Meta Hypothesis

Prenatal, maternal stress increases the risk of childhood asthma. Genetic and environmental
factors that influence immune development and lung growth/airway inflammation in early life modify the
association between maternal psychological stress and the development of asthma.

2. Specific Hypotheses

1. Children of mothers with high psychological stress levels during pregnancy will have an increased
risk of asthma/wheezing.

2. Prenatal stress exposure will modify the association of prenatal exposure to oxidative toxins
(tobacco smoke and air pollution, in particular) in predicting subsequent risk of asthma.

3. Polymorphisms in maternal genes will interact with prenatal exposures to stress, smoking, and air
pollution in predicting subsequent asthma risk.

3.1 Children with mothers with high stress exposure during pregnancy will vary in their
increased risk of asthma/wheezing in part related to variation in genes in the corticosteroid
pathway (i.e., beta 11 hydroxylase and the glucocorticoid receptor).

3.2  Children with mothers with high stress exposure during pregnancy will vary in their
increased risk of asthma/wheezing in part related to genetic variation in maternal toxin
metabolizing genes (e.g., glutathione S transferase M1, T1, and P1 and Cytochrome P450
1A1).

3. Background and Justification

Asthma prevalence and morbidity has increased in the United States. This disproportionately
affects poor minority children living in urban environments and remains a paradox largely unexplained by
accepted environmental risk factors. This suggests the existence of as-yet-unidentified factors or
unmeasured interactions (Wright, Rodriguez, & Cohen, 1998; Wright, 2005). This paradox, in part, has
led to reconsideration of the overlap between biological determinants and psychosocial factors (i.e., life
stress). Growing understanding of the complexity of asthma epidemiology underscores the need to
examine interactions between established risk factors with genetic factors (Lemanske, 2002) as well as
interactions between concurrent exposure to prevalent environmental factors (Cloughterty et al., in press).
These hypotheses examine biologic pathways that established environmental risk factors may interact
with genetic risk factors and with each other. The interactions, if proven, will help establish the
mechanisms by which asthma occurs.

3.1 Public Health Importance
Prevalence
Asthma is the most common chronic illness among children in the United States (National

Academy of Sciences, 2000; American Lung Association Epidemiology and Statistics Unit, 2006). In
2004, 6.5 million children younger than 18 had asthma. During the past two decades, asthma prevalence
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increased approximately 75 percent among U.S. children. Similar or greater increases in the prevalence of
asthma during the second half of the 20th century were reported from other countries (Eder, Ege, & von
Mutius, 2006). Though asthma prevalence has plateaued in many groups, black children and adolescents
have continued to experience increased prevalence (American Lung Association Epidemiology and
Statistics Unit, 2006). Hospitalization and death rates in children have also stabilized (Akinbami, 2001).
Physician visits for asthma by children continued to increase after 2000 (Akinbami, 2001), with an
increase in the use of preventive (controller) medications such as inhaled corticosteroids (Stafford, Ma,
Finkelstein, Haver, & Cockburn, 2003; Suissa, Ernst, Benayoun, Baltzan, & Cai, 2000; Suissa, Ernst, &
Kezouh, 2002).

Economic and social burden

In 2004, the direct health care costs of asthma was estimated at $11.5 billion while indirect
costs (lost productivity) were estimated at $4.6 billion for a total of $16.1 billion (American Lung
Association Epidemiology and Statistics Unit, 2006). The more severe forms of asthma account for a
disproportionate amount of the total direct costs. One study estimated that less than 20 percent of
asthmatics account for more than 80 percent of the direct costs (Malone, Lawson, & Smith, 2000).
Asthma also poses a substantial and increasing public health burden from school absence and restriction
of usual physical and social activities (Newacheck & Halfon, 2000).

3.2 Justification for a Large Prospective Longitudinal Study

Prospective studies that incorporate strategies for studying stress reactivity during
pregnancy, infancy, and early childhood (De Weeth & Buitellar, 2005; Jones, Holzman, Zanella, Leece,
& Rahbar, 2006; Harville et al., 2007; DiPietro, Cotigan, & Gurewitsch, 2003; Egiliston, Maman, &
Austin, 2007) are needed to continue to elucidate the mechanisms underlying the links between stress,
other vulnerability factors, and asthma development. The prospective nature of the National Children’s
Study enables this research as stress questionnaires will be administered prior to phenotype expression
(childhood asthma), thus limiting the possibility of recall bias. Similar concerns regarding bias in
smoking and air pollution exposure measures are mitigated by the prospective design. The size of the
cohort will assure sufficient statistical power exists for testing the interaction hypotheses.

Interactions with other factors (e.g., genetic, bioaerosols, lifestyle factors) necessitate a large
sample. Accurate exposure and phenotypic data are needed to assess the importance of many asthma and
allergy genotypes interacting with many exposures in relation to complex and variable asthma
phenotypes. A large sample will help evaluate the susceptibility to the adverse effects of certain pollutants
and their sources in specific genotype-phenotype clusters. Also, data are needed from children of different
ethnicities living across the United States under varied housing, socioeconomic, and geographic
conditions. These factors may be correlated with variations in exposures, and a large sample size will be
necessary to allow adjustments to account for this.

3.3 Scientific Merit
Theory and mechanisms

Asthma is a developmental disease with an estimated half of all cases diagnosed by age 3
and two-thirds diagnosed by age 5 (Reed, 2006; Reed, 2006). The early onset of disease suggests adverse
early life experiences, including prenatal exposures, are relevant to asthma risk. Despite what is
commonly believed, children do not necessarily “grow out of asthma” with a significant reduction in
symptoms into adulthood. Almost two-thirds of children diagnosed with asthma continue to have
symptoms in puberty and adulthood, and the remaining one-third experiences a persistence of lung
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function abnormalities even if they appear to have clinical remission (NIH, 2004). Some prenatal
exposures, such as environmental tobacco smoke (ETS), have been demonstrated to increase the risk of
childhood asthma, and the greatest risk is among children with a family history of asthma, which suggests
a gene-environment interaction (London, James Gauderman, Avol, Rappaport, & Peters, 2001). Stress is a
highly prevalent environmental exposure also demonstrated to increase asthma risk (Wright et al., 2002).
Several lines of evidence suggest prenatal maternal stress may be particularly relevant to asthma risk.
Two potential pathways are proposed which may work in tandem. The first is that prenatal stress will
increase polarization of the immune system to the TH2 phenotype via dysregulation of the hypothalamic-
pituitary-adrenal (HPA) axis. The second is that stress may enhance airway inflammation through its role
as a pro-oxidant.

HPA axis and polarization of the immune system

The HPA axis seems susceptible to early life programming. Maternal and fetal stress
stimulates placental secretion of corticotrophin-releasing hormone (CRH), which is elevated in the
neonatal circulation (Seckl, 1997, 2001). This may stimulate the fetal HPA axis to secrete glucocorticoids
and amplify fetal glucocorticoid excess. These in utero responses may increase the risk of disease in later
life (Wellberg & Seckl, 2001). Disturbed regulation of both the HPA axis and the sympathetic
adrenomedullary system due to chronic stress suggests immune function, which is modulated by these
systems, may also be dysregulated in these individuals. In this context, it is notable that early life
caregiver stress has been linked to repeated wheeze (Wright et al., 2002) and dysregulation of immune
function in a birth cohort predisposed to atopy (Wright et al., 2004). There is growing evidence these
cytokine patterns are already present in the first year of life (Lemanske, 2002) and may have their roots in
utero (Miller et al., 2001). Gestational exposure to maternal stress has been shown to alter the
development of humoral immunocompetence in offspring as well as their hormonal and immunologic
responses to postnatal stress (Barker, 2001; Egiliston et al., 2007). Evidence in rhesus monkeys suggests
stress experienced during pregnancy impacts the infant monkeys’ response to antigens at birth (Coe,
Lubach, & Karaszewski, 1999).

Another study (Wright, Franco-Suglia, Staudenmayer, & Cohen, 2007) examined the
relationship between diurnal salivary cortisol expression and total IgE among 89 pregnant mothers
enrolled in the Asthma Coalition on Community, Environment, and Social Stress project, a prospective
cohort designed to study the effects of in utero and early life stress on urban childhood asthma risk.
Higher levels of maternal total IgE were associated with blunted HPA functioning. Other evidence
suggests that elevated maternal IgE in utero may potentiate fetal sensitization to allergens and enhance
atopic risk in infancy (Liu et al., 2003). Stress-induced altered activity of the maternal HPA axis may
have immunomodulatory effects that influence expression of IgE during pregnancy which, in turn, may
impact fetal sensitization and childhood allergy and asthma risks. These findings warrant further study
taking into account concurrent environmental exposures and genetic susceptibility.

Pro-oxidant properties of stress

Stress may also enhance airway inflammation through its role as a pro-oxidant (for a detailed
overview see Wright, Cohen, & Cohen [2004]). Air pollution and ETS are associated with asthma
morbidity and have oxidative properties. Stress activates various P450 enzyme systems involved in the
biotransformation of environmental oxidative toxins, such as ETS and air pollutants. Several animal and
human studies demonstrate chronic stress will produce increased oxidative toxicity due, in part, to a
decreased ability to detoxify exogenous toxins.

In a birth cohort in China, women with both occupational stress and benzene exposure had
an average reduction of 184 grams in the birth weight of their children. However, subjects with only
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stress or benzene exposure had less than a 20-gram reduction in birth weight. Benzene is activated and
ultimately detoxified by the hepatic P450 enzyme system in conjunction with phase 2 enzymes. The
interaction might therefore be due to induction of benzene activation by maternal stress. In the same
cohort, mothers with the P450 system CYP1A1 Hincll polymorphism AA and occupational exposure to
benzene had a decreased gestational period. CYP1AIl is a phase I enzyme that activates polycyclic
aromatic hydrocarbons. The association between the AA genotype and benzene exposure was postulated
to be caused by an increased activation of benzene in the AA genotype mothers. The similar interaction
between stress and benzene may be due to increased oxidation by stress mediating induction of P450
enzymes.

Other human and animal studies support the concept that psychological stress has pro-
oxidant properties and alters biotransformation (Capel, Dorrell, & Smallwood, 1983; Kosugi, Enomoto,
Ishizuka, & Kikugawa, 1994; Tomei, Kiecolt-Glaser, Kennedy, & Glaser, 1990; Irie, Asami, Nagata,
Miyata, & Kasai, 2000). Spiteri, Bianco, Strange, and Tryer (2000) proposed that differences in host
detoxification provide the basis for either resolution or progression of inflammation in individuals with
airway hyper-responsiveness after exposure to an environmental trigger (e.g., tobacco smoke, air
pollutants) that augments oxidative toxicity.

Maternal genotype

A second innovative approach of these hypotheses is to determine the role of maternal
genetics on in utero environmental exposures. While there are no studies of maternal genetic
polymorphisms interacting with in utero exposures in predicting respiratory outcomes in children, some
studies in birth defects illustrate this concept (Van Rooij et al., 2001; Shi et al., 2007). Because stress is a
pro-oxidant, interactions between maternal stress during pregnancy and in utero exposure to ETS and air
pollution may be associated with asthma/wheeze in children, similar to the study by Wang et al. (2000).
Mechanistically, stress may be is biologically similar to alterations in detoxification produced by genetics
and leads to the expression of disease by the same biologic pathway.

3.4 Potential for Innovative Research

Several aspects of these hypotheses are innovative. The role of prenatal stress exposure on
subsequent childhood asthma has not been extensively studied. This is important because the role of in
utero exposures on the risk of subsequent diseases has been elucidated for environmental toxins (ETS and
asthma) and nutrition (decreased fetal nutrition and increased subsequent risk of hypertension and
cardiovascular disease). The extension of this critical window concept to a psychosocial exposure, such as
psychological stress, may help determine asthma causation.

The concept of critical windows of exposure is well established, but the role of genetic
susceptibility during these exposure windows has not been well studied. Reliance on quantitative
exposure data without regard to the timing of the exposure may introduce bias into measures of gene-
environment interaction. Furthermore, the role of maternal genetic factors that may interact with in utero
fetal exposures has been investigated in some fields (e.g., reproductive epidemiology and birth outcomes),
but this clearly deserves consideration for health outcomes, such as asthma, in later life.

3.5 Feasibility
While studies of interaction require large sample sizes, these hypotheses can be tested in the

National Children’s Study. Given the prevalence of the outcome/phenotype (asthma) and the exposures
(stress, smoking, air pollution), and the highly polymorphic nature of candidate genes (the glucocorticoid
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receptor, 11 beta hydroxylase enzyme, P450 and phase II biotransformation enzymes, and many others),
these hypotheses will be testable within the framework of the study.

The data for prenatal exposures and phenotype classification will be collected. All have well
established, validated measurement instruments. The frequency of family contact within the framework of
the overall study design and protocol will provide opportunities to collect the exposure and outcome data
to test these hypotheses. The two pathways proposed in the hypotheses (polarization of immune system
by HPA dysregulation and pro-oxidant effects of stress on biotransformation enzymes) can be tested by
collection of biomarkers (maternal and cord blood IgE, prenatal maternal salivary cortisol, prenatal
maternal CRH, maternal urinary cotinine levels), questionnaires (Perceived Stress Scale, Parenting Stress
Index, Family Environment Scale, qualitative and quantitative smoking history), environmental measures
(air pollutant exposures), and DNA from both mother and child.

To test these hypotheses, an initial nested case-control design could be employed with
random control sampling (matching for age) after the cohort has reached age 3-5 when early childhood
wheezing will have been manifested. Nested case-control studies at future times will also be possible
when the cohort is older and asthma phenotypes defined by trajectories through time can be used to
identify cases.

Ethical considerations pertaining to consent for genetic testing will not differ from standard
genetic testing of polymorphisms not specifically causing a known disease (i.e., none of the
polymorphisms proposed will be disease-causing genotypes, such as the cystic fibrosis gene, and will not
require special genetic counseling).

Important covariates (stress exposure, postnatal smoke exposure, allergen exposure,
postnatal air pollution) are likely to be measured as part of the overall cohort goals and will not require
additional costs.

4, Exposure Measures

4.1 Individuals Targeted for Measurement
Primary/maternal
L] Prenatal and postnatal stress

Primary/child

[ Prenatal and postnatal stress

4.2 Methods
Primary/maternal

L] Biomarkers (maternal blood IgE, prenatal maternal salivary cortisol, prenatal maternal
CRH, maternal urinary cotinine levels)

] Questionnaires (Perceived Stress Scale, Parenting Stress Index, Family Environment
Scale, qualitative and quantitative smoking history)
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L] Air pollutant exposures
] Genetic measures

Primary/child

L] Biomarkers (cord blood IgE, salivary cortisol, CRH, urinary cotinine levels)
(] Household smoking and air pollutant exposures
] Genetic measures
4.3 Life Stages
[ Periodic including prenatal, birth, infancy, childhood, adolescence
5. Outcome Measures
51 Outcomes Targeted for Measurement in Child
B Asthma, wheezing, pulmonary function/dysfunction
®  Immune system function
5.2 Methods
[ Asthma or wheezing: Interview for medical history, medical reports from interactions
with the health care system, medication review
L] Pulmonary function: Pulmonary function tests and spirometry
[ Immune system function: Cytokines, total and specific IgE, possibly lymphocyte
subsets
5.3 Life Stage
[ Asthma or wheezing: Periodic starting during infancy and throughout the Study
L] Pulmonary function: At selected clinic visits starting at approximately age 7;
Handheld spirometry may be performed more frequently.
[ Immune system function: Starting at birth with cord blood and periodically throughout
the study
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6. Important Confounders, Mediators, and Effect Modifiers

u Health care access: Poor health care access in inner cities, especially among African
Americans and Hispanics, exacerbates the risk of asthma attacks and deaths (Lara et
al., 2003; Sin, Bell, & Man, 2004; Wallace, Scott, Klinnert, & Anderson, 2004). This
and other disparity factors could be behind the greater asthma prevalence, especially
among African Americans. These issues are more thoroughly discussed in hypothesis
4 and in the review by Gold and Wright (2005).

] Lower socioeconomic status and some minority groups such as blacks and Hispanics
are likely to live in areas with increased air pollution such as near freeways or
industrial sites. Careful assessments of these characteristics will be important to
properly control for their influence on outcomes.

n Diet, physical activity, bioaerosols, stress, and infections, which will be the topic of
other hypotheses, could interact with or confound associations of asthma onset with
air pollutants

] For the analysis of gene-environment interactions, it will be important to include

polymorphisms in genes involved in oxidative stress responses to air pollutant
exposures and candidate genes

7. Power and Sample Size

The smallest detectable relative risk is approximately 1.2. This power estimate assumes a
sample size of 100,000 at age of diagnosis, an asthma incidence of 5 percent and a cutoff value for “high”
exposure based on the upper fifth percentile of National Children’s Study subjects (i.e., a proportion
exposed is 0.05). It assumes only a main effects model based on exposure to a single factor (e.g., a single
pollutant) without consideration of interactions with other exposures, genetics, family history, etc.
(National Children’s Study Interagency Coordinating Committee, 2003).

Assessment of effect modification will be carried out by including multiplicative interaction
terms for the potential effect modifier and the pollutant exposure into each regression model. For brevity,
we present power analyses for a generic effect modifier. In the following, we assume a total sample size
of N = 100,000 and that the incidence of diagnosed asthma by age 6 will be 5 percent. We use a fixed
interval proportional hazards model to assess the association between pollutant exposure and the risk of
asthma. In this case, minimum detectable hazard ratios associated with the interaction term (multiplicative
increase in the effect of the pollutant attributable to the effect modifier) correspond to a specified power
point that can be estimated via the usual two-sample proportional hazards formula given by Schmoor et
al. (1990). The formula assumes unequal initial sample sizes because sample sizes are determined via the
prevalence of the effect modifier. Based upon this formula, Table 1 presents minimal detectable hazard
ratios associated with the interaction term corresponding to the 90 percent power point of a level 0.05
two-sided test.
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Table 1. Minimum detectable hazard ratios associated with interactions. Estimates correspond to the
90% power point of a level 0.05 two-sided test

Minimum detectable hazard ratio

Prevalence of effect modifier associated with interaction term
2% 1.387
5% 1.234
10% 1.165
20% 1.121
30% 1.105
40% 1.100
8. Other Design Issues

] Ethical/burden considerations: The study also will need to have a formal strategy
and process to communicate the results of environmental monitoring to the child’s
parents along with appropriate and feasible recommendations regarding the correction
of any unhealthful environmental findings. Repeated tests are potentially burdensome.

n Cost/complexity of data collection: Repeated waves of environmental exposure
assessment can be costly and burdensome.

L] Need for community involvement: Daycare and school cooperation would be
required for some of the intended measures.
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EXPOSURE TO INDOOR AND OUTDOOR AIR POLLUTION, AEROALLERGENS, AND
ASTHMA RISK

1. Meta Hypothesis

Exposures to indoor and outdoor air pollution, aeroallergens, and other environmental agents
are associated with increased risk of asthma onset and progression in children and modified by genotype
and other risk factors.

2. Specific Hypotheses

The following hypotheses address early and later developmental windows of vulnerability to
air pollutants, aeroallergens, and other environmental agents and will require evaluation of exposure-
outcome relationships at various points during the life of children. In addition, the hypotheses address
how exposure to indoor and outdoor air pollution may interact with exposure to aeroallergens and other
environmental, genetic, and family factors. Asthma is a complex and multifactorial disease. A myriad of
environmental and familial factors are associated with asthma development, progression, and severity in
children. Some factors are causative and others are protective, and these may change or vary by age.

The within-child repeated measures in The National Children’s Study protocol allow for the
use of time-of-exposure as a factor in the analyses of the proposed hypotheses. In Section 7 below, details
of statistical tests and power analysis will be described to demonstrate how repeated measures can be used
to address interactions with time-of-exposure in the onset of asthma.

1. Exposure to indoor environmental tobacco smoke, outdoor and indoor air pollutants, in-vehicle air
pollutants, ozone and related photochemicals will be associated with the development of asthma.

1.1  Exposure to indoor environmental tobacco smoke (ETS) will be associated with the
development of asthma.

1.2 Exposure to in-vehicle air pollutants will be associated with the development of asthma.

1.3 Exposure to outdoor and indoor toxic air pollutants will be associated with the development
of asthma. Examples of such pollutants include ozone, fine and ultrafine particles, NO2,
ozone, volatile organic compounds (VOCs), carbonyl compounds (e.g., formaldehyde),
semivolatile organic compounds from outdoor and indoor combustion sources (e.g.,
polycyclic aromatic hydrocarbons), and from pesticides and home products such as those
containing plasticizes (phthalates, phenols).

2. For the development of asthma, a critical window may exist for exposure to indoor and outdoor air
pollutants, other chemical exposures, and aeroallergens. Critical windows are age dependent on the
development of the immune system and may differ depending on the outcome related to onset of
asthma versus the progression and severity of the disease.

2.1  For many of the above hypothesized associations, the greatest window of vulnerability for
the architecture of the disease may be in utero and early life (0-2 years). The progression and
severity of asthma, however, may be impacted by exposures throughout childhood.

2.2 Allergic sensitization to allergens will be enhanced by exposures to air pollutants and will
increase the risk of atopic asthma. The expectation is that exposure to specific outdoor and
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indoor allergens and endotoxin and the interaction of these acroallergens with air pollutants
will result in varying susceptibility asthma onset and progression depending on the
magnitude and timing of exposures during development as well as genetic predisposition.

2.3 The hypothesized associations with air pollutants will be modified by dietary antioxidants
(see dietary antioxidants and asthma risk hypothesis), by lower respiratory infections by
polymorphisms in genes involved in oxidative stress responses to air pollutant exposures,
and by polymorphisms in candidate asthma and allergy genes involved in innate and
adaptive immunity.

3. Background and Justification
3.1 Public Health Importance
Prevalence/incidence

Asthma is the most common chronic illness among children (National Academy of Sciences
Institute of Medicine). Data on asthma prevalence from the National Health Interview Survey (NHIS),
analyzed recently by the American Lung Association, show the prevalence of asthma increased 85
percent from 1982 through 1996 to an estimated 14.6 million persons (55.2 per 1,000 persons) (American
Lung Association Epidemiology and Statistics Unit, 2006). This increase was 76 percent in children
younger than 18 years old or 4.43 million in 1996 (62.0 per 1,000 persons). This trend paralleled
increasing asthma hospitalization and death rates in children (American Lung Association Epidemiology
and Statistics Unit, 2006; Akinbami, 2006). Similar or greater increases in the prevalence of asthma
during the second half of the 20th century were reported from other countries (Eder, Ege, & von Mutius,
20006).

Beginning in 1997, when questions addressing asthma in the NHIS were changed, the
measures of asthma prevalence were also altered. It was not possible to compare to past trends until 2001,
when a key question was added back into the questionnaire. Current asthma prevalence increased until
2001, later reaching a plateau in most groups except Black children and adolescents, who have continued
to experience increased prevalence annually (American Lung Association Epidemiology and Statistics
Unit, 2006). Hospitalization and death rates in children have also reached a plateau or decreased
(Akinbami, 2006). Despite a plateau in prevalence, nonambulatory visits for asthma to physician offices
by children have continued to increase after 2000 (Akinbami, 2006), possibly due to increased public and
health provider awareness. For instance, it is likely that the main force mitigating increases in
hospitalization and mortality have been the dramatic increase in the use of preventive (controller)
medications such as inhaled corticosteroids (Stafford, Ma, Finkelstein, Haver, & Cockburn, 2003; Suissa,
Ernst, Benayoun, Baltzan, & Cai, 2000; Suissa, Ernst, & Kezouh, 2002).

In 2004, 30.2 million Americans (104.7 per 1,000 persons) had been diagnosed with asthma
by a health professional at some time during their lifetime. This estimate included 6.5 million children
younger than age 18. Almost 4 million children younger than 18 were estimated to have experienced an
asthma attack in 2004. Prevalence data in the United States from both the 12-month prevalence (before
1997) and 12-month attack prevalence of asthma (since 1997) were highest among children aged 5-14
years, Blacks compared with whites, and females compared to males (American Lung Association
Epidemiology and Statistics Unit, 2006; Akinbami, 2006). Approximately 38 percent of the asthma
hospital discharges in 2004 were in those younger than 15, however, only 21 percent of the U.S.
population was that age.
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Economic and social burden

In 2004, the total cost of asthma was estimated at $16.1 billion, including $11.5 billion in
direct health care costs and $4.6 billion in indirect costs (lost productivity) (American Lung Association
Epidemiology and Statistics Unit, 2006). The more severe forms of asthma account for a disproportionate
amount of the total direct costs. One study estimated that less than 20 percent of asthmatics account for
more than 80 percent of the direct costs (Malone, Lawson, & Smith, 2000). Asthma is also a substantial
and increasing public health burden because it contributes to school absence and restriction of usual
physical and social activities (Newacheck & Halfon, 2000).

3.2 Justification for a Large Prospective Longitudinal Study

Currently available databases are useful to study acute exacerbations of existing asthma but
cannot directly answer questions about asthma incidence and the effects of exposures to chronic outdoor
and indoor air pollutants and the interactions with exposures to aeroallergens. These questions require the
collection of new data and are best studied in a large prospective cohort study design that collects data in
utero, postnatally, through childhood, and into adulthood. A large sample size and prospective approach is
needed to accurately assess the timing of exposures, particularly during critical windows of vulnerability
(e.g., specific trimester of pregnancy, early vs. later postnatal periods, etc.) on the onset of asthma in
childhood. Identification of children at risk for developing the severe forms of asthma will have a clear
public health impact. A large prospective study is needed to have sufficient numbers to identify risk
factors to determine which children with asthma will develop the severe, persistent variety.

Interactions of air pollutants and aeroallergens with other factors (e.g., genetic, lifestyle
factors, etc.) addressed by the other asthma hypotheses contribute to the requirement for a large sample.
Accurate exposure and phenotypic data are needed to assess the importance of many asthma and allergy
genotypes interacting with many exposures in relation to complex and variable asthma phenotypes. A
large sample will be required to evaluate the susceptibility to the adverse effects of certain pollutants and
aeroallergens and their sources in specific genotype-phenotype clusters. Also, data are needed from
children of different ethnicities living in varied housing, socioeconomic, and geographic conditions.
These factors may be correlated with variations in exposures, and a large sample size will be necessary to
allow adjustments to account for this.

Landrigan et al. (2006) discuss in more detail the rationale and strengths for such a study,
which is expected to direct the development of prevention strategies for both diseases of childhood and
chronic diseases of adulthood whose developmental origins likely begin in childhood.

3.3 Scientific Merit
Theory supporting hypothesis

Many organic compounds such as polycyclic aromatic hydrocarbons (PAH) and quinones as
well as transition metals are associated with products of fossil fuel combustion and tobacco smoke. PAH
and transition metals have adjuvant effects on cytokine-mediated airway inflammation. This occurs, in
part, through oxidative stress mechanisms involving the production of reactive oxygen species (ROS) by
pollutants and resultant antioxidant, inflammatory, and cytotoxic responses in the human lung (Behndig et
al., 2006; Nel, Diaz-Sanchez, & Li, 2001; Li et al., 2003; Xia et al., 2004; Xiao, Wang, Li, Loo, & Nel,
2003). This process has been linked to the enhancement of allergic respiratory responses to airborne
allergens and may be involved in the onset of atopy (Diaz-Sanchez, Proietti, & Polosa, 2003).

National Children’s Study Research Plan
September 17, 2007 — Version 1.3 A2-179



Evidence for this has come primarily from studies that have used diesel exhaust particles
(DEP) as a model exposure since this source is particularly rich in redox cycling compounds (Xiao et al.,
2003). However, diesel exhaust in the environment is also comprised of important volatile and
semivolatile (nonparticle-phase) organic compounds and metals, and automobile exhaust produces nearly
the same set of components, including PAHs, which are semivolatile organic compounds. Emission factor
measurements from on-road studies show that gasoline vehicles comprise the majority of mobile source
particulate matter (PM) emissions in the United States (Gertler, 2005).

Atopy has repeatedly been shown to be a major risk factor in the development of asthma in
children (Holt, Macaubas, Stumbles, & Sly, 1999; Hoffjan, Nicolae, & Ober, 2003; Bel, 2004). In
addition to atopy, other identified risk factors include parental asthma, sibling asthma, recurrent chest
infections at ages 1 and 2, parental smoking, male gender, obesity, eczema, allergic rhinitis, and outdoor
pollutants (Taussig et al., 2003; King, Mannino, & Holguin, 2004; Arshad, Kurukulaaratchy, Fenn, &
Matthews, 2005). Sensitization to multiple inhalant allergens (pollen and common environmental) in
adults has been shown to increase the risk of having physician-diagnosed asthma, allergic
rhinoconjunctivitis, and wheezing in a dose-dependent relationship (Pallasaho, Ronmark, Haahtela,
Sovijarvi, & Lundback, 2006). Early (assessed at 6 months) exposure to cats increased the risk of atopic
sensitization and the later development of asthma through age 10 in a dose-dependent manner except for
the most highly exposed infants. This latter group showed a reduced risk of sensitization and wheezing
(Lau et al., 2005). There are age-dependent changes in cytokine production by Th cells, and the blunting
of these changes may not occur until age 5. Thus, these exposure/response associations in young children
whose immune system is developing complicates the understanding of potential effects that a large
prospective study may help resolve. Any investigation into the causative factors of asthma should not
ignore the closely related causative factors of atopic sensitization and other atopic diseases as the factors
leading to these conditions appear to overlap greatly and could even be independently synergistic with
other risk factors for asthma. For example, higher exposures to fine particles may increase the risk of
allergic sensitization to common aeroallergens.

The putative role of air pollutants in mixtures such as ETS or vehicular exhaust in allergic
sensitization, asthma incidence, and increased asthma severity is hypothesized to be based, in part, on a
failure of the T cell population to mature adequately to T helper 1 (Tyl) over T helper 2 (Ty2) subtype
early in life. This drives an imbalance toward Ty2 immunity (Macaubas et al., 2000), which has been
associated with atopy, asthma, and increased production of proinflammatory cytokines (namely 1L-4, IL[J
5, and IL-13). This process begins prenatally (Macaubas et al., 2000). In experimental studies, increases
in cytokines have been consistently linked to airway inflammatory and IgE-mediated allergic responses to
DEP (Pandya, Solomon, Kinner, & Balmes, 2002). Experimental data has shown that DEP can induce
primary sensitization to an allergen compared with no sensitization upon exposure to the antigen alone
(Diaz-Sanchez, Garcia, Wang, Jyrala, & Saxon, 1999). These responses are hallmarks of allergic asthma
where eosinophils among other cells play a key role. Effects of air pollutants on innate immunity
mechanisms instead of IgE-mediated acquired immunity is largely unknown but may be important in
explaining the incidence and ongoing morbidity of nonallergic or non-eosinophilic asthma (Douwes et al.,
2006).

The adjuvant effects of air pollutants on shifts in either acquired or innate immune pathways
may begin in utero. Continued exposure during early development is expected to increase further the risk
of asthma. This is because most human lung development is complete by ages 6-8 (Burri, 1997), and the
developing lung is highly susceptible to immunological and structural changes from inhaled toxicants
(Finkelstein & Johnston, 2004; Pinkerton & Joad, 2006). In addition, repeated lower respiratory infections
during the preschool years have been associated with the onset of asthma, but this is likely modified by
genotype and early life immune phenotype (Friedlander et al., 2005).
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Current scientific understanding

Asthma is a complex disease of the lower airways variably characterized by reversible
airways obstruction, airway inflammation, and airway hyper-responsiveness. This is clearly reflected in
the data from gene association studies which indicate a complex inheritance pattern involving perhaps
hundreds of genes governing the expression of varying asthma and atopy phenotypes (Ober & Hoffjan,
2006). Asthma phenotypes that emerge from ages 1-6 have been predictive of persistent asthma
symptoms and long-lasting decrements in lung function in cohort studies (Stein & Martinez, 2004).
However, those studies did not evaluate the influence of air pollutants, aeroallergens, and pollutant-
allergen interactions on the expression of these phenotypes or their impact on future morbidity. The
National Children’s Study will assess the risk of asthma-related phenotypes (e.g., transient early wheeze)
and exposure-response relationships as hypothesized for diagnosed asthma. It is important to recognize
that the Study’s focus is on diagnosed asthma that persists into later childhood.

There is substantial evidence that air pollutants and aeroallergens can exacerbate existing
asthma. Air pollutants showing acute effects have included ozone, secondary organic aerosols, and some
primary constituents of particulate matter from fossil fuel combustion as well as transition metals
(Gilmour, Jaakkola, London, Nel, & Rogers, 2006; Peden, 2005; Trasande & Thurston, 2005). However,
the role of these air contaminants in the induction of asthma is less clear primarily due to a paucity of
research.

Epidemiologic research to support the putative causal relationship of air pollutants with
asthma onset in children is sparse. It is also unclear whether repeated acute biological responses to air
pollutants early in life leads to the later development of allergy and asthma and which specific types of
acute responses are important. Furthermore, there are major gaps in knowledge concerning the relative
toxicity of air pollutant mixtures from various sources, which requires more attention to finer spatial
monitoring with source tracers (Schlesinger, 2006). To answer these questions, prospective cohort studies
are needed with detailed exposure and response data beginning in pregnancy.

To date, most prospective birth cohort studies of asthma onset have been small and used
retrospective recall of exposures during pregnancy and early life, which can lead to exposure error. A
pregnancy cohort in New York is the only U.S. study that aims to examine the effects of prenatal and
early postnatal air pollution exposures on neurocognitive development, asthma etiology, and cancer risk.
Early findings include PAH exposures that have adverse effects on birth weight and head circumference
(Perera et al., 2003) and adverse effects on cognitive development (Perera et al., 2006). A study
conducted in the Czech Republic evaluated lymphocyte immunophenotypes in cord blood at birth among
1,397 deliveries (Hertz-Picciotto et al., 2005) and suggested that the fetal immune system might be altered
by maternal exposure to air pollution. Personal PAH exposure during pregnancy in Krakow, Poland, was
positively associated with increased risk of respiratory infections and symptoms in children during the
first year of life (Jedrychowski et al., 2005). A birth cohort study in the Netherlands found predicted
traffic-related exposure to PM, s, PM, s absorbance, and NO, were associated with incidence by age 2 of
wheezing, physician-diagnosed asthma, ear/nose/throat infections, and flu or serious colds (Brauer et al.,
2002). These findings were confirmed and strengthened at age 4 (Jedrychowski et al., 2005). They also
found a positive association between air pollution and sensitization to food allergens (egg and milk) by
specific IgE. Exposure estimations were based on measured pollutants from 40 sites selected on
variability in traffic then linked with traffic near subject homes using geographic information systems
(GIS) (Brauer et al., 2003). Other studies have used GIS-based exposure model estimates of traffic-related
air pollutants and found increased exposures were associated with cough without infection and dry cough
at night at age 1 in Munich, Germany (Gehring et al., 2002), with incident cough without a cold at ages 3 [’
5 in Leicester, England (Pierse et al., 2006), and with prevalence of wheezing without a cold in
Cincinnati, OH (Ryan et al., 2005). In a Southern California cohort of school children, the prevalence of
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asthma in children who had no family history of asthma was significantly increased the closer the
residence was to a major road (McConnell et al., 2002). In another cohort of Southern California school
children followed for 8 years until age 18, both ambient levels of air pollutants including NO,, PM, 5, and
elemental carbon (Gauderman et al., 2004) and proximity to traffic (Gauderman et al., 2007) were
associated with reduced lung function. This suggests that air pollutant impacts on lung health may persist
into adulthood.

Multiple types of exposures (e.g., acroallergens, air pollutants, viral infections, diet, etc.) are
often not assessed in these cohorts. In addition, most have generally relied on questionnaire-reported
prevalence of physician-diagnosed asthma and a varied but incomplete set of data on asthma-related
clinical phenotypes collected at one time, usually well past disease onset. Such phenotypes include atopic
sensitization, airway inflammation, bronchial hyper-responsiveness, lung function, symptom type and
frequency, medication use, etc., all of which will be measured in The National Children’s Study. The
resulting inaccuracy in exposure assessment and disease characterization can make it difficult to identify
susceptible individuals based on genetic or phenotypic characteristics. This is particularly problematic
given the likely dependency of susceptibility on the magnitude and developmental timing of
environmental exposures (Martinez, 2000; Schwartz, 2006a; Schwartz, 2006b; Zaas & Schwartz, 2003).

There are few examples of studies of asthma or atopy where timing of environmental
exposures during early development was fully assessed. Evidence to support the study of exposure to the
fetus and to the child during prenatal and postnatal periods comes from studies of ETS. Children
prenatally and postnatally exposed to ETS have a significantly higher risk of sensitization to food
allergens by the age 3 (Zaas & Schwartz, 2003). A pediatric cohort study in Southern California showed
increased risk of asthma and wheezing among school children with a history of in utero exposure to ETS
but not later exposure. The association was found only among subjects with a homozygous glutathione S-
transferase gene deletion polymorphism, which is expected to reduce the ability of cells to counter the
proinflammatory effects of ROS (Gilliland et al., 2002).

34 Potential for Innovative Research

The National Children’s Study offers the unique opportunity to simultaneously examine
multiple risk factors for asthma and to explore possible interactive and synergistic effects between
different risk factors. Perhaps the greatest opportunity for innovation would be the examination of genetic
or other markers of individual susceptibility to specific environmental agents.

Few cohort studies are examining effects of indoor or ambient air pollution and aeroallergen
exposures during pregnancy and early childhood on the occurrence of childhood asthma. The Study will
consider these exposures and the impact of regional ambient air pollution (McConnell et al., 2002),
traffic-related air pollutants and proximity to roadways (Brauer et al., 2002), and indoor sources of VOCs
or semi-VOCs (e.g., cleaning agents, solvents, paints, plastics, cars in garages). The current literature on
many of these compounds in relation to asthma in children is limited compared to that on occupational
asthma (Delfino, 2002; Dales & Raizenne, 2004; Rumchev, Spickett, Bulsara, Phillips, & Stick, 2004;
Jaakkola & Jaakkola, 2006). A recent review identified multiple studies showing associations between
asthma diagnosis or other respiratory outcomes and indoor residential chemical emissions (Mendell, in
press). Most of these studies were small, not large cohort designs, and not conducted in the United States.
Several prospective cohort studies, however, collected data during pregnancy or the postnatal period on
exposures to indoor residential emissions.

Indoor and outdoor sources that contribute to levels of a particular chemical will drive
concentration of other correlated pollutants that may be unmeasured. For example, findings showing
associations of acute asthma outcomes with ambient VOCs (Delfino, Gong, Linn, Hu, & Pellizzari, 2003)
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and exhaled breath VOCs (Delfino, Gong, Linn, Pellizzari, & Hu, 2003) have been suggested to serve as
surrogate markers for a mixture of more causally active components, particularly from traffic-related
sources. These components would include many particle-bound, semivolatile and volatile components,
some of which are anticipated to emerge as potentially important casual agents from future toxicological
data and can be assessed from archived environmental samples. From the standpoint of asthma
prevention, controlling the source will be the key to success.

Traffic is a major source of outdoor air pollution exposure most likely to be encountered on
a nearly daily basis by a majority of pregnant women and children in America. Many epidemiologic
studies using retrospective data or cross-sectional methods have shown associations between traffic near
the home and asthma and atopy prevalence or morbidity (Delfino, 2002; Heinrich & Wichmann, 2004;
Sarnat & Holguin, 2007). However, there is limited data on asthma incidence and local air pollution
(Brauer et al., 2002). In addition, in-vehicle exposure to toxic air pollutant components may dominate
total exposures during the work week of expectant mothers. It has been estimated that more than 50
percent of black carbon and ultrafine particle (UFP) exposures for nonsmoking urbanites in Los Angeles
comes from time in vehicles (Fruin, Winer, & Rodes, 2004; Fruin, Westerdahl, Sax, Fine, & Sioutas,
2005).

The potential for assessing individual susceptibility to air pollutants, including genetic, is
great with the Study. Most asthma genetic studies employ similar and highly accurate genotyping
methods. However, they generally employ widely divergent and generally inaccurate methods of
exposure assessment. This has likely been responsible for an inconsistent literature on asthma gene
association studies, as well as missed, biased, or ignored gene-environment interactions.

35 Feasibility

Outdoor air pollutant exposures at home, work, or preschool during pregnancy and early
childhood can be estimated using land use regression and related modeling techniques based on traffic,
microenvironmental, neighborhood, and ambient monitoring data (Brauer et al., 2003; Jerrett et al., 2005;
Ross et al., 2006). Indoor air pollutant and allergen measurements have been collected successfully in
several large surveys and include measures collected by study participants. Personal exposures for most
air pollutants and other chemicals are usually correlated with indoor measurements. Outdoor air
concentrations and estimates can be compared with measurements made at homes and with information
about in-home sources to provide estimates of indoor concentrations over longer time-periods. In larger
primary sampling units (PSUs), the data for use in model development to predict outdoor home exposures
can be collected at low cost in targeted areas given that the populations will be recruited from relatively
small geographic areas (neighborhoods). An air-monitoring network exists across the United States, and
populations could be supplemented with community-level outdoor air measurements. The monitoring
network can be used to characterize exposure to children who move to another location. Combined with
air models, this will allow investigators to characterize a wide range of exposures during prenatal,
neonatal, early childhood, and later childhood periods.

The national probability sample for the Study, combined with selection of communities
within each PSU, should allow for appropriate gradients in exposure to air pollution on both a regional
and local scale. In addition, because pollutants such as ozone vary with climate, temporal variability must
be included.

ETS exposure has been successfully assessed using questionnaires validated against particle
measurements and cotinine measurements in saliva, urine, or blood plasma. This will continue to be the
case in The National Children’s Study.
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Exposure Measures

4.1 Individuals Targeted for Measurement

Primary/maternal

m  Exposure to indoor and outdoor air pollution and aeroallergens

Primary/child

m  Exposure to indoor and outdoor air pollution and aeroallergens

4.2 Methods

Primary/maternal

m  Environmental sampling for indoor and outdoor air pollution measures (e.g., PM,
elemental carbon, NO2, and O3)

m  Time-activity patterns (questionnaires, diaries, or GPS) for use in estimating exposures
and contributions to total pollutant exposures from emission sources near the home and
work

m  Blood samples; urine samples; other physical sampling

m Interview/questionnaire information

m  Dust samples will be collected for later measurement of mold, endotoxin, and common
environmental antigens

Primary/child

m  Environmental air and dust samples inside and outside home, school and daycare (e.g.,
PM, criteria pollutant gases, allergens, endotoxin, environmental tobacco smoke, VOC:s,
sVOCs)

m  Other exposure information (housing and neighborhood characteristics, product usage in
home, child time-activity patterns [questionnaires, diaries, GPS], local agency air quality
reports) for use in estimating exposures and pollutant contribution to total exposures
from emission sources near the home (mobile sources, including diesel and automobile
traffic, and stationary sources, such as industrial emissions)

m  Biological samples (exposure markers in blood, urine, etc.)

4.3 Life Stage
Primary/maternal
m  Prenatal through birth
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Primary/child

m  Periodic, birth through year 21

5. Outcome Measures
51 Outcomes Targeted for Measurement in Child
m  Airway hyper-reactivity

m  Lung function

m  Airway inflammation (exhaled NO)

m  Immune system function (e.g., lymphocyte subsets, cytokines, total IgE)
m  Allergic sensitization (specific IgE)

m  Symptom history and medication use

m  Respiratory infection history

5.2 Methods

m  Examination, interview and testing by medical professional (e.g., history of asthma
symptoms, lung function tests, skin prick test, exhaled breath for NO, etc.)

m  Medical record reviews

m  Cord and blood samples

5.3 Life Stage

m  Periodic, birth through year 21

6. Important Confounders, Mediators, and Effect Modifiers

n Poor health care access in inner cities: Especially among Blacks and Hispanics,
poor health care access exacerbates the risk of asthma attacks and deaths (Lara et al.,
2003; Sin, Bell, & Man, 2004; Wallace, Scott, Klinnert, & Anderson, 2004). This and
other disparity factors could be behind the greater asthma prevalence, especially
among Blacks. These issues are thoroughly discussed in the disparities in asthma
hypothesis and in the review by Gold and Wright (2005).

] Socioeconomic status: Lower socioeconomic status and some minority groups, such
as Blacks and Hispanics, are likely to live in areas with increased air pollution, such as
near freeways or industrial sites. Careful assessments of these characteristics will be
important to properly control for their influence on outcomes.
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[ Environmental exposures: Diet, physical activity, bioaerosols, stress, and infections,
which will be the topic of other hypotheses, could interact with or confound
associations of asthma onset with air pollutants (example hypotheses 2.2 and 2.3).
Though the following list is not exhaustive, some important factors associated with
atopy and asthma include demographic group (age, race, income, or education),
familial characteristics (number of siblings, parent and sibling phenotypes for
asthma), daycare attendance, pet ownership, living on a farm, body mass index,
immunizations, several dietary factors, respiratory infections, and diabetes.

[ Genetics: For the analysis of gene-environment interactions, polymorphisms in genes
involved in oxidative stress responses to air pollutant exposures and candidate asthma
and allergy genes will be included (example hypothesis 2.3). Ultimately, gene-
environment interactions may dictate the effect any factor has on disease outcome.

7. Power and Sample Size

Power analyses will have a cut-off value for “high” exposure of the pollutant predictor of
interest based on the upper fifth percentile of NCS subjects (i.e., a proportion exposed is 0.05). In
addition, we assume a total sample size of N = 100,000 and that the incidence of asthma by age 6 will be
5 percent. A fixed interval proportional hazards model was used to assess the association between
pollutant exposure and the risk of asthma. The minimal detectable hazard ratios associated with the
pollutant corresponding to power points of 80 percent, 90 percent, and 95 percent for a level 0.05 two-
sided test are 1.199, 1.234 and 1.264, respectively. The estimates assume only a main effects model based
on exposure to a single factor without consideration of interactions with other exposures, genetics, family
history, etc. (National Children’s Study Interagency Coordinating Committee, 2003).

The overall size of effects of indoor and outdoor air pollution on the onset of asthma may be
small due to interactions with time-of-exposure and other factors (e.g., lifestyle and genetic). To
exemplify this, in the following we seek to quantify effect modification by subject genotype or col]
exposure to endotoxins and indoor allergens. Assessment of effect modification will be carried out by
including multiplicative interaction terms for the potential effect modifier and the pollutant exposure into
each regression model. For brevity, we present power analyses for a generic effect modifier with varying
prevalences and assume the cutoff value for “high” exposure of the predictor of interest is based on the
conservative upper fifth percentile of NCS subjects. Again, we assume a total sample size of N = 100,000
and that the incidence of asthma by age 6 will be 5 percent. We used a fixed interval proportional hazards
model to assess the association between pollutant exposure and the risk of asthma. In this case, minimum
detectable hazard ratios associated with the interaction term (multiplicative increase in the effect of the
pollutant attributable to the effect modifier) corresponding to a specified power point that can be
estimated via a modification of the usual two-sample proportional hazards formula given by (Schmoor,
Sauerbrei, & Schumacher, 2000):

A=exp (Zl w2t 2 p Zl/py ﬁnPr(é 1)
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Table 1.

Minimum detectable hazard ratios associated with interactions. Estimates correspond to the
80 percent, 90 percent, and 95 percent power points of a level 0.05 two sided test

Minimum detectable hazard ratio associated with interaction term for selected

Prevalence of power points

effect modifier 80% 90% 95%
2% 3.66 4.49 5.32
5% 2.30 2.62 2.92
10% 1.83 2.02 2.18
20% 1.58 1.69 1.79
30% 1.49 1.58 1.67
40% 1.45 1.54 1.61

8. Other Design Issues

m Ethical/burden considerations: The study also will need to have a formal strategy and
process for effectively communicating the results of environmental monitoring to the
child’s parents, along with appropriate and feasible recommendations regarding the
correction of any unhealthful environmental findings. Repeated tests are potentially
burdensome.

m  Cost/complexity of data collection: Repeated waves of environmental exposure
assessment can be both costly and burdensome, but are necessary to minimize exposure
error that would result from reliance on ambient monitoring systems or the
administration of larger questionnaires that would be needed to characterize these
exposures. The size, intrusiveness, and time needed for indoor measurements will be
minimized and complemented by community-level monitoring.

m  Need for community involvement: Daycare and school cooperation would be required
for some of the intended measures.
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DIETARY ANTIOXIDANTS AND ASTHMA RISK

1. Meta Hypothesis

Intake of antioxidants in diet affects the risk of asthma.

2. Specific Hypotheses

1. Maternal intake of antioxidants during pregnancy reduces the incidence of asthma in their
offspring.

2. Intake of antioxidants during childhood will reduce the frequency and severity of asthma in
children by age 5.

3. Genes involved in immune pathways will interact with childhood antioxidant intake to produce

gene-environment interactions.

3. Background and Justification
3.1 Public Health Importance
Prevalence/incidence

Asthma is the most common chronic illness among children. (National Academy of Sciences
Institute of Medicine, 2000). U.S. data on asthma prevalence from the National Health Interview Survey
(NHIS), The Centers for Disease Control and Prevention’s [CDC] National Center for Health Statistics
(NCHS), show the prevalence of current asthma increased 85 percent from 1982 through 1996 to an
estimated 14.6 million people (5.52 percent of the U.S. population) according to the American Lung
Association (American Lung Association Epidemiology and Statistics Unit, 2006). This increase was 76
percent in children younger than age 18 or 4.43 million children in 1996 (6.20 percent).

Between 1997 and 2000, the NHIS used a different definition of current asthma prevalence,
which suggested an abrupt decrease, but this difference made comparison to past trends inappropriate. To
rectify this, in 2001 a question was added back to restate the prevalence of current asthma regardless of
attack occurrence in the past year, which made comparisons to years before 1997 appropriate. It was then
apparent that current asthma prevalence had continued to increase until 2001, later reaching a plateau in
most groups except Black children and adolescents, who have continued to experience increased
prevalence annually (American Lung Association Epidemiology and Statistics Unit, 2006).

In 2004, 30.2 million Americans (10.47 percent of the population) had been diagnosed with
asthma by a health professional. This estimate included 6.5 million children younger than 18. Almost 4
million children younger than 18 were estimated to have experienced an asthma attack in 2004. U.S.
prevalence data from both the 12-month prevalence (before 1997) and 12-month attack prevalence of
asthma (since 1997) were highest among children ages 5-14, Blacks compared with whites, and females
(American Lung Association Epidemiology and Statistics Unit, 2006; Akinbami, 2006).

Hospitalization and death rates in children have also reached a plateau or decreased
(Akinbami, 2006). Despite a plateau in prevalence in 2001, nonambulatory visits for asthma to physician
offices by children have continued to increase (Akinbami, 2006), possibly due to increased public and
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health provider awareness, which improved treatment. For example, there was a dramatic increase in the
use of preventive (controller) medications, chiefly inhaled corticosteroids (Stafford et al., 2003; Suissa et
al., 2000, 2002), which may have mitigated increases in hospitalization and mortality.

In the United States, approximately 38 percent of the asthma-related hospital discharges in
2004 were children younger than age 15, even though only 21 percent of the U.S. population was younger
than that age. This trend paralleled increasing asthma hospitalization and death rates in children
(American Lung Association Epidemiology and Statistics Unit, 2006; Akinbami, 2006).

Similar or greater increases in the prevalence of asthma during the second half of the 20th
century were reported from other countries (Eder, Ege, & von Mutius, 2006) and increases may still be
occurring, as seen in a recent birth cohort study in Oslo, Denmark, where every fifth child is now affected
by asthma. (Lodrup Carlsen et al., 2006).

Economic and social burden

In 2004, the total cost of asthma was estimated at $16.1 billion, including $11.5 billion in
direct health care costs and $4.6 billion in indirect costs (lost productivity)(American Lung Association
Epidemiology and Statistics Unit, 2006). The more severe forms of asthma account for a disproportionate
amount of the total direct costs. Malone, Lawson, and Smith (2000) estimated that less than 20 percent of
asthmatics account for more than 80 percent of the direct costs. Asthma also poses a substantial and
increasing public health burden from school absence and restriction of usual physical and social activities
(Newacheck & Halfon, 2000).

3.2 Justification for a Large Prospective Longitudinal Study

Opinions differ on which study designs are ideal to use to address complex common
disorders such as asthma. In a recent literature debate, Willett et al. (2007) supported the retrospective use
of available databases to study common disorders such as asthma, while Collins and Manolio (2007)
supported a new large cohort study mainly of adults (Manolio, Bailey-Wilson, & Collins, 2006). The
commentary in both articles covered the strengths and weaknesses of both approaches. Willet et al. and
Collins and Manolio praised the strengths of a design based on a large birth cohort, but they questioned
the feasibility of a large prospective cohort study design that incorporates in utero and early postnatal data
as well as data from stages of development from infancy through childhood and into adulthood. However,
the NCS could provide valuable data that could be used to accurately assess the timing of exposures,
particularly during critical windows of vulnerability (e.g., specific trimester of pregnancy, early vs. later
postnatal periods, etc.) on the onset of asthma in childhood and persistence into adulthood.

Accurate exposure and phenotypic data are needed to assess the importance of many asthma
and allergy genotypes interacting with numerous exposures in relation to complex and variable asthma
phenotypes. Interactions of maternal and fetal genotypes contribute to the requirement for a large sample.
A large sample will be required to evaluate the susceptibility to the adverse effects of certain exposures
and their sources in specific genotype-phenotype clusters.

Also, data are needed from children of different ethnicities living in varied housing,
socioeconomic, and geographic conditions. These factors may account for some of the ethnic disparities
related to asthma, which may be correlated with variations in exposures. A large sample size will be
necessary to allow for statistical adjustments to account for this. Landrigan et al. (2006) discuss the
rationale and strengths for a large prospective study, which is expected to direct the development of
prevention strategies for both diseases of childhood and chronic diseases of adulthood whose
developmental origins likely begin in childhood.
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3.3 Scientific Merit

Seaton et al., (1994) proposed that the increases in asthma occurring at that time might be
due to changes in diet (i.e., decreased vegetable consumption) rather than an increase in air pollution as
others had proposed. They reasoned that decreased antioxidant consumption had increased population
susceptibility and had contributed to the increases in asthma incidence and prevalence, and proposed a
mechanism that related decreased dietary antioxidant intake to reduced lung antioxidant defenses, which
increased airway susceptibility to oxidant damage and resulted in airway inflammation and asthma.
Support for this hypothesis has grown (Kirkham and Rahman, 2006; Rahman, Biswas, & Kode, 2006;
Romieu et al., 2006; Romieu et al., 2002).

Interest in the relation between dietary antioxidant consumption and risk of asthma arises
from several sources. One hypothesis proposed that the effect of antioxidants on asthma is related to an
effect on the developing immune system of the fetus (Cunningham-Rundles, McNeeley, & Moon, 2005).
Another hypothesis proposes that antioxidants protect against exposure that leads to oxidative stress and
its adverse effects on lung function (Romieu et al., 2002). General population-based health surveys have
demonstrated modest direct associations between pulmonary function and antioxidant consumption and
serum levels (Schunemann et al., 2002; Schwartz & Weiss, 1990). Also, oxidative damage markers are
found at higher concentrations in the exhaled breath condensate of children with asthma compared to
those without asthma, while markers of antioxidant status are higher among children without asthma
(Corradi et al., 2003). Deleterious pulmonary inflammatory response to ozone exposure, thought to be
mediated at least in part by oxidative damage to airway tissues, may be modified by oral intake of
vitamins C and E (Samet et al., 2001; Romieu et al., 1998).

Little direct evidence exists for the relationship between antioxidant consumption and the
development of asthma, especially in relation to exposure to potential oxidative stressors such as ozone,
nitrous oxides, or environmental tobacco smoke. Although the mechanisms that might link oxidative
insult with the onset of asthma have not been fully elucidated, there is some evidence that pollution plays
a role, either as gas (e.g., ozone) or as ultrafine particles (Elder, Gelein, Finkelstein, Cox, & Oberdorster,
2000; Kim & Nadel, 2004; Klebanoff et al., 2005; Frampton et al., 2006).

Examination of the temporal relationship between antioxidant consumption and subsequent
outcome and assessment of genetic variation in immunologic response to oxidative stress and the
potential modifying influence of antioxidant exposure will be important in understanding potential
intervention techniques, whether related to asthma incidence or treatment (National Children’s Study
Interagency Coordinating Committee, 2003). A recent review (Kalantar-Zadeh, Lee, & Block, 2004)
echoed this with a recommendation for more epidemiological studies and a specific proposal to evaluate
the intake of antioxidants in children ages 2-6, interactions with genetic and environmental risk factors
that may lead to the development and persistence of asthma, and the relationship between degree of
antioxidant deficiency and the course of asthma and atopy.

Recent cohort studies of maternal intake of antioxidants during pregnancy

Devereux and Seaton (2005) reviewed a decade of research on the evidence of diet as a risk
factor for asthma and dietary interventions. They noted that studies of lung function in adults (e.g., Hu &
Cassano, 2000) and children (e.g., Gilliland et al., 2003) showed independent effects of positive
association of antioxidant nutrients [including vitamins C and E] and measures of lung function (forced
expiratory volume). However, intervention studies with children were mostly negative, and increases in
antioxidants in the diets of children did not reduce the risk for asthma. The authors concluded dietary
intake of antioxidants most likely were exerting effects during pregnancy or early childhood.
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The theory of developmental origins of health and disease, suggesting that fetal effects could
have profound effects on later outcomes, contributed to a recent change in the design of studies
investigating the impact of antioxidants on asthma (Devereux & Seaton, 2005). Instead of focusing just
on the effects of child intake of antioxidants, recent studies have focused on maternal intake of
antioxidants during pregnancy and later effects on the risk of childhood asthma in the offspring. For
example, multiple reports about maternal intake of antioxidants on childhood wheeze and asthma have
been published based on birth cohorts established in Aberdeen, United Kingdom (Martindale et al., 2005;
Devereux et al., 2006, 2007) and in Boston, MA (Litonjua et al., 2006; Camargo et al., 2007). These
studies have focused specifically on two components of maternal antioxidant intake during pregnancy
(vitamins E and D).

Based on the Aberdeen cohort, Martindale et al., (2005) evaluated 2,000 women and
followed 1,924 children born to the cohort at 6, 12, and 24 months of age. Maternal vitamin E intake
during pregnancy was negatively associated with wheeze (in the absence of “cold”) and eczema (in atopic
mothers) in 1,253 offspring at 2 years of age, and vitamin C intake was positively associated with wheeze
during childhood. Devereux et al. (2006) evaluated 1,120 children born to this cohort at age 5 and
reported a continuation of the negative association of vitamin E intake during pregnancy with wheeze in
the offspring. This research also showed a similar negative association of vitamin E intake during
pregnancy with several other phenotypes in offspring, including the persistent wheeze-without-cold
phenotype and doctor-confirmed asthma and asthma plus wheeze at age 5. Maternal intake of zinc during
pregnancy was also negatively associated with asthma and eczema at age 5. An additional report by
Devereux et al. (2007) on outcome at age 5 revealed that increased maternal intake of vitamin D was
associated with a decrease in the risk for wheezing in childhood, but another report of asthma at age 5
showed no association with maternal intake of vitamin E, vitamin D, or zinc that was suggested by the
earlier reports (Willers et al., 2007).

Based on the VIVA cohort in Boston, Litonjua et al. (2006) evaluated 1,290 mother-child
pairs in a cohort study of maternal diet and reported a negative association of maternal intake of vitamin E
and zinc with wheezing in their offspring at age 2. In a separate report on this cohort, Camargo et al.
(2007) documented a negative association of maternal intake of vitamin D with recurrent wheeze at age 3.
Analysis of both child and maternal intake of vitamin D revealed that a child’s intake was not related to
recurrent wheezing in childhood, and the protection provided by high maternal intake of vitamin D was
present for low and for high vitamin D intake of the child.

A mitochondrial antioxidant hypothesis of asthma

The focus on antioxidants suggests an involvement of the mitochondria, which produce
reactive oxygen species (ROS) as a byproduct of cellular energy production. Wallace, Lott, and Procaccio
(2007) developed a variant of the antioxidant hypothesis of asthma based on the involvement of
mitochondria (see Appendix A). They contrasted two perspectives about the pathophysiology of asthma
(the beta adrenergic theory [Israel et al., 2004], and the ROS-inflammatory theory [Corradi et al., 2003;
Kinnula and Crapo, 2003]), that are consistent with the mechanism of action of common pharmacologic
treatments of asthma, such as long-acting beta agonists and inhaled corticosteroids (Sin et al., 2004).
Wallace, Lott, and Procaccio reasoned that these different pathophysiological mechanisms converge on a
single disease process that leads to asthma. They proposed this “third factor” was the mitochondrion,
which is shared by the beta adrenergic and ROS-inflammatory systems of the lung and affected by
antioxidants (Shoffner & Wallace, 1994; Wallace, 2005). This innovative theory directs the search for
genetic contributions to asthma and for evaluation of the effects of environmental factors (antioxidant
intake) on the incidence and prevalence of asthma.
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An evaluation of variation of mtDNA and the risk for asthma is lacking in the literature, but
Wallace, Lott, and Procaccio hypothesized that common variants in mtDNA may predispose an individual
to asthma. They reviewed the sources of genetic variation in mtDNA and identified three classes of
mutation: maternally inherited deleterious mutations, ancient adaptive polymorphisms, and somatic
mutations. The maternally inherited and ancestral mutations that have emerged in the human species
require a search for thrifty genotypes, which have resulted from positive selection in former environments
that now increase risk for asthma due to “environmental mismatch.” The mtDNA haplotypes that
emerged in evolutionary history and adaptation to cold climates (Wallace, 2005) produce clear
haplogroups, and the most prevalent haplogroup (designated as H) is carried by about 45 percent of
individuals with European heritage. In the NCS sample, it would be possible to evaluate whether this
common haplogroup is associated with asthma in the context of the planned evaluations of variation in
nuclear DNA using the nested case-control approach.

Evaluations of somatic mutations that occur in mtDNA and accumulate during a person’s
life require a different strategy. In the NCS, repeated samples will be obtained, and epithelial cells can be
obtained from urine samples collected at each visit. Cells from these samples can be assayed to determine
the percentage of somatic mutations at each point in time. Typically, somatic mutations are investigated
for diseases in the elderly. As a result of more mutations accumulating through time, little information
exists about variation in children that may be associated with common diseases. Since somatic mutations
are clearly related to environmental exposures and conditions that increase ROS, a high load may
predispose to asthma. Most of the endogenous ROS is from mitochondrial oxidation of calories via
oxidative phosphorylation, and antioxidants affect ROS production. The mitochondrial antioxidant
hypothesis of asthma would suggest that antioxidant deficiency may result in an increased rate of somatic
mutations that would contribute to asthma. A simple test of this would be to determine in the case-control
design whether somatic mutations in mtDNA are eclevated in cases with asthma. Based on the
mitochondrial antioxidant hypothesis of asthma, the intake of antioxidants may have an effect on the rate
of accumulation of somatic mutation over time, and the repeated samples specified in the NCS would
allow for the test of this hypothesis of an interaction of an environmental exposure (antioxidant intake)
and a mitochondrial genetic factor (somatic mutation).

3.4 Potential for Innovative Research

Vulnerability to particular risk factors is determined not only by the genome acquired at
conception but by the nature of the environmental influences during critical periods of development. As a
result, a longitudinal assessment of the environment from before conception through pregnancy, fetal life,
birth, and infancy could provide an opportunity to understand time-dependent susceptibility to asthma.
For example, the review by Saglani and Bush (2006) emphasized the importance of the first three years of
life and concluded that fetal and maternal genotype interact with environmental exposures to establish a
risk phenotype, which interacts with antenatal exposures to set by age 3 the life-long course of chronic
asthma and lung impairment.

The recent studies of maternal intake of antioxidants and the effects on the risk of asthma in
their offspring based on the Aberdeen cohort (Martindale et al., 2005; Devereux et al., 2006, 2007) and
the VIVA cohort (Litonjua et al., 2006; Camargo et al., 2007) indicate that fetal exposure to vitamins E
and D has an impact on asthma in childhood. However, the VIVA and Aberdeen cohorts are relatively
small (approximately 1,000) and were probably underpowered to address the effects on rare outcomes
(e.g., asthma rather than wheeze) and interactions of different antioxidants (e.g., separate and combined
effects of vitamins C, D, and E) and combination of maternal and child dietary intake of antioxidants. The
sample participating children of 100,000, collected by the National Children’s Study, will provide an
opportunity to test hypotheses derived from these groundbreaking studies.
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Also, the interplay between genes and environment is characterized by dynamic
modifications to the genome, such as epigenetic modifications to nuclear and mitochondrial DNA that
have been hypothesized as likely mechanisms for gene-environment interactions. The consideration of
mitochondrial involvement in asthma (Wallace et al., 2007) offers an innovative approach to the
investigation of genetic and environmental etiologies of asthma that may be relevant to the understanding
of variability in response to common treatments (Sin et al., 2004) and to rare side effects of treatment
(Israel, 2005).

3.5 Feasibility

The NCS protocol specifies the collection of biological samples that could be the source of
DNA for traditional genetic analysis of candidate genes and for gene discovery based on genome-wide
association scans. The anticipation of chip-based genotyping of all participants based on current
technology (with an estimated cost of $30 million to $100 million), or complete sequencing of all
individuals at some point in the future (at an expected cost of less than $1,000 per person), will provide
extraordinary detail about genetic variation of nuclear DNA. The inclusion of markers for mtDNA would
add little to the cost of this genotyping. Along with the planned definition of cases based on asthma
phenotypes, this provides an opportunity to use the efficient nested case-control design for subsets of the
sample or the proportional hazard design for the entire sample to evaluate effects of genes, environments
(including intake of antioxidants), and their interaction.

The NCS protocol also specifies collection of biological samples at multiple points through
time, which provides the opportunity to evaluate epigenetic changes proposed to be the molecular
mechanisms of some gene-environment effects (Gluckman & Hanson, 2005). The epigenetic assays for
environmental effects of methylation and chromatin status are rapidly evolving, and current methods will
improve as a result of extensive current (Callinan & Feinberg, 2006) and future work (NIH Epigenetics
Workshop, 2007).

Finally, the mitochondrial antioxidant hypothesis of asthma (Wallace et al., 2007) offers
innovative and highly feasible approaches due in part to the small number of mitochondrial genes
compared to the number of human genes. The assessment of mtDNA haplogroups in a case-control design
would add little to the cost of the genomewide scans proposed for nuclear DNA. The methods for
assessment of somatic mutations in mtDNA over time are already in place (Wallace, 2005).

4. Exposure Measures

4.1 Individuals Targeted for Measurement
Primary/maternal
m  Antioxidant consumption and antioxidant levels

Primary/child

m  Antioxidant consumption and antioxidant levels
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4.2 Methods

Primary/maternal

Interviews/questionnaires (diet/nutrition assessment, vitamin use): Standard food
frequency questionnaires (FFQs) will be adjusted to account for the substantial addition
of antioxidants to common foods such as fruit juices and cereals. Unless this is done, the
FFQ tool will miss a sizeable source of antioxidants in daily diet from foods readily
available in most supermarkets.

Blood samples
Urine samples

Breast milk

Primary/child

m  Urine samples

m  Blood samples

m Interviews/questionnaires (diet/nutrition assessment, vitamin use)
4.3 Life Stage

Primary/maternal

Prenatal through infancy

Primary/child

Periodic, 0-3 months to year 21

5 Outcome Measures

51 Outcomes Targeted for Measurement in Child

Primary

Decrease the risk of asthma measured via allergy; child asthma index; airway reactivity

5.2 Methods

Primary

Direct observation by medical professionals; medical record reviews;
interviews/questionnaires; blood samples; urine samples
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5.3 Life Stage
Primary

m  Periodic, birth to year 21

6. Important Confounders, Mediators, and Effect Modifiers

m  Smoking which is related to higher levels of oxidative stress, may reduce the effect of
an antioxidative diet (Romieu & Trenga, 2001; Farchi et al., 2003).

m  Consumption of flavinoids in red wine and apples has been shown to be negatively
associated with asthma severity (OR = 0.89). This may suggest a protective effect of
flavonoids (Shaheen et al., 2001).

m  Everyday foods not measured: Unless specifically accounted for, the addition of large
sources of antioxidants to everyday foods, such as juices and cereals, will be missed by
the FFQ.

7. Power and Sample Size

Several methods are available for the evaluation of the antioxidant hypothesis of asthma. A
standard approach is to use the nested case-control design with affected cases defined by asthma
phenotype and matching to select control subjects (Gauderman, 2002). An alternative would be to use the
proportional hazard method of analysis, which uses all cases, and the time when the case is identified as
well as the number of cases analyzed. The power and sample size of each of these methods is provided
below and described in Section 10 of the NCS Research Plan.

For the nested case-control design, if we assume the initial cohort size is 100,000, the study
period is 5 years, there is an annual incidence rate of 2.5 percent and a prevalence by age 6 of 13.1
percent , then we would expect about 11,300 cases. The minimum detectable odds ratio for a genetic main
effect and a gene-environment effect (using 1.5 and 10.0 controls per case) is:

Disease Genetic Main Effect Gene-environment Interaction
Incidence (%) 1:1.5 1:10 1:1.5 1:10
2.50 1.16 1.13 1.52 1.36

For the proportional hazard model we present power analyses with a cut-off value for “high”
exposure of the predictor of interest (intake of antioxidants) based on the upper fifth percentile of NCS
subjects (i.e., a proportion exposed is 0.05). A total sample size will be N = 100,000 and the incidence of
asthma by age 6 will be 5 percent. A fixed interval proportional hazards model can be used to assess the
association between exposure (history of respiratory viral infection) and the risk of asthma. For a two-
sided test at 0.05, the minimal detectable hazard ratios associated with the exposure for power of 80
percent, 90 percent , and 95 percent are 1.199, 1.234 and 1.264, respectively. The estimates assume only a
main effects model based on exposure to a single factor without consideration of interactions with other
exposures (National Children’s Study Interagency Coordinating Committee, 2003).
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8. Other Design Issues

m  FEthical considerations are associated with genetic tests, but such considerations underlie
the overall NCS and would not be unique to this specific hypothesis.

m  For nongenetic factors, the study will need to have a formal strategy and process for
effectively communicating results of physiological and biochemical measures to the
child’s parents and a responsible health care provider.

m  Study will need to have a formal strategy and process for effectively communicating
results of environmental monitoring to the child’s parents along with appropriate and
feasible recommendations regarding the correction of any unhealthful environmental
findings. In addition, a mechanism needs to be identified to ensure that children found to
have asthma through this study can receive adequate medical care for their illness.

m  Repeated assessments can be burdensome, and the total respondent burden must be
evaluated and be reasonable.

m  Blood studies, especially fasting, in younger children will require careful attention.
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SOCIAL ENVIRONMENTAL INFLUENCES ON ASTHMA DISPARITIES

1. Meta Hypothesis

Disparities in the incidence, prevalence, severity, and effective management of asthma by
race and socioeconomic status are significantly associated and modified by social-environmental factors
and processes that influence exposure to physical environmental risk factors, psychosocial stress, and
health-related behaviors.

2. Specific Hypotheses

1. The relationship between socioeconomic status, race/ethnicity, and asthma incidence, morbidity,
and mortality is significantly modified by socially influenced differential exposure to physical
environmental risk factors (e.g., local-source air pollutants, allergens) and psychosocial stress (e.g.,
poverty, community disorganization, crime and violence, social incivility, noise, crowding,
hazardous conditions, physical decay, and unemployment). These effects are moderated by policies
and programs that buffer the effects of economic disadvantage on families.

2. Economic, cultural, and social features of the local area are significantly associated with: (1)
exposure to stressful life conditions and events; (2) the availability of social ties that provide
informational, emotional, and instrumental resources to individuals and families. These factors, in
turn, influence outcomes, including immunological function in the child, the likelihood that the
child will develop asthma, and asthma severity and management.

3. Background and Justification
3.1 Public Health Importance
Disparities

Many studies and reviews have documented systematic differences or disparities in asthma
prevalence, severity, and mortality by race/ethnicity and socioeconomic status that are not fully explained
by analysis of individual-level risk factors (Shanawani, 2006; Ford & McCaffrey, 2006; Gold & Wright,
2005; McDaniel, Paxson, & Waldfogel, 2006). Asthma severity and death rates have been highest in areas
with higher concentrations of poor people and minority residents, particularly African Americans (Lang
& Polansky, 1994; Bai, Hillemeier, & Lengerich, 2007; Lane, Newman, Edwards, & Blaisdell, 2006). In
national surveys, African Americans report higher rates of asthma and a higher increase during time
(McDaniel et al., 2006). Prevalence rates vary among Hispanic populations, with Mexican-American
children in the Southwest experiencing a low prevalence and Puerto Rican children in the East high
prevalence (National Academy of Sciences Institute of Medicine, 2000).

National Health Interview Survey (NHIS) data reveal a higher prevalence of asthma in urban
areas, but evidence suggests rates can be as high in some rural areas (National Academy of Science
Institute of Medicine, 2000). Asthma mortality and hospitalization vary significantly among large cities
and neighborhoods within cities (Wright & Fisher, 2003; Byrd & Joad, 2006). Severe asthma
demonstrates a graded association with socioeconomic status in the United States, but the precise role is
not clear because of complex interactions with race/ethnicity and other factors (Shanawani, 2006;
McDaniel et al., 2006). One report suggested that the most significant race/ethnic differences in asthma
prevalence are observed among the poor (Smith, Hatcher-Ross, Wertheimer, & Kahn, 2005). The
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associations between race/ethnicity, socioeconomic status, and other factors seem to differ for different
asthma outcome measures: incidence or risk, prevalence, severity, and mortality.

Economic and social burden

In 2004, the total cost of asthma was estimated at $16.1 billion, including $11.5 billion in
direct health care costs and $4.6 billion in indirect costs (lost productivity) (American Lung Association
Epidemiology and Statistics Unit, 2006). The more severe forms of asthma account for a disproportionate
amount of the total direct costs. One study estimated that less than 20 percent of asthmatics account for
more than 80 percent of the direct costs (Malone, Lawson, & Smith, 2000). Asthma also poses a
substantial and increasing public health burden from school absence and restriction of usual physical and
social activities (Newacheck & Halfon, 2000).

3.2 Justification for a Large Prospective Longitudinal Study

Multiple aspects of the social environment influence asthma etiology and management.
Although asthma is common, elucidating the complex pathways that contribute to asthma will require a
large sample because interactions will be common. For example, we anticipate interactions between
family economic disadvantage and social policy variables, such as the generosity of welfare programs and
the design and enforcement of public housing programs and codes.

A large prospective study is needed to adequately represent a range of geographic,
environmental, economic, cultural, and policy variability among neighborhoods and communities to
select enough cases within neighborhoods and communities to permit estimation of neighborhood effects
and to model social and physical environmental influences.

Residential mobility is a critical problem in studies of neighborhoods and neighborhood
effects. A prospective longitudinal study will be able to follow respondents through time and monitor
residential mobility in order to assess residential change or mobility and the role it plays in health
disparities by socioeconomic status, race, and geography.

Collection of retrospective data on variables such as family stress, parenting, and cultural
beliefs is susceptible to various types of information bias. These factors must be observed prospectively.

Landrigan et al. (2006) discuss the rationale and strengths for such a study, which is
expected to direct the development of prevention strategies for both diseases of childhood and chronic
diseases of adulthood whose developmental origins likely begin in childhood.

3.3 Scientific Merit
Current scientific understanding

The existence of social environmental determinants of asthma etiology, severity, and
management is evident from the strong differentials in asthma and asthma mortality noted above. The
social factors and mechanisms involved are only beginning to be studied. Wright and Fisher (2003)
suggest that differentials are likely to occur via four pathways: environmental exposures, stress, health
behaviors and psychological factors, and access to health care. Other investigators have emphasized
similar factors that contribute to disparities in asthma, including systematic differences in outdoor and
indoor pollution, traffic, allergen exposure, violence, segregation, culturally influenced health behaviors,
psychosocial stress, asthma knowledge, and access to care (Shanawani, 2006; Byrd & Joad, 2006;
Morello-Frosch, & Lopez, 2006; Ford & McCaffrey, 2006).
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Minorities and economically disadvantaged populations are more likely to experience
unhealthy environmental exposures, including antigens and pollutants that are linked to asthma. This
occurs in part because social, economic, and political disadvantage increases the probability that such
groups will reside in impoverished urban environments where the levels are high; and in part because the
same disadvantages reduce their ability to escape such areas or improve their physical environment
through collective action (Massey & Denton, 1993; Byrd & Joad, 2006; Gold & Wright, 2005). Public
policies and programs may differentially buffer these effects. The concentration of minority populations
in unhealthy environments is exacerbated by discriminatory housing practices (Massey & Denton, 1993)
and segregation (Morello-Frosch & Lopez, 2006), theoretically governed by public policies. Studies have
clearly documented linkages between low income, substandard housing, and exposure to asthma-
triggering factors such as smoke, dust mites, cockroaches, rodents, dry heat, and lack of heat (Boston
Medical Center and Children’s Hospital Doc4Kids Project, 1998). In the Moving to Opportunity study, a
housing-mobility experiment in which a random sample of families in public housing were offered the
opportunity to move to low-poverty neighborhoods, the incidence of asthma attacks was reduced among
the group that moved compared to those not given the opportunity to move (Katz, Kling & Liebman,
2001). It is plausible that public policies influencing housing conditions as well as housing location may
also influence exposure to asthma-causing antigens. Exposure to environmental tobacco smoke also
occurs disproportionately in disadvantaged populations because of the higher prevalence of smoking in
low-status groups. Physical exposures such as these affect asthma etiology prenatally and throughout
childhood.

Research has linked stress to both the etiology and management of asthma (Wright,
Rodriguez, & Cohen, 1998; Wright, Cohen, Carey, Weiss, & Gold, 2002). Stress contributes to asthma
etiology directly by impairing immune function and indirectly through its effect on smoking. This occurs
both prenatally (via maternal stress and smoking) and during childhood. Stress complicates effective
asthma management by reducing the psychological resources families coping with asthma have to seek
care and comply with preventive measures. Few studies have documented those aspects of the social
environment that create harmful levels of stress could underlie socioeconomic and racial disparities in
asthma. As conceptualized here, stress is inherently a property of an individual, the result of exposure to
experiences and events with which the individual cannot readily cope (Herbert & Cohen, 1993). The
social environment may contribute to stress by affecting the individual’s exposure to experiences and
events or by affecting the individual’s ability to cope. Furthermore, the cumulative balance during
development between chronic and acute stress and stress-buffering supports is consequential for health
(Singer & Ryff, 1997).

Economic disadvantage is associated with greater levels of psychosocial stress (Baum,
Garofalo, & Yali, 1997). Children growing up in poverty show early signs of elevated allostatic load,
including elevated secretion of cortisol and epinephrine and higher resting blood pressure. Children who
live in sustained poverty and those who become poor are more likely to be exposed to family violence and
inadequate parenting (Repetti, Taylor, & Seeman, 2002). In turn, parenting problems and family stress
have been linked to both wheeze and asthma in children (Wright et al., 2002). Social service programs
that alleviate poverty may influence stress levels experienced by families and children, as well as the
resources available to families for coping with stress. Relevant programs include income transfer
programs and programs that deliver in-kind resources and services (e.g., school lunch, housing, and
home-visiting programs). Specific impacts of such programs on asthma etiology have not been assessed.

Health behaviors and psychological factors are closely associated with stress pathways.
Mental disorders may be influenced by genetic risk and triggered by stressful events produced by the
mechanisms elaborated above. Perceptions of control over the environment and related factors, such as
self-efficacy, etc., are in part a function of the experience of unpredictable and stressful environments
(e.g., violence) (Carter, Perzanowksi, Raymond, & Platts-Mills, 2001; Wright, 2006). Thus, as noted

National Children’s Study Research Plan
September 17, 2007 — Version 1.3 A2-211



above, individual factors and stressful environments reinforce each other in the etiology of asthma. Health
behaviors may be in part a response to stress (e.g., substance use). Such behaviors are also, however,
influenced by health information and community norms.

Many environmental conditions have been hypothesized to contribute to the experience of
stress by the residents of urban communities. These include poverty, community disorganization, crime
and violence, social incivility, noise, crowding, hazardous conditions, physical decay, and unemployment
(Wright & Steinbach, 2001; Ewart & Suchday, 2002). Aspects of the social environment hypothesized to
influence individuals’ ability to cope with stressful events include community economic resources, social
cohesion, and social support networks. The presence and integration of community institutions that
provide resources and services and reinforce social ties also contribute to resiliency in the face of stress.
Suggestive evidence of the value of social support comes from a study of asthma management in inner-
city children. In this study, two groups received home visits but in only one were asthma prevention
measures actually implemented. In both groups acute visits for asthma were reduced relative to the
control group that received no home visits, but no difference existed between the two home visit groups
(Carter et al., 2001).

Access to health care is relevant to both asthma etiology and management. Although asthma
is more prevalent in geographic areas with a high density of health care providers (Sly & O’Donnell,
1992), access depends as much on social, cultural, and economic constraints as on geographic ones.
Access issues may affect the etiology of asthma via the timeliness of prenatal care and health care during
infancy and childhood. Asthma management practices are strongly related to asthma mortality and
hospitalization; poor management of asthma (delays in seeking care, under use of anti-inflammatory
medications) is in turn associated with a variety of social, cultural, and economic barriers to care (Wright
& Fisher, 2003).

Research that identifies the nature of the social processes that contribute to these pathways is
not well developed, but the pathways are likely to be multiple and complex. These processes also must be
considered at multiple levels, including individual, family, and neighborhood. Contextual-level stress may
be conceptualized as a neighborhood disadvantage that is characterized by factors including poverty,
limited social capital, segregation, and high crime/violence rates) (Attar, Guerra, & Tolan, 1994; Goldin
& Katz, 1998; Kawachi, Kennedy, Lochner, & Prothrow-Stith, 1997; Kawachi & Kennedy, 1997;
Kawachi, 1999; Wilson, 1987; Woolcock, 1998; Morello-Frosch & Lopez, 2006; Ford & McCaffrey,
2006). Research has focused on individual-level risks and limits our understanding of disease causation
(O’Neill et al., 2003; Strunk, Ford, & Taggart, 2002). Drawing from economics, epidemiology, sociology,
and urban studies (Brock, 2001; Brooks-Gunn, Duncan, & Aber, 1997; Galster, 2001a; Galster, 2001b;
Galster & Killen, 1995), asthma researchers have brought the concept of contextual (neighborhood)
effects to recent study designs. There is a need to understand how both the physical and psychological
demands of living in a deprived neighborhood may increase an individual’s susceptibility, including
genetic predisposition (Wright et al., 2004; Wright, 2006; Sandel & Wright, 2006; Wright & Fisher,
2003).

These economic, cultural, and social conditions are interrelated and feed on each another.
For example, violent crime is reduced in neighborhoods with high levels of collective efficacy (Wright &
Fisher, 2003). These interrelationships and pathways are better understood in the context of urban
environments. Very little research has examined pathways between the social environment and health in
suburban or rural areas.
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3.4 Potential for Innovative Research

Research that links the characteristics and dynamics of the social environment to biological
pathways resulting in the development and severity of asthma is in its infancy. A study of the scope of the
National Children’s Study is necessary to adequately model the contributions of various social
environmental domains and factors to the behavioral, psychological, and biological processes that lead to
asthma and complicate its management. Opportunities for innovation include:

L] The opportunity to further develop research regarding the environmental determinants
of stress-induced changes in physiological functioning. Current theory points to a
variety of environmental factors but does not adequately integrate existing social
science theory on the social, economic, political, and cultural processes that shape the
environments that individuals occupy.

] The opportunity to extend social science and examine the relevance of existing and
potentially new models of the dynamics of disadvantaged urban and rural
neighborhoods. These models will be able to incorporate specific health processes and
outcomes using biomarker data from mothers and infants as well as direct
measurement of social environmental processes.

3.5 Feasibility

To accomplish objectives laid out within this hypothesis, the study sample should include a
diversity of living units (e.g. an urban neighborhood or rural community) that are broadly representative
of the United States and that are widely varied with regard to race/ethnic composition, socioeconomic
status, rural/suburban/urban location, proximity to health services, public policy environment, and
physical environmental exposures. Within the selected communities, it is recommended that in-depth
studies be conducted to provide richer community-level data on the social dynamics, cultural norms
affecting asthma management, and the impact of public policy.

The study must also make an effort to track families (focal child plus primary caretaker) to
new residences and must also track the circumstances prompting such moves. Also it is necessary to get
adequate samples within all areas in order to obtain the desired multilevel modeling of community effects.
This is necessary because of the need to have measures of all potential exposures during pregnancy, early
infancy of the child, and every two or three years during childhood.

The primary focus of measuring asthma symptoms in the participating child must be the
severity and also the biological pathways underlying the etiology of disease, as described in other NCS
hypotheses that focus on asthma as an outcome. It is also important to look at the social aspects of the
asthma, with respect to the mother’s attitudes towards symptoms, health care contacts, medication
(specific prescription, dose, and frequency of administration), and compliance with recommended
treatment.

Since the current hypothesis is analyzing the association between asthma and social
influences such as socioeconomic status and race/ethnicity, there are many factors at the community-level
that are necessary to examine for possible mediating or confounding effects. The level of neighborhood
poverty, racial/ethnic composition of the area, racial or ethnic segregation, and job market characteristics
are all aspects of the child’s social and community environment that may play a mediating role in overall
asthma risk. In addition, chemical exposures, neighborhood pollutants, and physical housing
characteristics, along with the proximity of and access to health care systems also play a significant role.

National Children’s Study Research Plan
September 17, 2007 — Version 1.3 A2-213



Exposure Measures

4.1 Individuals Targeted for Measurement
Primary/maternal
L] Exposure to community and household factors that have the potential to influence
asthma symptoms in offspring (e.g., violence, stress); access to health care; mother's
attitudes/actions towards symptoms and treatment
Secondary/maternal
L] Socioeconomic factors (e.g., social networks and support for mother; enrollment in
welfare)
Primary/child
L] Exposure to community and household factors with potential to influence asthma
symptoms (e.g., violence, stress, environmental pollutants); access to health care
4.2 Methods
Primary/maternal
] Administrative record reviews
[ Interviews/questionnaires
Secondary/maternal
L] Interviews/questionnaires; secondary data collection on social environment
Primary/child
] Administrative record reviews
L] Household environmental samples
] Interviews/questionnaires
4.3 Life Stage
Primary/maternal
[ Periodic, prenatal through early childhood
Secondary/maternal
L] Periodic, prenatal through early childhood
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Primary/child

L] Periodic, birth through year 21

S. Outcome Measures
51 Outcomes Targeted for Measurement in Child
Primary
[ Asthma incidence, prevalence and severity:
] Airway hyperreactivity
m Lung function
[ Airway inflammation (exhaled NO)
] Immune system function (e.g., lymphocyte subsets, cytokines, total IgE)

L] Allergic sensitization (specific IgE or allergy skin prick testing)
] Symptom history and medication use
[ Respiratory infection history

L] Asthma management

] Number of trips to hospital

[ Health care contacts, quality, medications, compliance
L] Number of attacks
5.2 Methods
m Questionnaire of mother
L] Examination, interview and testing by medical professional (e.g., history of asthma

symptoms, lung function tests, specific IgE, exhaled breath for NO (eNO can be
measured prior to age 5)

L] Cord and blood samples of IgE and IgA and cytokines related to the allergic/asthma
cascade

n Medical record reviews
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5.3

Life Stage
Primary/child

] Age 2 to 21 (specific measures depend on age)

Important Confounders, Mediators, and Effect Modifiers

Social isolation: Social isolation, or lack thereof, has the ability to modify the effect of
physical environment risk factors on asthma-related outcomes in children. The impact of
physical environment risk factors may be reduced in a child that has a strong family and
social network. For example, one investigation revealed African Americans in education
programs had stronger views that asthma could be managed (partial correlation = 0.27)
(Fisher, Strunk, Sussman, Sykes, & Walker, 2004; Schmaling, McKnight, & Afari, 2002).

Parental health attitudes: The parental care received by children has the potential to be
both a confounder or effect modifier within the association between physical environmental
risk factors, psychosocial stress, and health related outcomes and risk of asthma in children.
Research shows that parents did a poorer job of caring for a child with asthma if they had
feelings of uncertainty, helplessness, and guilt (Annett, Bender, DuHamel, & Lapidus, 2003;
Trollvik & Severinsson, 2004).

Health care access: Poor health care access in inner cities, especially among African
Americans and Hispanics, exacerbates the risk of asthma attacks and deaths (Lara et al.,
2003; Sin, Bell, & Man, 2004; Wallace, Scott, Klinnert, & Anderson, 2004). This and other
disparity factors could be behind the greater asthma prevalence, especially among Blacks.
These issues are more thoroughly discussed in the disparities in asthma hypothesis and in the
review by Gold and Wright (2005).

Lower socioeconomic status and some minority groups such as Blacks and Hispanics are
likely to live in areas with increased air pollution, such as near freeways or industrial sites.
Careful assessments of these characteristics will be important to properly control for their
influence on outcomes.

Diet, physical activity, exposure to bioaerosols, stress, and infections, which will be the topic
of other hypotheses, could interact with or confound associations of asthma onset. Though
the following is not exhaustive, some important factors associated with atopy and asthma
include: demographic group (age, race, income or education), familial characteristics
(number of siblings, parent and sibling phenotypes for asthma), daycare attendance, pet
ownership, living on a farm, body mass index, immunizations, dietary factors, respiratory
infections, and diabetes.

Gene-environment interactions: Polymorphisms in genes involved in oxidative stress
responses to air pollutant exposures and candidate asthma and allergy genes will be
included. Ultimately gene-environment interactions may dictate the effect of any given
factor has on disease outcome.
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7. Power and Sample Size

In this example, power analyses with a cutoff value for high-exposure of the predictor is
based on a conservative cutoff value for a key determinant of disparity, low income, based on the lower
fifth percentile of NCS subjects (i.e., a proportion exposed is 0.05). A total sample size will be N =
100,000 and the incidence of asthma by age 6 will be 5 percent. A fixed interval proportional hazards
model was used to assess the association of low income and the risk of asthma. The minimal detectable
hazard ratios associated with the disparity, for power points of 80 percent, 90 percent, and 95 percent for
a level 0.05 two-sided test, are 1.199, 1.234, and 1.264, respectively. The estimates assume only a main
effects model based on exposure to a single factor (low income) without consideration of interactions
with other exposures, genetics, family history, etc. (National Children’s Study Interagency Coordinating
Committee, 2003).

Effect modification of the relationship between measures of social disparity, such as income
and asthma incidence, can result from environmental exposures, such as presence of a high level of
psychosocial stress, living within 100 meters of a freeway or major highway, high indoor levels of
allergens such as cockroach antigens, or the presence of policies and programs that buffer the effects of
economic disadvantage on families. Assessment of effect modification will be carried out by including
multiplicative interaction terms for the potential effect modifier and low income into each regression
model. For brevity, we present power analyses for a generic effect modifier with varying prevalences and
assume as above that the cutoff value for low income is based on the conservative lower fifth percentile of
NCS subjects. Again, a total sample size is assumed to be N = 100,000 and the incidence of asthma by
age 6 will be 5 percent. A fixed interval proportional hazards model assesses the association between low
income and the risk of asthma. In this case, minimum detectable hazard ratios associated with the
interaction term (multiplicative increase in the effect of low income attributable to the effect modifier)
corresponding to a specified power point that can be estimated via a modification of the usual two-sample
proportional hazards formula given by Schmoor, Sauerbrei, & Schumacher, 2000:

A=exp)(2an+ 2y Zl/pl] /[nPr(5 1)

In this case, A denotes the minimum detectable hazard ratio associated with the interaction
term under the alternative hypothesis, n denotes the number of subjects available in the study, Pr(6= 1)
denotes the probability of observing an event for a typical subject in the sample over the course of follow-
up (assumed to be 5 percent), pjj, i,j = 0,1 denotes the probability of being in level i of the exposure (0 =
low, 1 = high) and level j of the effect modifier (0 = not present, 1 = present), « denotes the type I error,
1-B denotes the power and z,., denotes the 1-y quantile of the standard normal distribution. We assume
that the effect modifier and low income are independent so that p;; = p; X pj, that is, the joint probability of
falling into one of the four groups is equal to the product of the conditional probabilities for each
covariate. Based upon this formula, Table 1 presents minimal detectable hazard ratios associated with the
interaction term corresponding to power points of 80 percent, 90 percent, and 95 percent for a level 0.05
two-sided test.
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Table 1. Minimum detectable hazard ratios associated with interactions. Estimates correspond to the
80%, 90%, and 95% power points of a level 0.05 two sided test

Minimum detectable hazard ratio associated with interaction term for selected

Prevalence of power points

effect modifier 80% 90% 95%
2% 3.66 4.49 5.32
5% 2.30 2.62 2.92
10% 1.83 2.02 2.18
20% 1.58 1.69 1.79
30% 1.49 1.58 1.67
40% 1.45 1.54 1.61

8. Other Design Issues

] Ethical/burden considerations: General issues include the need to protect privacy of

individuals and communities and when to intervene in families to protect children’s
health.

] Need for community involvement: Daycare and school cooperation would be
required for some of the intended measures. Other social environmental factors may
be tied to neighborhoods or communities.
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EARLY EXPOSURE TO STRUCTURAL COMPONENTS AND PRODUCTS OF
MICROORGANISMS DECREASES THE RISK OF ASTHMA

1. Meta Hypothesis

Early exposure to heterologous structural components and products of biologics
(microorganisms, e.g., viruses, bacteria, fungi, parasites, and common indoor aeroallergens) significantly
decreases or increases the risk of asthma and other atopic diseases (e.g., eczema, allergic
rhinoconjunctivitis), and/or this will be mediated by genetic and other risk factors.

2. Specific Hypotheses

1. Exposure to microbial structural components or products, indoor or outdoor allergens, viral and/or
bacterial infections in utero (maternal exposure) or in early childhood decreases the risk of atopy
(atopic sensitization with or without symptoms), asthma, eczema, and allergic rhinitis later in
childhood.

2. Immunologic outcomes measured in those children demonstrating reduced or enhanced risk of
developing asthma or atopy will reflect varying profiles of upregulation or downregulation of Thl
and Th2 lymphocytes as well as other significant immunologic consequence(s), such as the
development of regulatory T lymphocytes (e.g., antigen specific suppressor T-regulatory cells).

3. Significant interactions between the host, environmental exposures (including in utero), and
genetics will determine the magnitude and direction of associations in hypotheses 1-2.

3. Background and Justification

The human innate and adaptive immune systems can mount responses to heterologous
structural components and metabolic products of various species of living organisms (biologics) during
exposure in an environment rich in these immunoreactive factors. These microscopic and macroscopic
and ogranisms include bacteria, viruses, fungi, parasites, animals, insects, and plants. The determinants of
the exact nature of a particular response in a given circumstance are complex and not well understood.
Almost two decades ago, Strachan (1989) proposed that reduced exposure to microbial contaminants
early in life as a result of improved “hygiene” and reduced infection rates in developed countries
increased the prevalence of atopy, asthma, and other allergic diseases. This hygiene hypothesis has
steadily garnered scientific support (Gehring et al., 2001; Braun-Fahrlander, 2003; Liu, 2004; De Meer,
Janssen, & Brunekeef, 2005; Douwes et al., 2006; Ege et al., 2006; Perzanowski et al., 2006). Some
investigations produced conflicting results (Platts-Mills, Erwin, Heymann, & Woodfolk, 2005; Liu &
Leung, 2006; Schaub, Lauener, & von Mutius, 2006; Vercelli, 2006). The meta hypothesis proposed
above seeks to clarify the validity of the broad hygiene hypothesis and, wherever possible, elucidate the
underlying causes and susceptibility factors.

3.1 Public Health Importance
Prevalence/incidence
Among children, asthma is the most common chronic illness (National Academy of Sciences

Institute of Medicine, 2000). Asthma prevalence in the United States, estimated from the National Health
Interview Survey (NHIS) by the American Lung Association (American Lung Association Epidemiology
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and Statistics Unit, 2006), shows the prevalence of current asthma increased 85 percent from 1982
through 1996 to an estimated 14.6 million persons (55.2 per 1,000 persons). This increase was 76 percent
in children younger than 18 years or 4.43 million in 1996 (62.0 per 1,000 persons). This trend paralleled
increasing asthma hospitalizations and death rates in children (Akinbami, 2006; American Lung
Association Epidemiology and Statistics Unit, 2006). Similar or greater increases in the prevalence of
asthma during the second half of the 20"™ century were reported from other countries (Eder et al., 2006).
Asthma prevalence increased until 2001 and plateaued in most groups except African-American children
and adolescents, who have continued to experience increased prevalence annually (American Lung
Association Epidemiology and Statistics Unit, 2006). Hospitalization and death rates in children have also
reached a plateau or declined (Akinbami, 2006). Despite the plateau in prevalence, nonambulatory visits
for asthma to physician offices by children increased after 2000 (Akinbami, 2006). Explanations could
include increased public and health provider recognition of this disorder and earlier and more effective
treatment. For example, it is likely the main factor mitigating increases in hospitalization, and mortality
has been the dramatic increase in the use of preventive (controller) medications, chiefly inhaled
corticosteroids (Suissa, Ernst, Benayoun, Baltzan, & Cai, 2000; Suissa, Ernst, & Kezouh, 2002; Stafford,
Ma., Finkelstein, Haver, & Cockburn, 2003).

In 2004, the prevalence of doctor-diagnosed asthma reached 30.2 million Americans (104.7
per 1,000 persons), including 6.5 million children younger than 18. An estimated 4 million children
younger than 18 experienced an asthma attack in 2004. Prevalence data in the United States both from the
12-month prevalence (before 1997) and 12-month attack prevalence of asthma (since 1997) were highest
among those ages 5-14, Blacks compared with whites, and females (Akinbami, 2006; American Lung
Association Epidemiology and Statistics Unit, 2006). Approximately 38 percent of the asthma hospital
discharges in 2004 were children younger than 15, although only 21 percent of the U.S. population was
younger than 15 years old.

Eder et al. (2006) report the prevalence of atopy (from skin tests or specific IgE) has
increased in some populations, whereas, in others there has been a decrease or a plateau in prevalence
since 1990. However, there is little data prior to 1990. Other epidemiologic data show the prevalence of
atopy-related illnesses such as allergic rhinitis have increased in many industrialized nations during the
20 century (Diaz-Sanchez, Proietti, & Polosa, 2003).

Economic and/or social burden

In 2004, the direct health care costs of asthma were estimated at $11.5 billion while indirect
costs (lost productivity) were estimated at $4.6 billion for a total of $16.1 billion (American Lung
Association Epidemiology and Statistics Unit, 2006). The more severe forms of asthma account for a
disproportionate amount of the total direct costs. One study estimated that less than 20 percent of
asthmatics account for more than 80 percent of the direct costs (Malone, Lawson, & Smith, 2000).
Asthma also poses a substantial, increasing public health burden from school absenteeism and restriction
of usual physical and social activities (Newacheck & Halfon, 2000).

3.2 Justification for a Large Prospective Longitudinal Study

Currently available databases, although useful for the study of acute exacerbations of
existing asthma, are not able to directly answer questions about the effects of chronic microorganism
exposure on asthma incidence. These questions require the collection of new data. They can best be
studied in a large prospective cohort study design incorporating data from preconception into adulthood.
A large sample size and prospective approach is needed to accurately assess the effect of timing and dose
of biologic exposures, particularly during critical windows of vulnerability (e.g., specific trimester of
pregnancy, early vs. later postnatal periods, etc.), on the development of childhood asthma. Identification
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of children at risk for developing the severe forms of asthma would have clear public health impact. A
large prospective study can provide sufficient numbers to identify risk factors and determine which
children with asthma develop the severe, persistent variety.

Distinguishing the effects and interactions of biologics with other potential causative factors
(e.g., genetic, air pollution, lifestyle factors, addressed by the other asthma hypotheses) requires a large
sample. Accurate exposure and phenotypic data are needed to assess the significance of various asthma
and allergy genotype-complex exposure interactions occurring during the development of the child that
result in several different asthma phenotypes (Taussig et al., 2003; Bel, 2004). A large sample will be
required to evaluate the susceptibility to the adverse effects of certain pollutants and their sources in
specific genotype-phenotype clusters. Also, data are needed from children of different ethnicities living in
varied housing, socioeconomic, and geographic conditions. These factors may be correlated with
variations in exposures and possibly genotypes. A large sample size will be necessary to allow
adjustments to account for this.

3.3 Scientific Merit
Current scientific understanding

Biologics can be parts of living organisms (e.g., animal dander, cell wall lipoproteins) or
may refer to the entire organism (e.g., viruses, bacteria). Exposure to specific biologics can be episodic
with periodic exposure through vector transmission, immunization, or contact with these substances in
our everyday environment. Exposure also may be continuous (such as bacteria colonizing the skin and
alimentary tract). These biologics or their components can induce immunologic responses which are
protective, though some misdirected responses become pathologic. These responses can be identified
through changes in immunologic status measured in the laboratory or as phenotypic expression.

Pathologic perturbations of the immune system control the development of atopy and atopic
diseases. The primary function of this organ system is to prevent injury from foreign organisms. A
complex armamentarium of cells (e.g., neutrophils and mononuclear cells); receptors (e.g., pattern
recognition receptors [PRR] such as toll-like receptors [TLRs]); and soluble agents (e.g., complement,
soluble cluster of differentiation molecule 14 [sCD14]), provide immediate recognition and response to
proteins, lipoproteins, lipopolysaccharides, and other substances recognized as nonself via the innate
immune system. Previously programmed adaptive immune system components can also initiate and
execute reactions to neutralize and remove foreign substances from the body (e.g., mononuclear cells and
lymphocytes [memory cells], intracellular and extracellular receptors, and soluble molecules, such as
specific antibodies, interleukins, and interferons). Other environmental exposures, such as airborne
pollutants, can induce or augment immunological reactions. These responses by the immune system are
modulated by factors such as genetic makeup, presence of stimulatory or inhibitory cofactors, prior
immunologic conditioning, and current state and level of maturity of the immune system. Not all
immunologic reactions are healthy. For example, heterologous substances such as endotoxin have the
potential to induce or inhibit various pathways of immunological defense thereby augmenting or
diminishing a host’s effective response (Vercelli, 2006). In experimental models, higher doses of
endotoxin can induce immunologic tolerance, whereas low doses may augment the development of atopic
sensitization. Introduced before allergen exposure, endotoxins can inhibit sensitization. However,
endotoxin exposure some time after induction of sensitization can enhance the hyperreactive airway
response to antigen exposure. These dose-dependent immunologic consequences depend upon different
pathways. In one study, low-dose endotoxin induction of allergen sensitization and Th2 skewing was
found to be independent of myeloid differentiation primary response protein 88 (MyD88), while high-
dose endotoxin induction toward a Thl profile required the presence MyD88 (Eisenbarth et al., 2002). In
a murine model, however, the Th2 adjuvant activity of house dust extract was dependant upon the
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presence of MyD88, indicating the requirement of TLRs for this activity (Ng, Lam, Paulus, & Horner,
2006).

Effects on immunologic function can be quantified by measurements of immunologic
expression, such as the relative proportions or quantities of lymphocyte subsets, usually defined by their
receptor expression or function; the type of cellular recruitment; and the cytokine profile. Thl induction
generally results in the recruitment of lymphocytes and other mononuclear cells, upregulation of TLRs,
and the secretion of cytokines such as IL6, IL12, and IFN-y, and specific antibody of the IgG class,
especially of the IgG4 subclass. On the other hand, Th2 induction usually is associated with the
recruitment of eosinophils, downregulation of TLRs, the secretion of IL4, ILS5, IL9, IL13, and IFN-a, and
by specific antibody production of IgG2 (Jabara & Vercelli, 1994; Martinez & Holt, 1999; Woodfolk,
2006). Immunologic consequences also may be assessed by measuring relevant physiologic reactions
affected by regional inflammatory or immune response, such as airway hyperreactivity or obstruction and
in vivo (skin testing) and in vitro (ELISA) assays for specific IgE.

The immune system of the fetus or newborn is not fully mature and demonstrates a Th2[]
dominance. Over the ensuing months, the infant’s immune system acquires Thl1-dominance, unless this
natural process is interrupted by genetic, environmental, or other factors. The development of asthma and
atopy is thought to result from the persistence of, or return to, a Th2-dominant phenotype from a Thl
dominant phenotype. As noted, biologics such as endotoxin induce a Thl response under one set of
conditions, a Th2 response under another, and inhibit both classes of response in other circumstances
(Braun-Fahrlander, 2003). This has led to the concept of T regulatory lymphocytes ultimately controlling
Thl and Th2 activity, thereby connecting the innate with the adaptive immune system (Eder & von
Mutius, 2004). Consequently, factors other than the nature of the heterologous substance to which we are
exposed contribute to the ultimate effects of the response. These factors include genetic differences (e.g.,
single nucleotide polymorphisms, inherited atopic/asthmatic genotype); exposure characteristics (e.g.,
critical windows in time, temporal sequence of exposure with a second factor such as allergen, dose);
epigenetic changes (e.g., DNA methylation); in utero maternal exposures (smoking, stable/barn animals);
frequency, type and duration of infection, colonization, or exposure (e.g., bacterial, parasites, viruses,
antibiotics, probiotics, immunizations, hygiene); air pollution exposure (e.g., ozone, particulate matter);
and presence of stimulatory cofactors.

Several studies have suggested in utero or perinatal influences determine allergic disease
outcomes. Jones et al. (2002) found reduced levels of sCD14 in the fetal and neonatal gastrointestinal
tract (demonstrated in amniotic fluid and breast milk colostrums) were associated with an increased
prevalence of atopic sensitization and eczema, although the presence of eczema was independent of
atopic sensitization. TLR2 and TLR4 transcripts were identified in extracts of fetal gut and skin of these
fetuses at all ages of gestation examined. The authors concluded this regulatory effect of sCD14 likely
requires the interaction and binding of TLR4 and its ligand, sCD14, both of which are present in utero,
and that this immunologic effect is endotoxin independent as previously described for inhibition of IgE
production by sCD14 (Arias et al., 2000). However, they did not measure endotoxin in breast milk. Ege et
al. (2006) discovered an inverse dose-dependent relationship between maternal exposure to farm animals
and a risk of atopy in offspring, accompanied by upregulation of Thl genetic markers (TLR2, TLR4, and
CD14) in the children.

Fetuses demonstrate peripheral blood mononuclear cell proliferative responses from 22
weeks gestation, with increased responses at birth to specific allergens to which the mother was exposed
during gestation (Warner, Jones, Jones, & Warner, 2000). Immunologic memory appears to begin
developing in utero as a result of the transplacental transfer of small amounts of antigens, with subsequent
induction of T regulatory cells that determine whether tolerance or allergic sensitization to these antigens
will occur (Holt & Macaubas, 1997). This early activation of both innate and adaptive immunity could
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explain the presence of critical windows of exposure to biologics early in life, even in the prenatal period,
that help determine the type and predominance of immune responses that will characterize each human
being, at least for infancy and childhood. The immunologic status of the newborn may, similarly, already
be headed in a particular direction at birth (e.g., Thl or Th2 predominance) with further influence by
other postnatal factors that can impact the direction of immune system maturation.

Of all of the biologics, endotoxin has received the most attention. Endotoxin, a
lipopolysaccharide component of gram negative bacteria cell walls, is found routinely in house dust, and,
in increasing amounts, in the presence of animals. In a prospective birth cohort study, Simpson et al.
(2006) reported a marked reduction in atopic sensitization and eczema with increasing endotoxin
exposure (measured in living room dust), and an increased risk of nonatopic wheeze, but not atopic
wheeze, in children at 5 years of age. However, this protective effect for atopy was seen only in children
homozygous for the CC genotype in a promoter region of the CD14 gene (CD14/-159). Similar findings
have been described elsewhere, particularly for children in the first 2-5 years of life (Gehring et al., 2001;
Perzanowski et al., 2006). Diametrically opposite effects have been reported in studies under different
conditions, with possession of the T allele of CD14/—159 serving to reduce, not enhance, the IgE response
(Vercelli, 2003). These opposing effects prompted Kabesch (2006) to question the validity of a causative
role for endotoxin, raising the possibility that endotoxin is actually a surrogate for some other, as yet,
undefined immunomodulator. Vercelli, however, suggests the response to endotoxin may be bimodal or
even trimodal with Th2 responses at low and very high concentrations of endotoxin exposure and Thl
responses at high concentrations. Polymorphisms in other regions of the CD14 gene can create
contradictory effects on total and specific IgE production in children exposed to varying levels of
endotoxin and different animal exposures, i.e., pet versus farm animals (Eder et al., 2005). Lau et al.
(2005) found cat allergen exposure in infancy to be a risk factor for childhood asthma. However, very
high allergen exposures early in life was associated with a reduced rate of sensitization and wheezing and
increased levels of cat-specific IgG (Lau et al., 2005). A reduced prevalence of infantile wheezing has
been reported with exposures to high levels of endotoxin in the presence of multiple dogs (Campo et al.,
2006). Several other previously established risk factors, such as maternal smoking and daycare
attendance, were also identified, however, no reduction in specific allergen sensitization was noted at
1 year of age.

Some (Braun-Fahrlander, 2003; Eder & von Mutius, 2004; Liu & Leung, 2006;
Schaub et al., 2006; Vercelli, 2006) but not all (Platts-Mills et al., 2005; Racila & Kline, 2005) recent
reviews have argued for the probable validity of the hygiene hypothesis construct, although not
necessarily in its original form. Some studies have demonstrated an inverse relationship between early-
life farm animal exposure as a surrogate for microbial biocontaminant exposure (likely to represent, at
least, endotoxin) and the development of atopy, asthma, and allergic rhinitis, including some in a dose-
dependent manner (Von Ehrenstein et al., 2000; Downs et al., 2001; Riedler et al., 2001). Leynaert et al.
(2006) found the greatest protection in children with both early farm exposure and possession of the
CD14-159TT genotype. Lauener et al. (2002) demonstrated higher amounts of CD14 and TLR2 (a
receptor for peptidoglycans in gram-positive bacterial cell walls) in farmers’ versus non-farmers’
children. In a western European study, the development of atopy and asthma was negatively associated
with farm stable exposure and, independently, with the consumption of farm milk in the first year of life
(Riedler et al., 2001). These studies suggest a critical window of prenatal and early childhood exposure to
produce a protective response. Windows of exposure have been described for other environmental
elements (e.g., smoking) associated with the induction of asthma (Strachan & Cook, 1998). In a
prospective birth cohort study of Dutch children followed for four years, endotoxin and EPS levels
expressed as units per square meter (but not in units per gram of dust) in floor dust demonstrated a
significant inverse association with doctor-diagnosed asthma, and, in addition, with persistent wheeze but
only for extracellular polysaccharides of fungi (EPS) (Douwes et al., 2006). A weak correlation was
found with biocontaminant levels and atopy. However, the authors point out the study design may have
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impeded finding a positive relationship. EPS exposure, used as a marker for total fungal exposure, has
been significantly positively associated with home dampness as well as respiratory symptoms in 6- to 127
year-old children (Douwes et al., 2006). Gehring et al. (2001) found exposure to higher levels of
endotoxin in urban homes reduced the risk of developing atopic eczema in infants in the first 6 months,
with an increased risk of experiencing respiratory infections with cough and wheezing that increased over
the first year of life. Perzanowski et al. (2006) reported similar results. A number of studies have
demonstrated reduced risks for the development of allergic diseases and atopic sensitization in children
growing up in close proximity to farm animals (Alfven et al., 2006), particularly with early life exposure.

Attending day care between birth and 4 years of age and having a dog or cat indoors in the
first 2 years of life have been shown to reduce the risk of atopic sensitization and atopic symptoms (De
Meer et al., 2005). However, no reduced risk was seen when older siblings were present, contrary to one
of the predictions of the original hygiene hypothesis. Ball et al. (2000) did find a significantly reduced
risk of asthma in children with exposure to older siblings and also associated with attendance at day care
in the first 6 months of life. They also reported increased wheezing in children with more exposure to
other children at age 2 but a reduced risk of wheezing from ages 6-13 years. Significant dose-dependent
relationships have been reported for the lack of vaccination and the risk of self-report of atopic diseases in
children, especially when there was no family history of atopic disease (Enriquez et al., 2005).

Bidirectional gene-environment interactions can affect the resultant asthma phenotype. Only
certain polymorphisms in TLR2, (e.g., carrying a T allele in TLR2/-16934), modulate the protective effect
provided by the farm environment (Eder et al., 2004). Non-mutational epigenetic changes in gene
expression caused by varying environmental exposures could also help explain the opposite effects of
identical genotypes or discrepant results for similar exposures. NODI1 is an intracellular PPR with a
leucine-rich domain whose ligand is the diaminopimelic acid (iE-DAP) found in PGN. iE-DAP is found
on the surfaces of bacteria such as gram-negative bacilli and certain gram-positive bacilli such as Bacillus
subtilis and Listeria monocytogenes. Activation of NODI1 induces NF-kB activation resulting in the
release of pro-inflammatory cytokines. Certain polymorphic variants in the NOD1 gene have shown
variable association with asthma and total serum IgE (independent of allergen-specific mechanisms), with
one SNP in particular, ND+32656*2 indel strongly associated with both (OR = 6.30 for asthma and 18.4
for IgE above the 90™ percentile) (Hysui et al., 2005). In another study of the NODI1 gene, central
European children homozygous for the T allele in the caspase recruitment domain protein (CARD) 4
portion of NOD1-21596 (CARDA4/-21596) and living on farms demonstrated reduced frequencies of
atopic sensitization, allergic rhinitis and atopic asthma compared with children not living on farms. This
protective effect was not seen, however, in children with the C allele (Eder et al., 2006). The complexities
of gene-environment interactions reflect the fact that asthma is a complex disease of the lower airways
variably characterized by reversible airways obstruction, airway inflammation, and airway
hyperresponsiveness. Gene association studies indicate a complex inheritance pattern involving perhaps
hundreds of genes governing the expression of varying asthma and atopy phenotypes (Ober & Hoffjan,
2006). Confounding factors can make the job of identifying truly causative genotypes more difficult.
Associations may not be reproducible because of inter-study differences in definitions of phenotypes
(e.g., criteria used to identify subjects with “asthma” or “atopy”). Some genetic effects may only be
demonstrable when combined with other genes or environmental conditions, and associations with single
nucleotide polymorphisms (SNPs) or various haplotypes likely differ between populations, which may
conceal true causative associations. Despite this complexity, eight genes associated with the asthma
phenotype, and frequently with atopy, have been identified in five or more studies (Hoffjan et al., 2003).

Bacteria and their components in the intestinal tract are another source of constant exposure
to microbial products, and, thereby, the potential for induction of immunologic effects. Bifidobacterium
thermophilum, a commensal bacterium of the gut, fed orally to mice enhanced the cytotoxic activity of
their lymphocytes (Sasaki, Fukami, & Namioka, 1994). They are also an excellent source of antioxidants
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(Pyo & Lee, 2005). Yurong et al. (2005) found significant enhancement of intestinal mucosal immunity in
chickens fed a probiotics mixture of microbial agents, including Lactobacillus acidophilus, Bacillus
subtilis, and Candida utilis early in life. Fecal short chain fatty acid patterns more often associated with
the presence of Clostridium difficile were predominant in allergic Swedish infants (defined by at least one
positive prick skin test and symptoms of asthma or eczema). Nonallergic infants demonstrated fecal
patterns resembling those seen with normal intestinal bacterial flora (Bottcher, Nordin, Sandin, Midtvedt,
& Bjorksten, 2000). Similar findings have been reported by Sepp in Swedish infants who demonstrated
significantly more allergy and the presence of C. difficile vs. Estonian infants showing much less allergy
and more often the normal gastrointestinal commensals Lactobacilli and Eubacteria (Sepp et al., 1997).
This has also been shown to be true for 2-year-olds in these two countries (Bjorksten, Naaber, Sepp, &
Mikelsaar, 1999). Certain species of Lactobacilli may inhibit allergen-induced IgE production by murine
splenocytes, suggesting the GI bacterial flora may play a role in modulating Th1/Th2 balance
(Shida et al., 1998). Other studies have shown immunomodulatory effects in animals exposed to common
commensal GI bacteria (e.g., B. subtilis) (Panigrahi et al., 2007) or their metabolic products (Sung et al.,
2005). Finally, feeding Lactobacillus GG to mothers prenatally and to infants in their first 6 months
reduced the development of atopic diseases through the first 2 years of life (Kalliomaki et al., 2001).

We are constantly exposed to biologics and their immunoreactive components before birth,
and these are only one class of many types of contaminants and other environmental exposures we
encounter daily. The dual human immune system is relentlessly reacting to and protecting us from the
potential harmful effects of these biologics as they come in contact with our bodies. Some of these
immunologic reactions result in pathologic effects. Among these are the development of atopy, asthma,
and other allergic disorders. Investigative studies directed toward elucidating the causal factors in the
development of asthma continue to provide support for an updated hygiene hypothesis that explains how
relatively recent changes in hygiene and reductions in biologics exposure account for the increase in
asthma and atopy in developed and developing countries during the past three decades.

3.4 Potential for Innovative Research

The NCS provides the opportunity to collect longitudinally a broad range of data thought to
affect the development of atopy and asthma. This includes genotyping; serologic reflections of
immunologic status (specific and total and specific IgE, cytokines, lymphocytes); and environmental
exposures (e.g., animal dander, dust mite, cockroach). This also allows us to examine the relationships of
multiple potential causes and precipitating factors of asthma, both allergic and nonallergic, using
standardized definitions for disease, atopy, and environmental exposures. By collecting data in a
standardized manner and using nurses or doctors to evaluate study-defined parameters, investigators can
compare and combine data across the study centers in a scientifically valid manner, contrary to what has
often been done in reviews of the literature. As the study progresses, one will be able to observe the
effectiveness of both proactive and reactive modalities for promoting good health, (e.g., effectiveness of
smoking cessation for relevant house members; or regular vs. intermittent vs. no care by a primary care
physician vs. a specialist in allergy/immunology or pulmonary medicine).

3.5 Feasibility

The probability sampling design of the NCS will allow for variability in birth order, number
of siblings, family size, time spent in day care, and opportunity for contact with sources of infection and
endotoxin. Sampling should include exposure to farm animals (urban/rural gradient), household pets,
other sources of fecal material (such as soiled diapers or compost in the home), and socioeconomic status.
The collection of specimens for genotyping or epigenetic changes are possible. Obtaining blood for serum
total and specific IgE is feasible, but assays are expensive but necessary to determine atopic status and
other immunological markers. Spirometry is practical after 4-5 years of age. Repeated household
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measurements of allergens and other biocontaminants from dust and air are feasible and can be collected
during home visits and by study participants. Analyses of these samples are expensive, yet are needed to
provide evidence of exposures at specified windows of vulnerability. The study needs to track respiratory
infections clearly associated with increased incidence of early wheezing illness. However, confirmation of
the type of respiratory infection will be difficult and limited to a subset of confirmed viral titers, such as
Vericella. Therefore, data regarding episodes of infections will be largely based on parental recall of the
frequency and severity of infection. High-throughput genotyping methods and genome-wide scans will
characterize and potentially discover asthma and atopy genes that interact with the exposures of interest.
4, Exposure Measures
4.1 Individuals Targeted for Measurement

Primary/maternal

m  Prenatal exposure to bacteria and microbial products through CBC of blood samples and
Immunoassay

m  Prenatal and postnatal ETS exposure
Primary/child

m  Exposure to bacteria and microbial products via indoor measurements and other
infection measures

m  Day care history

m  Family member number and history (e.g., concomitant upper respiratory infections)

4.2 Methods
Primary/maternal
m Interview/questionnaire
m  Blood samples
m  Urine samples
m  Other physical sampling
m  Household environmental survey and endotoxin and allergen sampling prenatally
Primary/child
m  Household environmental endotoxin and allergen sampling
m  Blood samples

m  Urine samples
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m  Other physical sampling

m  Spirometry and exhaled NO

m Interview/questionnaire to assess health history, diet, daycare attendance, exposure to

pets, etc.

4.3 Life Stage
Primary/maternal
m  Repeated, birth through year 5
Primary/child

m  Repeated, birth through year 5

5. Outcome Measures

51 Outcomes Targeted for Measurement in Child

m  Decreased risk of asthma measured via allergy, asthma in index child, airway reactivity

5.2 Methods
m  Direct observation by medical professional
m Interview/questionnaire
m  Blood samples
m  Urine samples

m  Other physical sampling

5.3 Life Stage

[ Repeated, birth to year 21

National Children’s Study Research Plan
September 17, 2007 — Version 1.3

A2-231



6. Important Confounders, Mediators, and Effect Modifiers

m Infection: Site, type of prior infection (e.g., respiratory, gastrointestinal) does not
change likelihood of protective effect.

m  Medication use: Antibiotic or paracetamol use may increase the risk of asthma.

m Living conditions: Living in uncrowded conditions and in higher socioeconomic status
reduces risk of asthma.

m Location of contaminant collection: (e.g., living room vs. bedroom, floor vs. mattress,
carpeted vs. non-carpeted); units of contaminant (e.g., units/area vs. units/gram of dust);
previous efforts to reduce exposure (e.g., bedding encasings) (Dillon et al., 1999;
Douwes et al., 2006).

m  Use of air conditioners
m  Obesity
m Lifestyle: Diet, antioxidants, breast milk; smoking.

m  Timing of exposure: Critical windows; before, with, or after allergen or other potential
factor.

m  Lung growth: (e.g., low-birth weight).

m  Genetics of asthma and atopy: (Ober & Hoffjan, 2006), see NCS environmental
exposures and genetic variation interactions and asthma hypothesis.

7. Power and Sample Size

The smallest detectable relative risk is approximately 1.2. This power estimate assumes a
sample size of 100,000 at age of diagnosis, an asthma incidence of 5 percent, and a cutoff value for
“high” exposure based on the upper fifth percentile of NCS subjects (i.e., a proportion exposed of 0.05). It
assumes only a main effects model based on exposure to a single factor (e.g., early exposure to bacterial
and microbial products) without consideration of interactions with other exposures, genetics, family
history, etc.

8. Other Design Issues

The multifactoral determination of immunologic responses contributes to the difficulty in
identifying causative factors of asthma and atopy. Although the risk of developing asthma is significantly
greater in atopic children, the majority of children with asthma in the first 5 years of life is not atopic.
What conditions determine whether the child develops atopic sensitization, asthma, or other allergic
diseases, or both? What data must be collected to discover risk factors for each? The study design must
control for non-measured potentially causative factors while assuring accurate assessment of dependent
variables and accurate measurement of independent variables. For instance, the locations of sampling,
previous or ongoing anti-allergy measures in affected children’s homes, and assays utilized to evaluate
atopy or biocontaminant concentrations can influence study results and lead to misleading conclusions.
Additionally, operational definitions of disease states (e.g., asthma) must be similar to allow for
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comparison of data from comparative studies. Study design should differentiate incident asthma from
prevalent asthma, which can be difficult with older children.
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ENVIRONMENTAL EXPOSURES INTERACT WITH GENES TO INCREASE THE RISK OF
ASTHMA AND WHEEZING IN CHILDREN

1. Meta Hypothesis

There will be a significant association with gene-environment, gene-gene, and genotype-
phenotype relationships that contribute to wheezing and asthma in children.

General approaches have been proposed for evaluating gene-environment interactions
(Weiss, 2001; Martinez, 2007), but groundbreaking gene-environment asthma studies in the literature also
have many limitations. Some of these limitations can be addressed in the National Children’s Study.
Three specific hypotheses have been formulated to demonstrate how the National Children’s Study can
address critical questions still left unanswered.

2. Specific Hypotheses

In addition to this hypothesis on gene-environment interaction, the outcome domain of
asthma has three specific hypotheses provided based on potential exposure related to air pollution,
environmental tobacco smoke, viral and microbial agents, and more general “environmental” exposures
such as stress and diet.

1. Environmental exposures to such agents as air pollution and environmental tobacco smoke (ETS)
will increase risk for wheezing and asthma, and this effect will be moderated by certain oxidative
stress genetic phenotypes such as GSTM1, GSTP1, NAT1 and NAT2.

2. Exposure to viral agents or microbial products will be significantly associated with wheezing and
asthma outcomes and this effect will be dependent on certain innate immunity genes such as CD14,
TLR2, TLR4, iNOS and/or, adaptive immunity genes such as 1L4, IL13, IL4RA.

3. Other prenatal or postnatal environmental exposures such as stress and diet will significantly
increase the risk for wheezing and/or asthma, and this effect will be moderated by specific
genotype-phenotype relationships.

3. Background and Justification
3.1 Public Health Importance
Prevalence/incidence

Among children, asthma is the most common chronic illness (National Academy of
Sciences, 2000). Data on asthma prevalence from the United States from the National Health Interview
Survey (NHIS), CDC's National Center for Health Statistics show the prevalence of current asthma
increased 85 percent from 1982 through 1996 to an estimated 14.6 million persons (55.2 per 1,000
persons), according to reports by the American Lung Association (2006). This increase was 76 percent in
children younger than 18 years to 4.43 million children in 1996 (62.0 per 1,000 persons). This trend
paralleled increasing asthma hospitalization and death rates in children (American Lung Association,
2006; Akinbami, 2006). Similar or greater increases in the prevalence of asthma during the second half of
the 20th century were reported from other countries (Eder, Ege, & von Mutius, 2006) and increases may
still be occurring (e.g., see Lodrup Carlsen et al., 2006, for recent information from a birth cohort study in
Oslo, Denmark, where now every fifth child is affected by asthma).
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Between 1997 and 2000, the asthma questions in NHIS used a different measure of current
asthma prevalence, which suggested a decrease. However, this difference made it impossible to
appropriately compare the data during this period to past trends. In 2001, another change was made (a
question was restored to restate the prevalence of current asthma regardless of attack occurrence in the
past 12 months) making comparisons possible again. It then became apparent that current asthma
prevalence had continued to increase until 2001, later reaching a plateau in most groups except black
children and adolescents, who have continued to experience increased prevalence annually (American
Lung Association, 2006).

Hospitalization and death rates in children have also reached a plateau or decreased
(Akinbami, 2006). Despite a plateau in prevalence in 2001, nonambulatory visits for asthma to physician
offices by children have continued to increase (Akinbami, 2006), possibly due to increased public and
health provider awareness, which improved treatment of asthma. For example, there was a dramatic
increase in the use of preventive (controller) medications, chief among them being inhaled corticosteroids
(Stafford et al., 2003; Suissa et al., 2000; Suissa, Ernst, & Kezouh, 2002), which may have mitigated
increases in hospitalization and mortality.

In 2004, 30.2 million Americans (104.7 per 1,000 persons) at some time during their lifetime
had been diagnosed with asthma by a health professional. This estimate included 6.5 million children
younger than 18 years. Almost four million children younger than 18 years were estimated to have
experienced an asthma attack in 2004. Prevalence data in the United States from both the 12-month
prevalence (before 1997) and 12-month attack prevalence of asthma (since 1997) were highest among
children aged 5-14 years, blacks compared with whites, and females (American Lung Association, 2006;
Akinbami, 2006). In the U.S. population, approximately 38 percent of the asthma hospital discharges in
2004 were children younger than 15 years, even though only 21 percent of the U.S. population was
younger than 15 years.

Economic and social burden

In 2004, the direct health care cost of asthma was estimated to be $11.5 billion. Indirect cost
(lost productivity) was estimated to be $4.6 billion. Total cost (direct plus indirect) was estimated to be
$16.1 billion (American Lung Association, 2006). The more severe forms of asthma account for a
disproportionate amount of the total direct costs. Malone, Lawson, & Smith (2000) estimated that less
than 20 percent of asthmatics account for more than 80 percent of the direct costs. Asthma also poses a
substantial and increasing public health burden from school absence and restriction of usual physical and
social activities (Newacheck & Halfon, 2000).

3.2 Justification for a Large Prospective Longitudinal Study

Opinions differ on the types of studies to use to address complex common disorders. In a
recent debate in the literature, Willett et al. (2007) supported the combination and use of available
databases to study common disorders such as asthma, while Collins and Manolio (2007) supported a new
large cohort study mainly of adults (Manolio, Bailey-Wilson, & Collins, 2006). This debate covered the
strengths and weaknesses of both of these approaches, but both Willet et al. and Collins and Manolio
praised the strengths of a design based on a large birth cohort but questioned the feasibility of a large
prospective cohort study design that incorporates in utero and early postnatal data as well as data from
stages of development from infancy through childhood and into adulthood. However, the National
Children’s Study will provide valuable data that could be used to accurately assess the timing of
exposures, particularly during critical windows of vulnerability (e.g., specific trimester of pregnancy, and
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early vs. later postnatal periods, and later in childhood) on the onset of asthma in childhood and
persistence into adulthood.

Accurate exposure and phenotypic data are needed to assess the importance of many asthma
and allergy genotypes interacting with many exposures in relation to complex and variable asthma
phenotypes. Interactions of maternal and fetal genotypes contribute to the requirement for a large sample.
A large sample will be required to evaluate the susceptibility to the adverse effects of certain exposures
and their sources in specific genotype-phenotype clusters.

Also, data are needed from children of different ethnicities living across the United States
under varied housing, socioeconomic, and geographic conditions. These factors may account for some of
the ethnic disparities related to asthma, which may be correlated with variations in exposures. A large
sample size will be necessary to allow adjustments to account for this. Landrigan et al. (2006) discuss in
more detail the rationale and strengths for a large prospective study, which is expected to direct the
development of prevention strategies for both diseases of childhood and chronic diseases of adulthood
whose developmental origins likely begin in childhood.

3.3 Scientific Merit

A recent review by Ober and Hoffjan (2006) identified a group of 10 genes that have been
associated with asthma in 10 or more studies; 15 genes that have been associated with an asthma or atopy
phenotype in six to 10 studies; and 54 genes that have been associated in two to five populations. The
genes associated with asthma in more than 10 studies are IL4, IL13, ADRB2, TNF, HLA-DRBI,
FCERI1B, IL4RA, CD14, HLA-DQBI1 and ADAM33. On the basis of their review, Ober and Hoffjan
suggest the total number of genes associated with asthma will likely exceed 100, and the individual effect
of any one of these genes on disease risk will be small. However, this review did not discuss gene-
environment interaction, which was addressed in a separate article (Ober & Thompson, 2005). Both
articles to which Ober contributed state there is no single “asthma gene” in all populations, and it is
therefore critical to consider environmental context or gene-environment interactions to understand
genetic susceptibility to asthma. They emphasized that asthma is a complex common disease with genetic
susceptibility that is context-dependent due to gene-environment interactions resulting in effects apparent
only in specific environments. To address these factors, studies of asthma must take into account
environmental context (e.g., gender, parental asthma status, parent-of-origin effects) and use large
samples, careful ascertainment of asthma phenotypes, comprehensive genetic surveys of targeted genes or
genome-wide variation, and rigorous statistical approaches that account for multiple comparisons. Thus,
the National Children’s Study will provide data to test gene-environment effects hypothesized to be
important now as well as associations that may be proposed in the future.

Examples of gene-environment interactions

One straightforward example of a gene-environment hypothesis is based on the CD14 gene
and exposure to endotoxin (see Vercelli, 2004, and Vercelli & Martinez, 2006, for a review and
discussion). CD14 is one of the groups of genes with evidence of association with asthma in more than 10
studies (Ober & Hoffjan, 2006). The literature suggested that a functional promoter polymorphism
(CD14/-260C>T) in this gene influences IgE and asthma in opposite ways depending on level of exposure
to endotoxin. Recent examples are based on studies of children exposed to small animals or large animals
(Eder et al., 2006) and to low or high levels of house dust (Zambelli-Weiner et al., 2005; Simpson et al.,
2006). Another example of a gene-environment hypothesis is based on the effect of ETS on asthma (Cook
& Strachan, 1997). In the Children’s Health Study of 6,000 children in the Los Angeles region (Peters et
al., 1999), in utero ETS increased asthma and wheezing in children and current ETS increased wheezing.
Pathway analysis of xenobiotic metabolism and antioxidant defenses suggested candidate genes in the
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GST superfamily (GSTP1, GSTMI1, and GSTP1), which are expressed in the respiratory tract and
function as an enzymatic antioxidants and hydroperoxidases. Cross-sectional studies have supported the
hypothesis of gene-environment interaction between GST genes and ETS. In a subset of the Children’s
Health Study, Gilliland et al. (2002) showed a common genotype that results in the complete lack of the
GSTM1 enzyme (GSTMI null) interacts with in utero exposure to ETS to increase the prevalence of
asthma and wheezing in children.

Crossover interactions

One type of gene-environment interaction will mask main effects of genes. The crossover
interaction (see Ober and Thompson, 2005, Figure 1a) has been documented for several genes (CD14,
HLA-G, TLR4, and IR4RA genes). Two of these (TLR4 and HLLA-G) are not in the elite group of genes
with more than 10 replications but fall in the middle class with two to five replications (Ober & Hoffjan,
2006). The underlying concept of the crossover gene-environment interaction has been discussed by
Vercelli and Martinez (2006). They point out that, in the nuances of human subjects, variation in
regulatory processes may create variation in gene expression that is difficult to understand without
consideration of appropriate exposures. The studies by Eder et al. (2005) and Zambelli-Weiner et al.
(2005) were cited as examples of the same genetic polymorphism (CD14-260C>T) being associated with
risk or protection depending on environmental exposures (in these two instances, to farm animals or
house dust). Thus, including individuals with different environmental exposures in the same analysis may
dilute a genetic main effect to the point of erasing it. Vercelli and Martinez point out that, contrary to the
suggestions of some (Hall & Blakely, 2005), Nevertheless, the NCS provides the best opportunity to
compensate for heterogeneity of environmental exposures do date.

Therefore, the search for gene-environment interactions in the elite group of genes with
multiple replications of association with asthma (10 genes in more than 10 studies and 15 genes in six to
10 studies) may not be the best strategy, at least not for the class of crossover gene-environment
interactions that dilute the main effect of genes. NCS researchers intend to evaluate gene-environment
interactions for multiple exposures across all of the genes identified by Ober and Hoffjan (2006) with
particular emphasis on those with few replications (i.e., the set of 54 genes with two to five replications
and the set of 39 genes with a single study documenting association).

3.4 Potential for Innovative Research

Vulnerability to particular risk factors is determined not only by the genome acquired at
conception but by the nature of the environment influences during critical periods of development, so a
longitudinal assessment of the environment from before conception through pregnancy, fetal life, birth,
and infancy could provide an opportunity to understand time-dependent susceptibility to asthma. For
example, the review by Saglani and Bush (2007) emphasized the importance of the first 3 years of life
and concluded that fetal and maternal genotype interact with environmental exposures to establish a risk
phenotype, which interacts with antenatal exposures to set by age 3 the lifelong course of chronic asthma
and lung impairment.

Also, the interplay between genes and environment is characterized by dynamic
modifications to the genome, such as epigenetic modifications to nuclear and mitochondrial DNA that
have been hypothesized as likely mechanisms for gene-environment interactions. For example, Valle
(2004) reviews the contributions of epigenetic mechanism to genetic individuality, compares these stable
alterations in gene expression that arise during development to variation in expression due to promoter
allelic variation and alternative splicing, and points out that environmental experiences can have profound
effects on epigenetics and individual variation in gene expression. Sanders (2006) described epigenetic
regulation of Thl and Th2 cell development that is important in asthma. Hanson and Gluckman (2005)
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propose the primary mechanism for fetal adaptations and development of “thrifty phenotypes” is by
epigenetic modification. An investigation of a cohort over time and under various environmental
conditions provides an opportunity to collect repeated specimens for genetic analysis (see Callinan and
Feinberg, 2006, for a description of this process), which could be used to assess some likely candidate
epigenetic mechanisms involved in gene-environment interactions and susceptibility to asthma.

3.5 Feasibility

The National Children’s Study protocol specifies the collection of biological samples that
could be the source of DNA for traditional genetic analysis of candidate genes and for gene discovery
based on genome-wide association scans. The anticipation of chip-based genotyping of all participants
based on current technology or complete sequencing of all individuals at some point in the future will
provide extraordinary detail about genetic variation of nuclear DNA. Along with the planned definition of
cases based on asthma phenotypes, this provides an opportunity to use the efficient nested-case control
design for subsets of the sample or the proportional hazard design for the entire sample to evaluate effects
of genes, environments, and their interaction.

In addition, the Study protocol specifies collection of biological samples at multiple points
over time, which provides the opportunity to evaluate epigenetic changes proposed to be the molecular
mechanisms of some gene-environment effects (Hanson & Gluckman, 2005). The epigenetic assays for
environmental effects of methylation and chromatin status are rapidly evolving, and current methods are
surely to improve rapidly as a result of extensive current work (Callinan & Feinberg, 2006) and
anticipated future work (NIH Epigenetics Workshop, 2007).

Callinan and Feinberg (2006) describe the two major modifications of DNA or chromatin
(DNA methylation, the covalent modification of cytosine; post-translational modification of histones
including methylation, acetylation, phosphorylation, and sumoylation) that act to regulate gene expression
and review the current status of high-throughput microarray technologies for assessing DNA methylation
and chromatin modification and the status of the Human Epigenome Project. Bjornsson, Fallin, and
Feinberg (2004) describe an integrated framework to evaluate, in addition to direct or independent effects
of DNA genotype (ginq), the epigenotype (epg) and how it influences disease phenotype.

4, Exposure Measures

4.1 Individuals Targeted for Measurement

Primary/child

[ Genetics: Family history of allergy, asthma, and respiratory illness; family immune
history
L] Environmental exposures (home, school and daycare):

- Environmental samples (e.g., mold, endotoxins, allergens, environmental
tobacco smoke)

- Other exposure information (housing characteristics, product usage in
home, parental occupational/hobby data, food/diet questionnaire, child
time activity patterns [questionnaire, diary, or GPS])
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4.2 Methods
Primary/maternal
] Interview/questionnaire
] Medical record review
[ Blood for genotype
L] Physical sampling (air, dust) of home, school, and daycare
Primary/child
L] Medical record review
L] Blood for genotype
] Physical sampling (air, dust) of home, school, and daycare
4.3 Life Stage
(] Periodic, birth through year 20
5. Outcome Measures
51 Outcomes Targeted for Measurement in Child
] Asthma, wheezing, pulmonary function/dysfunction
- Allergic sensitization
- Airway reactivity
- Immune system function (e.g., lymphocytes, cytokines, IgE,
interleukins)
5.2 Methods
[ Examination and interview by medical professional
L] Medical record review
L] Blood samples
] Pulmonary function: Pulmonary function tests and spirometry
5.3 Life Stage
] Periodic, birth through year 20
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6. Important Confounders, Mediators, and Effect Modifiers

u Health care access: Poor health care access in inner cities, especially among African
Americans and Hispanics, exacerbates the risk of asthma attacks and deaths (Lara et
al., 2003; Sin, Bell, & Man, 2004; Wallace, Scott, Klinnert, & Anderson, 2004). This
and other disparity factors could be behind the greater asthma prevalence, especially
among African Americans. These issues are more thoroughly discussed in hypothesis
4 and in the review by Gold and Wright (2005).

n Diet, physical activity, bioaerosols, stress, and infections: These exposures will be
the topic of other hypotheses and could interact with or confound associations of
asthma onset with air pollutants.

n Polymorphisms in genes: For the analysis of gene-environment interactions, it will
be important to include polymorphisms in genes involved in oxidative stress responses
to air pollutant exposures and candidate genes.

] Socioeconomic status: Lower socioeconomic status and some minority groups, such
as Blacks and Hispanics, are likely to live in areas with increased air pollution, such as
near freeways or industrial sites. Careful assessments of these characteristics will be
important to properly control for their influence on outcomes.

n Environmental exposures: Diet, physical activity, bioaerosols, stress, and infections,
which will be the topic of other hypotheses, could interact with or confound
associations of asthma onset with air pollutants (specific hypothesis 1). Though the
following list is not exhaustive, some important factors associated with atopy and
asthma include demographic group (age, race, income, or education), familial
characteristics (number of siblings, parent and sibling phenotypes for asthma),
daycare attendance, pet ownership, living on a farm, body mass index, immunizations,
several dietary factors, respiratory infections, and diabetes.

7. Power and Sample Size

Several methods are available for the evaluation of gene-environment hypotheses stated
above. A standard approach is to use the nested case-control design, with affected cases defined by
asthma phenotype and matching to select control subjects. When samples are stored and measures of
exposure are expensive, the nested-case control design is preferred since it is efficient and minimizes the
number and cost of measures. This approach described in Gauderman (2002) and Gauderman and
Morrison (2007) provides the computer program QUANTO to estimate power and sample size.

Schwartz (2006) emphasizes the difference between the use of additive and multiplicative
scales of measurement. The multiplicative scale of measurement is typically adopted, which dictates the
use of ratio measures such as relative risk or odds ratio to assess disease risk based on the assumption that
risk is multiplied in individuals with a risk factor compared to those without. When the additive scale is
adopted, the risk difference is used based on the assumption that disease risk is added in individuals with
the risk compared to those without.

Interactions in the additive model will be easier to detect than in the multiplicative model.
Although the traditional approaches are used in the examples below, the use of an additive model (which
would increase statistical power with all other factors held constant) could be considered.
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Nested case-control example

The power calculations presented below were performed by James Gauderman using the
QUANTO 1.2 computer program. The following assumptions were made:

(] Initial cohort size: N

] Three percent per year loss to follow-up

m Incidence rates of 0.01, 0.05, 0.10, 0.20, 0.50, and 3.00 percent per year
] Study period of 5 years

In addition, an incidence rate of 2.5 percent (which is the approximate average annual
incidence rate observed in the Children’s Health Study) is assumed. Specifically, as reported in
McConnell et al. (2006), 14 percent of children aged 5-7 reported physician-diagnosed asthma and 13
percent reported prevalent asthma at that age. An annual incidence rate of 2.5 percent would yield a
prevalence by age 6 of 13.1 percent. From the above incidence rates, the expected number (n) of cases
that will accrue during the 5-year period for each incidence rate can be derived. Based on the initial
cohort size of N = 100,000 projected for the National Children’s Study, these are as follows:

Disease incidence (%) Cases expected (n)
0.01 47
0.05 235
0.10 470
0.20 938
0.50 2,331
2.50 11,191
3.00 13,304

From these, the following minimum detectable odds ratio for a genetic main effect relative
odds ratio for a gene-environment effect is calculated:

[ Gene with 10 percent allele frequency and dominant inheritance model
L] Environmental exposure with 10 percent prevalence
L] Marginal genetic and environmental effects of 1.5 in gene-environment calculations

] Eighty percent power
[ 0.0001 Type I error rate, two-sided alternative hypothesis

With disease incidence rates less than 0.1 percent per year and the above assumed
prevalences of genetic susceptibility and environmental prevalence, gene-environment interactions will be
nearly impossible to detect. For asthma (with assumed annual incidence rate of 2.5 percent), interactions
of modest size will be detectable.

The above calculations assumed environmental factor prevalence of 10 percent. An
increased prevalence may be present, and this would increase the ability to detect gene-environment
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interactions. The following table shows the change in minimum detectable relative odds ration for gene-
environment interaction effect with increased environmental factor prevalence (20 percent and 30
percent), for a few values of incidence/year and 1.5 controls per case.

Environmental factor prevalence
Disease
incidence (%) 10% 20% 30%
0.01 >>10.00 >>10.00 >>10.00
0.05 >10.00 9.00 7.80
0.10 7.10 4.70 4.20
0.20 4.00 3.00 2.70
0.50 2.50 2.00 1.90
2.50 1.52 1.35 1.34
3.00 1.47 1.39 1.31

The prevalence of the environmental factor has a large impact on the minimum detectable
interaction effect size when the incidence rate is small (e.g., for 0.20, a decrease from 4.0 to 2.7, about 33
percent). The improvement is less when the incidence rate is high (e.g., for 2.50, a decrease from 1.52 to
1.34, about 12 percent). The same patterns would be observed as a function of the prevalence of genetic
susceptibility.

8. Other Design Issues

There may be ethical considerations associated with genetic tests, but such considerations
are relevant to the NCS as a whole and would not be unique to this specific hypothesis. For nongenetic
factors, the study will need to have a formal strategy and process for effective communication of
clinically relevant and actionable physiological and biochemical results to the child’s parents. The study
also will need to have a formal strategy and process for effective communication of clinically relevant and
actionable results of environmental monitoring to the child’s parents along with appropriate and feasible
recommendations regarding the correction of any unhealthful environmental findings. Daycare and school
cooperation would be required for some of the intended environmental exposure measures. In addition, a
mechanism needs to be identified to ensure that children found to have asthma through this study can
receive adequate medical care for their illness. Repeated assessments can be burdensome, and the total
respondent burden must be evaluated and be reasonable.
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