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Abstract

Asthma is the most common chronic respira-
tory disease in childhood. Although much pro-
gress has been made in the last decades in
understanding the pathophysiology and man-
agement of asthma, the diagnosis and treat-
ment of early childhood asthma remain great
challenges. Due to the heterogeneity of asthma
symptoms in childhood, it has been difficult to
establish a clear and coherent definition of
asthma in this population. Currently, in older
children, the diagnosis of asthma is made sim-
ilarly to that in adults and is based on chronic
inflammation associated with airway hyper-
responsiveness and reversible airflow limita-
tion. However, the use of exhaled nitric
oxide, bronchial challenge testing, and spirom-
etry are often not feasible or reliable in younger
children. In young children, the diagnosis of
asthma is mostly based on symptom history,
risk of allergic disease, and physical findings
in the absence of respiratory tract infections. In
all age groups, current asthma management
guidelines focus on a stepwise approach to
symptom and risk control while addressing
comorbidities and other modifiable risk factors

such as inhaler technique, treatment adherence,
and environmental exposures. Asthma remains
the leading cause of childhood morbidity
from chronic disease as measured by rates of
emergency department visits, length of hospi-
talization, and unscheduled school absences.
Therefore, ongoing advances in the under-
standing of childhood asthma, the factors
contributing to its development (both genetic
and environmental), preventative strategies
addressing these risks, and novel treatment
options will continue to be crucial clinical
considerations in the years to come.

Keywords
Asthma - Childhood asthma - Risk factors -
Asthma treatment

13.1 Introduction

Asthma is the most common chronic respiratory
disease in childhood and remains the leading cause
of childhood morbidity from chronic disease as
measured by rates of emergency department visits,
length of hospitalization, and unscheduled school



13 Childhood Asthma

absences. Although much progress has been made
in the last decades in understanding the patho-
physiology and management of asthma, the
diagnosis and treatment of childhood asthma
remain great challenges for pediatric physicians.

Due to the heterogeneity of asthma symptoms
in childhood, especially in preschool children, it
has been difficult to establish a clear and coherent
definition of asthma in this population. Currently,
the diagnosis of asthma in young children is
mostly based on symptom history, risk of allergic
disease, and physical findings in the absence of
respiratory tract infections. In older children, the
diagnosis of asthma is made similarly to that
in adults and is based on chronic inflammation
associated with airway hyper-responsiveness and
reversible airflow limitation. While pulmonary
assessments such as exhaled nitric oxide (FgNO),
bronchial challenge testing, and spirometry are
useful in diagnosing asthma, these measures are
difficult to obtain reliably in younger children.

It is well-accepted that asthma phenotypes
result from a complex interplay of molecular
mechanisms, epigenetic factors, and environmen-
tal exposures. However, there is a lack of consen-
sus regarding asthma phenotypes in childhood,
especially during infancy. While most childhood
asthma is characterized by a T-helper type 2 (Th2)
pathway, there is a growing body of evidence
suggesting alternative mechanisms remain impor-
tant in asthma development. Better understanding
of childhood asthma phenotypes is needed and will
be imperative for initiating asthma treatment, mon-
itoring biomarkers, and targeting treatment strate-
gies, especially as new therapies become available.

In addition, modifiable factors such as inhaler
technique, treatment adherence, and harmful envi-
ronmental exposures (e.g., tobacco smoke and pol-
lution) persist as real challenges in disease control
in children. These factors as well as the identifica-
tion and treatment of comorbidities, such as atopic
disease, sleep apnea, obesity, and gastroesophageal
reflux, are critical in the evaluation of childhood
asthma and in its treatment. Moreover, additional
barriers to asthma care such as socioeconomic sta-
tus, language proficiency, and literacy should be
considered as part of a comprehensive asthma man-
agement program.
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Finally, while the assessment and treatment of
asthma are paramount for the pediatric physician,
asthma prevention strategies must not be forgotten
and should remain at the forefront of childhood
asthma research.

13.2 Epidemiology

13.2.1 Prevalence of Childhood
Asthma

Measure of asthma prevalence worldwide is chal-
lenging due to lack of consistent disease defini-
tion, difficulty with respiratory testing in some age
groups, heterogeneous disease phenotypes, and
socioeconomic impacts such as income, educa-
tion, occupation, and area of residence. To date,
the largest collaborative global cross-sectional
survey of asthma prevalence in childhood has
been the International Study of Asthma and Aller-
gies in Childhood (ISAAC) (Asher et al. 1995).
Phase I (1992-1996) included 721,601 pediatric
participants from 156 centers in 56 countries. It
used questionnaires to identify asthma-like symp-
toms in children (aged 6—7 years) and adolescents
(aged 13—14 years). These results revealed a wide
range of childhood wheezing prevalence world-
wide, ranging from 4.1% to 32.1% in children
(257,800 participants) and 2.1-32.2% in adoles-
cents (463,801 participants). The highest preva-
lences of childhood wheeze were found in
developed English-speaking countries (the United
Kingdom, New Zealand, Australia, Canada, the
United States) and some non-English-speaking
Latin American countries (Asher and Weiland
1998); the lowest prevalences were found mostly
in Asian countries (India, Taiwan, China, and
Indonesia) (Asher et al. 1995).

ISAAC Phase III (2000-2003) was a repeat of
the Phase I survey (with the inclusion of a new
environmental questionnaire) occurring at least
5 years later with the intent to evaluate asthma
trends. Phase III contained 193,404 children from
66 centers in 37 countries and 304,679 adoles-
cents from 106 centers in 56 countries (Pearce
et al. 2007). Results from Phase III revealed that
asthma symptom prevalence mostly increased in
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centers where it had previously been low and either
stayed the same or decreased in centers where
asthma symptom prevalence had previously been
high (Pearce et al. 2007). However, almost all
countries reported increases in lifetime asthma
from Phase I to III irrespective of symptom preva-
lence (Pearce et al. 2007). These findings are con-
sistent with other reports (Braun-Fahrlander et al.
2004; Kalyoncu et al. 1999; Mommers et al. 2005;
Nowak et al. 2004; Ronchetti et al. 2001;
Senthilselvan et al. 2003; Toelle et al. 2004).

13.2.2 Morbidity and Mortality

It is estimated that nearly 334 million individuals
have asthma globally, and 14% of the world’s
children likely had asthma symptoms in the past
year (Global Asthma Report 2014). Asthma
morbidity is a major burden for children, their
families, and healthcare systems. Asthma that is
not well-controlled results in lifestyle disruption,
reduced physical ability, school absences, and
socioeconomic impacts resulting from lost work
days, medication expenses, and healthcare costs
associated with asthma care. In the United States
alone, the total economic impact of asthma totals
roughly $56 billion a year for the 25 million indi-
viduals with asthma (CDC 2011); more than half
(53%) of individuals with asthma have an asthma
attack per year, and, of those having an asthma
attack, 59% of children and 33% of adults miss
school or work, respectively (CDC 2011).
Overall, mortality from asthma is rare and
comprises less than 1% of all deaths in most
countries (Global Asthma Report 2014), likely
due to better understanding of the underlying
mechanisms of asthma and the availability of
more effective treatments. In European countries,
asthma mortality is highest among infants and
preschool children, lower during school age,
and increases again in adulthood (Wennergren
and Strannegérd 2002). In the United States, chil-
dren with asthma have higher rates of primary
care and emergency department visits but a
lower death rate than adults (Akinbami et al.
2012); in 2007, in the United States, 185 children
and 3262 adults died from asthma (CDC 2011).

S. Duong-Quy and K. Todoric

13.3 Natural History of Asthma

Population studies assessing asthma remission
or persistence/recurrence have differed in their
results. Reported rates of childhood asthma remis-
sion range from 20% to 52% (Martin et al. 1980;
Roorda et al. 1993; Vonk et al. 2004). Remission
is associated with higher forced expiratory vol-
ume (FEV)) in childhood and a higher increase in
percent predicted FEV, through adulthood (Vonk
et al. 2004), as well as earlier age of cessation of
wheeze (Martin et al. 1980). Alternatively, ana-
lyses of population-based, childhood cohorts
(starting age 7-9 years and followed through
early adulthood) show asthma persistence rates
ranging from 27% to 41% (Andersson et al.
2013; Sears et al. 2003). Factors that predicted
persistence or relapse of asthma in these cohorts
include sensitization to house dust mites, airway
hyper-responsiveness, female sex, smoking at age
21 years, early age at onset (Sears et al. 2003),
sensitization to furred animals, and more severe
asthma (Andersson et al. 2013).

Further characterization of children experienc-
ing remission versus persistence/relapse of
asthma has been explored in the Tucson Chil-
dren’s Respiratory Study (TCRS). The TCRS, a
birth cohort study of 1246 newborns followed
through age 16 years, sought to identify the fac-
tors affecting wheezing before age 3 years and
their relationship to wheezing and asthma through
adolescence (Martinez et al. 1995; Morgan et al.
2005; Taussig et al. 2003). Participants were sep-
arated into three groups: (1) “transient infant
wheezers,” (2) “nonatopic wheezers,” and
(3) “atopic wheezers.” The first group (transient
infant wheezers) developed wheezing within the
first 3 years of life. However, the majority (80%)
of those with wheezing within the first year of life
did not wheeze after age 3 years; this decreased
to 60% and 40% with wheezing that persisted
through years 2 and 3, respectively. These infants
were not atopic, had diminished airway function
at birth, and had either a mother who smoked
during pregnancy or a younger mother; they did
not have an increased risk of asthma later in life
(Taussig et al. 2003). The second group (non-
atopic wheezers) had lower respiratory infections



13 Childhood Asthma

early in life (with strongest association noted with
respiratory syncytial virus (RVS)) and continued
to wheeze after age 3 years; it was felt that this
group was more susceptible to acute airway
obstruction following infection due to alterations
in airway smooth muscle control, possibly virally
induced or present at birth (Taussig et al. 2003).
The third group (atopic wheezers) had wheezing
that started both before and after age 3 years,
but before age 6 years, most of these children
had allergic sensitization noted by age 6 years,
and most developed atopic asthma (Taussig
et al. 2003).

Subsequently, the Isle of Wight Birth Cohort
(IWBC) study, a whole population birth cohort,
followed 1456 infants at 1 year, 2 years, 4 years,
10 years, and 18 years (Kurukulaaratchy et al.
2012). These participants were classified as
“never asthma” (no asthma since birth), “adoles-
cent-onset asthma” (asthma at age 18 years but not
prior), “persistent-adolescent asthma” (asthma at
both age 10 years and 18 years), and “recurrence
of childhood asthma” (asthma in first 4 years of
life, not at age 10 years, but again at age 18 years)
(Kurukulaaratchy et al. 2012). Of asthmatics
who had data available at both 10 years and
18 years, 63.1% had persistent-adolescent asthma,
28.3% had adolescent-onset asthma, and 8.6%
had recurrence of earlier childhood asthma
(Kurukulaaratchy et al. 2012). The IWBC study
demonstrated that asthma remission was associ-
ated with mild disease before adolescence defined
by few symptoms, low level of initial bronchial
hyper-responsiveness (BHR), male sex, higher
FEV, in boys, and low sputum eosinophil count
(<3%) (Kurukulaaratchy et al. 2012).

The natural history of asthma in children might
be schematically presented as in Fig. 1.

13.4 Risk Factors for Childhood
Asthma

13.4.1 Genetic Risk Factors

Hereditary studies of families and twins indicate

that genetics play a crucial role in development of
childhood asthma (Willemsen et al. 2008). During
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the last decade, many studies have sought to delin-
eate the role genetic factors play in the pathogen-
esis of asthma, especially childhood asthma, and
whether these genes may correlate to airway
inflammation, congenital BHR, and response to
target treatment. Currently, by studying genome-
wide linkage (GWL) or genome-wide association
(GWA), more than 100 genes associated with
asthma have been identified, and the number is
growing.

The GABRIEL study a large meta-analysis
of GWA studies in European populations genotyped
10,365 asthmatic patients and 16,110 control
subjects to analyze the association between
582,892 single-nucleotide polymorphisms (SNPs)
and asthma-identified genes on chromosomes
2 (ILIRLI/ILISRI), 6 (HLA-DQ), 9 (IL33),
15 (SMAD3), 17 (ORMDL3/GSDMB), and 22
(IL2RB) (Moffatt et al. 2007). Especially, ORMDL3
gene was associated with early-onset asthma in
about 38% of all cases of childhood-onset asthma
(Moffatt et al. 2007). A more recent meta-analysis
evaluated >2 million SNPs in North American
populations (European Americans, African Amer-
icans/African Caribbeans, and Latinos). This
showed that SNPs near the 17g21 locus and the
ILIRLI, TSLP, and IL33 genes were associated
with asthma risk in these ethnic groups, while the
PYHINI gene was associated with asthma in indi-
viduals of African descent (Torgerson et al. 2011).

Although GWA studies have discovered loci
associated with childhood-onset asthma, the con-
tribution of polygenic influences is more difficult
to assess. The use of “genetic risk scores” may
provide a useful tool to predict the link between
genetic risks discovered in GWAS and the devel-
opment or persistence of asthma in an individual.

13.4.2 Prenatal Risk Factors

13.4.2.1 Fetal Inmune Response

Overall, maternal allergy impacts the develop-
ment of allergic disease, presumably through
alteration of the in utero environment and influ-
ence on prenatal immune development via placen-
tal transfer of immunoallergic factors (Lockett
et al. 2015). Collectively, a multitude of studies
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Fig. 1 Natural history of childhood asthma: persistent
asthma in early childhood may have a complete remission
in later childhood or remit and relapse later during

indicate that both innate and adaptive immune
responses may be altered in utero in allergy-
prone individuals through varied effects from
immunoglobulin transfer, chemokine effects,
toll-like receptor genotypes, Treg gene expres-
sion/development, Th2 cytokine levels, and meth-
ylation signals, among others (Bullens et al. 2015;
Lockett etal. 2015; Fuetal. 2013; Liu et al. 2011;
Martino et al. 2014). For example, in one study,
maternal atopy status influenced Treg marker
gene expression and Th2 cytokine levels in cord
blood through interaction with toll-like receptor
genotypes (Liu et al. 2011). In others, elevated
cord blood levels of long-chain polyunsaturated
fatty acids dose-dependently predicted the devel-
opment of childhood respiratory allergies by age
13 years (Barman et al. 2013), and a cord blood
CD4+ T cell DNA methylation signature at
96 CpGs sites predicted the development of food

childhood (top); early infants with wheezing without
asthma may develop asthma symptoms/asthma or become
healthy children without wheezing (bottom)

allergy by 12 months of age (Martino et al. 2014).
The impact of such factors and other epigenetic
changes induced by environmental exposures
(de Planell-Saguer et al. 2014) on the develop-
ment of asthma are still being explored.

13.4.2.2 Fetal Growth Restriction
There may be a causal link between fetal growth
restriction and development of asthma, although
the exact mechanism underlying this link is not
well-demonstrated. Abnormalities in maternal-
fetal circulation and development of the placenta,
umbilical cord, and lung, as well as epigenetic
alterations have all been suggested as pathways
that explain fetal growth restriction during preg-
nancy (Martino and Prescott 2011).

The results of the Aberdeen birth cohort showed
that for each millimeter increase in fetal crown-
rump length (CRL), measured by ultrasound in
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the first trimester, the odds of ever having wheez-
ing decreased by 4%, and the odds of ever having
asthma decreased by 5% (Turner et al. 2010).
Additionally, this study revealed that reduced
fetal size in the first trimester may be associated
with reduced lung function and increased asthma
symptoms at age five. Furthermore, the correla-
tion between fetal dimension (by measuring
CRL in the first trimester and biparietal diameter
in the second trimester) and asthma remained at
10 years follow-up (Turner et al. 2011). The
authors state that a continuous high fetal growth
(high CRL at the first trimester and high
biparietal diameter in the second trimester) may
be a protective factor for future asthma develop-
ment in childhood (odds ratio (OR) 2.8) (Turner
etal. 2011).

13.4.2.3 Maternal Tobacco Smoke
Evidence-based data suggest that prenatal
maternal smoking is associated with early child-
hood wheezing and reduced lung function in new-
born infants compared to those of non-smoking
mothers (Dezateux et al. 1999). Prenatal maternal
smoking increases the risk of both asthma and
impaired lung function throughout childhood as
well as illness-related school absenteeism (Burke
et al. 2012; Gilliland et al. 2003; Grabenhenrich
et al. 2014); risk of childhood wheeze is increased
with postnatal smoke exposure and is also noted
with prenatal secondhand smoke exposure (Burke
etal. 2012).

13.4.2.4 Maternal Drug Use

In the last decades, relationships between prena-
tal/infancy medication use and asthma in child-
hood have been reported. Longitudinal cohort
studies and meta-analysis show that use of antibi-
otics during pregnancy increases risk of persistent
wheeze and asthma in early childhood with a
dose-response correlation between number of
antibiotic courses and the risk of respiratory
symptoms (wheeze or asthma) (Bisgaard et al.
2007; McKeever et al. 2002). In addition, this
risk is further increased if the antibiotic is used
during the last two trimesters of pregnancy
(Jedrychowski et al. 2006). It has been hypothe-
sized that an imbalance between pathogenic and
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beneficial bacteria due to antibiotic use plays a
role in this asthma effect (Bisgaard et al. 2007).

Data assessing the association of prenatal and
infancy use of paracetamol (acetaminophen)
with increased risk of childhood asthma are
mixed (Castro-Rodriguez et al. 2016; Hoeke
et al. 2016; Migliore et al. 2015). A subsequent
study involving 53,169 children at 3 years and
25,394 children at 7 years found a modest asso-
ciation between prenatal maternal paracetamol
use and use of paracetamol in infancy with the
development of asthma at both time points
(Magnus et al. 2016). However, a systematic
review and meta-analysis of 11 observational
cohort studies found insufficient evidence to
link paracetamol use to the development of child-
hood asthma due to confounding (Cheelo et al.
2015). Further studies are needed to better define
the role that paracetamol may play in the devel-
opment of asthma and to provide clarification of
potential confounders.

13.4.2.5 Maternal Diet and Weight Gain
While no specific maternal dietary patterns have
been associated with asthma in childhood, several
ingestions during pregnancy seemingly reduce the
risk of asthma or wheezing. These include “aller-
genic” foods (such as peanut, tree nuts, milk,
and/or fish) (Bunyavanich et al. 2014; Maslova
et al. 2012), long-chain fatty acid supplements
(Bisgaard et al. 2016), and, in some studies, vita-
min D and vitamin E (Nurmatov et al. 2011).
Notably, results regarding vitamin D supplemen-
tation were not confirmed by randomized con-
trolled trials (Chawes et al. 2016).

On the other hand, data currently suggest that
maternal obesity and high gestational weight gain
result in increased risk of development of wheez-
ing or asthma (Forno et al. 2014; GINA 2017).
However, unguided weight loss or dietary restric-
tion in pregnancy is strongly not recommended
due to concern for deleterious fetal and maternal
effects.

13.4.2.6 Breastfeeding

Many studies report a beneficial effect of
breastfeeding on asthma prevention and on
reduction of wheezing in early life (Arbes
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et al. 2007; Martinez et al. 1995). However,
while breastfeeding should be encouraged, cau-
tion should be taken in advising families that
breastfeeding will prevent asthma.

13.4.3 Childhood Risk factors

13.4.3.1 Aeroallergen Sensitization
Sensitization to allergens is one of the strongest
determinants of subsequent development of
asthma (Arbes et al. 2007; Martinez et al. 1995),
and an increase in IgE level, a surrogate marker
for allergen sensitivity, is associated with the inci-
dence of childhood asthma (ISSAC 1998). Both
the ISSAC study and the Childhood Asthma Man-
agement Program (CAMP) reveal that allergy-
associated asthma is the most common asthma
phenotype in children (CAMP Research Group
et al. 2000; Strachan et al. 2015).

To date, studies focusing on single indoor aller-
gen exposure (e.g., cat, dust mite, mold) and
asthma development have been mixed, showing
positive, negative, and no effect (Bufford and
Gern 2007; Halonen et al. 1997; Lau et al. 2000;
Lodrup Carlsen et al. 2012; Melén et al. 2001;
Ownby et al. 2002; Quansah et al. 2012; Sporik
et al. 1990; Takkouche et al. 2008). However,
birth cohort studies suggest that a multifaceted
allergen reduction strategy approach seems to
reduce the incidence of asthma if applied in chil-
dren, even up to age 18 years in some cases
(MacDonald et al. 2007; van Schayck et al.
2007). Overall, evidence is insufficient to recom-
mend increasing or decreasing exposure to com-
mon sensitizing allergens early in life as a means
of primary prevention of asthma. Furthermore, the
roles that a pro-allergic immune response in child-
hood, immature neonatal immune response, and
innate system influences in atopic children play
on the development of asthma require further
clarification.

13.4.3.2 Presence of Food Allergy

Having food allergy increases a child’s risk of
asthma fourfold (Liu et al. 2010) and has also
been associated with increased rates of hospitali-
zation, exacerbations necessitating mechanical
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ventilation, and corticosteroid use in asthmatics
(Liu et al. 2010; Roberts et al. 2003; Simpson
et al. 2007). One study suggests that asthma may
present at a younger age in children with food
allergies (Schroeder et al. 2009).

13.4.3.3 Presence of Atopic Dermatitis

In children with recurrent wheezing, the coex-
istence of atopic dermatitis (AD) increases the
risk for developing asthma (Castro-Rodriguez
et al. 2000). Severity and age of onset of AD
may also play an informative role. In one study,
only 26% of children with mild to moderate AD
developed an allergic respiratory disease
(mainly asthma) compared to 75% with severe
AD (Patrizi et al. 2000). Early-onset AD (before
age 2 years) is associated with increased risk of
onset of asthma at an earlier age (at age 6 years),
whereas late-onset AD (after age 2 years) is
associated with increased risk of onset of
asthma at a later age (at age 12 years) (Lowe
etal. 2017).

13.4.3.4 Gender

Multiple studies support the finding that males
have more wheeze and asthma in childhood, but
females have more wheeze and asthma in ado-
lescence and thereafter. Additionally, asthma
after childhood is more severe in females than
in males (Almqvist et al. 2008). In one study,
childhood asthma hospitalization rates were
highest for boys between 2 and 12 years of age
(peak hospitalization rate at 4 years) but were
higher for girls between 16 and 18 years of age
(peak hospitalization rate at 17 years) (Debley
et al. 2004). Although hormonal changes have
been suggested as a possible explanation for this
trend, one study could not link pubertal stages
with gender shift in asthma prevalence (Vink
et al. 2010). Furthermore, in adolescent girls,
but not adolescent boys, development of
wheeze was associated with current smoking
or being overweight (Tollefsen et al. 2007),
suggesting a multifaceted explanation for the
reversal of gender predominance noted through
adolescence. Further exploration of factors
driving gender differences in childhood asthma
is ongoing.
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13.4.3.5 Postnatal Smoking Exposure
and Outdoor Pollutants

Tobacco smoke exposure is strongly associated
with wheezing (Akinbami et al. 2013), although
postnatal maternal tobacco smoke exposure is
most relevant in the development of asthma
in older children (GINA 2017). Children with
asthma exposed to tobacco smoke (passive
smoking or second-hand smokers) are at higher
risk for uncontrolled asthma, with more severe
asthma symptoms, and asthma exacerbations
(Burke et al. 2012; Wang et al. 2015). Likewise,
exposure to outdoor pollutants, such as living near
a main road, is also associated with increased risk
of asthma in childhood, especially for those who
are also exposed to tobacco smoke in infancy
(Gasana et al. 2012).

13.4.3.6 Microbial Effects

Recently, results from studies on hygiene and
microflora suggest that interactions with micro-
biota may be beneficial in preventing asthma in
childhood. The prevalence of asthma is higher in
children born by Caesarean section than those
born vaginally, suggesting that exposure of an
infant to the mother’s vaginal microflora through
vaginal delivery (Huang et al. 2015) or differences
in the infant gut microbiota according to their
mode of delivery (Azad et al. 2013) may also be
important in prevention of asthma. Moreover, the
risk of asthma is also reduced in children whose
bedrooms have high levels of bacterial-derived
lipopolysaccharide endotoxin (Karvonen et al.
2012), and children raised on farms with exposure
to stables and consumption of raw farm milk have
a lower risk of asthma than children of nonfarmers
(Riedler et al. 2001).

13.4.3.7 Parental History of Asthma

Family history of asthma is a known risk factor for
development of asthma. Children with parents
reporting a history of asthma in childhood
may have decreased lung function and increased
respiratory symptoms such as wheezing in early
infancy and in later childhood (Camilli et al.
1993). One study of 306 children found that the
odds of having a child with asthma were threefold
greater in families with one asthmatic parent and
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sixfold greater in families with two asthmatic
parents than in families where only one parent
had inhalant allergy without asthma (Litonjua
et al. 1998). Additionally, in a larger study com-
prising 2552 children, children were almost
twice as likely to have asthma if they had a parent
with asthma and more than four times likely to
develop asthma if both a parent and grandparent
had asthma (Valerio et al. 2010). Interestingly,
more recently, the Isle of Wight Cohort analysis,
after stratification of child’s sex, demonstrated
that maternal asthma was associated with asthma
in girls but not in boys, whereas paternal asthma
was associated with asthma in boys but not in girls
(Arshad et al. 2012). Parental asthma also
increases the risk of aeroallergen sensitization, a
strong association for asthma development in
early childhood (Crestani et al. 2004).

13.4.3.8 Respiratory Tract Infections
The role of respiratory tract infections in early
childhood asthma development has been the
source of debate over the last decades. It is
hypothesized that repeated lower respiratory
tract infections in childhood induce airway injury
and increase susceptibility to inhalant allergens
and other environmental risk exposures for
asthma or provide the stimulus needed for gene-
by-environment interactions (Busse et al. 2010).
A study of 154,492 European children
followed from birth through age 15 years showed
that both upper and lower respiratory tract infec-
tion before age 5 years increase asthma risk later
in childhood (van Meel 2017). Children with
upper respiratory infections (sinusitis, laryngitis,
tonsillitis, or pharyngitis) by age 5 years had a 1.5-
fold increased risk of developing asthma later in
life, while those who had lower respiratory tract
infections (bronchitis, bronchiolitis, or pneumo-
nia) experienced a two to fourfold increased risk
of developing asthma later in life. Interestingly,
young children with both aeroallergen sensitiza-
tion and viral respiratory infection may have syn-
ergistic risk for development of asthma at age
6 years, increasing ninefold if both aeroallergen
sensitivities and at least two viral infections with
wheezing occurred compared to only twofold if
only aeroallergen sensitivity developed (without
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viral infection with wheezing) and fourfold if only
viral infection with wheezing noted (without
aeroallergen sensitivity) (Kusel et al. 2007).

The relationship between respiratory syncytial
virus (RSV) infection and the development of
asthma is documented (the ISSAC study; Sigurs
et al. 2000; Wu et al. 2008; Kusel et al. 2007;
Jackson et al. 2008), although not all studies sup-
port the connection between RSV and asthma later
in life. Infants from the Avon Longitudinal Study
of Parents and Children with a history of severe
RSV bronchiolitis necessitating hospitalization
were 2.5 times more likely than controls to
develop asthma by age 7.5 years (Henderson
et al. 2005). The TCRS found that RSV infection
before age 3 years was associated with wheezing
and asthma in early childhood but not after age
11 years (Stein et al. 1999). Another study of
twins suggested that RSV does not cause asthma
but that genetic factors coupled with RSV infec-
tion are responsible for the development of
asthma (Thomsen et al. 2009).

Studies assessing the impact of RSV prophy-
laxis or treatment on the development of asthma
suggest an impact on the development of asthma
but are limited in number and design. A retrospec-
tive investigation of 13 children treated with RSV
immunoprophylaxis showed improved spirome-
try (FEV/FVC) and less atopy and were less
likely to have an asthma attack 7-10 years after
receiving immunoprophylaxis compared to those
who did not receive immunoprophylaxis (Wenzel
et al. 2002). An open-label compassionate-use
RSV immunoprophylaxis (using palivizumab)
study in a European cohort of 191 preterm infants
suggested decreased wheeze at 19-43 months
follow-up in those receiving prophylaxis (Simoes
et al. 2007). One open-label study showed a
reduction in the risk of asthma and allergic sensi-
tization at 6 years of age among children less than
2 years old who were hospitalized and received
ribavirin for RSV bronchiolitis (Chen et al. 2008).

The role of rhinovirus (RV) infection in pre-
dicting future asthma and severe asthma exacer-
bation has only been reported in more recent
years. In the Childhood Origins of Asthma
(COAST) birth cohort study, 90% of children
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with RV-associated wheezing episodes at age
3 years had asthma at age 6 years (Jackson et al.
2008). In this study, there was a 2.6 odds ratio
(OR) for asthma by age 6 years if RSV infection
occurred by age 3 years; this increased to a 9.8 OR
if the infection was RV (Jackson et al. 2008).
Additionally, similar to a prior study, Jackson
et al. found that infants with both aeroallergen
sensitization and RV wheezing had the highest
incidence of asthma at age 6 years compared
to populations with only RV wheezing or
aeroallergen sensitization (Jackson et al. 2008).

13.4.3.9 Miscellaneous Risk Factors
Studies are ongoing regarding the aforementioned
childhood asthma risk factors. Generally, it is not
easy to identify the cause-effect of each risk
factor for asthma development in childhood
because children are usually exposed to multi-
ple risk factors in early life that interfere with
the control of gene-by-environment interactions
(epigenetic factors) (Subbarao et al. 2009). Fur-
thermore, the relationship between asthma in
childhood and risk factors may change over
time due to changes in living environment
and/or modification of susceptibility. To date,
the roles of maternal stress during pregnancy,
mode of delivery, or breastfeeding on the risk of
childhood asthma remain controversial. Other
risk factors such as family socioeconomic sta-
tus, air pollution, or microbiome remain to be
clarified.

13.5 Asthma Phenotypes
in Childhood

13.5.1 Background

Asthma in childhood is a heterogeneous disease
with clinical manifestations varying from early
infancy through later childhood. The phenotypes
of asthma in childhood depend on molecular
mechanism characteristics, or endotypes, epige-
netic factors, and environmental exposures. The
main molecular mechanism of childhood asthma
is chronic inflammation resulting from inhalant
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allergen-induced inflammation driven by the
T-helper type 2 (Th2) pathway and mediated by
the related cytokines IL-4, IL-5, and IL-13.
These cytokines stimulate inflammatory cells
such as eosinophils, basophils, and mast cells
as well as injure epithelial and smooth muscle
cells, thus contributing to the pathophysiology
of asthma (Wenzel 2012). Asthma phenotyping
in childhood related to Th2 pathophysiology
mainly includes allergic asthma (early-onset
asthma). However, there is a large body of evi-
dence showing that non-Th2, or Th2-low, path-
ways may trigger asthma by alternative means
such as neutrophilic, Toll-like receptor (TLR),
Thl, and Th17 related-mechanisms. Examination
of cellular components and biomarkers of airway
inflammation are helpful in delineating Th2-high
(eosinophilic) or Th2-low (non-eosinophilic) and
for informing treatment. Better understanding of
such phenotypes is imperative for initiating asthma
treatment, monitoring of compatible biomarkers,
and targeting treatment strategies.

13.5.2 Asthma Phenotypes
in Childhood

13.5.2.1 Asthma Phenotypes in Infancy
Asthma in infancy is mostly Th2-related disease
characterized by early-onset asthma. The diagno-
sis of asthma in infancy and in preschool age is
based on wheezing as the main presenting clinical
symptom. However, some children have wheez-
ing early in life but do not have asthma, contrib-
uting to the challenge of diagnosing asthma in
early childhood. Therefore, both pre- and postna-
tal risk factors should be considered in addition to
wheezing in the classification of asthma pheno-
types in this population. Of note, most infants
with asthma also display other atopic diseases,
such as atopic dermatitis and aeroallergen sensiti-
zation (Burgess et al. 2008; Guilbert et al. 2004;
Shaaban et al. 2008). Currently, there is no con-
sensus on classification of asthma phenotypes in
early childhood (early infancy through preschool
age), although several clusters have been pro-
posed (Table 1).
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Table 1 Asthma phenotypes in early infant (early
childhood)

Phenotypes | Features

Phenotype 1: Recurrent wheezing with risk factor
Atopy: allergic dermatitis, allergic
rhinitis, or skin prick test (+)
Recurrent wheezing: unrelated to airway
infection
Pre- or postnatal risk factors of asthma:
see Sect. 4

Phenotype 2: Persistent wheezing with risk factor
Atopy: allergic dermatitis, allergic
rhinitis, or skin prick test (+)
Persistent wheezing: unrelated to airway
infection
Pre- or postnatal risk factors of asthma:
see Sect. 4

Phenotype 3: Recurrent or persistent wheezing with high
rate of hospitalization
Atopy: allergic dermatitis, allergic
rhinitis, or skin prick test (+)
Recurrent or persistent wheezing
High rate of annual hospitalization: >4
times/years

Phenotype 4: Recurrent or persistent wheezing with risk
factor and high rate of hospitalization
Atopy: allergic dermatitis, allergic
rhinitis, or skin prick test (+)
Recurrent or persistent wheezing
High rate of annual hospitalization: >
4 times/years
Pre- or postnatal risk factors of asthma:
see Sect. 4

13.5.2.2 Asthma Phenotypes After
Infancy

In children 5 years of age or older, clinical mani-
festations of asthma are often more diverse and
follow the trends of diagnosis similar to adult
patients. Furthermore, in these older children,
the interaction between genetic factors and
environmental factors may modify the clinical
presentation of asthma. The Childhood Asthma
Management Program (CAMP) study, evaluating
1041 children aged 5-12 years over 48 months,
suggested 5 asthma phenotypes based on 3 main
features: allergy status, degree of airway obstruc-
tion, and history of exacerbations (Howrylak et al.
2014); these are summarized in Table 2. These
clusters were consistent with those identified in
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Table 2 Asthma phenotypes in children according to Howrylak et al. (2014)

Phenotypes | Features

Phenotype 1: Mild asthma with low atopy, obstruction, and exacerbation rate

Largest subgroup of patients (28.8%)

No history of allergic disease, lowest prevalence of hay fever or skin prick test reactivity, lowest IgE

levels

Preserved lung function (highest FEV/FVC ratio)
Lowest bronchodilator response, intermediate airway hyper-responsiveness
No prior hospitalization for asthma and lowest reported prevalence of emergency department visits

Lowest risk of exacerbation®

Phenotype 2: Atopic asthma with low levels of obstruction and medium rates of exacerbation

Universally report allergic disease, high prevalence of allergic rhinitis, and skin test reactivity

Preserved lung function (highest FEV)

Intermediate bronchodilator response and airways hyper-responsiveness
No prior hospitalization, low rates of prior emergency department visits

Low-to-intermediate risk of exacerbations®

Phenotype 3: Atopic asthma with high levels of obstruction and medium rates of exacerbation

Rarely self-report allergic disease (in contrast to cluster 2) but have the highest prevalence of allergic

rhinitis and skin test reactivity

Most reduced lung function (lowest FEV, and FEV/FVC ratio)
High bronchodilator response and most severe airways hyper-responsiveness
Few prior hospitalizations but intermediate rates of prior emergency department visits (similar to

cluster 4)
Intermediate risk of exacerbations®

Phenotype 4: Moderately atopic asthma with high levels of obstruction and high exacerbation rates

No history of allergic disease, intermediate prevalence of hay fever (52.9%), lower IgE levels
Reduced lung function (low FEV/FVC ratio, similar to cluster 5)

High bronchodilator response and high airways hyper-responsiveness

Most reports of prior hospitalization but intermediate rates of prior emergency department visits but
intermediate rates of prior emergency department visits

Intermediate-to-high risk of exacerbation®

Phenotype 5: Highly atopic asthma with high levels of obstruction and high exacerbation rates

Smallest subgroup of patients (9.3%)

Nearly universal allergic disease, highest prevalence of skin test reactivity, highest IgE levels, highest
eosinophilia, intermediate prevalence of allergic rhinitis

Reduced lung function (low FEV/FVC ratio, similar to cluster 4)

Highest bronchodilator response and severe airways hyper-responsiveness

Most reports of prior hospitalization and highest rate of emergency department visits

Highest risk of exacerbation®

*Poor long-term asthma exacerbation risk is defined from prospective survival analysis of time to first course of oral
prednisone. This variable was derived by using the defined cluster groupings and was therefore not considered in spectral
cluster analyses used to define the clusters (Howrylak et al. 2014)

the Severe Asthma Research Program (SARP)
study (Fitzpatrick et al. 2011).

The SARP study also sought to better charac-
terize the phenotypes of severe childhood asthma
in children and identified 4 clusters in 161 severe
asthmatic children greater than 5 years old based
on symptom frequency, medication usage, lung
function abnormalities, and comorbidities such
as atopy (Fitzpatrick et al. 2011): (1) relatively
normal lung function and less atopy; (2) slightly

lower lung function, more atopy, and increased
symptoms/medication usage; (3) greater comor-
bidity, increased bronchial responsiveness, and
lower lung function; and (4) lowest lung function
and the greatest symptoms/medication usage. The
most severe phenotype in SARP study (phenotype
4) is consistent with the severe “Th2-high” phe-
notype in adults, characterized by IL-13-induced
epithelial gene expression (high levels of peri-
ostin), immunoallergic airways inflammation
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(increased eosinophil counts), and high risk of
exacerbation (Woodruff et al. 2009).

13.6 Diagnosis of Asthma
in Childhood

13.6.1 Clinical Manifestations
of Childhood Asthma

Recurrent wheezing is the main symptom of
asthma in children <5 years old, although not all
wheezing in this age group indicates asthma (see
Sect. 6.2 below). Parent or family report of symp-
toms may include recurrent or persistent nonpro-
ductive coughing accompanied with wheezing
episodes and/or breathing difficulties, cough with-
out cold symptoms, and recurrent breathlessness
described as “difficult breathing,” “heavy breath-
ing,” or “shortness of breath” during exercise.
Atypical symptoms such as unwillingness to
walk and play, irritability, tiredness, and mood
changes may also be present and signal uncontrolled
asthma in young children. Hence, review of a child’s
wheezing, daily activities, and behavior are impor-
tant keys when assessing children with asthma.

Asthmatic children older than 5 years usually
report shortness of breath, chest congestion or
tightness, and sometimes non-focal chest pain
that may be triggered by viral infection, inhaled
allergens, and/or exercise. Respiratory symptoms
may be worse at night, causing sleep disturbance
and increased incidence of obstructive sleep
apnea (OSA). Daytime respiratory symptoms are
often linked with physical activities, especially
in children with exercise-induced asthma. Other
nonspecific asthma symptoms in school-age chil-
dren may include school absence, decreased qual-
ity of learning, and general fatigue.

Physical examination in children is most infor-
mative during an acute asthma exacerbation. Expi-
ratory wheezing, prolonged expiratory phase, and
rhonchi may be auscultated. Additionally, physical
examination may reveal labored breathing, respira-
tory distress, suprasternal and intercostal retrac-
tions, nasal flaring, and accessory respiratory
muscle use. In the case of severe exacerbation,
physical exam may be falsely reassuring when
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severe airflow limitation results in a “silent
chest.” A normal lung examination without acute
asthma exacerbation does not rule out the diagno-
sis of asthma in childhood. Just as family history
of asthma and atopic diseases such as eczema,
atopic dermatitis, allergic rhinitis, or food allergy
are useful for supporting the diagnosis of asthma,
so are the concomitant findings of nasal polyposis,
atopic dermatitis, and rhinitis.

Lung function testing or bronchial responsive-
ness testing (see below) are useful in defining
impaired lung function or reversible obstruction
consistent with asthma. These measures, coupled
with history and physical exam, aid in the diag-
nosis of asthma in childhood.

13.6.2 Differential Diagnoses
of Childhood Asthma

Many conditions in childhood have respiratory
symptoms and signs similar to those of asthma.
In early life, chronic coughing and wheezing
might suggest gastroesophageal reflux (GER),
rhinosinusitis, recurrent aspiration, laryngotra-
cheobronchomalacia, airway anatomic abnormal-
ity (e.g., vascular ring), foreign body aspiration,
cystic fibrosis, or bronchopulmonary dysplasia.
Suspected asthma with chronic cough and recur-
rent upper and lower airways infections should be
differentiated from primary cilliary dyskinesia,
bronchiolitis obliterans, Churg-Strauss vasculitis
(eosinophilic granulomatosis with polyangiitis),
and immunodeficiency.

13.6.3 Laboratory Tests
13.6.3.1 Pulmonary Function Testing

Forced Oscillation Technique

Forced oscillation technique (FOT), also referred
as the impulse oscillometry (I0S), is a useful tool
for diagnosing young children with asthma
(<5 years) because it requires only passive tidal
breathing. FOT measures respiratory system resis-
tance and reactance at several frequencies. It
involves the application of a miniature loudspeaker
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placed proximal to the device’s flow sensor and
produces forced oscillations of flow with a range of
frequencies into the airway via a mouthpiece. Tech-
nically, children will be asked to breathe normally
(tidal breathing) through a mouthpiece over a 30-s
interval during which 10 stable respiratory rhythms
are obtained (Fig. 2). Children must sit still with a
mouthpiece in mouth and nose clips in place. The
technician’s or parent’s hands should support the
child’s cheeks and floor of the mouth. The tongue
cannot move around or obstruct the mouthpiece. In
children with asthma, FOT can be used to measure
bronchodilator response and perform methacholine
challenges. Due to its relative ease of use, FOT is a
reproducible and suitable method of lung function
testing in younger children and especially in chil-
dren who cannot perform spirometry (Delacourt
etal. 2001).

Interrupter Technique (Rint)

The interrupter technique (Rint) is an alternative
method that measures airway resistance (Raw) in
very young asthma children. Similar to FOT, it
also involves passive tidal breathing through a
mouthpiece in a seated child wearing a nose clip
(Beydon et al. 2007). Technically, the mouthpiece
has to be held between the teeth, and the lips
must be sealed around its circumference. The

Fig. 2 Model of forced
oscillation technique
system (FOT)

)
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child’s neck should be slightly extended with the
cheeks supported by the operator’s hands to
decrease upper airway compliance. With passive
breathing, the respiratory cycle is automatically
“interrupted” multiple times (no more than
100 ms at a time) at a preset trigger to allow
equilibration of alveolar and mouth pressure.
“Rint” is defined as this pressure divided by the
airflow measured immediately before interrup-
tion. Rint measurements may be obtained during
either inspiratory or expiratory cycle with no sig-
nificant difference between values obtained in
either phase (Beydon et al. 2007). Rint measure-
ments are useful to evaluate bronchodilator
response and may be helpful in methacholine
challenge, although Rint sensitivity in diagnosing
bronchial hyper-responsiveness is lower than that
of other more conventional methods such as
methacholine challenge or histamine challenge
(Beydon et al. 2007). To date, this technique is
used extensively in Europe but remains primarily
a research technique in the United States.

Spirometry Testing

Spirometry is the most common pulmonary func-
tion testing performed in school-age children and
may be utilized in some younger children who are
able to meet technical criteria. However, children

Baterial

Phoutio- filter

tachograph

Loudspeaker
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of all ages may have difficulty meeting quality-
control criteria outlined by the American Thoracic
Society (ATS) and European Respiratory Society
(ERS) (Miller et al. 2005); hence, as is true in all
patients, attention to test performance is crucial in
interpreting results. Most asthmatic children can
perform spirometry with adequate technique and
repeatability by age 5 years. Technically, spirom-
etry is performed with the child in a standing
or seated upright position wearing nose clips.
The child’s lips must be sealed around the mouth-
piece, and the maneuver should begin with mini-
mal hesitation. As recommended, a minimum of
three maneuvers should be recorded (Beydon
et al. 2007). For some children, if technique is
improving with successive maneuvers, then
more attempts may be helpful, although results
should note number of technically satisfactory
maneuvers and the repeatability of results.
Measures of spirometry include forced expira-
tory volume in 1 s (FEV)), forced vital capacity
(FVC), FEV/FVCratio, and peak expiratory flow
(PEF). In children with asthma, the goals of
performing spirometry are to identify the presence
of airflow limitation (obstructive defect) based
on FEV,/FVC ratio <80%, to quantify the sever-
ity of airflow limitation based on FEV; (mild,
FEV1 >80%; moderate, 60% < FEV; <80%;
and severe, FEV; <60% of predicted values),
and to measure the response to bronchodilator
(with short acting §,-agonist) or a bronchial prov-
ocation test (with methacholine or histamine) by
comparing the change of FEV pre- and posttests.
Spirometry is especially useful in children who
are poor perceivers of airflow obstruction or when
physical signs or symptoms of asthma do not
occur until airflow obstruction becomes severe.

13.6.3.2 Bronchial Responsiveness Tests

Bronchodilator Reversibility Testing

Measure of bronchodilator responsiveness, also
called reversibility testing (BRT), aims to deter-
mine evidence of reversible airflow limitation by
comparing baseline spirometry with that obtained
after short-acting bronchodilator administration.
To perform BRT, children should avoid short-
acting [3,_agonists (SABA) for 4 h prior to testing
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and long-acting f,-agonists (LABA), slow release
f,-agonists, or oral therapy with aminophylline at
least 12 h prior to testing (Miller et al. 2005). After
obtaining baseline spirometry (as per above), two
inhaled doses of 100 mcg of albuterol/salbutamol,
separated by 30 s, through a spacer device are
administered. Each dose should be followed by
holding the breath for 5-10 s, and post-
bronchodilator spirometry should be performed
1015 min after the second dose. The improvement
of FEV1 >12% or >200 mL is consistent with
asthma in children (Miller et al. 2005).

Bronchial Challenge Testing (BCT)

Bronchial challenge testing (BCT) utilizes phar-
macological therapy or other challenge mediums
to determine bronchial hyper-responsiveness in
children with nonspecific respiratory symptoms
who have normal pulmonary function testing,
including response to bronchodilators. BCT can
be performed with methacholine, histamine, car-
bachol, adenosine 5’-monophosphate (AMP),
cold air, dry air, or exercise (Beydon et al. 2007).

In asthmatic children, children eligible for
BCT are those free of respiratory infections for
at least 3 weeks, free of wheezing, with normal
oxygen saturation (>95%), and with near-
normal pulmonary function parameters in the
setting of doubtful asthma (Crapo et al. 2000).
Current guidelines recommend against use in
preschool-age children (Crapo et al. 2000). Medica-
tions known to influence bronchial responsiveness
should be withheld before the test (f,-agonists,
leukotriene modifiers, cromolyn sodium, and
nedocromil).

The five-breath dosimeter method is generally
used to deliver methacholine (or histamine) in
BCT for children. The minimal inspiratory time
required to inhale a dosimeter-delivered dose of
solution is at least 3—5 s (deep inhalation) with a
maximal nebulization time of 0.6 s. The interval
between two inhalations should be 5 min (Amer-
ican Thoracic Society 2000). The provocative
concentration (PC) or provocative dose (PD) is
the accumulated inhaled concentration necessary
to obtain a given pulmonary function test change
from baseline. The dose that provokes a 20%
baseline decrease of FEV, (or PtcO,) is referred
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as PD20-FEV, (or PD20-PtcO,, transcutaneous
partial pressure of oxygen), and the concentra-
tion that induces a 40% baseline increase in Rrs
(total resistance of the respiratory system) is
PC40-Rrs. Exercise induced-BCT 1is positive
when FEV, decreases during or after exercise
by >15%.

At the end of BCT, bronchodilators (f,-ago-
nist) should be administered even if the child does
not demonstrate significant bronchoconstriction
(wheezing or dyspnea), and the child should be
monitored until the FEV has returned to baseline.
Oxygen, resuscitation equipment, and bronchodi-
lators should be readily available throughout the
provocation challenge.

13.6.3.3 Measure of Exhaled Nitric Oxide
in Childhood Asthma

Role of Exhaled Nitric Oxide in Childhood
Asthma

In the human respiratory system, nitric oxide
(NO) is a biological mediator produced by the
airways and lung (Dinh-Xuan et al. 2015). NO is
present in the exhaled breath and implicated in the
pathophysiology of lung diseases, including
asthma. Currently, NO is considered a biomarker
of Th2 or T2 airway inflammation and is synthe-
sized by inducible nitric oxide synthase (iNOS) in
epithelial cells, macrophages, neutrophils, eosin-
ophils, and mononucleated cells (Prado et al.
2011). The levels of NO in exhaled air (fractional
exhaled nitric oxide: FgNO) is significantly
increased in the majority of asthma phenotypes
and can be detected with portable devices by
using a chemical electrolytic technique. The mea-
surement of FENO is a noninvasive, easy to
perform, and safe technique for assessing air-
way inflammation in asthma. Since the early
1990s when FgNO was first measured, many
studies show close correlations between FENO
levels and eosinophil counts in peripheral
blood, sputum, bronchoalveolar lavage fluid,
and in biopsied lung tissue. Therefore, FENO
can be used as a relevant biomarker of airway
inflammation in management of adult as well as
childhood asthma. The measure of FENO also
helps to predict asthma exacerbations, ICS
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response (decreases with ICS), and compliance
to ICS (Dweik et al. 2011). Recently, FgENO
measurement has been recommended by GINA
in monitoring patients with asthma (GINA
2017). Moreover, as recommended by the
ATS, FgNO predicts the likelihood of response
to ICS more consistently than spirometry, bron-
chodilator response, peak flow variation, or air-
way BCT to methacholine (Dweik et al. 2011).
Thus, high levels of FgNO in children with
asthma are a reliable marker for T2 or Th2
airway inflammation mediated by eosinophils
and suggest a robust response to ICS.

Technical Issues Related to Measurement

of Exhaled Nitric Oxide

Fractional exhaled nitric oxide (FgNO), as
measured in parts per billion (ppb), can be
obtained by chemiluminescence or an electro-
chemical method. The technique using an electro-
chemical method has been developed recently for
ambulatory use with portable devices. In children
<12 years old, FgNO should be obtained at a
single flow rate of 50 mL/s for a duration of
exhalation lasting at least 4 s (with 3 s at a plateau
curve) (Dweik et al. 2011). The use of a nose clip
to avoid the risk of contamination from NO pro-
duced in the nasal and sinus cavities is not neces-
sary in children (Dinh-Xuan et al. 2015). It is
recommended that FgNO measurements be
obtained before performing forced expiratory
maneuvers for spirometry and at least 30 min
after sustained exercise, as these may impact
FgNO results. In children, FENO may also be
affected by age. However, it is suggested that in
children (<18 years), FENO <20 ppb indicates
non-eosinophilic inflammation with less likely
responsiveness to ICS, and FgNO >35 ppb is
suggestive of eosinophilic inflammation to
which ICS responsiveness is more likely. The
values of FENO between 20 ppb and 35 ppb in
children should be interpreted cautiously and with
reference to clinical context. Moreover, when
using FgNO in monitoring airway inflammation
in children with asthma, variation of FgFNO of
20% (if FENO >50 ppb at baseline) or 10 ppb
(if FENO <50 ppb at baseline) may be considered
significant (Dweik et al. 2011).
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13.6.3.4 Other Laboratory Test
in Childhood Asthma

Allergy Tests

Allergy tests are necessary examinations in child-
hood asthma. The presence of allergic status
(atopy) increases the probability of asthma in chil-
dren with respiratory symptoms. Children with
atopic status can be identified by skin prick testing
(SPT) or by measuring the level of specific immu-
noglobulin E (sIgE) in serum. SPT with standard
environmental allergens is easily performed in chil-
dren, is inexpensive, and has high sensitivity. Mea-
surement of sIgE is more expensive than SPT and
may be preferred for uncooperative patients, those
with widespread skin disease, or if history suggests
a risk of anaphylaxis to aeroallergens (GINA
2017). However, the presence of a positive SPT
or sIgE does not mean that the allergen is respon-
sible for respiratory symptoms, and the relevance
of allergen exposure and its relationship to symp-
toms must be confirmed by the patient’s history.

Radiology

Chest radiographs are not often indicated in child-
hood asthma except for eliminating different diag-
noses such as foreign-body aspiration, abnormal
airway structure, or parenchymal diseases. Chest
radiographs (posteroanterior and lateral views)
can help identify abnormalities that are hallmarks
of asthma masqueraders (aspiration pneumonitis or
bronchiolitis obliterans) and complications during
acute asthma exacerbations (atelectasis or pneumo-
thorax). The abnormalities in chest radiographs can
be better analyzed with high-resolution (HR), thin-
section, and low-dose CT scans. HR-CT scans may
suggest the diagnosis of bronchiectasis, cystic fibro-
sis, or allergic bronchopulmonary aspergillosis.

13.7 Assessment of Asthma
in Childhood

13.7.1 Assessment of Asthma Severity
Assessment of asthma severity informs treatment

strategies and provides information regarding
potential future risk. Asthma severity has
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traditionally been divided into intermittent or
persistent categories with the latter being fur-
ther subdivided into mild, moderate, and severe
asthma, based on guidelines from the National
Asthma Education and Prevention Program
(NAEPP): Expert Panel Report 3 (NAEPP 2007).
These guidelines have distinct criteria for three
groups of childhood asthma (4 years, 5-11 years,
and >12 years). In assessing asthma severity, data
concerning daytime and nighttime symptoms,
short-acting beta,-agonist (SABA) usage for
quick relief, ability to engage in daily activities,
airflow limitation evaluated by spirometry in chil-
dren 5 years of age and older, and risk of severe
asthma exacerbations is recorded. Recom-
mendations for initial treatment(s) follow this
characterization of asthma severity (NAEPP
2007). The reader is referred to the NAEPP-
Expert Panel Report 3 (NAEPP 2007), or its
associated asthma care quick reference
(NHLBI 2017), for further detail.

While assessment of asthma severity continues
to play a role in the provision of asthma care,
emphasis has more recently been placed on
assessment of asthma control.

13.7.2 Assessment of Asthma Control

Asthma control is defined as the reduction or
removal of respiratory manifestations of asthma
symptoms with or without treatment (Reddel et al.
2009). In children, for whom pulmonary function
testing may not be a reliable method for monitor-
ing changes in FEV,, asthma control refers to
minimal symptoms, lung function impairment,
and risk of adverse events while obtaining goals
of treatments (Reddel et al. 2009). Assessment
of asthma control includes two components: a
child’s asthma status (symptom control and lung
function if measurable) and future risk of adverse
events (loss of control, acute exacerbation, accel-
erated decline of lung function, and adverse
effects of treatment). According to the National
Heart, Lung, and Blood Institute (NHLBI) guide-
lines, it is recommended that symptom control,
lung function if measurable, and risk be moni-
tored regularly to allow for the characterization
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of asthma as well controlled, not well controlled,
or very poorly controlled and to inform strategies
for adjusting therapy and reducing asthma mor-
bidity (NHLBI 2011).

In children, symptoms such as wheeze, chest
tightness, shortness of breath, and cough usually
vary in frequency and intensity throughout time.
However, poor asthma symptom control is
strongly associated with an increased risk of
asthma exacerbations (Reddel et al. 2009).
Assessment of symptoms in children varies by
age. In younger children, symptoms are most
often reported by caregivers. However, caregivers
may under- or overestimate asthma symptoms in
the child or may fail to recognize symptoms. Of
importance, a child’s daily activities, including
sports, play, and social life, should be carefully
reviewed as some children with poorly controlled
asthma avoid strenuous exercise; as such, their
asthma may appear well controlled when it really
is not. In addition, other potential symptoms
related to uncontrolled asthma in children, such
as irritability, tiredness, and changes in mood,
should be queried and monitored.

The second component of asthma control is
assessment of asthma risk. Here the goal is to
identify whether the child is at risk of adverse
asthma outcomes, particularly exacerbations,
fixed airflow limitation, and side effects of medi-
cations. While the relationship between symptom
control and future risk of adverse outcomes such
as exacerbations has not been sufficiently studied
in young children (GINA 2017), the risk is greater
if current symptom control is poor (Meltzer et al.
2011). Furthermore, acute asthma exacerbations
may occur after months of apparently good symp-
tom control, may have different causes, and may
require different treatment options. Therefore, it is
imperative that the asthma provider remain attune
to changes in symptoms and potential triggers and
take steps to counter these changes. In young
children with asthma, especially in infancy,
“fixed” airflow limitation is very difficult to eval-
uate. In children >5 years of age who can perform
spirometry, a persistent and accelerated decline in
lung function (mainly FEV,) associated with air-
flow limitation (FEV/FVC <75% in children)
that is not fully reversible is a relevant functional
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marker of fixed airflow obstruction. Medication
side effects are also considered risks for adverse
outcomes due to systemic and local effects (e.g.,
changes in growth rate or facial rash due to
inhaled corticosteroid use); thus, medication
choices must strive to balance these types of
risks with the benefit of impacting asthma control.

13.7.2.1 Current Guidelines

for Assessment of Asthma

Control
The 2017 Global Initiative for Asthma (GINA)
guidelines have suggested a schema for assessing
asthma control in children <5 years old (Table 3)
and in those 6-11 years old (Table 4) (GINA
2017). In addition, the NHLBI guidelines also
have distinct criteria for three childhood age
groups (0—4 years, 5-11 years, and >12 years)
for the assessment of asthma control (NAEPP
2007). These guidelines have integrated lung
function and validated numeric scales to classify
the control of asthma. The reader is referred to the
NAEPP-Expert Panel Report 3 (NAEPP 2007), or
its associated asthma care quick reference
(NHLBI 2017), for further detail.

13.7.2.2 Asthma Control Assessment
Tools for Children
In addition to the guidelines reported above, a
variety of validated scoring tools have been devel-
oped to aid physicians in assessing asthma control
in children. These numeric tools are useful for
monitoring patient progress and are more sensi-
tive to change in symptom control than categori-
cal tools (O’Byrne et al. 2010). While these tools
usually correlate significantly with each other,
results are not identical (O’Byrne et al. 2010).
Additionally, respiratory symptoms in children
with asthma may be non-specific; therefore,
when assessing changes in symptom control, it is
important to clarify whether these symptoms are
due to asthma or other diseases/comorbidities.
These tools include the Childhood Asthma
Control Test (c-ACT), the Asthma Control Test
(ACT), the Asthma Control Questionnaire
(ACQ), the Test for Respiratory and Asthma Con-
trol in Kids (TRACK), the Composite Asthma
Severity Index (CASI), and the Asthma Therapy
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Table 3 Assessment of asthma control in children under 5 years (GINA 2017). (Reprinted with permission)

A. Asthma symptom control
In the past 4 weeks, has the child had

Daytime asthma symptoms for more than a few minutes,
more than once a week?

Any activity limitation due to asthma? (Runs/plays less
than other children, tires easily during walks/playing?)
Reliever medication needed® more than once a week?
Any night waking or night coughing due to asthma?
B. Future risk for poor asthma outcomes
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Level of asthma control

Yes |No |Well Partly Uncontrolled
controlled | controlled

c c None of 1-2 of 3—4 of these
these these

c c

c c

c c

Risk factors for asthma exacerbations within the next few months

Uncontrolled asthma symptoms
One or more severe exacerbation in previous year

The start of the child’s usual “flare-up” season (especially if autumn/fall)
Exposures: tobacco smoke; indoor or outdoor air pollution; indoor allergens (e.g., house dust mite, cockroach, pets,

mold), especially in combination with viral infection

Major psychological or socioeconomic problems for child or family
Poor adherence with controller medication or incorrect inhaler technique

Risk factors for fixed airflow limitation
Severe asthma with several hospitalizations
History of bronchiolitis

Risk factors for medication side effects

Systemic: Frequent courses of OCS; high-dose and/or potent ICS
Local: Moderate/high-dose or potent ICS; incorrect inhaler technique; failure to protect the skin or eyes when using

ICS by nebulizer or spacer with face mask

ICS inhaled corticosteroids, OCS oral corticosteroids
*Excludes reliever taken before exercise

Assessment Questionnaire (ATAQ). Comparison of
these tools, including recommended ages, scoring
scale, assessment interval, and score noting well-
controlled asthma, is highlighted below in Table 5.

13.8 Treatment of Asthma
in Childhood

13.8.1 Goals of Asthma Treatment
in Childhood

Overall, the goals of asthma treatment include
symptom control, maintaining normal daily activ-
ities, and minimizing exacerbations, fixed lung
impairment, and treatment side effects (GINA
2017). Asthma management should include a
cycle of assessment (diagnosis, symptom control,
risk factors, inhaler technique, adherence, parent
preference), treatment adjustment (medications,
non-pharmacological strategies, and modification
of risk factors), and review of response (including

medication effectiveness and adverse effects)
(GINA 2017). This is carried out in combination
with education of parents/caregivers and child
(depending on the child’s age), skills training for
effective use of inhaler devices, treatment adher-
ence encouragement, monitoring of symptoms by
parents/caregivers, cost considerations, and a
written asthma action plan (GINA 2017).

13.8.2 Choosing Medications
for Childhood Asthma

Asthma control requires a multimodal approach.
In most cases, pharmacological treatment aids in
achieving control, even in infancy, and should be
established after partnership between parents/
caregivers and healthcare providers. The GINA
guidelines recommend that both general and
individual questions should be utilized when
recommending treatment (GINA 2017): (1) What
is the “preferred” medication option at each
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Table 4 Assessment of asthma control in children 6-11 years and adolescents (GINA 2017). (Reprinted with

permission)

A. Asthma symptom control
In the past 4 weeks, has the children had

Daytime asthma symptoms more than twice a week? | c
Any night waking due to asthma? c
Reliever medication needed for symptoms® more than | ¢

twice a week?

Any activity limitation due to asthma? c

B. Future risk for poor asthma outcomes

Yes

Level of asthma control

No | Well Partly Uncontrolled
controlled controlled

c None of 1-2 of these 34 of these

c these

Assess risk factors at diagnosis and periodically, particularly for patients experiencing exacerbations
Measure FEV at start of treatment, after 3—6 months of controller treatment to record the patient’s personal best lung

function, then periodically for ongoing risk assessment

Potentially modifiable independent risk factors for flare-ups (exacerbations)

Uncontrolled asthma symptoms

High SABA use (with increased mortality if >1 x 200-dose canister/month)
Inadequate ICS: not prescribed ICS; poor adherence; incorrect inhaler technique

Low FEV,, especially if <60% predicted
Major psychological or socioeconomic problems
Exposures: smoking; allergen exposure if sensitized

Having one or more of these
risk factors increases the risk
of exacerbations even if
symptoms are well controlled

Comorbidities: obesity; rhinosinusitis; confirmed food allergy

Sputum or blood eosinophilia

Other major independent risk factors for flare-ups (exacerbations)

Ever intubated or in intensive care unit for asthma.
>1 severe exacerbation in last 12 months

Risk factors for developing fixed airflow limitation
Lack of ICS treatment

Exposures: tobacco smoke;93 noxious chemicals; occupational exposures
Low initial FEV1;94 chronic mucus hypersecretion; sputum or blood eosinophilia

Risk factors for medication side effects

Systemic: Frequent courses of OCS; long-term, high-dose, and/or potent ICS; also taking P450 inhibitors®

Local: high-dose or potent ICS; poor inhaler technique

ICS inhaled corticosteroids, OCS oral corticosteroids, SABA short-acting beta,-agonist

*Excludes reliever taken before exercise

°P45( inhibitors: cytochrome P450 inhibitors such as ritonavir, ketoconazole, and itraconazole

treatment step to control asthma symptoms and
minimize future risk? These decisions are based
on data for efficacy, effectiveness, and safety from
clinical trials and on observational data; (2) How
does this particular child differ from the “average”
child with asthma, in terms of response to previous
treatment, parental preference (goals, beliefs, and
concerns about medications), and practical issues
(cost, inhaler technique, and adherence)? Addition-
ally, all clinical, functional, and biological character-
istics or phenotypes that predict the child’s response
to treatment should be evaluated carefully.

GINA guidelines (see below) recommend a
stepwise treatment approach, inclusive of re-
liever medications for as-needed symptom relief

and daily use of controller medications or other
add-on therapies, if needed, to keep asthma
well controlled. In children with asthma, daily
controller treatment initiated after the diagnosis
of asthma is made affords the best results (GINA
2017). Previous studies, including a more recent
Cochrane review of 1211 patients (Chauhan et al.
2013), have shown that early initiation of
low-dose ICS in asthma patients leads to a
greater improvement in lung function when com-
pared to later treatment initiation using higher
doses of ICS (Busse et al. 2008; Selroos 2008;
Chauhan et al. 2013). However, the Childhood
Asthma Management Program (CAMP), follow-
ing 1041 children aged 5-12 years for a total of
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Table 5 Asthma control assessment tools

Asthma control assessment tools

Ages
validated
Childhood Asthma Control Test (ACT-c) | 4-11 years
Asthma Control Test (ACT) >12 years
Asthma Control Questionnaire (ACQ >11 years®
5/6%/7%)
Test for Respiratory and Asthma Control | 1-5 years
in Kids (TRACK)
Composite Asthma Severity Index 6-17 years
(CASI
Asthma Therapy Assessment 5-17 years

Questionnaire (ATAQ)
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Score for well Assessment
Scoring range controlled interval
0-27 >19 Month
5-25 >19 Month
0-6 <0.75 Week
0-100 >80 Month-year
0-20 Not defined® 2 weeks,
symptoms;
2 months,
exacerbations
“Other” 0-5; <1 Month
“control” 07

*ACQ-6 comprises all questions from ACQ-5 and adds a question about inhaler use

®ACQ-7 comprises all questions from ACQ-6 and includes spirometry in the score

“Has been used down to age 6 years if questionnaire administered by a trained interviewer (Juniper et al. 2010)
9Used to follow an individual’s asthma. Lower score is better controlled

46 years, showed that, while inhaled corticoste-
roids reduce the risk of exacerbation, improve symp-
toms, and improve baseline lung function overall,
these effects disappear after therapy is stopped
(Covar et al. 2012). Furthermore, CAMP results
suggest that ICS therapy does not prevent reduction
in lung function nor does it seem to affect the natural
history of childhood asthma (Covar et al. 2012).

13.8.3 Choice of Inhaler Device

The use of inhaled treatment constitutes a corner-
stone of asthma therapy in children. A pressurized
metered dose inhaler (pMDI) with a valved spacer
(or chamber) is preferred; in children <3 years
old, a low-volume spacer (<350 mL) should be
used. A face mask should be added to the spacer
for patients up to 3 years of age. The pMDI with
spacer should be used during tidal breathing with
approximately 5-10 breaths per actuation or
enough to empty the spacer.

13.8.4 Reviewing Response
and Adjusting Treatment

In children with asthma, symptom control, risk
factors for exacerbation, and adverse treatment

effects should be monitored at every visit. For
those treated with ICS, especially with moderate
to high doses, height should be measured regu-
larly. Importantly, the ability to step-down therapy
and even the need for long-term therapy with
controller treatment should be evaluated every
3 months as some children have remission of
asthma. The clinical benefit from ICS may be
seen at low doses, and the evidence of dose-
response relationships is controversial (Busse
etal. 2008; Selroos 2008). Therefore, once asthma
control is achieved, the ICS dose should be care-
fully titrated to the minimum dose (Table 6). If
therapy is discontinued, children should be
followed within 1-3 months, and, if asthma symp-
toms recur, asthma treatment should be reinstated.

13.8.4.1 Treatment of Asthma
in Children 5 Years of Age or
Younger
The stepwise approach to asthma treatment
recommended by GINA for children <5 years
old comprises four steps (Fig. 3).

Step 1 includes a short-acting beta-agonist
(SABA) which should be prescribed to all chil-
dren with wheezing; SABA should be used every
4-6 h as needed for one or more days until symp-
toms disappear. If wheezing episodes are frequent
or severe, symptoms are not controlled, inhaled
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Table 6 Low, medium, and high daily doses of inhaled corticosteroids (GINA 2017). (Reprinted with permission)

Daily dose (mcg)

Drug Low Medium High
Children 12 years and older

Beclometasone dipropionate (CFC)* 200-500 >500-1000 >1000
Beclometasone dipropionate (HFA) 100-200 >200-400 >400
Budesonide (DPI) 200-400 >400-800 >800
Ciclesonide (HFA) 80-160 >160-320 >320
Fluticasone furoate (DPI) 100 n.a. 200
Fluticasone propionate (DPI) 100-250 >250-500 >500
Fluticasone propionate (HFA) 100-250 >250-500 >500
Mometasone furoate 110-220 >220-440 >440
Triamcinolone acetonide 400-1000 >1000-2000 >2000
Children 6-11 years

Beclometasone dipropionate (CFC)* 100-200 >200-400 >400
Beclometasone dipropionate (HFA) 50-100 >100-200 >200
Budesonide (DPI) 100-200 >200-400 >400
Budesonide (nebules) 250-500 >500-1000 >1000
Ciclesonide 80 >80-160 >160
Fluticasone furoate (DPI) n.a. n.a. n.a.
Fluticasone propionate (DPI) 100-200 >200-400 >400
Fluticasone propionate (HFA) 100-200 >200-500 >500
Mometasone furoate 110 >220- < 440 >440
Triamcinolone acetonide 400-800 >800-1200 >1200

CFC chlorofluorocarbon propellant, DPI dry powder inhaler, HFA hydrofluoroalkane propellant, n.a. not applicable
*Beclometasone dipropionate CFC is included for comparison with older literature

SABA therapy needs to be repeated more than
every 6—8 weeks, or wheezing episodes associ-
ated with viral infection are severe, escalation of
therapy to Step 2 should be considered.

Step 2 includes use of a daily controller med-
ication (inhaled corticosteroid, ICS, or leukotriene
receptor antagonist, LTRA) as well as continued
use of SABA as needed. Use of regular daily
low-dose ICS (see Table 7) is recommended as
the preferred initial treatment and should be
administered for at least 3 months to establish
efficacy. In young children with persistent asthma,
regular treatment with LTRA modestly reduces
symptoms and need for oral corticosteroids com-
pared with placebo. In young children with recur-
rent virally induced wheezing, regular LTRA use
improves some asthma outcomes compared with
placebo but does not reduce the frequency of
hospitalizations, courses of prednisone, or num-
ber of symptom-free days (Bisgaard et al. 2005).
For preschool children with frequent virally
induced wheezing and interval asthma symptoms
existing in-between viral infection, as-needed epi-
sodic ICS may be considered, but a trial of regular

ICS should be undertaken first. However, in one
meta-analysis, while there was no statistically sig-
nificant difference in the rate of asthma exacerba-
tions between these types of patients using daily
versus intermittent ICS, those using daily ICS had
significantly more asthma-free days (Rodrigo and
Castro-Rodriguez 2013).

When asthma symptoms or exacerbations are
not controlled after 3 months on Step 2 therapies,
Step 3 strategies are recommended, starting with
review of modifiable factors (inhaler technique,
treatment adherence, and environmental/allergen
exposures). It is also important to confirm that
symptoms are due to asthma rather than a con-
comitant or alternative condition; if the diagnosis
of asthma is in doubt, there should be a low
threshold to refer for expert assessment. Once
these topics are reviewed and addressed, doubling
the low-dose ICS (to medium dose) for another
3 months is preferred, although an acceptable
alternative is to add a LTRA to the initial
low-dose ICS.

If Step 3 strategies fail to achieve and maintain
asthma control or side effects of treatment are
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CHOICE

Other
Controller
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RELIEVER

CONSIDER
THIS STEP
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r---------------------------1

Diagnosis
| Symptom control & risk factors |
| Inhaler technique & adherence |
I Parent preference |
I Symptoms I
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1 Side-effects |
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satisfaction Asthma medications
i Non-Pharmacological strategies |
1 Treat modifiable risk factors |
| STEP 4
i STEP 3 Conti
STEP 2 i ontinue
STEP 1 ! controller
! Double ‘;‘ refei.ﬁ:r
. i pecialis
1 ‘low dose’
Daily low dose ICS : ow dose assessment
i ICS
Leukotriene receptor antagonist (LTRA) % Low dose ICS + Add LTRA
Intermittent ICS i LTRA Inc. ICS
i Frequency
i Add intermit ICS
As-needed short acting beta,-agonist (all children)
Infrequent viral Symptom pattern consistent with asthma Asthma diagnosis, Not well-
wheezing and no and asthma symptoms not and not well- controlled on
or few interval well-controlled, or > 3 exacerbations per controlled on low double ICS
symptoms year dose ICS
Symptom pattern not consistent with
asthma but wheezing episodes First check diagnosis, inhaler skills,
Occur frequently, e.g. every 6-8 weeks. adherence, exposures
Give diagnostic trial for 3 months.
ALL CHILDREN
® Assess symptom control, future risk, comorbidities
* Self-management: education, inhaler skills, written asthma action plan, adherence
® Regular review: assess response, adverse events, establish minimal effective treatment
®  (Where relevant): environmental control for smoke, allergens, indoor/outdoor air pollution

ICS: inhaled corticosteroid; intermit; intermittent; LTRA: leukotriene receptor antagonist.

Fig.3 Stepwise treatment recommended by GINA 2017 for children 5 years and younger (GINA 2017). (Reprinted with

permission)
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Table 7 Low daily doses of inhaled corticosteroids for
children 5 years and younger (GINA 2017). (Reprinted
with permission)

Drug Low daily dose (mcg)
Beclomethasone 100

dipropionate (HFA) 200

Budesonide pMDI + spacer 500

Budesonide nebulized 100

Fluticasone propionate 160

(HFA) Not studied below age
Ciclesonide 4 years

Mometasone furoate Not studied in this age
Triamcinolone acetonide group

This is not a table of clinical equivalence. A low daily dose
is defined as the dose that has not been associated with
clinically adverse effects in trials that included measures of
safety

HFA hydrofluoralkane propellant, pMDI pressurized
metered dose inhaler

observed, the child should be referred for expert
assessment. Step 4 options include further
increase in ICS dose (perhaps combined with
more frequent dosing) for a few weeks until
asthma improves; addition of LTRA (if not
already employed), theophylline, or low-dose
oral corticosteroid (for a limited time only);
and/or addition of intermittent high-dose ICS
to the regular daily ICS if exacerbations are
the main problem. The need for additional con-
troller treatment should be re-evaluated at each
visit and maintained for as short a period as
possible, taking into account potential risks
and benefits. Treatment goals and their feasibil-
ity should be reconsidered and discussed with
the child’s family/caregiver; it may become nec-
essary to accept a degree of persisting asthma
symptoms to avoid excessive and harmful med-
ication doses. While there has been prior debate
regarding use of LABA in a pediatric population
and GINA guidelines do not include use of
LABA, more recent studies and meta-analysis
demonstrate that the addition of LABA to base-
line ICS can reduce exacerbations when com-
pared to ICS use alone without significantly
increased adverse effects (Nelson et al. 2000;
Rodrigo et al. 2009; Tal et al. 2002). The use of
LABA in young remains an issue of debate
(Malone et al. 2005).
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13.8.4.2 Treatment of Asthma

in Children 6 Years and Older
The stepwise approach to asthma treatment
recommended by GINA for children >5 years
old comprises five steps (Fig. 4) (GINA 2017).
These guidelines recommend an approach similar
to that used in adults.

Step 1, as in younger children, includes use of
SABA as needed. However, in special circum-
stances, it is appropriate to immediately start an
ICS; these cases include children with more fre-
quent symptoms, FEV; <80% predicted or per-
sonal best, or an exacerbation within the past
12 months (GINA 2017). When asthma remains
uncontrolled with Step 1 therapies, escalation to
Step 2 is warranted.

Step 2 preferred option consists of adding a
low-dose ICS to the as-needed SABA. In some
(those unable/unwilling to use ICS, with intol-
erable side effects to ICS, or with concomitant
allergic rhinitis), LTRA may be appropriate ini-
tial Step 2 therapy, although LTRAs are less
effective than ICS (GINA 2017). Likewise,
while low-dose ICS/LABA could be considered
in controller-naive patients, these combinations
are generally more expensive and do not further
reduce the risk of exacerbations compared to
ICS alone (GINA 2017). Additionally, for pa-
tients with purely seasonal allergic asthma and
no interval asthma symptoms, ICS should be
started immediately when symptoms commence
and continued for 4 weeks after the relevant
pollen season ends.

As in children <5 years old, when symptoms
persist, the first recommendation for Step 3 treat-
ment includes review of modifiable factors
(inhaler technique, treatment adherence, and envi-
ronmental/allergen exposures), and confirmation
of asthma rather than alternative conditions are
again recommended. If evaluation continues to
suggest uncontrolled asthma, the Step 3 preferred
option differs by age and includes one to two
controller medications plus an as-needed reliever
medication. For children 6-11 years, identical to
those <5 years, the preferred option is to increase
ICS to medium dose as this is similar to or more
effective than adding a LABA. However, in ado-
lescents (children >11 years), adding LABA to
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Symptoms
Exacerbations
Side-effects
Parent satisfaction
Lung function

Diagnosis

Symptom control & risk factors
(including lung function)
Inhaler technique & adherence
Parent preference

Asthma medications
Non-Pharmacological strategies

%JO*S’?’ & Treat modifiable risk factors
STEP 5
STEP 4 Refer for
STEP 3
PREFERRED STEP 2 add—on
CONTROLLE‘T STEP 1 treatment
CHOICE Med/high e.g.
Lowdose & jog/i ABA | tiotropium*
Low dose ICS ICS/LABA anti-IgE,
anti-IL5"
Other Leukotriene receptor antagonist (LTRA) Med/high Add Add low
Controller Consider Low dose theophylline” dose ICS tiotropium** Dose OCS
Options low dose Low dose High dose
ICS ICS+LTRA ICS+LTRA
(or+theoph*®)1  (or+theoph*)
RELIEVER . . As-needed SABA or low dose
As-needed short-acting betaz-agonist (SABA) 1CS/formoterol®)
REMEMBER
TO... ® Provide guide self-management educaton (self-monitoring + written action plan +
regular review)
® Treat modifiable risk factor and comorbidities, e.g. smoking,obesity,anxiety
e Advise about non-pharmacological therapies and strategies, e.g. physical activity,
weight loss, avoidance of sensitizers where appropriate
e Consider stepping up if...uncontrolled symptoms, exacerbations or risks, but check
diagnosis, inhater technique and adherence first
® Consider stepping down if ... symptoms controlled for 3 months + low risk for
exacerbations.
Ceasing ICS is not advised.

Fig. 4 Stepwise treatment recommended by GINA 2017
for children 6 years and older (GINA 2017). ICS, inhaled
corticosteroids, LABA long-acting beta2-agonist, med
medium dose, OCS oral corticosteroids. *Not for chil-
dren <12 years. **For children 6-11 years, the preferred
Step 3 treatment is medium-dose ICS. # Low-dose

ICS/formoterol is the reliever medication for patients pre-
scribed low-dose budesonide/formoterol or low-dose
beclometasone/formoterol maintenance and reliever ther-
apy. T Tiotropium by mist inhaler is an add-on treatment
for patients with a history of exacerbations; it is not indi-
cated in children <12 years. (Reprinted with permission)
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the same dose ICS improves symptoms and lung
function, reduces risk of exacerbations, and is
more effective than increasing to medium-dose
ICS (GINA 2017). One strategy using a single
ICS/LABA inhaler for both maintenance and
reliever treatment (using an overall lower-dose
ICS/LABA as maintenance since additional corti-
costeroid will be administered with rescue doses
using the same inhaler) has been employed. This
strategy has been shown to increase time to first
asthma exacerbation (Papi et al. 2013); result in
fewer exacerbations requiring oral corticosteroids,
ED visit, or hospitalization compared to higher
fixed-dose combination inhaler (Kew et al. 2013);
and reduce risk of exacerbation requiring oral cor-
ticosteroids compared to fixed higher dose of ICS
(Cates and Karner 2013). Therefore, the preferred
option in this age group is low-dose ICS/LABA
(suggested as beclomethasone or budesonide with
formoterol due to onset of action of formoterol
similar to albuterol) as both maintenance and
reliever treatment or low-dose ICS/LABA as main-
tenance with SABA as needed. Alternative con-
troller options for adolescents include increase to
medium-dose ICS, low-dose ICS plus LTRA, or
low-dose ICS plus low-dose, sustained-release
theophylline; however, all these are again less
efficacious than ICS/LABA combination in this
age group.

The selection of Step 4 treatment depends on
the prior selection at Step 3 but generally consists
of review of the modifiable factors mentioned in
Step 3 (see above) and the preferred use of two
controller medications plus as needed reliever
medication. In children aged 6-11, it is
recommended to refer for expert assessment
and advice at Step 4. For adolescents on
low-dose ICS/LABA with as needed SABA in
Step 3, treatment may be increased to medium-
dose ICS/LABA with as needed SABA or may
be altered to low-dose ICS/LABA as mainte-
nance and reliever with consideration for addi-
tional add-on therapy. In those with more than
one asthma exacerbation in the past year,
low-dose ICS/LABA as maintenance and
reliever medication has been shown to be more
effective in reducing exacerbations than the
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same dose of maintenance ICS/LABA or higher
doses of ICS (GINA 2017).

Alternative add-on options in children include
LTRA and in adolescents include LTRA, tiotropium
(long-acting muscarinic antagonist or LAMA), high-
dose ICS/LABA (although increase in ICS generally
provides little additional benefit and increases risk
of side-effects), and low-dose sustained-release
theophylline. High-dose ICS is only recommended
for a 3—6-month trial basis when asthma remains
uncontrolled on medium-dose ICS/LABA and/or
third controller such as LTRA.

Step 5 treatment options should be directed by
a specialist with expertise in management of severe
asthma. These add-on treatments include omali-
zumab (Xolair™; anti-immunoglobulin E) in chil-
dren >6 years and tiotropium (Spiriva™,;
anticholinergic) and mepolizumab (Nucala™,;
anti-interleukin-5) in children >12 years. Another
anti-IL-5 agent, reslizumab (Cinqair™), has not
been approved for use in children <18 years.
Omalizumab is a subcutaneous injection for those
with moderate to severe asthma not well controlled
on conventional therapies; currently dosing recom-
mendations stratify individuals based on IgE level
and weight to receive 75, 150, 225, 300, or 375 mg
at every 2- or 4-week dosing intervals (Xolair™
Prescribing Information 2017). Mepolizumab is
utilized in severe eosinophilic asthma and is given
as a 100 mg injection every 4 weeks (Nucala™
Prescribing Information 2017).

13.9 Treatment of Acute
Exacerbation Asthma
in Childhood

13.9.1 Treatment of Acute Asthma
Exacerbation in Children
5 years and Younger

13.9.1.1 Diagnosis of Acute Asthma
Exacerbations in Children
5 Years and Younger
Acute asthma exacerbation (AAE) in children
<5 years old is defined as an acute deterioration
in symptom control that may cause respiratory
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distress and death in some severe cases (Swern
et al. 2008). Young children with AAE must be
evaluated by a healthcare provider to determine
the severity of exacerbation and to modify treat-
ment, including starting systemic corticoste-
roids, if needed. Early symptoms of an AAE
may include increased wheezing, worsened
shortness of breathing, increased coughing
(especially while the child is asleep), and poor
response to reliever medication. While no single
symptom is predictive of exacerbation in chil-
dren aged 2-5 years, the combination of
increased daytime cough or wheeze and night-
time beta,-agonist use is a strong predictor for
exacerbation (Swern et al. 2008). Frequently,
viral respiratory tract infection precedes the
onset of an asthma exacerbation in young
children.

13.9.1.2 Assessment of Acute Asthma
Exacerbation Severity
in Children 5 Years and Younger

In children <5 years old, the presence of any of
the following features may suggest a severe acute
exacerbation requiring urgent treatment and
immediate transfer to the hospital: altered con-
sciousness (agitation, confusion, or drowsiness),
desaturation (oximetry on presentation <92%),
tachycardia (pulse rate >200 beats/minute for
infant 0-3 years or >180 beats/minute for chil-
dren 4-5 years), central cyanosis, or “quiet chest”
on auscultation. Several clinical scoring systems
such as PRAM (Preschool Respiratory Assess-
ment Measure) and PASS (Pediatric Asthma
Severity Score) are available for assessing the
severity of acute asthma exacerbations in children
(Gouin et al. 2010). PRAM scores are used in
children aged 1-17 years and include pulse oxim-
etry, substernal muscle retraction, scalene muscle
retraction, air entry, and wheezing; scores range
from 0 to 12 with “severe” at 8—12 and “mild” as
0-3 (Chalut et al. 2000; Ducharme et al. 2008).
PASS scores are used in children aged 1-18 years
and include respiratory rate, pulse oximetry, aus-
cultation, retractions, and dyspnea; scores range
from 5 to 15 with “severe” at >12 and “mild” at
<7 (Maue et al. 2017).
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13.9.1.3 Emergency Treatment

and Initial Pharmacotherapy

for Children 5 Years

and Younger
The initial management of acute asthma exacer-
bations (AAE) in children 5 years and younger
recommended by GINA 2017 is presented in
Table 8 below and summarized here:

Oxygen
In young children with AAE and hypoxemia
(SpO, <92%), urgent treatment with oxygen

Table 8 Initial management of asthma exacerbations in
children 5 years and younger recommended by GINA
(GINA 2017). (Reprinted with permission)

Therapy Dose and administration
Supplemental 24% delivered by face mask
oxygen (usually 1 L/minute) to maintain

oxygen saturation 94-98%

2-6 puffs of salbutamol by
spacer or 2.5 mg of salbutamol
by nebulizer, every 20 min for
first hour®, and then reassess
severity. If symptoms persist or
recur, give an additional 2-3
puffs per hour. Admit to hospital
if >10 puffs required in 3—4 h
Give initial dose of oral
prednisolone (1-2 mg/kg up to a
maximum 20 mg for children
<2 years old; 30 mg for children
2-5 years) or intravenous
methylprednisolone 1 mg/kg
6-hourly on day 1

Additional options in the first hour of treatment
Ipratropium
bromide

Short-acting beta,-
agonist (SABA)

Systemic
corticosteroids

For children with moderate-
severe exacerbations, 2 pufts of
ipratropium bromide 80 mcg
(or 250 mcg by nebulizer) every
20 min for 1 h only

Consider nebulized isotonic
magnesium sulfate (150 mg)

3 doses in the first hour of
treatment for children aged

>2 years with severe
exacerbation

Magnesium sulfate

“If inhalation is not possible, an intravenous bolus of ter-
butaline 2 mcg/kg may be given over 5 min, followed by
continuous infusion of 5 meg/kg/h. The child should be
closely monitored, and the dose should be adjusted
according to clinical improvement and side effects
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by face mask is warranted to maintain oxygen
saturation 94-98%. To avoid hypoxemia during
changes in treatment, children who are acutely
distressed should be treated immediately with
oxygen and SABA delivered by an oxygen-
driven nebulizer.

Bronchodilator Therapy

The initial dose of SABA may be given by a
pMDI with spacer and mask/mouthpiece, an
air-driven nebulizer, or, if oxygen saturation is
low, an oxygen-driven nebulizer. For most chil-
dren, pMDI plus spacer is favored as it is more
efficient than a nebulizer for bronchodilator deliv-
ery. In acute severe asthma, 6 puffs of salbutamol
(100 mcg per puff) or equivalent should be given.
If a nebulizer is used, a dose of 2.5 mg salbutamol
or albuterol solution is recommended. The fre-
quency of dosing depends on the response observed
over 1-2 h. For children with moderate-severe
exacerbation and a poor response to initial
SABA, ipratropium bromide may be given as
2 puffs (80 mcg per puff) or nebulizer treatment
(250 mcg) every 20 min for 1 h only (Griffiths
and Ducharme 2013a).

Magnesium Sulfate

There are few studies evaluating the role of
magnesium sulfate in children <5 years old.
However, nebulized isotonic magnesium sulfate
may be considered as an adjuvant to standard
treatment with nebulized salbutamol/albuterol
and ipratropium in the first hour of treatment for
children >2 years old with acute severe asthma,
particularly those with symptoms lasting <6 h
(Powell et al. 2013). One study enrolled 62 patients
aged 517 years presenting to the emergency room
with mild-to-moderate asthma exacerbation to
receive either nebulized albuterol 2.5 mg mixed
with 2.5 mL of normal saline or nebulized albuterol
2.5 mg mixed with 2.5 mL of isotonic magnesium
supplied as 6.3% solution of magnesium hepta-
hydrate (Mahajan et al. 2004). Patients randomized
to receive albuterol mixed with magnesium had
statistically improved FEV1 at 10 min, but not at
20 min, compared to the group that received albu-
terol mixed with normal saline, suggesting that
nebulized magnesium may have short-term, but
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not necessarily long-term, benefit in the treatment
of acute exacerbation (Mahajan et al. 2004). Fur-
ther review of five trials in 2009 suggested IV
magnesium (25-75 mg/kg) resulted in improved
pulmonary function (FEV1, FVC, PEFR), clinical
asthma score, and decreased hospitalization,
although another trial found no evidence to support
use of IV magnesium in addition to B2-agonist
therapy in treatment of moderate to severe child-
hood asthma exacerbations (Bichara and Goldman
2009). Additional study suggests that a single dose
of 40-50 mg/kg (maximum 2 g) by slow infusion
(20—60 min) may be beneficial (Powell et al. 2013).

Oral Corticosteroids

For children with severe AAE, the sooner therapy
is started in relation to the onset of symptoms, the
more likely the impending exacerbation may be
clinically attenuated or prevented (Rowe et al.
2001). A 3-5-day course of oral corticosteroids
(OCS) equivalent to prednisolone 1-2 mg/kg/day
(to a maximum of 20 mg/day for children
<2 years and 30 mg/day for children 2—5 years)
is recommended and can be stopped abruptly
(Rowe et al. 2001).

13.9.1.4 Assessment of Treatment
Response and Follow-up
for Acute Asthma Exacerbation
Severity in Children 5 Years
and Younger
As recommended by GINA guidelines, children
with a severe AAE must be observed for at least
1 h after initiation of treatment, at which time
further treatment can be planned depending on
the following scenarios:

1. If symptoms persist after initial bronchodilator,
2-6 additional puffs (depending on severity) of
salbutamol/albuterol may be given 20 min after
the first dose and repeated at 20-min intervals
for an hour. Failure to respond at 1 h, or earlier
deterioration, should prompt urgent admission to
hospital and a short course of oral corticosteroids.

2. If symptoms have improved by 1 h but recur
within 3—4 h, the child may be given more
frequent doses of bronchodilator (2-3 puffs
each hour), and oral corticosteroids should be
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given. The child may need to remain in the
emergency room, or, if at home, should be
observed by the family/caregiver and have
ready access to emergency care. Children
who fail to respond to 10 puffs of inhaled
SABA within a 3—4 h period should be referred
to the hospital.

3. If symptoms resolve rapidly after initial bron-
chodilator and do not recur for 1-2 h, no fur-
ther treatment may be required. Further SABA
may be given every 3—4 h (up to a total of
10 puffs/24 h), and, if symptoms persist
beyond 1 day, other treatments including
inhaled or oral corticosteroids are indicated,
as outlined below. Before being allowed to go
home, the child’s condition must be stable.

Children who have had an AAE within the past
3 months are at risk of further episodes and require
close follow-up. Prior to being allowed to go
home from the emergency department or hospital,
family/caregivers should receive the following
advice and information: instruction on recogni-
tion of signs of recurrence and worsening of
asthma and the factors that precipitated the
AAE; a written, individualized action plan,
including details of accessible emergency
services; careful review of inhaler technique; a
supply of SABA and, where applicable, the
remainder of the course of oral corticosteroid,
ICS, or LTRA; and a follow-up appointment
within 2—7 days and another within 1-2 months,
depending on the clinical, social, and practical
context of the exacerbation.

The summary of primary care management of
acute asthma exacerbation in children 5 years and
younger is summarized in Fig. 5.

13.9.2 Treatment of Acute Asthma
Exacerbation in Children
6 Years and Older

13.9.2.1 Diagnosis of Acute Asthma
Exacerbations in Children
6 Years and Older
In children 6 years and older, AAE represents a
change in symptoms and lung function from a
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stable status with suddenly decreasing peak expi-
ratory flow (PEF) or FEV; compared with previ-
ous lung function or predicted values. In these
children, the frequency of symptoms may be a
more sensitive measure of the onset of an exacer-
bation than PEF; however, in some children, the
change in symptoms may not be perceived or
reported, and change should be measured by
lung function testing, especially in children with
a history of near-fatal asthma. Similar to younger
children, AAE in children >5 years is potentially
life threatening, and treatment requires prompt
medical evaluation with careful assessment and
close monitoring.

13.9.2.2 Assessment of Acute Asthma
Exacerbation Severity
in Children 6 Years and Older

A brief focused history and relevant physical
examination should be conducted concurrently
with the prompt initiation of therapy. Medical
history should include timing of onset and cause
of the present exacerbation, severity of asthma
symptoms including any exercise limitation or
sleep disturbance, symptoms of anaphylaxis, cur-
rent reliever and controller medications (including
current doses, recent changes to dosing, and
devices used), adherence pattern, and risk factors
for asthma-related death. Risks for asthma-related
death include hospitalization or emergency care
visit for asthma in the past year, not currently
using ICS, SABA use of more than one canister
(200 actuations) per month, or a history of near-
fatal asthma requiring intubation and mechanical
ventilation.

Physical examination should assess signs of
exacerbation severity (temperature, blood pres-
sure, pulse oximetry (SpO2), PEF, pulse rate,
respiratory rate, level of consciousness, ability to
complete sentences, use of accessory muscles,
wheeze), complicating factors (anaphylaxis,
pneumonia, pneumothorax), and alternative con-
ditions that could explain acute breathlessness
(upper airway dysfunction or inhaled foreign
body). In children with AAE, SpO, <92% is a
predictor of the need for hospitalization,
and <90% signals the need for aggressive ther-
apy. Arterial blood gas (ABG) measurements and
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PRIMARY CARE : Child presents with acute or sub-acute asthma exacerbation or acute
| Wheezing episode

v ¥

4 )
MILD or MODERATE GEVERE OR LIFE THREA TENING
Breathless, agitated any of:
Pulse rate < 200 ppb (0-3 yrs) or < 180ppb (4-5 yrs) Unable to speak or drink
Oxygen saturation > 92% Central cyanosis
J Confusion or drowsiness
( * Marked subcostal and/or sub-glottic
START TREATMENT ) Onygen saturation < 929%
Salbutamol 100 mcg two puffs by pMDI + spacer Silzr%t T auscultati:)n
or 2.5 mg by nebulizer Pulse rate> 200 bpm ( 0-3 yrs)
Repeat every 20 min for the first hour if needed or >180 bpm (4-5 yrs)
Controlled oxygen (if needed and available): \ /
Target saturation 94 — 98% (l;
k ) URRGENT

] v

MONITOR CLOSELY for 1-2 hours \ Worsening TRANSFER TO HIGH LEVEL C ARE\
Transfer to high level care if any of: or lack of (e.gICU)
® Lack of response to salbutamol over 1-2 hrs |_improvement While waiting give:

® Any signs of severe exacerbation
® Increasing respiratory rate
® Decreasing oxygen saturation

Salbutamol 100mcg 6 puffs by pMDI+Spacer
(or 2.5mg nebulizer). Repeat every 20 min as
needed.

Oxygen (if available) to keep SpO2 94-98%.
Prednisolone 2mg/kg (max. 20mg for <2yrs;
max. 30mg for 2-5 yrs) as a starting dose
Consider 160 mcg ipratropium bromide

(or 250 mcg by nebulizer). Repeat every 20
min for 1 hour if needed.

)

|
IMPROVING
A

CONTINUE TREATMENT IF NEEDED

Worséning, or
Monitor closely as above

failure to
If symptoms recur within 3-4 hrs respond to 10
® Give extra salbutamol 2-3 puffs per hour puffs
® Give prednisolone 2mg/kg ( max. 20mg for < salbutamol
2 yrs; 30 mg for 2-5yrs) orally over 3-4 hrs

I
IMPROVING
v

DISCHARGE/FOLLOW-UP PLANNING
Ensure that resource at home are adequate.
Reliever: Continue as needed
Controller: consider need for, or adjustment of, regular controller
Check: inhaler technique and adherence
Follow up: Within 1-7 days
Provide and explain action plan

Fig.5 Primary care management of acute asthma exacerbation in children 5 years and younger (GINA 2017). (Reprinted
with permission)
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chest radiographs are not routinely required in
children with AAE except in the cases of severe
AAE when PEF or FEV1 is <50% predicted or
when a complicating or alternative diagnosis is
suspected such as pneumothorax, parenchymal
disease, or an inhaled foreign body, respectively
(GINA 2017).

If the patient shows signs of a severe or life-
threatening exacerbation, treatment with SABA,
controlled oxygen (to maintain SpO, between
94% and 98% in asthmatic children), and sys-
temic corticosteroids should be initiated while
arranging for the patient’s urgent transfer to an
acute care facility or for hospital admission.
Milder exacerbations can usually be treated in a
primary care setting, depending on resources and
expertise.

PRAM and PASS scoring tools are also used in
children up to age 17 and 18, respectively (see
Sect. 9.1.2).

13.9.2.3 Management of Acute Asthma

Exacerbation in Children

6 Years and Older
The initial therapies in an AAE for children
6 years of age and older are similar to those in
younger children, although dosing strategies dif-
fer slightly. GINA provides an algorithmic
approach for both ambulatory (Fig. 6) and emer-
gency care settings (Fig. 7), summarized here. The
basic approach includes repetitive administration
of SABA, early introduction of systemic cortico-
steroids, and oxygen supplementation. The aims
of treatment include rapid relief of airflow
obstruction and hypoxemia, addressing the under-
lying inflammatory pathophysiology, and pre-
venting relapse.

Oxygen Therapy

Oxygen therapy should be titrated against pulse
oximetry to maintain oxygen saturation at
94-98% for children 6-11 years and younger.
Controlled or titrated oxygen therapy gives better
clinical outcomes than high-flow 100% oxygen
therapy (Perrin et al. 2011). Oxygen should not
be withheld if oximetry is not available, but chil-
dren should be monitored for deterioration, som-
nolence, or fatigue.
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Inhaled Short-Acting Beta,-agonists

For mild to moderate exacerbations, repeated
administration of inhaled SABA (up to 4-10
puffs every 20 min for the first hour) is usually
the most effective and efficient way to achieve
rapid reversal of airflow limitation. After the first
hour, the dose of SABA required varies from 4 to
10 puffs every 3—4 h up to 610 puffs every 1-2 h
or more often. No additional SABA is needed if
there is a good response to initial treatment (PEF
>60-80% of predicted values). Delivery of
SABA via pMDI and spacer or a DPI leads to a
similar improvement in lung function as delivery
via nebulizer (Selroos 2014). Currently, there is
no evidence to support the use of intravenous
beta,-agonists in children with severe AAE
(GINA 2017).

Systemic Corticosteroids

Systemic corticosteroids may improve exacerba-
tions and prevent relapse; they should be utilized
in mild-to-moderate exacerbations in children
6-11 years (Edmonds et al. 2012). Where possi-
ble, systemic corticosteroids should be adminis-
tered promptly with the preferred route being oral,
especially using liquid formulations in children.
Intravenous corticosteroids can be administered
when patients are too dyspneic to swallow, are
vomiting, or are requiring noninvasive ventila-
tion. The use of systemic corticosteroids is partic-
ularly important when initial SABA treatment
fails to achieve lasting improvement in symptoms,
exacerbation developed while the patient was tak-
ing OCS, or there is a history of previous exacer-
bations requiring OCS (GINA 2017). In children
with AAE, an OCS dose of 1-2 mg/kg/day up to a
maximum of 40 mg/day for 3—5 days is adequate;
GINA guidelines recommend once-daily dosing.
A duration of 3-5 days is usually considered
sufficient, although longer duration (57 days) is
recommended if the patient is being treated in the
ambulatory setting (GINA 2017).

Ipratropium Bromide

For children with moderate-severe exacerbations,
treatment in the emergency department with both
SABA and ipratropium, a short-acting anticholin-
ergic, was associated with fewer hospitalizations
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PRIMARY CARE

| Patient presents with acute or sub-acute asthma exacerbation

¥

/ MILD or MODERATE
Talks in pharases, prefers sitting
to lying, not agitated
Respiratory rate increased
Accessory muscles not use
Pulse rate 100-120 bpm

O saturation (on air) 90-95%
\PEF > 50% predicted or best

v v

SEVERE

Talks in words, sits huncher
forwards, agltated
Respiratory rate >30/min
Accessory muscles not use
Pulse rate >120 bpm

O saturation (on air) <90%
PEF < 50% predicted or best /

\ LIFE -THREA TENING
Drowsy, confused
or silent chest

URRGENT

/ START TREATMENT
SABA 4-10 puffs by pMDI + spacer,
repeat every 20 minutes for 1 hour
Prednisolone: 1-2 mg/kg, max. 40 mg
Controlled oxygen (if available): target
saturation 94-98%

WORSENING =5

L

(TRANSFER TO ACUTE CARE
FACILITY
‘While waiting: give inhaled
SABA and ipratropium
bromide,
02, systemic corticosteroid

g

CONTINUE TREATMENT with SABA as needed

ASSESS RESPONSE AT HOUR (or carlier) WORSENING
IMPROVING
ASSESS FOR DISCHARGE ARRANGE at DISCHARGE

Symptoms improved, not needing SABA
PEF improving, and > 60-80% of personal
best or predicted

Oxygen saturation > 94% room air
Resources at home adequate

Reliever: Continue as needed

Controller: start or step up

Check inhaler technique, adherence
Prednisolone: continue, usually for 3-5 days
Follow up: within 2-7 days

Fig. 6 Management of asthma exacerbations in primary
care for children 6-11 years and adolescents (GINA
2017). O, oxygen, PEF peak expiratory flow, SABA

short-acting beta2-agonist (doses are for salbutamol).
(Reprinted with permission)
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INITIAL ASSESSMENT Are any of the following present?

A: airway B: breathing C: cirulation Drowsiness, Confusion, Silent chest

YES
\
Further TRIAGE BY CLINICAL STATUS Consult ICU, start SABA and O3,
according to worst feature and prepare patient for intubation i
i
1
\ Y ;
MILD or MODERATE SEVERE H
Talks in phrases Talks in words H
Prefers sitting to lying Sits hunched forwards i
Not agitated Agitated i
Respiratory rate increased Respiratory rate >30/min i
Accessory muscles not used Accessory muscles being used !
Pulse rate 100-120 bpm Pulse rate >120 bpm H
O; saturation (on air) 90-95% O3 saturation (on air) <90% H
PEF >50% predicted or best PEF < 50% predicted or best ]
Short — acting betaz-agonists Short — acting betas-agonists i
Consider ipratropium bromide Ipratropium bromide H
Controlled O: to maintain Controlled O; to maintain !
saturation 94-98% saturation 94-98% !
Oral corticosteroids Oral or IV corticosteroids 1
Consider IV magnesium i
Consider high dose ICS i
i i =
A\ i
1
[

: If continuing deterioration, treat as |
1 Severe and re-assess for ICU I

MEASURE LUNG FUNCTION
In all patients one hour after initial treatment

y

FEV or PEF 60-80% of predicted or FEV, or PEF<60% of predicted or
Personal best and symptoms improved Personal best or lack of clinical response

Fig. 7 Management of asthma exacerbations in emer- [V intravenous, O, oxygen, PEF peak expiratory flow,
gency department for children 6 years and older (GINA  FEVI forced expiratory volume in 1 s. (Reprinted with
2017). ICS inhaled corticosteroids, /CU intensive care unit, ~ permission)
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and greater improvement in PEF and FEV, com-
pared with SABA alone (Griffiths and Ducharme
2013b). However, in children hospitalized for
acute asthma, no benefits were seen from adding
ipratropium to SABA, including no reduction in
length of stay (Vézina et al. 2014).

Magnesium Sulfate

Intravenous magnesium sulfate is not recom-
mended for routine use in asthma exacerbations
in children. However, when administered as a
single 2 g infusion over 20 min, it reduces hospital
admissions in some children who fail to respond
to initial treatment, who have persistent hypox-
emia, or whose FEV| fails to reach 60% predicted
after 1 h of care. Moreover, nebulized salbutamol/
albuterol can also be administered in isotonic
magnesium sulfate (Powell et al. 2012). While
the overall efficacy of this practice is unclear,
pooled data from three trials suggest possible
improved pulmonary function in those with
severe asthma exacerbations (FEV; <50% pre-
dicted). However, the efficacy of combined treat-
ment of magnesium by both nebulized and IV
route in children with AAE remains controversial.

Epinephrine

Intramuscular (IM) epinephrine (adrenaline) is
indicated in addition to standard therapy only in
cases for which AAE is associated with anaphy-
laxis or angioedema. IM dose of epinephrine
1:1000 at 0.01 mg/kg (with a maximum dose of
0.5 mg) should be administered (Chipps et al.
2005). Parenteral epinephrine is a consideration
when other more expensive therapies are not avail-
able. IV epinephrine must be given very cautiously
and slowly. Add 1 mg of epinephrine (1 mgin 1 cc,
1:1000 dilution) to an IV bag of saline or DSW, and
run this drip through a microdrip chamber at
15 microdrops per minute (Chipps et al. 2005).

Inhaled Corticosteroids

High-dose ICS given within the first hour after
presentation to an emergency room reduces hos-
pitalizations in patients not receiving systemic
corticosteroids (GINA 2017). The evidence for
the impact of ICS in addition to systemic cortico-
steroids during this early evaluation and treatment
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is conflicting (GINA 2017). Patients already pre-
scribed ICS should be provided with advice about
increasing the dose for the next 2—4 weeks.
Patients not currently taking controller medication
should wusually be commenced on regular
ICS-containing therapy, as an exacerbation requir-
ing medical care indicates that the patient is at
increased risk of future exacerbations.

13.9.2.4 Assessment of Treatment

Response and Follow-up

for Acute Asthma Exacerbation

in Children 6 Years and Older
During treatment of AAE, children should be
carefully monitored and treatment adapted
according to their response. Children with AAE
who present to the ambulatory setting with severe
or life-threatening symptoms, who fail to respond
to pharmacotherapy, or who continue to deterio-
rate should be transferred immediately to an acute
care facility. Children with weak response to
SABA treatment should be closely monitored
and evaluated. Lung function, including FEV,
if the child can perform spirometry and it is
available, should be monitored before and at reg-
ular intervals starting at 1 h after SABA therapy.
Moreover, additional treatment should continue
until PEF or FEV, reaches a best value or returns
to previously stable values.

When children with AAE are discharged after
having favorable treatment response, medications
should include as-needed reliever medication,
usually OCS and, for most patients, regular con-
troller treatment. Inhaler technique and adherence
should be reviewed before discharge. GINA
guidelines recommend a follow-up appointment in
2-7 days depending on the clinical and social-
familial situation. At the follow-up visit, the
healthcare provider should assess the patient’s level
of symptom control and risk factors, explore the
potential cause of the exacerbation, and review the
written asthma action plan. Previous maintenance
controller regimens can generally be resumed at
24 weeks after the exacerbation unless the exacer-
bation was preceded by symptoms suggestive of
chronically poorly controlled asthma. In this situa-
tion, provided inhaler technique and adherence have
been checked, a step up in treatment is indicated.
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13.10 Severe Therapy-Resistant
Asthma in Childhood

13.10.1 Background

Severe asthma, also called severe therapy-resistant
(STRA) or refractory asthma, accounts for less than
5% of all childhood asthma (Lang et al. 2008) and
has become less common over time, possibly due
to the effectiveness of asthma guideline implemen-
tation worldwide and the use of controller medi-
cations. STRA in childhood constitutes a poorly
controlled asthma group and represents a signifi-
cant challenge for healthcare due to associated
morbidity and mortality as well as high utilization
of healthcare resources. In addition, STRA in
childhood has long-term negative impact on
adult lung function, and an association with
chronic obstructive pulmonary disease (COPD)
in later life has emerged (McGeachie et al. 2016).

13.10.2 Nomenclature and Definition

There is a lack of international consensus regard-
ing the definition of severe and resistant (or refrac-
tory) asthma. Severe treatment-resistant asthma
(STRA) in childhood refers to children having
three main criteria (Reddy et al. 2014): (1) chronic
uncontrolled symptoms, defined as the use of
SABAs on at least 3 days/week for at least 3 months,
combined with high-dose ICS and in association
with LABAs, LTRAs, and/or low-dose theophyl-
line; (2) severe acute exacerbation in the previous
year, defined as one admission to pediatric intensive
care with the need for more than two intravenous
treatments or the use of two or more high doses of
OCS; (3) fixed or persistent airflow limitation,
defined as FEV, (or PEF) of <80% after SABA
withhold or an FEV, (or PEF) of <80% despite a
trial of OCS and acute administration of SABA.
STRA must be differentiated from difficult-to-
treat asthma, as the former is a candidate for
immunosuppressive or other anti-inflammatory
modalities. Difficult-to-treat asthma is character-
ized by poor asthma control due to nonadherence,
persistent triggers, inadequate inhalation, and
other comorbidities (Bush et al. 2008; Martin
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Alonso et al. 2017). Unlike difficult asthma,
severe asthma patients remain symptomatic after
these factors are addressed.

13.10.3 Approach to the Childhood
with Severe Therapy-Resistant
Asthma

13.10.3.1 Confirm Diagnosis of Severe
Therapy-Resistant Asthma

Before labeling a child as having STRA, the first
step is to confirm the diagnosis of asthma with a
full history, physical examination, and directed
testing. Once the diagnosis of asthma is con-
firmed, comorbidities and modifiable factors
should be identified and addressed. Additional
testing may then be undertaken as directed by
prior findings.

13.10.3.2 Identify Comorbidities
Comorbidities may contribute directly to the
severity of asthma, may complicate the assess-
ment of asthma, or may be a coincidental finding.
These include atopic diseases, obesity, gastro-
esophageal reflux (GER), and obstructive sleep
apnea (OSA). Other potential comorbidities such
as dysfunctional breathing, vocal cord dysfunc-
tion, and mental health disorders such as anxiety
and depression have not been well studied in
children.

Inadequate treatment of common atopic dis-
eases such as allergic rhinitis, food allergy, and
atopic dermatitis is usually associated with worse
asthma control (Bush et al. 2008; Martin Alonso
et al. 2017). However, more data are needed to
more fully evaluate the relationship between these
atopic conditions and asthma severity and to
determine whether their treatment improves
asthma control.

In children, obesity may cause breathlessness
and “wheeze” without evidence of asthma, lead-
ing to the wrong diagnosis and inappropriate
treatment. However, although some studies
have found no difference (Brenner et al. 2001;
Schachter et al. 2003; Story 2007), the majority
of studies demonstrate an increased prevalence of
asthma in overweight children (Castro-Rodriguez
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et al. 2000; Ogden et al. 2002; Schaub and von
Mutius 2005; Scholtens et al. 2010). In addition,
according to one meta-analysis, obesity is a minor
risk factor for asthma exacerbation and, as such,
should also be addressed in the child with severe
asthma (Ahmadizar et al. 2016).

GER is typically considered a comorbid con-
dition in asthma patients; however, it is not clear if
treatment for GER improves asthma control
(Writing Committee for the American Lung Asso-
ciation Asthma Clinical Research Centers et al.
2012). One study showed improvement in asthma
exacerbations on protein pump inhibitor (PPI)
while another showed decreased nighttime symp-
toms while taking ranitidine (Gustafsson et al.
1992; Khoshoo and Haydel 2007). However, a
double-blind study from the American Lung
Association showed that, in children without
GERD symptoms, treatment with PPI made no
difference in asthma control even if pH studies
showed GER (Holbrook et al. 2012). Hence, the
impact of GER treatment on asthma control and
severity remains controversial.

Obstructive sleep apnea (OSA) is an additional
comorbid condition that contributes to bronchial
hyperreactivity/inflammation (Janson et al. 1996;
Lewis 2001) and is associated with increased like-
lihood of uncontrolled asthma (Teodorescu et al.
2010) and more severe asthma (Julien et al. 2009).
These effects may be due to increased GER,
leptin dysregulation (in obese subjects), and
pro-inflammatory cytokine milieu in asthmatic
patients with OSA (Salles et al. 2013). It is esti-
mated that nearly 60% of children with severe
asthma have OSA (Kheirandish-Gozal et al.
2011). Some argue that the ICS treatments used
in more severe asthma contribute to OSA rather
than OSA contributing to severe asthma
(DelGaudio 2002; Teodorescu et al. 2010; Wil-
liams et al. 1983). The relationship of OSA and
asthma is explored in more detail in the review by
Salles et al. (2013).

13.10.3.3 Review Modifiable factors

After identifying and addressing potential
comorbidities, modifiable factors such as incor-
rect inhaler technique, poor treatment adherence,
or harmful environmental exposures should be
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reviewed and improved. In childhood asthma,
correct inhaler technique is a cornerstone to assure
treatment success, and the majority of children
make mistakes when inhaler technique is assessed
(Alexander et al. 2016). Direct assessment of
inhaler technique with the use of appropriate
spacer devices (nasal mask or mouthpiece) in
young children should be reviewed carefully by
a specialist nurse or physician in the presence of
child’s family/caregiver.

In addition, treatment adherence also should be
reviewed systematically in childhood with STRA
as the impact of poor adherence on asthma-related
morbidity is also well-described (Levy 2015;
Lindsay and Heaney 2013).

Among harmful environmental exposures,
passive (second-hand) and active smoking in chil-
dren should be identified and eliminated prior to
diagnosis of STRA. Passive tobacco smoke expo-
sure is common in children with asthma and usu-
ally associated with corticosteroid resistance
(Kobayashi et al. 2014). Therefore, exposure to
tobacco smoke must be eliminated before the
diagnosis of refractory asthma can be made.
Besides tobacco smoke exposure, persistent expo-
sure to indoor and outdoor allergens in a sensi-
tized child with STRA should also be identified
and addressed if possible. A home visit by a
specialist nurse may help to identify objective
evidence of allergen exposure before confirming
the diagnosis of STRA.

13.10.3.4 Perform Laboratory
and Pulmonary Testing

Finally, in children with a clinical diagnosis of
STRA, laboratory testing results should be
reviewed to re-evaluate the concordance between
skin prick tests, fungal sensitization, total and
specific IgE concentrations, blood (or sputum)
eosinophil counts, and FENO. Spirometry should
be done to confirm fixed airway limitation
(obstruction) with bronchodilator responsiveness
testing. While bronchial challenge testing (BCT)
is not routinely performed in children with a clin-
ical diagnosis of STRA due to typically poor
baseline spirometry with low FEV; and/or an
extreme bronchial hyper-responsiveness, BCT
may be helpful in cases with suspected STRA



13 Childhood Asthma

with reported chronic severe symptoms but nor-
mal spirometry. Other sophisticated examinations
such as Th2-related cytokine level and gene
expression studies may be performed in some
severe acute exacerbations or resistant asthma
in childhood (Nguyen-Thi-Dieu et al. 2017).
Low-dose high-resolution computed tomography
(HRCT) scanning is rarely done in childhood
asthma except for those with suspected bronchi-
ectasis or for analyzing bronchial remodeling or
distal airway structures in special cases (Jain et al.
2005; Tillie-Leblond et al. 2008). Invasive inves-
tigation such as bronchoscopy with possible
bronchoalveolar lavage and endobronchial biopsy
or brushing may be indicated and performed in
select cases (Bossley et al. 2012).

13.10.4 Treatment of Severe Therapy-
Resistant Asthma in Childhood

Currently, there is a lack of high-quality evidence
and international consensus for treating childhood
STRA. Therefore, children with STRA need
add-on “beyond guidelines” therapies because of
poor control despite maximal conventional treat-
ments and optimization of basic asthma manage-
ment (Bush et al. 2011).

13.10.4.1 Optimization of Conventional
Medications

High Dose of Corticosteroids

Before starting add-on “beyond guidelines” ther-
apies for children with STRA, standard therapies
should be optimized. Bush et al. suggest a
sequence for consideration of therapy for severe
corticosteroid-resistant asthma in childhood
(Bush et al. 2011). Children with STRA may be
treated with increasing dose of ICS (up to
10002000 mcg/day for fluticasone propionate
or equivalent). A small percentage of children
with STRA may benefit from increasing the dose
to as high as 2000 pg/day. If asthma symptoms
and frequency of asthma exacerbation improve,
ICS dose should be gradually reduced to the low-
est dose which maintains significant benefits. If
there is no response to ICS dose escalation, it is
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recommended that maximal dose ICS be promptly
stepped down to a lower dose. If no benefit is
seen with maximal high dose of ICS, systemic
oral corticosteroids, starting at prednisolone
0.5 mg/kg, should be tried preferentially to extra
fine particle ICS in most patients (except in
those with proven distal airway inflammation by
transbronchial biopsy or high level of alveolar
nitric oxide) (Bush et al. 2011). If significant
clinical benefit is seen with oral corticosteroid,
this must be stepped down to the lowest dose
(or alternate day dosing) needed to control dis-
ease; importantly, potential adverse side effects of
systemic long-term treatment must be assessed
and appropriately treated if possible.

Anti-IgE Antibody

Omalizumab reduces the frequency of asthma exac-
erbation (Busse et al. 2011; Deschildre et al. 2013;
Kulus et al. 2010; Lanier et al. 2009; Milgrom et al.
2001) and ICS dose (Milgrom et al. 2001) as well as
increases symptom-free days (Busse et al. 2011;
Deschildre et al. 2013) in children with severe aller-
gic asthma. Long-term (> 1 year) safety and efficacy
data are not available in children. At this time,
omalizumab is included in GINA guidelines as a
possible step 5 add-on therapy in children >6 years
old who are not controlled on step 4 therapies
(GINA 2017). However, while omalizumab is pri-
marily indicated for allergic asthma, it may also be
administered in rare cases of nonatopic STRA when
IgE is in range for described omalizumab dosing
(Milgrom et al. 2001).

Anti-interleukin-5

Mepolizumab has been studied in individuals
aged 12 years and older with severe eosinophilic
asthma (Castro et al. 2015; Haldar et al. 2009;
Pavord et al. 2012). GINA guidelines recommend
mepolizumab as a possible Step 5 add-on therapy
if criteria (absolute eosinophil count) threshold is
met (GINA 2017).

Other Therapies

Other treatments have been used in childhood
with STRA, but their efficacy is still controversial.
These include use of the SMART regimen
(symbicort™ maintenance and reliever therapy)
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by using budesonide/formoterol as maintenance
and reliever dry powder inhaler device or a trial of
low-dose theophylline (Bush et al. 2011).

13.10.4.2 Trials with Unconventional
Medications

Antibiotic and Antifungal Therapy
Macrolides, such as azithromycin and
clarithromycin, with immunomodulatory prop-
erties may be indicated for children with STRA,
especially for those with suspected atypical bac-
terial infection (Brusselle and Joos 2014).
Recently, the diagnosis of severe asthma with
fungal sensitization (SAFS) has been described;
this is defined as severe asthma combined with
sensitization to at least one fungus as evidenced
by skin prick test (SPT) or IgE testing (Denning
et al. 2009). If a diagnosis of SAFS is being
considered in childhood with STRA, treatment
with oral itraconazole or voriconazole may be
considered in association with reducing fungal
exposures in the environment. The side effects
of antifungal drugs (including loss of appetite,
vomiting, diarrhea, headache, muscle and joint
pain, and anemia) should be monitored regu-
larly, particularly since these therapies interfere
with corticosteroid metabolism.

Immunosuppressant and Immunoglobulin
Therapy

There is a lack of randomized, controlled trials or
strong evidence for the benefits of cytotoxic or
immunosuppressive drugs in childhood STRA.
Immunosuppressants have been used in children
with oral corticosteroid (OCS)-dependent asthma
on the basis of small case series (Aaron et al.
1998; Marin 1997). A trial with methotrexate or
cyclosporine may be considered in children with
eosinophilic STRA with persistent inflammation
despite OCS therapy or in those who require very
high dose of OCS (>2 mg/kg or 60 mg/day of
prednisone) to maintain control of asthma (Bush
etal. 2011). The use of nebulized cyclosporine, an
attractive and alternative way of drug delivering
the immunosuppressant to avoid systemic toxic-
ity, may be a consideration in children with
STRA, but data from randomized controlled
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studies are still needed. Finally, after attempts
with previously described therapies, immuno-
globulin administration could be considered in
children with OCS-dependent STRA, although
there is no adequately powered pediatric trial to
support its use (Bush et al. 2011).

13.11 Prevention of Asthma
in Childhood

Studying the natural history of asthma in child-
hood may assist in the development of a vision
and strategy for prevention of the disease (primary
prevention). Asthma is a heterogeneous disease
with the inception and persistence driven by gene-
environment interactions. While these interac-
tions may occur in early life and even in utero, a
“window of opportunity” may exist during child-
hood for influencing asthma development (GINA
2017). Asthma prevention focuses on addressing
the risk factors for asthma development both in
utero and throughout childhood (see above).
While this knowledge base continues to increase,
clear recommendations are guarded at this time,
due to the complexity of gene-environment inter-
play. Preventative strategies should remain at the
forefront of future childhood asthma research.

13.12 Conclusion

Asthma is the most common chronic respiratory
disease in childhood and is the leading cause of
childhood morbidity from chronic disease. While
much progress has been made over the past
years in the understanding of childhood asthma,
clearly there remains work to be done. The factors
contributing to asthma development (both genetic
and environmental), preventative strategies
addressing these risks, and novel treatment
options will be crucial clinical considerations in
the years to come. Not only will these pursuits
strengthen our understanding of a complex dis-
ease process, but they will also inform the manner
in which the lives of millions of children with
asthma worldwide are impacted. It is no small
goal but one certainly worthy of the effort.
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