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Abstract
Asthma in inner-city children is often severe and difficult to control. Residence in poor and urban areas confers increased asthma
morbidity even after adjusting for ethnicity, age, and gender. Higher exposure to household pests, such as cockroaches and mice,
pollutants and tobacco smoke exposure, poverty, material hardship, poor-quality housing, differences in health care quality, med-
ication compliance, and heath care access also contribute to increased asthma morbidity in this population. Since 1991, the National
Institutes of Allergy and Infectious Diseases established research networks: the National Cooperative Inner-City Asthma Study
(NCICAS), the Inner-City Asthma Study (ICAS), and the Inner-City Asthma Consortium (ICAC), to improve care for this at risk
population. The most striking finding of the NCICAS is the link between asthma morbidity and the high incidence of allergen
sensitization and exposure, particularly cockroach. The follow-up ICAS confirmed that reductions in household cockroach and dust
mite were associated with reduction in the inner-city asthma morbidity. The ICAC studies have identified that omalizumab lowered
fall inner-city asthma exacerbation rate; however, the relationship between inner-city asthma vs immune system dysfunction,
respiratory tract infections, prenatal environment, and inner-city environment is still being investigated. Although challenging,
certain interventions for inner-city asthma children have shown promising results. These interventions include family-based inter-
ventions such as partnering families with asthma-trained social workers, providing guidelines driven asthma care as well as assured
access to controller medication, home-based interventions aim at elimination of indoor allergens and tobacco smoke exposure,
school-based asthma programs, and computer/web-based asthma programs.
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Introduction

Inner-city areas can be defined as urban census tracts in large
metropolitan areas in which at least 20% of the households have
incomes below the federal poverty level [1]. Inner-city areas are
both poor and urban, and both of these factors are independent
risk factors for asthma morbidity. Risk factors concentrated in
poor and urban areas contribute to asthmamorbidity, even if they
may not necessarily contribute to its development. Numerous
factors including biological, environmental, disease manage-
ment, access, and socioeconomic hardship contribute significant-
ly to the disease burden found in these children and compromise
their day-to-day lifestyle [1]. Environmental factors such as al-
lergens, pollutants, and infections are important risk factors for
sensitization, development, and possibly the persistence and se-
verity of asthma. Exposures to these allergens (cockroach) and
pollutants (nitrogen dioxide) occur in inner-city homes [2] as
well as schools [3]. Interventions aimed to reduce exposure to
these helps to improve asthma outcomes [4].

Access to quality care is an important factor in asthma
control. Accessibility for asthma care is often burdensome
for this population due to lack of transport which in turn hin-
ders ongoing care of this chronic illness [5]. Also compliance
with controller medications is often poor resulting in frequent
use of reliever medications. Among socioeconomic factors,
family income and education level, car and house ownership,
and marriage status influence asthma admissions [2].

Prevalence

In the United States, the prevalence of asthma increased
among children and adolescents (17 years and younger)

between 2001 through 2010. The prevalence was estimated
to be 9.5% in 2008–2010 [6]. Asthma prevalence varies
among racial/ethnic groups. African American children have
1.6 times the current level of asthma when compared to white
children [7]. Puerto Rican children have the highest preva-
lence of asthma among the Hispanic groups in United States
(US) which is approximately 2.4 times thanwhite children [7].
These differences in prevalence could reflect differences in
disease or disease diagnosis. Poor access to appropriate asth-
ma care is a major problem in low socioeconomic status and
has a major effect on asthma control.

In a study by Keet et al., the prevalence of current asthma
was 12.9% in inner-city and 10.6% in non-inner-city children.
Asthma prevalence was much higher in blacks (17.1%),
Puerto Ricans (19.8%) as against in whites (9.6%), and
Asians (8.1%). Black race, Puerto Rican ethnicity, and lower
household income were identified as independent risk factors
for current asthma. Household poverty was noted to increase
the risk of asthma among non-Hispanics and Puerto Ricans
but not among other Hispanics [8]. Studies in other countries
have compared prevalence of asthma between urban and rural
areas. The prevalence rates of asthma in rural Chinese children
(1.1%) were significantly lower than urban children (6.3%)
[9]. In Brazil, the prevalence of asthma-related symptoms
were higher among those adolescents living in urban centers
in comparison to rural areas. These are attributable to harmful
environmental exposures in urban areas such as use of bio-
mass fuel and kerosene for cooking, and exposure to motor
vehicles fumes [10].

Morbidity and Mortality

Asthma morbidity can be assessed in terms of the clinical symp-
toms the child is experiencing, the limitation in daily activities,
and the effect it has on the parent or caregiver [1]. According to
the Center for Disease Control (CDC), the overall percentage of
children who had an asthma attack during the preceding year
decreased significantly, from 61.7% in 2001 to 53.7% in 2016.
This decline was notable across all ages, gender, and racial/ethnic
groups. Yet, nearly half of asthmatic children still had one or
more asthma attack in 2016 [11]. As per the 2016 National
Health Interview Survey (NHIS), the child’s current asthma con-
trol was rated as Bfair or poor^ for 25.6%, and Bgood^ for 15.2%
by their caregivers. The asthma control was described as Bvery
good or excellent^ in only 6.9% of the children [12].

Another way to assess asthma morbidity is from the utili-
zation of health care services. The 2013 NHIS data reported
hospitalization in nearly 4.7% of asthmatic children. In 2016,
the NHIS data showed that 16.7% of children with asthma had
an emergency room (ED) or urgent care (UC) visit due to
asthma attack. Almost half (49%) of school-age children with
asthmamissed one ormore days at school in the last 12months

Clinic Rev Allerg Immunol (2019) 56:248–268 249



due to asthma. As per this data, children 4 years old and
younger were less likely to have asthma overall but those with
asthma were more likely to have exacerbations (62.4%) and
more likely to have health care utilization (31.1% ED/UC
visits and 10.4% hospitalizations) compared to asthmatic chil-
dren aged 12 to 17 year olds [11]. The NHIS data shows that
the prevalence of adverse health outcomes decreased between
2003 and 2013, while the prevalence of using an asthma ac-
tion plan was significantly increased [11].

The CDC national asthma mortality data for 2016 states
that the total number of asthma-related deaths in children less
than 18 years of age was 209 (128 for boys and 81 for girls).
This gives a death rate of 2.8 per million per year for asthmatic
children less than 18 years [13].

A review of asthma prevalence showed that African
American and Hispanic children residing in low-
socioeconomic-status urban environments tend to have higher
asthma morbidity and mortality compared to white children
[14]. Hispanic children are twofold more likely than white
children to use emergency care whereas African American
children are 2.6-fold more likely to use emergency room care
and threefold more likely to be hospitalized [15].

Residence in poor and urban areas confers increased asth-
ma morbidity as in frequent hospitalizations or ED visits [2]
even after adjusting for race/ethnicity, age, and gender.
Several risk factors contribute to this increased asthma mor-
bidity. There is higher exposure to common household pests
that are more common in poor and urban areas, such as cock-
roaches [16] and mice [17]. Other factors such as differences
in health care quality, medication compliance, and heath care
access also contribute to increased morbidity [2].

Other studies have evaluated the impact of poverty, mate-
rial hardship, and poor-quality housing on asthma control in
the U.S. urban children. Material hardship included poor
housing quality, housing overcrowding, lack of amenities,
and no vehicle access. Poor housing quality was found to be
independently associated with increased asthma morbidity.
Home ownership was associated with a lower risk of
asthma-related ED visits [18]. Beck et al. conducted a study
to evaluate factors contributing to asthma readmission rates
between African American and white children. African
American children are twice more than white children to re-
quire readmission. More than half of the asthma readmission
risk was related to socioeconomic hardship. Other contribut-
ing factors included biologic (age, sex, aeroallergen sensitiza-
tion), environmental (tobacco smoke, air pollution, in-home
exposure to mold/pets), disease management, and health care
access (vehicle ownership, medical insurance) [3] .

Air pollution also has been shown to contribute to in-
creased morbidity in poor and urban areas [19]. These areas
tend to have higher densities of major roadways and other
sources of air pollution, such as power plants. This results in
exposure to high levels of pollutants such as particulate matter,

nitric oxides, and ozone which are associated with increased
asthma morbidity [13].

Other environmental factors such as exposure to second-
hand tobacco smoke [20], prematurity [21], and social stress
[5] also contribute to asthma morbidity. Smoke-free legisla-
tion substantially reduced hospitalizations related to asthma.
Preterm birth and childhood asthma are major health problems
affecting inner-city children. Preterm children are at a higher
risk of asthma [21]. Thus, prevention of preterm birth can help
reduce the burden of asthma as well as associated mortality
and morbidity. Inner-city living is associated with various be-
havioral and psychosocial stresses such as violence [5]. In
addition, differences in health care quality, lack of medication
compliance, and care access patterns have been shown to be
contributing to asthma severity in this population [5, 22].

Inner-City Asthma Research Networks

In the United States, asthma has a major effect on the health of
inner-city children. For children living in the inner city, asth-
ma tends to be more frequent and severe. The National
Institutes of Allergy and Infectious Diseases (NIAID)
established research networks to improve care for this at risk
population. It is helpful to first define who the asthmatic chil-
dren in NIAID networks are. These children live in the inner-
city neighborhoods which have been identified on the basis of
census tracts. The census tracts have been designed to be
similar in regard to population demographics, economic sta-
tus, and living conditions. In general, urban census tracts in
which at least 20% of the households have incomes below the
federal poverty level were included in the network [1].

Over the past 15 years, the NIAID has funded three distinct
inner-city networks: the National Cooperative Inner-City
Asthma Study (NCICAS), the Inner-City Asthma Study
(ICAS), and the Inner-City Asthma Consortium (ICAC)
[23]. National Cooperative Inner-City Asthma Study
(NCICAS) aimed to recognize the causes of increased asthma
morbidity in inner-city children aswell as to developmeasures
to reduce them. The results from the NCICAS indicate that it
is not a single cause or factor that is associated with high
asthma morbidity in the inner-city children, but rather many
contributing factors were involved. These factors include the
access to healthcare, quality of healthcare, inadequate treat-
ment, associated psychological issues of the child and/or care-
giver, family functioning, and medication adherence.
Regardless of many risk factors involved with the disease,
the most striking finding is the link between pediatric inner-
city asthma morbidity and the high incidence of allergen sen-
sitization and high levels of allergen exposure. Allergic sensi-
tization to cockroach was found to be significantly associated
with asthma exacerbations [24].
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The ICAS was the second major program and was de-
signed to conduct multicenter intervention trials to reduce al-
lergen and irritant exposures [23]. The study showed that re-
duction in environmental allergen exposure such as dust mite
and cockroach had led to reduction in asthma morbidity and
the benefits were noted to be long lasting. In 2002, ICAC was
established with the aim to develop immune-based therapies
for asthma as well as define the immune-pathogenesis of asth-
ma in inner-city children. Table 1 summarizes the NIAID-
funded studies.

School Inner-City Asthma Study: Exposures
in School and Asthma Severity

The NIAID sponsored the School Inner-City Asthma Study
(SICAS) to evaluate the impact of multiple exposures in pub-
lic schools on severity of asthma. The SICAS was a prospec-
tive cohort study evaluating 284 students aged 4–13 years
with asthma who were enrolled from 37 inner-city elementary
schools between March 1, 2008 and August 31, 2013. Indoor
classroom nitrogen dioxide levels were noted to be associated
with increased airflow obstruction in patients with asthma
[25].

During this time period, dust samples were collected from
students’ classroom and home which showed significantly
higher levels of mouse allergen in schools. Exposure to higher
levels of mouse allergen in school was associated with in-
creased asthma symptoms and decreased lung function.
Other common indoor aeroallergens (rat, cockroach, cat,
dog, and dust mites) were not found to be associated with
worsening asthma outcomes [17].

Children with non-atopic asthma in the SICAS had in-
creased asthma symptoms associated with high levels of air-
borne endotoxin at school. This resulted in higher daytime
wheeze and exercise-related symptoms, but was not associat-
ed with nighttime wheeze. Thus, reduction of school-related
exposures may represent a strategy to decrease asthma mor-
bidity in this population [26].

Phenotypes of Inner-City Asthma

Numerous environmental factors such as allergens, obesity,
nutrition, and stress influence development and severity of
asthma. These external factors interplay differently within in-
dividual patients and generate an immune inflammatory re-
sponse which influences the clinical features, or phenotype
of asthma. Different inner-city asthma phenotypes such as
obesity related, cockroach sensitive, viral respiratory tract in-
fections associated, and cigarette smoke exposed have been
identified and determine the patient’s response to treatment as
well as risk for loss of asthma control.

The NIAID sponsored the ICAC to conduct the Asthma
Phenotypes in the Inner-City (APIC) study. The aim of the
study was to define asthma phenotypes as well as severity
determinants in inner-city children [27]. In the APIC study,
717 children aged 6–17 years (65% black and 28% Hispanic)
with asthma living in nine U.S. inner-city communities were
enrolled. Children with difficult-to-control asthma had high
exacerbation rates, frequent daytime and nocturnal symptoms,
and persistent airflow limitation despite ongoing high-dose
inhaled corticosteroid controller therapy compared to children
with easy-to-control asthma. These children also had large

Table 1 The National Institutes of Allergy and Infectious Diseases (NIAID) funded asthma studies

Study Years Key objective Key findings

NCICAS 1991–1995 Determine the relationship of allergic sensitization and
severity of asthma.

Cockroach is the main allergen associated with asthma severity.

ICAS 1996–2001 An environmental avoidance trial to improve asthma
control.

Reductions in household cockroach and dust mite were associated
with reduction in asthma morbidity.

ICAC 2002–present

-ACE Compare the addition of FeNOmeasurements and the
NAEPP guideline care to the NAEPP care alone.

Asthma control of the inner-city children can be achieved by using
guideline-based asthma care and adherence to asthma medication
alone.

-ICATA Evaluate the effect of anti-IgE therapy in inner-city
asthma.

Omalizumab lowered exacerbation rate and reduced the dose of
inhaled corticosteroid treatment compared to placebo. There was
also a reduction in seasonal (fall and spring) peak in asthma
exacerbations.

-URECA Identify the effect of perinatal factors and environment
exposures on the expression of asthma in inner-city
children.

Ongoing.

ACE, Asthma Control Evaluation; FeNO, fractional exhaled nitric oxide; ICATA, Inner-City Anti-IgE Therapy for Asthma; NAEPP, National Asthma
Education and Prevention Program; URECA, Urban Environment and Childhood Asthma Study
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bronchodilator response to albuterol and poorer scores on an
age-appropriate Asthma Control Test (ACT) at the start of the
study. Despite good adherence, children with difficult-to-
control asthma showed minimal improvement in symptoms,
exacerbations, or pulmonary physiology over the year. Thus,
children with difficult-to-control asthma can be identified ear-
ly based on ACT, spirometry, atopy, severity of rhinitis, and
response to bronchodilator.

There is significant asthma heterogeneity among inner-city
children. In the APIC study, cluster analysis was performed in
616 participants which showed that asthma tend to cluster by the
degree of atopy (eczema and rhinitis), and impaired pulmonary
physiology. These factors were noted to be worsened in parallel
and correlate with more severe disease. Asthma was noted to be
more severe and exacerbations prone in those with severe rhini-
tis and abnormal lung function tests. However, 15% of the study
population had few or no allergies but was highly symptomatic
for asthma despite high doses of controller medications. Thus, in
the inner-city children, there are two discrete severe asthma
phenotypes: highly allergic, exacerbation-prone asthma; and
highly symptomatic asthma with low/no allergy. The former
group should then be managed with focused environmental al-
lergen management and allergen desensitization [28].

The National Heart, Lung, and Blood Institute (NHLBI)
sponsored the Severe Asthma Research Program (SARP III)
to compare the phenotypic characteristics of children with
adults with severe asthma. Severe asthma in adults is charac-
terized by a higher proportion of women, obesity, and greater
airflow limitation. These adults also exhibited fewer allergen
sensitization and low blood eosinophils suggesting less reliance
on Th2 pathways. On the contrary, children with severe asthma
had more symptoms and more exacerbations. There was also a
higher proportion of male gender and African American eth-
nicity compared to children with non-severe asthma. There was
no difference in baseline features of obesity, airflow obstruc-
tion, allergen sensitization, or markers of inflammation in chil-
dren with severe asthma [29]. Thus, the phenotypic features of
asthma differ by severity and with advancing age.

Endotype of Inner-City Asthma

The endotype of difficult-to-control asthma was evaluated in
235 African American children enrolled in the APIC study.
These children had higher peripheral blood eosinophil and
neutrophil counts. They also had higher IL-5, interferon gam-
ma (IFN-γ), and Th17-associated cytokines (CXCL-1, IL-
17A, and IL-8). This suggests a generalized inflammatory
state in inner-city African American children with difficult-
to-control asthma [30]. In this study, Th2-associated inflam-
mation was associated with easy-to-control asthma. Th2 dom-
inant asthma is generally steroid responsive. On the other
hand, difficult-to-control asthma was positively associated

with a combination of Th2 and Th17 inflammation. This pat-
tern of inflammation results in steroid-resistant asthma.
Authors have suggested that using therapies targeting these
two pathways may help achieve control of symptoms in this
population [30].

Asthma Severity in Inner-City Children

Generally, asthma severity is gauged by the amount of medi-
cation needed to achieve asthma control and by the ease by
which control is achieved [31]. Asthma in inner-city children
could be inherently more severe [23]. It is unclear if inner-city
children with asthma need more medication to attain the same
level of control as their non-inner-city peers. Also whether
inner-city asthmatic children have decreased responsiveness
to corticosteroids needs to be further explored [23]. However
the Asthma Control Evaluation (ACE) study results suggest
that asthma control in inner-city children can be achieved by
strict adherence to medications per asthma care guideline [32].

The APIC study investigated the effect of environmental
factors and host factors on severity of asthma in children living
in nine U.S. inner-city communities. Liu et al. analyzed several
risk factors (stress, obesity, vitamin D, rhinitis severity, allergen
sensitization, allergic inflammation, lung physiology, and envi-
ronmental tobacco smoke (ETS) exposure) that affect asthma
severity in the APIC children. Severity of asthma was assessed
based on frequency of daytime and nocturnal symptoms, exac-
erbations, and use of controller. Of these risk factors, allergy
and ETS exposure were noted to be the most important factors
that contribute to impaired lung physiology and increased rhi-
nitis severity. Thus, asthma severity can be reduced in inner-
city children by focusing on these two factors [33].

To determine the severity of asthma, NIH-supported Inner-
City Asthma Consortium developed CASI (Composite Asthma
Severity Index). CASI was developed during ACE study and
the results were extrapolated for validation in the Inner-City
Anti-IgE therapy for Asthma (ICATA) trial. This includes five
independent domains of asthma: day time symptoms and albu-
terol use, night time symptoms and albuterol use, current con-
troller medication usage, lung function tests, and asthma exac-
erbation. CASI thus helps to assess severity of asthma by com-
bining domains of impairment and future risk with the level of
treatment by incorporating symptoms, exacerbations, lung
function, and treatment requirements into a single index [34].

Risk Factors of Inner-City Asthma

Allergen Exposure and Sensitization

Allergen exposure and sensitization play an important role in
asthma among inner-city children. The NCICAS, funded by
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the NIAID in 1991–1997, aimed to identify and intervene in
the factors responsible for increase in asthma among inner-city
children. The investigators identified a significant influence of
allergen exposure and sensitization on asthma symptoms and
healthcare utilization [1, 23, 24].

In this large-year-long epidemiologic study, 1528 asthmatic
children living in eight major cities (Baltimore, MD; Bronx,
NY; Chicago, IL; Cleveland, OH; Detroit, MI; East Harlem,
NY; St. Louis, MO andWashington, D.C.) were recruited. All
participants lived in the areas where 30% of the households
had incomes below the 1990 poverty level and more than 60%
had a household income of less than $15,000 annually. The
majority of the children were black or Hispanic and the mean
age was 6.2 years. The comprehensive evaluations of allergen
sensitization, the presence, distribution and exposure of aller-
gens, clinical picture of asthma, activities of daily life, access
to healthcare, medication adherence, family/psychosocial
problems, effect on the parents/caregiver, home environment,
and cigarette smoke exposure were studied [24]. The results
from the NCICAS indicate that many contributing factors
were involved in high asthma morbidity in the inner-city chil-
dren. However, the most striking finding is the link between
pediatric inner-city asthma morbidity and the high incidence
of allergen sensitization and high levels of allergen exposure
[24].

Prior to the NCICAS, many studies had reported that ex-
posing to environmental allergens led to sensitization and po-
tentially the development of persistent and severe asthma [35].
The allergens reported include dusts [36], pets [37], molds
[38], and cockroaches [39]. In the NCICAS findings, the main
allergens identified to cause sensitization the children with
inner-city asthma include cockroach (36.8%), house dust mite
(34.9%), and cat dander (22.7%) [24]. However, comparing to
other allergens, the sensitization and exposure to cockroach
were associated with increased morbidity related to asthma
including increased rate of admissions, unscheduled
healthcare visits, wheezing, increased asthma symptom days,
missing school days, and caregiver loss of sleep [24].
Interestingly, the effects of sensitization and exposure to dusts
and pets were not associated with asthma morbidity [24].

The second phase of the NCICAS then aimed to intervene
in these risk factors of inner-city asthma morbidity. In 1033
studied families, the investigators found that a-year-long guid-
ance by asthma counselors on reducing allergen exposures,
including the extermination of cockroaches, resulted in a sig-
nificant reduction in asthma morbidity [40].

The second NIAID-funded network, the Inner-City
Asthma Study (ICAS), was conducted in 1994–2001. This
multicenter intervention study is designed to decrease pediat-
ric inner-city asthma morbidity by means of allergens and
environmental risk factor reduction. About half of the recruit-
ed 937 inner-city asthma children were assigned to an inter-
vention that reduce the exposure of cockroaches, house dust

mites, cats, dogs, rodents, molds, and passive smoking,
depended on their sensitizations and environmental risk fac-
tors [4]. The study patients aged from 5 to 11 years were
diagnosed for moderate to severe asthma, and had at least
one hospitalization or two ED visits for asthma in the past
6 months at the initial enrollment. The child’s caregiver was
instructed, with knowledge skills, motivation, equipment, and
supplies, to the methods of environmental modification. The
investigators conducted a detailed evaluation of the child’s
home by obtaining samples for allergen detection every
6 months. The key findings in the ICAS were that the inter-
vention was effective in reducing indoor allergens and it had
lasting effects for at least 12 months after the active interven-
tion has stopped. The asthma control was improved with sig-
nificant reductions in maximal number of days with asthma
symptoms and unscheduled healthcare visits for asthma [4].
However, there was no change in the lung functions. This
result may be due to an absence of severe airflow obstruction
in the patients enrolled or because the development of the
asthma symptoms was primarily from airway allergen sensiti-
zation [1, 4]. The results from the ICAS confirmed that a
reduction of the environmental allergens is an important ele-
ment to achieve asthma control. The findings also suggested
that some components of asthma control, such as symptoms
and exacerbations, are likely be reached by effective allergen
avoidance; however, other part of asthma control, such as lung
functions, may not be achieved [4, 23].

Individual Allergens and Inner-City Asthma

Cockroach

Low-income families living in the inner-city, crowded, urban
environment are known to have high rates of cockroach infes-
tation [41–43]. Various studies across the U.S., including the
NCICAS, reported in-home high levels of cockroach allergens
up to 56–98% of the home studied [24, 44, 45]. Many studies
also reported that inner-city schools (Baltimore, MD;
Birmingham, AL; Detroit, MI; Houston, TX and Manchester
U.K.) had high levels of cockroach allergen, some of which
were greater than the proposed sensitization thresholds for
asthma [46–49]. On the contrary, the SICAS reported the
levels of cockroach allergen were very low to undetectable
from both schools and homes in the northeastern U.S. [17].
These findings suggest that geographic, socioeconomic, cli-
matic, and cultural differences may influence the prevalence
of cockroach allergen [50]. Regardless of the differences, it is
important to emphasize that the sensitization and exposure to
cockroach are linked to higher asthma morbidities, including
hospitalizations, ED visits, and asthma symptoms [24, 51].
Reducing cockroach allergen exposures by effective home
interventions, including the extermination of cockroaches, re-
sulted in a significant reduction in asthma morbidity [4, 40].
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Molds

Higher mold allergens in indoor air were related to
homes with increased dampness, cat, and cockroach in-
festation [52]. Exposure to environmental molds played a
role in asthma-related mortality [38]; moreover, sensiti-
zation to Alternaria was linked to increased asthma ad-
missions in inner-city children [53]. Although mold ex-
posure and sensitization were not reported in the
NCICAS to be associated with asthma morbidity, other
studies reported that high indoor levels of Penicillium
exposure were related to frequent asthma symptoms and
unscheduled asthma visits [51, 54]. The presence of
molds or mold odor in home, including self-reported,
was also associated with asthma symptoms, admissions,
and poor asthma control in children [55, 56]. Other than
homes, inner-city schools were also found to have high
levels of molds, including Aspergillus, Cladosporium,
and Penicillium [57], which may affect asthma morbidity
further.

Although respiratory symptoms are common from mold
exposure, many patients present with multiple deliberate
symptoms, including fatigue, neurocognitive symptoms,
pain syndromes, anxiety, depression, insomnia, dizziness,
and movement disorders [58–60]. These neurocognitive
symptoms are known to be caused by several mycotoxins
which are neurotoxic [61] and neuroinflammation based on
brain studies assessing levels of proinflammatory cyto-
kines [62]. Many studies also reported that children ex-
posed to indoor molds showed significant IQ deficit [63]
and lower scores on cognitive testing [64–66].

Mold remediation aimed at the cause of moisture
sources significantly reduced symptom days and asthma
exacerbations in a randomized, controlled, single-site
study of the inner-city children who live in homes with
a documented mold problem [67]. Unfortunately, the
commonly used methods for cleaning water-damaged
materials such as bleach, ammonium-chloride or
sodium-hypochlorite-based chemicals, ultraviolet (UV)
light, heating, and ozone were not found to completely
remove mold and mycotoxins from water-damaged build-
ing materials [68]. With this reason, patients who expe-
rienced non-respiratory symptoms from mold exposure
are recommended to strictly avoid further exposure to
water-damaged environments and items contaminated by
those environments [58]. Air spore counts are frequently
done but have significant limitations as they typically
collect over a short (5-min) period and can easily result
in false negative results [58]. The use of various antiox-
idants and sequestering agents in treating patients with
non-respiratory symptoms from mold exposure shown
various results [58] and details is beyond the scope of
this review.

Dust Mite

Very high levels of dust mite allergens were found in the
inner-city homes, especially in the bedrooms, in various
large-scale studies across the U.S., including Atlanta, GA;
Cincinnati, OH; Delray Beach, FL; Galveston, TX;
Greenville, NC; Los Angeles, CA; Memphis, TN; New
Orleans, LA; and San Diego, CA [69–71].

However, because dust mite allergen levels are strongly
associated with level of humidity, although dust mite allergens
were detectable, very low levels of dust mite allergens were
reported in other studies from Chicago, IL [51] and the north-
eastern U.S. (the SICAS from both homes and schools) [17].
Surprisingly, the levels of dust mite allergens in the inner-city
homes were also reported to be low in the NCICAS, despite
up to 34.9% of the studied children were sensitized to dust
mites [24]. The investigators concluded that these results may
reflect the timing of the dust sample collection that did not
occur at the time that the dust mite allergens are the highest
[24].

In a large cohort of British children, the investigators found
that exposure in early childhood to dust mite allergens is an
important determinant of the subsequent development of asth-
ma [36]. A birth cohort from Boston, MA, also revealed that
early exposure to high levels of dust mite allergens was asso-
ciated with increased risks of asthma at age of 7 [72]. Various
studies confirmed a dose-response relation between dust mite
exposure and sensitization when different geographic regions
are compared [73–76].

Relationship between dust mite allergens and asthma mor-
bidity is varied and less clear. A study from New York, NY,
reported that dust mite sensitization was correlated with asth-
ma morbidity, including unscheduled asthma visits, hospital-
izations and medication use, independent of exposure [53].
Another study from Vancouver, BC, reported that dust mite-
sensitized children had higher mean daily asthma symptoms
and lower daily mean peak expiratory flow rate [77]. Another
study from France also found that dust mite-sensitized adults
with more severe asthma were found to be exposed to higher
levels of dust mite allergen than those with milder asthma
[76].

On the contrary, a study from Sydney, Australia, reported
that in their dust mite-sensitized children, the symptoms of
asthma and airway hyperresponsiveness did not correlate with
higher levels of dust mite allergens in their home [78].
Another study from Chicago, IL, also reported that higher
levels of dust mite allergens in home were not associated with
number or frequency of asthma symptoms [51]. Lastly the
results from the NCICAS showed no significant associations
between asthma morbidity and high bedroom levels of dust
mite allergen even among allergic children [24].

Despite of the variable relationship between dust mite al-
lergens and asthma morbidity, effective home interventions to
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reduce dust mite allergen levels were reported to have a good
outcome on asthma. The results from the ICAS showed that
reduction in exposure to dust mite allergens improved asthma
morbidity by decreasing the maximal number of days with
symptoms, the number of hospitalizations, and the number
of unscheduled visits for asthma [4]. Another study from
Egypt also reported that physical interventions to reduce dust
mite allergens at home decreased asthma admissions and im-
proved lung function [79].

Mouse

Most homes in the U.S. have detectable mouse allergen, but
the allergen levels are much higher in the inner-city homes,
especially in the Northeastern and Midwestern U.S. cities [80,
81]. The results from the NCICAS revealed that mouse aller-
gen was detected in 95% of the studied inner-city homes with
the highest allergen levels in the kitchen, and that cockroach
infestation was associated with high mouse allergen levels
[82]. Significantly higher mouse allergen levels were reported
in the inner-city schools vs homes in the Northeastern U.S.
from the SCICAS and other studies [17, 83, 84].

Mouse allergen exposure in home is associated with sensi-
tization to mouse [80, 82], even at low levels of exposure [81].
The rate of sensitization to mouse allergen was also higher in
the inner-city vs suburban and rural asthmatic children [80,
85]. Exposure to mouse allergen was associated with wheez-
ing in the first year of life [86] and wheezing and atopy later in
childhood [87, 88].

Although the relationship between mouse allergen
exposure/sensitization and asthma morbidity was not sig-
nificant in the NCICAS [82], other study reported that
mouse sensitization and exposure were associated with
asthma severity [89]. Dose-response relationships be-
tween mouse allergen exposure and asthma morbidity
among inner-city asthmatic children were also reported
[80, 90]. Higher mouse allergen levels in bed were asso-
ciated with asthma-related health care utilization, ED vis-
it, and unscheduled asthma visit in sensitized asthmatic
children [80, 90]. More studies from Baltimore, MD, also
reported that mouse allergen was the major contributor to
asthma morbidity vs other indoor allergens in that city,
even cockroach [91, 92]. These asthma morbidities in-
clude more asthma symptom days, more rescue medica-
tion use, increased asthma-related health care utilization,
ED visits, and hospital admissions [91, 92]. The results
from the ICAS also confirmed that mouse allergen is an
independent risk factor for asthma morbidity [81]. In the
SICAS, exposure to mouse allergen in schools was asso-
ciated with increased asthma symptoms and decreased
lung function [17].

The effect of reducing mouse allergen levels by environ-
mental interventions on asthma morbidity is less studied. In

the ICAS, reducing mouse allergen levels was associated with
less missed school, sleep disruption, and caretaker burden but
not asthma symptoms or medical utilization [81]. Further in-
vestigation on evaluating the role of a school-based mouse
allergen reduction and asthma morbidity are underway in the
SICAS study [93].

Cat and Dog

Cat or dog ownership is associated with high pet allergens in
home [94]. Because pet ownership increases with higher in-
come, pet allergens are less common in poor urban inner-city
homes [94]. However, cat and dog allergens are still detectable
in many public areas [48], including schools [17, 84]. In the
NCICAS, only 10% of the inner-city homes studied had res-
ident cats, as compared with 20–30% nationally [24].
However, up to 62.6% of the bedrooms studied still had de-
tectable levels of cat allergen, while 12.6% had high levels of
cat allergen [24]. Still, as many as 22.7% of the inner-city
asthmatic children in the NCICAS were sensitized to cat.

The relationship between pet allergens and the develop-
ment of asthma or atopic diseases is more complex. Some
studies reported that cat and dog exposure maybe protective
to the development of asthma [95] and allergen sensitization
[96, 97]. However, other studies reported that pet exposure
was associated with higher rate of dog sensitization [98] and
the diagnosis of asthma and eczema [99].

Regarding asthma morbidity and pet exposure, the
NCICAS found no association between high levels of
cat allergen exposure and asthma morbidity even among
cat allergic children [24], in contrast to cockroach aller-
gen. However, due to the fact that so few studied children
had high levels of bedroom cat allergen, the NCICAS
investigators concluded that the relation between cat ex-
posure and asthma morbidity is difficult to access accu-
rately [24]. In the SCICAS, cat and dog allergen expo-
sures in schools were not significantly associated with
increased asthma symptoms [17]. Nevertheless, other
studies reported that in sensitized children, higher levels
of cat or dog allergens in home were associated with
greater asthma severity [100], increased risk of wheeze
and rescue medication use [101], asthma attack [102],
and hospitalization from asthma [103].

In the ICAS, the environmental intervention effectively
reduced the levels of cat allergen in home, but not for dog
allergen [4]. The investigators found no significant association
between cat allergen reduction and asthma morbidity in inner-
city children [4]. In another randomized controlled trial from
New York, the environmental intervention effectively reduced
both cat and dog allergens but no significant reduction of
asthma medication use; asthma symptoms or exacerbation
was identified [104].
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Other Environmental Risk Factors and Inner-City
Asthma

One of the studies of the ICAC (2002), known as the Urban
Environment and Childhood Asthma (URECA, 2004), is de-
signed to determine the immunologic causes of asthma in
inner-city children by following a birth cohort of inner-city
newborns at risk for asthma [105]. The relationship between
immune system dysfunction, lower respiratory tract infec-
tions, prenatal environment, and inner-city environment in-
cluding stress, diet, pollutants, and obesity is being evaluated
[105, 106].

Immune Dysregulation

Dysregulation of innate immune response, either prenatally, at
birth, or during the infancy, may increase the risk of allergen
sensitization and asthma [1, 106]. Birth cohort studies identi-
fied that immune hyporesponsiveness enhanced Th2-like cy-
tokines and reduced IFN-γ responses at birth and during in-
fancy are associated with the increased risk of lower respira-
tory tract infections, wheezing illnesses, allergen sensitization,
and the development of atopic diseases and asthma
[105–108]. These changes to the immune response apply to
both inner-city and non-inner-city children. The immune
dysregulations identified in the URECA study targeted
inner-city children with asthma are discussed below; however,
the present data is insufficient to conclude which immune
dysregulations are more prominent in the inner-city
population.

Certain prenatal exposures and maternal characteristics can
affect the development of newborn immune system and cyto-
kine responses [109–112]. It is hypothesized that many of
these unique exposures and characteristics are more notable
in the inner-city populations (e.g., indoor allergen sensitiza-
tion, pollutions, obesity, stress, low birth weight, lifestyle, and
nutrition) and potentially interact with certain genetic factors
[92], however, head-to-head studies comparing these factors
between inner-city and non-inner-city children with asthma
remain insufficient at present time.

The preliminary data from the URECA study identified
that the environmental predictors affecting the newborn innate
immune responses included season of birth, ethnicity, birth
weight/gestational age, and maternal asthma/use of inhaled
corticosteroids [106]. It was also noted that IFN-γ responses,
levels of innate immune cells, IL-5, type 17-related immune
mediators, and activated T cells were increased in infants who
were born during the winter months [113] and that the innate
immune cytokine responses varied in newborns of black and
Hispanic background [106]. Nevertheless, a survey study did
not identify significant relationship between birth season and
asthma or allergy in inner-city children [114].

Preterm birth and low birth weight are one of the significant
findings seen in inner-city population, comparing to non-
inner-city population [21, 115, 116]. Birth weight was inverse-
ly related with IFN-γ responses to respiratory syncytial virus
(RSV) but positively correlated with IL-8 responses to many
innate stimuli [106]. Previous data has also shown that pre-
term birth and low birth weight increased risk of asthma from
ages 7–43 [117].

Children of asthmatic mothers also had lower RSV-induced
cytokine responses, which may lead to impaired antiviral re-
sponses and may increase the risk of wheezing from viral
infections [106]. Lower cytokine responses were also ob-
served in infants born to atopic parents, in particular IL-
12p40 and IL-8 responses [106].

Deficiencies in CD4+ T regulatory cell responses at birth
were associated with allergen sensitization and wheezing
[118]. An early finding from one of the URECA sites was that
the inner-city newborns showed similar expression of Foxp3
on their CD4+ T cell compared to their mothers, but the cells
from newborns had lower suppressive function [119].

Recent findings from one of the URECA birth cohort stud-
ies identified the possible role of mucosal-associated invariant
T (MAIT) cells in inner-city asthma. The number of MAIT
cells was associated with increased IFN-γ production and
higher MAIT cells at 1 year of age was associated with a
decreased risk of asthma by age 7 in the inner-city children
[120]. The investigators also found that invariant NKT cell
antigenic activity, which is a marker for increased microbial
exposures, was related with higher endotoxin level and with
reduced risk of asthma [120].

Epigenetics

Asthma is a heritable condition. Multiple genes have been
identified in asthma [121]. Studies have shown that risk of
inheriting asthma and atopic conditions in the offspring is four
times higher from affected mother compared to affected father
[122]. Thus, epigenetic changes can account for parent-of-
origin patterns of inheritance.

Epigenetics aims to explore the role of environmental ex-
posures (smoke exposure as well as exposure to allergens) in
causing functional changes, such as methylation, of selective
genes. These changes can result in rapid and persistent chang-
es in gene expression [123]. For example, in utero exposure to
tobacco smoke is linked to childhood asthma and this can
modify gene expression through DNA methylation [124].
DNA methylation can alter the function of genes that is rele-
vant to development of Th2 immunity and allergic airway
result in altered function of genes that is relevant to develop-
ment of Th2 immunity and allergic airway disease including
asthma, particularly for inner-city children. In ICAC spon-
sored studies, Yang et al. showed differential methylation pat-
terns in peripheral blood mononuclear cells (PBMCs) [125] as

256 Clinic Rev Allerg Immunol (2019) 56:248–268



well as from nasal epithelia [126] in inner-city children with
persistent asthma. The methylation differences between atop-
ic, persistent asthmatic children vs non-atopic, non-asthmatic
controls were substantial. In the same study, the investigators
looked into the influence of environmental factors on the epi-
genome and identified 48 unique differentially methylated
regions (DMRs) in the nasal epithelium epigenome associated
with tobacco smoke [104].

Exposure to environmental allergens can also cause epige-
netic changes. Another study examined methylation of T reg-
ulatory gene (forkhead box P3, FOXP3) in buccal mucosal
cells of inner-city children with asthma who were exposed to
mouse allergens. The authors demonstrated that a decrease in
household mouse allergen exposure (measured in dust) result-
ed in decreased levels of methylation at FOXP3 enhancer and
promoter sites [105]. However cockroach and dust mite aller-
gen did not affect methylation. Thus, allergen interventions
can modify the natural course of disease among susceptible
children through epigenetic mechanisms.

Exposure to air pollutants such as diesel exhaust particles
also has been shown to cause DNA methylation in bronchial
epithelium which may contribute to increased risk of allergic
sensitization and asthma [127].

Rhinovirus

Rhinovirus is a known trigger for asthma exacerbations.
Iwane et al. reported that children less than 5 years of age
who were admitted for acute respiratory illness and tested
positive for human rhinovirus on PCR analysis were more
likely to have asthma diagnosis or have a history of wheezing
when compared with children infected with other viruses
[128]. Another study reported by Papadopoulos et al. showed
that 72% of their infants with bronchiolitis were tested posi-
tive to RSV. Fewer infants in the study (29%) tested positive
for rhinovirus. Interestingly in this cohort, rhinovirus infection
was associated with more severe disease than RSV infection
as reflected in higher clinical severity score based on severity
of wheezing, oxygen saturation, heart rate, respiratory rate,
presence of cyanosis, and feeding difficulty. Also infants
who tested positive for rhinovirus required hospitalization ear-
lier in the course of illness [129]. A large birth cohort by
Belakian et al. showed an increased risk of asthma by 27.6%
in children with severe bronchiolitis. When controlled for oth-
er asthma risk factors, severe bronchiolitis was associatedwith
a 2.6-fold increased risk for asthma at 3–5 years of age in this
cohort [130, 131].

In the Childhood Origins of Asthma (COAST) study, the
investigators identified that wheezing during the first 3 years
of life was associated with rhinovirus infection and the loss of
lung function in early school-age children. This association
was not seen in children who had wheezing from RSV. The

study supports that rhinovirus infection in early childhood
increases the risk for future asthma illness [132].

Rhinovirus infection stimulates the release of cytokines
(IL-4, IL-13, eotaxin) which cause influx of inflammatory
cells including eosinophils and macrophages into the airways.
Other inflammatory proteins such as vascular endothelial
growth factor, transforming growth factor, and fibroblast
growth factor are also released which causes airway remodel-
ing. These findings further support that rhinovirus infection
can be an asthmagenic infection [133].

Endotoxin

Endotoxin is the outer membrane lipopolysaccharide of gram-
negative bacteria. It is more commonly associated with expo-
sure to animals including pets, moisture sources, and organic
waste [134, 135]. Exposure to airborne endotoxin is a risk
factor for wheezing and asthma [41, 135, 136].

Sheehan et al. studied the concentrations of endotoxin in
both home and urban elementary school environments of
inner-city asthmatic children. The authors concluded that the
concentrations of endotoxins were higher in schools as com-
pared to homes [136].

Lai et al. studied the SICAS cohort and concluded that
inner-city children are exposed to high levels of airborne en-
dotoxin at school which results in increased asthma symptoms
in children with non-atopic asthma [26]. The authors also
investigated the genetic variation of the IL-4 receptor alpha
chain, in particular glutamine to arginine substitution at posi-
tion 576 (Q576R), in relation to endotoxin exposure and asth-
ma symptoms [137]. They concluded that higher endotoxin
levels were associated with fewer asthma symptoms in Q/Q
genotype (more common in white ethnicity) in contrast to
increased asthma symptoms for R/R genotype (more common
in black ethnicity) [137, 138].

In a nationwide study of endotoxin levels [139] that utilized
samples collected from National Survey of Lead and
Allergens in Housing (NSLAH) over 800 housing units were
selected to represent U.S. demographics. The study sample
represented the different geographic regions of the U.S.; ur-
ban, suburban, and rural areas; different ethnic groups;
wealthy and poor demographic groups; apartment units and
single family homes; children and adults; households with and
without pets, with and without allergy or asthma. The study
identified major predictors of increased endotoxin levels to be
poverty, increasing number of household occupants, presence
of children, cockroach infestation, food debris, and cigarette
smoking in the home. These risk factors are known to be
prominent in inner-city populations. On the contrary, this
study reported dog ownership was also a predictor of in-
creased endotoxin levels which is not representing inner-city
population as mentioned previously.
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Seasonal Variations

The ICAC results suggest that asthma exacerbations among
inner-city children are more frequent during fall-winter
months (September–December) and less frequent during sum-
mer months (June–August) [22].

Participants of the NCICASwere followed by Gergen et al.
[140] for about 4 years to determine if outdoor/indoor allergic
sensitization (determined by skin testing), exposure to ETS, or
air pollution contributed to the seasonal pattern of asthma. The
authors concluded that there was no significant relationship
between sensitization to allergens, ETS exposure or most air
pollutants and asthma seasonal pattern [140].

To a large extent, seasonal variation seems to be activated
by IgE-mediated mechanisms as supported by the Inner-City
Anti-IgE therapy for Asthma (ICATA) and Preventative
Omalizumab or Step-up therapy for Fall Exacerbations
(PROSE) studies. The ICATA study was a multicenter study
by Busse et al. [141] in which 419 inner-city children and
young adults who were 6–20 years of age with persistent
asthma were given anti-IgE (omalizumab) in addition to
guideline-based therapy. The results from the ICATA study
showed that it was possible to control asthma symptoms in
patients receiving anti-IgE to the extent of nearly eliminating
the pattern of peaks of asthma exacerbation and seasonal var-
iation in spring and fall. Similarly, the PROSE study showed a
substantial decrease in fall exacerbations in participants who
were treated with omalizumab 4 to 6 weeks prior to return to
school [142]. It is worth mentioning that other than IgE-
mediated mechanisms, there are other less understood path-
ways which may contribute to asthma seasonal variation and
frequency of asthma exacerbations. These are demonstrated
by asthma exacerbations that occurred despite being on
omalizumab therapy [22].

Pollution

Traffic and power generation are the main sources of urban air
pollution [143]. Proximity to a major road predisposes chil-
dren in inner-city homes to more traffic pollution when com-
pared to non-inner-city homes which are more likely to be
away from heavy traffic [144, 145]. Ambient air pollution
adversely affects asthma and likely contributes to the devel-
opment of new onset asthma [143, 146–148]. Motrimer et al.
[146] utilized data from the NCICAS and followed a cohort of
846 asthma children residing in eight U.S. urban areas for
effects of ambient air pollution. The authors concluded that
air pollution was significantly related to asthma symptoms and
decreased pulmonary function. Traffic-related air pollution
was reported to be associated with new onset of asthma in
the Southern California Children’s Health Study when partic-
ipants were followed over 8 years and other confounding fac-
tors were controlled [147].

The 6 common outdoor air pollutants include nitrogen di-
oxide, particulate matter, ozone, sulfur dioxide, carbon mon-
oxide, and lead [149]. Outdoor pollutants can penetrate in-
doors and contribute to indoor pollution in the form of partic-
ulate matter, nitrogen dioxide, and ozone [150]. Air pollution
can also be generated indoors as by-products of activities like
smoking, cooking, cleaning, and from heating/cooling sys-
tems [50, 150]. Tobacco smoke is a major indoor air pollutant
that adversely affects inner-city asthma [150]. As noted by
Simons et al., inner-city homes are more likely to have ciga-
rette smokers which further contribute to increased asthma
morbidity [144]. Tobacco smoke exposure is well established
in causation of asthma [151, 152] as well as a trigger for
asthma exacerbations [153]. A meta-analysis by Burke et al.
suggested that both antenatal and postnatal passive smoke
exposure increased the risk of wheezing and asthma by 20%
at the very least [151] Prenatal tobacco smoke exposure (con-
firmed by cord blood cotinine) was recently studied by
O’Connor et al. in 442 children and was associated with in-
creased risk of asthma at 7 years of age [152] . Wang et al.
concluded from meta-analysis of 25 studies that children with
asthma and passive smoke exposure were more symptomatic,
had more emergency room/urgent care visits and were twice
more likely to be hospitalized than their unexposed counter-
parts [153]. While deleterious effects of secondhand smoke
exposure are widely recognized, the health risks of thirdhand
smoking are less well understood but are thought to be
concerning based on gathered evidence so far [154].

Other factors that can contribute to poor indoor air quality
are poor ventilation [50, 155]. Hansel et al. studied the effects
of indoor nitrogen dioxide concentrations on 150 inner-city
children with asthma who were 2 to 6 years old and concluded
that higher nitrogen dioxide levels were associated with in-
creased asthma symptoms. They also noted that the use of a
gas stove, stove/oven, and space heater was independently
associated with higher indoor nitrogen dioxide levels [156].
More recently Gaffin et al. have reported increased airflow
obstruction with increased nitrogen dioxide levels in class-
rooms of the SICAS cohort participants [25]. The deleterious
effects of increased concentrations of indoor particulate matter
on asthma morbidity have also been observed in atopic as well
as non-atopic children [157].

Non-adherence to Medication

Successful management of asthma relies to a large extent on
medication adherence, proper inhaler technique, and avoid-
ance of triggers that bring about exacerbations. Studies to
investigate the relationship of medication adherence and asth-
ma morbidity in inner-city children were undertaken [158]
[24]. The investigators found that being at risk for medication
non-adherence and admitting non-adherence independently
and jointly were associated with increased asthma morbidity.
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The risk factors for medication non-adherence in this study
includedmore than 1 prescribedmedication, patients who take
more than 1 medication per day, caregivers concerned about
medication side effects, caregivers who perceived that the
child was getting too much medication or not enough medi-
cation, caregivers who perceived that medications are only
somewhat useful, multiple asthma caregivers, trouble with
getting appointments, problems with giving medications, not
having medication in the house when needed, and child refus-
ing to take medication [158]. The importance of medication
adherence is further highlighted by the ACE study [32] ac-
cording to which asthma control of the inner-city children can
be achieved by using guideline-based asthma care and strict
adherence to asthma medication. The details about the ACE
study are mentioned in the interventions for the inner-city
asthma in this article.

Stress, Psychological Issues, and Depression

Caregiver stress is associated with poor asthma control and
increased risk of recurrent wheezing. In the URECA study,
maternal stress and depression during the first 3 years of life
were associated with recurrent wheezing at 3 years of age and
asthma at age 7 in children [138, 152, 159]. It is known that
inner-city children are at risk for violence exposure [160, 161].
Exposure to violence is also reported to contribute to inner-
city asthma morbidity [161, 162]. Furthermore, adverse child-
hood experiences like witnessing domestic violence were
found to be strongly associated with reported lifetime asthma
in a study done on inner-city asthma children by Wing et al.
[163]. This study showed that exposure to even one adverse
childhood event increased the risk of reported lifetime asthma
to 28% when compared to children without exposure to such
adverse events supporting that psychosocial factors could con-
tribute to pediatric asthma.

Vitamin D Deficiency

Studies done in children with asthma have long speculated the
role of vitamin D deficiency in the development of asthma
[164, 165]. Other studies have also reported a higher preva-
lence of vitamin D deficiency in inner-city children with asth-
ma comparing to non-inner-city children [165, 166]. Prenatal
vitamin D supplementation may be beneficial in reducing re-
current wheezing in early years of life [130, 167]. Although in
the APIC study, Liu et al. concluded that the total effect of
vitamin D on asthma severity was insignificant in inner-city
population [33].

Obesity

Many studies suggest that obesity is associated with increased
asthma prevalence, symptoms, and exacerbations without

difference in allergic sensitization [5, 168, 169]. The preva-
lence of obesity in inner-city children is also higher than the
national average in many studies [170–172]. A randomized
controlled trial reported that weight loss among obese asth-
matics resulted in an improvement in static lung function and
asthma control without changes in inflammation [173]. On the
contrary, Liu et al. found that obesity was not directly associ-
ated with asthma severity in the APIC study cohort [33].

Interventions for Inner-City Asthma

Interventions for the inner-city children with asthma are often
challenging due to multiple factors that contribute to the high
burden of asthma in this population. These include family’s
lack of knowledge/participation in the medical care system
and other socioeconomic hardships. The NIAID-funded
NCICAS revealed that family-based interventions such as
partnering families with asthma-trained social workers
allowed families to obtain better medical care and reduced
asthma-related morbidity [40].

It is now evident that inner-city asthmatics can be well
controlled with proper treatment. The NIAID-funded ACE
study concluded that asthma symptoms can be reduced by
providing NAEPP guidelines driven asthma care as well as
assured access to controller medication. The study was a ran-
domized, double-blind trial which included 780 inner-city
asthma patients, aged 12–20 years. The aim of the study was
to assess whether measurement of fractional exhaled nitric
oxide (FeNO), a biomarker of airway inflammation, used as
an adjunct to guideline-based asthma care could increase the
effectiveness of asthma treatment. At the initial study visit,
each subject was assessed for ongoing symptoms, pulmonary
function, and the overall level of asthma control. The recruited
subjects were then randomly assigned to 46 weeks of either
standard treatment based on NAEPP guidelines or standard
treatment modified on the basis of FeNO levels. A six-step
escalating algorithm was used to achieve asthma control; the
treatment began with fluticasone, 100 mcg/day, and ranged up
to fluticasone 500 mcg/Salmeterol 50 mcg, twice a day, along
with either low-dose theophylline or montelukast. The prima-
ry outcome was the number of days with asthma symptoms.
Most participants exhibited good control of symptoms as well
as fewer exacerbations with conventional asthma manage-
ment. Approximately one-third of the children experienced
an exacerbation despite using high-dose inhaled steroids.
Thus, asthma control can be achieved in inner-city asthma
patients using guideline-based asthma care and medication
adherence. However, the ACE study did not include patients
with severe asthma; furthermore, the study included patients
who were known to the study centers and those who were
interested in participating [32].
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Based on the NCICAS observation that allergic sensitiza-
tion is a major factor predicting asthma exacerbations and that
exacerbations occur despite aggressive inhaled steroid thera-
py, the Inner-City Anti-IgE Therapy for Asthma (ICATA) trial
was initiated. This trial aimed to evaluate whether IgE mono-
clonal antibody (omalizumab) when used as an adjunct to
Expert panel Report (EPR-3)-based asthma therapy would
reduce exacerbations. Omalizumab significantly lowered the
exacerbation rate (38% reduction) as well as reduced the dose
of inhaled corticosteroid treatment compared to placebo.
There was also a reduction in seasonal (fall and spring) peak
in exacerbations. The ICATA study concluded that allergic
sensitization plays a significant role in the seasonal variation
in asthma exacerbations especially during fall season [141] .

The Preventative Omalizumab or Step-up Therapy for
Severe Fall Exacerbations (PROSE) was developed by the
ICAC team in view of the seasonal nature of exacerbations
(highest rates in fall season). Two approaches were evaluated,
the short-term use of omalizumab (based on the results of the
ICATA study) or the increased dose of inhaled corticosteroid
above the dose needed to control symptoms (based on ACE
study). There was a significant reduction in fall exacerbations
with pre-seasonal treatment with omalizumab, whereas little
to no reduction of asthma exacerbations was seen in the group
receiving steroid boost [142]. Maximal benefit was seen in the
participants who had a recent exacerbation.

As previouslymentioned, rhinovirus infection is a common
trigger of asthma exacerbations. The PROSE investigators
also found that children receiving omalizumab had decreased
frequency and duration of rhinovirus infection as well as re-
duced peak rhinovirus shedding [174]. The omalizumab treat-
ment group demonstrated increased production of interferon
alpha (IFN-α) to rhinovirus. Thus omalizumab can also alter
the immune response to rhinovirus [175].

Immunotherapy for Inner-City Asthma

The ICAC 2 investigators aimed to develop clinical interven-
tional protocols to evaluate immune-based therapies such as
immunotherapy (IT) to control asthma in inner-city children.
Studies have shown that IT can be disease modifying and has
sustained benefit, unlike other current pharmacological thera-
pies for asthma [176]. These trials also aim to identify bio-
markers (e.g., change in antigen-specific IgE or increase in
IgG4 levels) which may correlate to clinical outcomes of the
IT in inner-city asthmatics. Under the ICAC, four pilot studies
were conducted to evaluate immunotherapy for cockroach
allergy since cockroach exposure has been shown to be asso-
ciated with higher asthma morbidity in the inner-city popula-
tion. These involved a total of 190 children and adults: (1) an
open-label 2-week study to assess the safety of cockroach
SLIT in adults and children; (2) a randomized, double-blind

6-month study of cockroach SLIT versus placebo in adults;
(3) a randomized, double-blind 3-month study of two doses of
cockroach SLIT versus placebo in children; and (4) an open-
label 6-month safety study of cockroach subcutaneous immu-
notherapy (SCIT) in adults. The authors concluded that
German cockroach sublingual immunotherapy (SLIT) in-
duces significant but inconsistent changes in serum specific
IgE levels. On the other hand, cockroach subcutaneous immu-
notherapy (SCIT) induces significant and substantial immu-
nologic changes, especially in IgG4 and facilitated allergen
binding (FAB) inhibition. Thus, SCITmight be a better option
for cockroach immunotherapy in the inner-city population
[177].

Other Interventions

Environmental interventions at a population level have also
been shown to have beneficial effect in urban children with
asthma. These include prohibiting smoking in public places,
vehicle emission regulations, and replacing indoor gas heaters
in schools with alternative heating sources.

Home-based interventions aim at elimination of indoor al-
lergens as well as improving housing conditions. The NIAID-
funded ICAS completed a comprehensive environmental
clean-up trial which included control of home allergens and
exposure to tobacco smoke. The participants exhibited long-
lasting decrease in asthma symptoms and unscheduled health
care visits for at least 12 months after the active intervention
has stopped [4]. Although the improvement of lung function
was not achieved, the results from the ICAS still highlighted
that environmental allergens and ETS are important elements
of asthma control in inner-city children [4]. Other interven-
tions have focused on improving housing conditions. A study
reported that programs designed to weatherize homes have
resulted in decreased mold and moisture exposure and led to
the improvement in asthma control [178].

School-based asthma programs have also been recently
recognized for their importance in childhood asthma manage-
ment. School-based Asthma Management Program
(SAMPRO™) provides asthma education for children, fami-
lies, clinicians, and school nurses. The program aims to en-
hance multidirectional communication to promote better asth-
ma care for children within the school environment. This in-
cludes provision of asthma action plan and asthma emergency
plan to the school personnel as well as educating school per-
sonnel regarding care of children with asthma at school.
School-based asthma triggers are assessed and remediation
measures are provided such as application of pesticides
[179]. Other interventions such as providing asthma education
to students during school day have also been successful.
Asthma Self-Management for Adolescents (ASMA) is a
school-based intervention for Hispanic and African
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American adolescents with moderate persistent asthmawhere-
in student completed bimonthly assessments. ASMA enrolled
students reported fewer symptoms (daytime and nocturnal) as
well reduced asthma morbidity and urgent care usage [180].

The School-based Asthma Therapy was implemented with
the aim to decrease morbidity in inner-city children with asth-
ma by improving adherence to medications as well reduction
of environmental tobacco smoke exposure at home. Under the
program, school nurse directly observed use of asthma pre-
ventive medications. The program resulted in a significant
reduction in asthma exacerbations, urgent care visits, and
missed school days over the study period [181].

Step-Up Asthma Program is a school-centered asthma
management program which employs asthma counselors to
provide evidence-based asthma education to children with
asthma in school. The program improved asthma control
resulting in fewer asthma exacerbations, urgent care visits,
and missed school days [182]. Other interventions such as
the use of classroom-based air cleaners in schools have result-
ed in significant reduction in classroom fine particulate matter
(PM2.5) and black carbon, which also shown to decrease
asthma morbidity [183].

Technology-based initiatives are also being used to aid in
inner-city asthma management. These include text messaging,
computer/web-based, video games, and interactive voice re-
sponse. Of these methods, only computer/web-based pro-
grams have been successful in reducing asthma symptoms.
Puff City is a web-based asthma management program which
has been developed to help African American adolescents to
achieve better control of their asthma. A pilot study utilized
the Puff City program in urban teens (13–19 years) with asth-
ma in Detroit, MI. The authors concluded that the treatment
group experienced fewer ED visits [184].

Summary

Inner-city asthma is a complex medical problem with several
risk factors contributing to the high morbidity and mortality of
the disease. Some of these risks factors, e.g., allergens, tobac-
co smoke exposure, and pollutants, are known to be important
triggers for asthma in general, but many studies have shown
their impact on inner-city children vary to a great extent. Other
unique risk factors include social inequities, poor housing
quality, inability to access proper medical care, and poor ad-
herence to medications complicate inner-city asthma further.
Although they may not be easily available in real practice
settings, several interventions have shown promising outcome
for inner-city asthmatic children. These interventions include
comprehensive control of home allergens and exposure to
tobacco smoke, the use of omalizumab to prevent seasonal
asthma exacerbations, school-based asthma program, and

technology-based initiatives. Future sustainable and scalable
interventions in real-world settings are still required.
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