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Severe asthma in children is characterized by sustained symptoms despite treatment with high
doses of ICS or oral corticosteroids. Children with severe asthma may fall into two categories,
difficult-to-treat asthma or severe therapy-resistant asthma. Difficult-to-treat asthma is defined as
poor control due to an incorrect diagnosis or comorbidities, poor adherence due to adverse
psychological or environmental factors. In contrast, treatment-resistant is defined as difficult
asthma despite management of these factors. It is increasingly recognized that severe asthma is a
highly heterogeneous disorder associated with a number of clinical and inflammatory phenotypes
that have been described in children with severe asthma. Guideline based drug therapy of severe
childhood asthma is based primarily on extrapolated data from adult studies. The recommendation
is that children with severe asthma be treated with higher-dose inhaled or oral corticosteroids
combined with long-acting beta-agonists and other add on therapies such as antileukotrienes and
methylxanthines. It is important to identify and address the influences that make asthma difficult
to control including reviewing the diagnosis and the removal of causal or aggravating factors.
Better definition of the phenotypes and better targeting of therapy based upon individual patient
phenotypes is likely to improve asthma treatment in the future.
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Asthma is the most common chronic lung disease of childhood that affects >6.6 million
children in the United States(1). Most children with asthma achieve good symptom control
when treated with low-to-medium doses (<500 mcg/day fluticasone equivalents) of inhaled
corticosteroids (ICS). However, severe asthma in children is characterized by sustained
symptoms despite treatment with high doses of ICS or oral corticosteroids(2, 3) and
represents approximately 5% of childhood asthma cases(4). Although this form of asthma is
the least common, it accounts for nearly 50% of all asthma-related expenditures(5, 6). It has
been suggested that children with severe asthma may fall into two categories, difficult-to-
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treat asthma or severe therapy-resistant asthma. Difficult-to-treat asthma is defined as poor
control due to an incorrect diagnosis or comorbidities, poor adherence due to adverse
psychological or environmental factors. In contrast, treatment-resistant is defined as difficult
asthma despite management of these factors(7). Data suggest that children with severe
asthma begin demonstrating symptoms early in life, and the majority have atopy and
reversible airway obstruction(8, 9). Although these data have helped define the scope of this
disease in children, there are numerous questions left unanswered. This review will focus on
severe asthma in school-aged children (5–17 years) from definition to management.

Severe Asthma in Children Is Different than Adult Disease
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Extrapolating adult severity classifications to children is difficult for a number of reasons.
Adults with asthma are more likely to exhibit a persistent pattern; while, children may have
a pattern of rapidly evolving, frequent and often severe exacerbations. Children have severe
exacerbations triggered by viral infections and/or allergen exposure that can result in
healthcare utilization but then often remain asymptomatic between these episodes(10, 11).
Phenotypes of severe asthma in children differ from those of adults and change more
rapidly. It is therefore necessary to reassess phenotypes at regular intervals. Responses to
medications(12) and the more pronounced growth and bone maturation adverse effects of
ICS(13) also differ between childhood and adult asthma. Lung function measurements also
show different patterns, are age-dependent, and may be within normal limits despite
significant symptom burden and medication use(14–16). The distal airways are more
affected, and increased distal lung resistance, in the absence of significant large airway
involvement, likely explains the often unimpaired FEV1 values(17). Furthermore, other
measures of lung function such as FEV1/forced vital capacity (FVC), FEF25–75%
predicted, or the degree of airway responsiveness to bronchodilators may relate better to
asthma severity(15). Children, particularly boys, demonstrate more hyperinflation with
increased residual volume and total lung capacity. (18). Girls with severe asthma also
exhibit some air-trapping and airflow limitation during bronchodilator abstinence, but to a
lesser magnitude than seen in boys, and this finding is generally reversible with
bronchodilation(19).
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Epidemiology studies suggest that children with atopic asthma have a slow decline in lung
function over time (14, 20, 21). This decline in lung function may be accelerated in children
with severe asthma. Children with severe asthma typically are more atopic with higher
serum IgE levels and demonstrate reversible airway obstruction compared to their adult
counterparts. Children with severe asthma are differentiated by higher exhaled nitric oxide
(FENO), higher IgE and eosinophils, and differential patterns of sensitization to
aeroallergens, especially molds(3). Severe asthma may be due to underlying severity of the
disease from persistent airway inflammation and relative corticosteroid insensitivity(22–24)
or poor asthma control due to a number of biological, environmental, and/or social factors(7,
25, 26). Adolescents are at an increased risk of a higher prevalence of severe asthma and
death from asthma due to reduced adherence to treatment and increased risk-taking
behaviors (smoking, illicit drug use). Poor adherence is also associated with complex
treatment regimens, familial strain, inadequate supervision of the child, and possible
secondary gains linked to poorly controlled asthma(27). Poor asthma control may be due to
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the child’s clinician failing to use evidence based asthma treatment guidelines or failure to
assess a child’s symptom burden adequately(28). Finally, children can have co-morbid
conditions such as sinusitis and vocal cord dysfunction that may exacerbate or mimic asthma
but will not respond to asthma treatment.(9)

Epidemiology of Severe Asthma

Author Manuscript

Epidemiologic studies have described risk factors for severe asthma and airway
hyperresponsiveness. Many children with severe asthma present in school age (6–11 years);
however, they report the onset of asthma symptoms earlier in childhood (first 3 years of life)
than children with mild-to-moderate asthma (5 years)(3, 29). Another risk factor for asthma
and severe airway hyperresponsiveness may be lower lung function present shortly after
birth. Infants with the lowest pulmonary function (fraction of expiratory time to peak tidal
expiratory flow) had a higher risk of current asthma and severe airway hyperresponsiveness
at 10 years of age(30) and increased airway obstruction on lung function testing at 22
years(31) compared to infants with higher lung function. Children with severe asthma also
had increased airway obstruction and air trapping(2, 14, 32–34). Moreover, children with
airway hyperresponsiveness at 9 years of age were three times more likely to develop
functional abnormalities (low postbronchodilator FEV1/vital capacity ratio) in adolescence
and early adulthood that may reflect underlying structural airway remodeling(35). In
longitudinal cohort studies, subsets of children with asthma demonstrate decline in lung
function over time(36)
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In school-aged and adolescent children, those with severe asthma were more likely to have
increased allergic sensitization (serum IgE), more aeroallergen skin prick responses early in
life, a higher prevalence of atopic dermatitis, greater bronchial hyperresponsiveness, airway
obstruction, higher FENO and to report being of African American or more than one race
than children with milder disease(3, 6, 20, 29, 35, 37, 38)

Severe Asthma Definitions
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Although several definitions of “severe asthma” have been proposed, no single definition
has gained universal acceptance due to the complex nature of the disease and the lack of
validated gold standards for diagnosis. To further complicate matters, “asthma” itself is a
highly heterogeneous condition that remains poorly understood in children. In a recent
review of large cohorts of school-age asthma children, 122 publications yielded 60 different
operational definitions of asthma that greatly impacted prevalence and clinical outcome
assessments(39). Nonetheless, the traditional views of asthma as proposed by both the
National Asthma Education and Prevention Program (NAEPP)(40) and the Global Initiative
on Asthma (GINA)(41) assume that: 1) asthma is a single disease entity with a spectrum of
inflammation, 2) there is concordance between inflammation and symptoms, and 3) that the
nature of inflammation is responsive to corticosteroid treatment. According to these
guidelines, severe asthma corresponds to the “top” of the disease spectrum and is therefore
thought to be associated with a high degree of airway inflammation and resulting symptoms.
Thus the proposed definitions of severe asthma are based on symptom burden, short-acting
beta-agonist use, limitation of activities, frequency and severity of exacerbations, and lung

J Allergy Clin Immunol Pract. Author manuscript; available in PMC 2015 September 30.

Guilbert et al.

Page 4

Author Manuscript

function (Table 1). However, it’s important to note that asthma severity is assessed before
treatment is initiated and the criteria often overlap with those used for asthma control once
treatment is initiated.

Author Manuscript

In 1999, an American Thoracic Society Workshop on Refractory Asthma (42) was convened
to further refine the definition of severe asthma. This definition required that a patient with
persistent asthma be treated with continuous high-dose ICS or continuous oral
corticosteroids to maintain asthma control and also have at least two minor criteria
consistent with historical or current poor asthma control. This definition was recently
revised in a joint workshop convened by the American Thoracic Society and the European
Respiratory Society and currently distinguishes between patients with treatment-resistant
severe asthma and patients in whom the asthma is difficult to treat due to co-morbid and
other complicating factors(27). It is important to note that this definition of severe asthma
was developed for countries in which there is access to asthma medications. An alternative
definition of severe asthma for global health application was proposed by the World Health
Organization(43) and recognizes the existence of a group of patients with untreated severe
asthma who may either be undiagnosed due to limited training and availability of medical
staff or under-treatment due to limited access to medical care and pharmacologic therapies.

Heterogeneity of Severe Asthma in Children
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It is increasingly recognized that severe asthma is a highly heterogeneous disorder
associated with a number of clinical and inflammatory phenotypes that can be assessed
through detailed analysis of induced sputum, bronchoalveolar lavage, or endobronchial
biopsy (44–47). Although this research is incomplete, particularly in children with severe
asthma, three phenotypes of airway inflammation have been described: (1) eosinophilic
inflammation(48, 49);(2) paucigranulocytic inflammation (48, 49) and (3) neutrophilic
inflammation(44, 48, 49). Children with an eosinophilic phenotype are typically identified in
the pre-school or early school-age years(50) and are characterized by increased symptoms,
less controlled disease, more atopy, impaired lung function, increased airway
hyperresponsiveness, and an increased frequency of exacerbations compared to the other
phenotypes(49, 51). While the eosinophilic phenotype is thought to be more corticosteroidresponsive (52), the contribution of the eosinophilia in children is unclear. Although studies
in adults have demonstrated fewer exacerbations in patients treated with sputum
eosinophilia-guided therapy (53), Fleming et al.(54) found that incorporation of sputum
eosinophils into the management of school-age children with severe asthma did not
significantly reduce exacerbations or improve asthma control. Moreover, the levels of
inflammatory cells in induced sputum varied significantly over time and were unrelated to
changes in asthma pharmacotherapy or asthma control(54). However, a subset of children
with severe asthma and persistent eosinophilia after high-dose systemic corticosteroid
administration has been described(55). While increased reticular basement membrane
thickening and increased airway smooth muscle mass also characterize these children, they
have a relative absence of classical Th2 cytokines such as IL-4, IL-5 and IL-13 that are
commonly seen in adults(56).
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The neutrophil inflammatory phenotype may be present in children with asthma of asthma at
all ages(57) and may be associated with poor response to corticosteroids(55). Causes for
neutrophilic inflammation are currently being explored but have been postulated to include
environmental exposures such as air pollution or infections. In adults, a higher proportion of
sputum neutrophils is associated with smoking(58) and in children with viral infection(59,
60). This may explain both the ineffectiveness of doubling the dose of ICS and the potential
efficacy of quadrupling the dose at the onset of exacerbations(57, 61). While airway
neutrophils have been reported in a subset of children with severe asthma(62), this finding
has not been consistently replicated across populations. Bossley et al. recently found no
evidence of neutrophilic airway inflammation in a large bronchoscopic study of children
with severe, therapy-resistant asthma. Other studies suggest that neutrophils may (56)coexist
with eosinophils in the airway tissue and epithelial lining fluid(2, 63), so the causative role
of the neutrophil, if any, is unclear since issues of confounding by high-dose corticosteroid
treatment remain. While additional studies are needed, these differential airway
inflammatory patterns may ultimately permit identification of specific phenotypes of severe
asthma to aid in directed, pharmacologic treatment..

Severe asthma phenotypes based on cluster analyses
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Severe asthma in children is a highly complex disorder and the relationships between
pathogenesis, airway inflammation and clinical treatment remain poorly understood. Given
the limitations of existing definitions of severe asthma (which are inherently biased), there is
a growing interest in non-biased statistical approaches to identify potential biomarkers and
ultimately permit more personalized, pharmacologic therapy. Cluster analysis is a technique
that groups patients into “clusters” who share clinical, physiologic, and/or biological
characteristics. The NHLBI Severe Asthma Research Program recently performed a cluster
analysis of 12 continuous and composite variables from 161 children. Four clusters of
asthma were identified which varied according to the age of asthma onset, the degree of lung
function impairment and the number of asthma controller medications. Children with severe
asthma were present in all four clusters, and no one cluster perfectly fit the definitions of
asthma severity provided in asthma treatment guidelines (64). Separate cluster analyses in
European children have also identified clusters of children with severe asthma who were
differentiated by the degree and nature of allergic sensitization, body mass index, and
airflow obstruction(65, 66). Recently, a cluster analysis in a combined sample of children
and adults with severe or difficult-to-treat asthma also noted separate clusters within each
age stratum. Interestingly, passive smoke exposure was a distinguishing variable in children,
while aspirin sensitivity was a distinguishing variable in adolescents and adults(67).
Altogether, these studies highlight the heterogeneity in the clinical presentation of severe
asthma in children. Replication and longitudinal validation of clustering approaches for
asthma is ultimately needed to determine the association between cluster assignment and
asthma outcomes. However, these methods may be useful in the refinement of the definition
of severe asthma to be used in upcoming studies
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Severe asthma phenotypes based on molecular analysis
Given the relative infrequency of severe asthma in the pediatric population, large-scale
molecular investigations of children with severe asthma have not yet been undertaken.
Therefore most studies in this area have compared children with severe and non-severe
asthma but have been limited in their ability to identify sub-populations. Regardless, distinct
inflammatory patterns have been observed in invasive bronchoscopy studies(56, 63). Other
studies have shown that children with severe asthma have altered regulation of antioxidant
defenses(68–73) and growth factor expression that is associated with the magnitude of
airflow obstruction. Other molecular investigations are warranted in children, particularly in
tandem with non-biased phenotyping approaches.

Severe asthma phenotypes based on genetics
Author Manuscript
Author Manuscript
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Genetic variations may play an important role in severe asthma and ultimately may account
for altered corticosteroid responsiveness in this population. While several genome-wide
association studies (GWAS) have been undertaken in healthy versus asthmatic populations
to determine the genes associated with the development and onset of asthma, genetic
analyses of asthma severity particularly in children are extremely limited. A large GWAS of
severe asthma and healthy adult controls of European ancestry observed two previouslyidentified asthma susceptibility loci (ORMDL3/GSDMB locus on chromosome 17q12–21
and IL1RL1/IL18R1 locus on chromosome 2q12), but no novel loci for severe asthma
susceptibility were identified(74). In a recent meta-analysis of GWAS conducted in
predominantly healthy adult populations of European whites, genes in the INTS12-GSTCDNPNT region were associated with the forced expiratory volume in one second (FEV1)
while eight genes (HHIP, GPR126, ADAM19, AGER-PPT2, FAM13A, PTCH1, PID1, and
HTR4) were associated with the ratio of FEV1 to forced vital capacity (FVC)(75). A similar
meta-analysis also identified four genes (HHIP, GSTCD, TNS1, and HTR4) associated with
FEV1 and three loci (HHIP, NOTCH4-AGER-PPT2, THSD4) associated with FEV1/
FVC(76). The NHLBI Severe Asthma Research Program also performed a meta-analysis of
lung function and GWAS results in five racially diverse asthmatic pediatric and adult
populations across a wide range of severities and discovered a panel of genes (HHIP,
FAM13A, PTCH1, PID1, NOTCH4) associated with lung function that differed from these
previous reports(77). Moreover, Th1 pathway genes associated with innate defense and
inflammation have been shown to modify the association with lung function in asthmatic
patients(78). The finding that combinations of risk SNPs (versus single risk SNPs) identified
asthmatics with greater deficits of lung function is novel and argues strongly for additional
additive genetic approaches in the identification of asthma severity. Other genes (CHRH1,
TBX21 and FCER2) have also been implicated in the response to corticosteroids and these
associations were replicated in several adult and pediatric cohorts(79–81).

Differential Diagnosis
Several diseases that mimic asthma should be considered during the evaluation of a child
with severe or difficult asthma (Table 2). These include: structural airway abnormality,
Intrabronchial obstruction, aspiration, gastroesophageal reflux with/without recurrent
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microaspiration, cystic fibrosis, ciliary cyskinesia, immune dysfunction, bronchiectasis,
pulmonary edema, lung disease of prematurity, bronchiolitis obliterans syndrome,
hypersensitivity pneumonitis.

Laboratory, Pulmonary Function, Bronchoscopic Evaluation
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Evaluation of a child with severe or difficult asthma may include physiological
measurements such as pre- and post-bronchodilator spirometry and body plethysmography.
It can include assessment of airway inflammation such as FENO,, sputum eosinophils
(research tool), bronchoscopy with bronchoalevolar lavage and bronchial biopsy, and tests
for allergic sensitization such as specific allergen IgE or aeroallergen skin prick tests or
additional evaluation for comorbidities or diseases that mimic asthma(Table 2). Finally, the
coexistence of corticosteroid receptor and pharmacokinetic abnormalities has been
associated with a poor response to corticosteroids in children. As such, testing performed at
specialized centers for corticosteroid sensitivity could be considered such as a corticosteroid
pharmacokinetic studies and corticosteroid lymphocyte stimulation assays(82, 83).
ATS/ERS 2014 guidelines on severe asthma recommend that chest CT scans be obtained
only when atypical symptoms are present, and do not recommend collection of sputum
eosinophils or FENO routinely in children based on available data(27).

Comorbidities
Severe asthma in children is associated with several comorbidities such as obesity, gastroesophageal reflux, dysfunctional breathing and mental disorders that may exacerbate the
severity of asthma symptoms. Evaluation for these disorders should be considered(Table 2).
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Obesity
Interactions between obesity and asthma are complex. Obesity might lead to dyspnea due to
deconditioning, a pauci-inflammatory form of asthma(84) and corticosteroid resistance(85).
Conversely, the impact of asthma on exercise tolerance and its treatment side effects might
contribute to obesity.
Gastroesophageal reflux (GERD)
The evidence that symptomatic GERD causes asthma or its treatment improves asthma
symptoms is unclear(86, 87). Furthermore, a recent trial of 306 children with asthma found
that treatment of asymptomatic GERD with lansoprazole was not associated with decreased
asthma symptoms or improvement in lung function(88). Albeit, it has been suggested that
when symptomatic GERD is present, it should be treated as appropriate(9, 27, 89, 90).
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Rhinitis/Sinusitis
Allergic rhinitis and sinusitis are very common comorbidities in patients with asthma, both
in children and in adults(91–93). It is not completely understood if the treatment of sinusitis
improves outcomes in severe asthma, however, it has been suggested that when sinusitis is
present, it should be treated as appropriate(27).
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Dysfunctional breathing are common in patients with asthma and its symptoms often mimic
that of asthma(94, 95). Furthermore, up to 15–50% of children with asthma have been found
to have vocal cord dysfunction(96).
Psychological Factors
Depression and anxiety are well know to be important risk factors for frequent asthmarelated emergency room visits and mortality(97). These psychological factors may act
directly through neurally mediated pathways and have effects on adherence(98).
Aspirin Sensitivity and Endocrine Factors
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A number of conditions that can contribute to asthma severity are well recognized in adults
with asthma and may sometimes be relevant in children. These include aspirin sensitivity
and endocrine factors including exacerbations in relation to the menstrual cycle(99).

Evaluation
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Recent research on severe asthma suggests that a structured approach to evaluation and
therapy is important(46, 100). First, the child should be assessed for disorders that may
mimic asthma (see differential diagnosis section). In 37 young children with severe
wheezing unresponsive to therapy, Saglani et al. found structural abnormalities on
bronchoscopy in 36% and evidence of gastro-esophageal reflux (an abnormal pH study or
lipid-laden macrophages on bronchoalveolar lavage) in 57%(101). Furthermore, the child
and family should be evaluated for poor adherence to the treatment regimen. Thorough
education regarding how and when to use asthma devices and medications and a written
asthma plan should be provided(97). Commonly, it is necessary to review pharmacy or
medical records for evidence of poor adherence. Electronic monitoring of medication use is
available but is used mainly as a research tool. A careful search for comorbidities or triggers
contributing to the severity of asthma such as identifying exposure to environmental
allergens or irritants should be completed. Passive or personal tobacco smoke exposure may
be associated with poor response to treatment. Smoking cessation programs may be helpful.
Screening for psychosocial issues with psychological questionnaires or evaluation may be
worthwhile. Regular clinical visits are necessary to complete a diagnostic evaluation,
provide extensive trigger, device, and asthma education, and to eliminate factors that are
aggravating asthma(97). Validated symptom-based questionnaires for assessing asthma
control can be employed and followed longitudinally(102). Home visits may also be useful
to evaluate adherence to treatment, exposure to tobacco smoke and allergens, and
psychosocial factors(103). Corticosteroid-responsiveness could be evaluated through the use
of oral high-dose corticosteroids for 2 weeks or an injectable dose of depot triamcinolone
given in the clinic. Symptom and lung function response to corticosteroids are typically
assessed 2–3 weeks after these therapies. An observed positive response to triamcinolone
would likely be due to enforced adherence and suggest poor adherence to therapy as a cause
of poorly controlled asthma(27).
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Management
Treatment
Conventional Therapy
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Controllers: At present, guideline based drug therapy of severe childhood asthma is based
primarily on extrapolated data from adult studies. The recommendation is that children with
severe asthma be treated with higher-dose inhaled or oral corticosteroids combined with
long-acting beta-agonists and other add on therapies(27, 41, 97). Some studies have shown
no evidence of secondary prevention of symptoms and prevention of decline of lung
function(104–106); wherease, others suggests that early treatment with daily ICS may
modify the severity of disease when initiated in childhood leading to less severe asthma
exacerbations and a smaller decline in lung function compared to children treated with
placebo(107).. However, high doses of ICS are associated with increased risk of adrenal
suppression and growth suppression in children(27). Nevertheless, there is evidence in
adults with asthma that high dose ICS are less well absorbed from the airway compared to
healthy controls(108, 109). Thus, in patients with severe asthma with presumably greater
airway inflammation, higher doses of ICS may be appropriate. There are few studies of
high-dose ICS in children with severe asthma; yet, there is some evidence that oral
corticosteroid doses can be lowered if children are treated with higher doses of ICS(110).
Thus, close monitoring of growth and/or annual test of adrenal function with consultation
with a pediatric endocrinologist if abnormalities are found may be a useful strategy(27).
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Small particle ICS: It is debated whether distal/peripheral airway inflammation plays a
greater role in severe, therapy-resistant asthma or instead reflects poor distal airway
deposition of conventional ICS. Accordingly, the systemic distribution of oral
corticosteroids or the use of small particle ICS such as extra-fine beclomethasone or
ciclesonide could be a more effective means of targeting the distal airway through improved
deposition(111, 112). It remains unclear if small particle ICS is more effective than large
particle ICS in the treatment of severe asthma. A randomized, prospective study of adults
with mild-to-moderate asthma demonstrated improvements in small airway parameters,
decreased alveolar exhaled nitric oxide and CT-scan measurements of expiratory lung
volume after methacholine challenge, following 5 weeks of ciclesonide treatment compared
to placebo(111). Another study using a retrospective matched cohort study from large
longitudinal health care claims database trial designs demonstrated better asthma outcomes
in adult patients treated with a combination of small particle ICS and a long-acting betaagonist compared to combinations with larger particle ICS(113, 114). Similar findings of
improved asthma outcomes have been found in other retrospective database studies in adults
with poorly controlled asthma treated with large particle ICS compared to small particle ICS
monotherapy(115, 116). Conversely, meta-analyses of randomized controlled trials have not
found differences in asthma outcomes between small and larger particle ICS(117–119).
Finally, a crossover comparison of small-particle and larger particle ICS in children 6–12
years showing no additional benefit for treatment with small particle ICS in measures of
small airways inflammation(120).
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Oral corticosteroids: A small proportion of children may require continuous oral
corticosteroids to keep their asthma under control. Long-term use of high-dose systemic
corticosteroids increases risk of systemic side effects such as growth retardation, adrenal
suppression, and altered skin and bone metabolism(121–123). If used, the dose should be
gradually tapered to the lowest dose that maintains symptom control(27).
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Long-acting beta-agonists: These medications, used in conjunction with ICS, are guideline
recommended therapy (NAEPP, GINA, ATS/ERS); however, questions regarding increased
risk of severe exacerbations particularly in those of African-American descent(124) and
lower efficacy in children(125, 126) have been raised. A recent study in school-aged
children with persistent asthma not controlled on low dose ICS therapy demonstrated that
step-up therapy with long-acting beta-agonists was significantly more likely to provide
improved asthma symptoms and lung function than either ICS or antileukotriene step-up
therapy(127). However, there was marked variability in the treatment response suggesting
the need for regular monitoring and adjustment of each child’s asthma therapy.
Antileukotrienes: These medications are currently included in multiple guidelines as step-up
therapy for the treatment of severe asthma(41, 97) and there is recent evidence that it can
also be an effective strategy in children, although not as great as long-acting beta-agonist
step-up therapy(127). However, in children, it is not clear what the phenotypic
characteristics of an antileukotriene responder with severe asthma would be(27). In adults,
there is evidence to support its use as step-up therapy in aspirin-sensitive asthma(128). Adult
patients requiring high doses of ICSs demonstrate significant improvement in symptoms,
lung function, and beta-2-agonist use with high-dose zafirlukast(129).
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Methylxanthines: These medications can also be used as step-up treatment to ICS, although
the addition of theophylline to ICS produces a small improvement in lung function similar to
doubling the dose of ICS(130). Studies on the use of xanthines in combination with ICS
(with or without long-acting beta-agonists) in severe asthma are lacking. Given the safety
profile of low dose theophylline, it has been proposed for use in adolescents with severe
asthma before other treatments(27, 131).
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Specific Allergen Immunotherapy: Specific allergen immunotherapy has been
demonstrated to have beneficial effects in the management of childhood asthma, including
effects on symptom control, medication use, and airway hyperresponsiveness(132). A recent
meta-analysis examining the efficacy of allergen-specific immunotherapy concluded that
there is moderate strength evidence that subcutaneous immunotherapy improves asthma
symptoms and high strength evidence that sublingual immunotherapy improves asthma
symptoms(133). However, these conclusions are drawn from studies involving children with
mild-moderate asthma, as no studies have specifically examined the efficacy of allergen
immunotherapy in children with severe asthma. Thus, the generalizability of these findings
in pediatric severe asthma is uncertain. Furthermore, the majority of studies demonstrating
efficacy of subcutaneous immunotherapy involved single allergen immunotherapy, whereas
most children with severe asthma are polysensitized(3, 134). In addition, allergen
immunotherapy should not be initiated in patients with asthma that is not stable to
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pharmacotherapy(132), a situation which is more common amongst children with severe
asthma.
Emerging Therapies—Other novel medications for asthma have been studied in adults
and most are considered experimental in children.
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Long-acting anti-cholinergics: Tiotropium is an inhaled long-acting anti-cholinergic agent
that is approved by the U.S. Food and Drug Administration for the treatment of chronic
obstructive pulmonary disease in adults. Although tiotropium is not currently approved for
use in asthma or for use in children, studies have suggested that it may have benefit in the
management of persistent asthma in adult populations. A large, multi-center trial in young
adults found that the addition of tiotropium to an ICS was superior to doubling the dose of
the ICS as evidenced by morning peak expiratory flow(135) and equivalent to those
observed with salmeterol(135). Other studies have observed similar findings (136, 137).
Two replicate, randomized, controlled trials involving 912 adults with poorly controlled
asthma despite the use of ICS and LABAs, the addition of tiotropium significantly increased
the time to the first severe exacerbation and improved lung function(138). While additional
studies are needed, early evidence suggests that younger patients with higher cholinergic
tone (i.e., lower resting heart rate) and a higher degree of bronchodilator reversibility may
derive the most benefit from tiotropium when added on to ICS(139).
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Immunomodulators: Omalizumab is an injectable recombinant humanized IgG1
monoclonal anti-IgE antibody that is given every 2–4 weeks in patients with chronic allergic
asthma with at least one positive skin test and an elevated serum IgE level. In children aged
6–12 years, two randomized, placebo-controlled studies with moderate-to-severe asthma
reduced ICS doses and the number of exacerbations(140, 141). Furthermore, omalizumab
significantly reduced the rate of clinically significant asthma exacerbations, severe
exacerbations and emergency visits in teenagers and in adults with poorly controlled severe
persistent asthma(142). Omalizumab may be most effective in children with allergic
sensitization and asthma who require high doses of ICS and experience frequent
exacerbations. In 419 inner-city children and young-adults with asthma (53–55% receiving
step 4 – 6 therapy per NAEPP/EPR3 Guidelines), treatment with omalizumab added to a
regimen of guidelines-based therapy further improved asthma control, nearly eliminated
seasonal peaks in exacerbations, and reduced the need for additional medications to control
asthma(143). These positive findings occurred in the context of reductions in doses of ICS
and LABAs. Drawbacks include limitations due weight and serum IgE level requirements
and the expense of treatment. Long-term side effects have not been evaluated in children. At
the present time, omalizumab is not FDA-approved for children under 12 years of age.
Based upon the emerging evidence supporting the recommendation for use of omalizumab
in children, the ERS/ATS Severe Asthma Guidelines also suggest that treatment response be
globally assessed and if a patient does not respond within four months of initiating therapy,
further administration is unlikely to be beneficial(27).
In addition to omalizumab, several other immunomodulatory monoclonal antibodies are
currently undergoing clinical trials in adults. Agents that target Th2-driven airway
inflammation have attracted considerable attention. The recombinant IL-4 variant pitakinra.
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which interferes with the action of both IL-4 and IL-13, has been shown to reduce
exacerbations among patients with eosinophilia(144). Dupilumab, a fully humanized
antibody to the alpha-subunit of the IL-4 receptor, reduced asthma exacerbations, improved
lung function, and reduced markers of Th2 inflammation among adults with moderatesevere asthma with elevated levels of eosinophils in either blood or sputum being treated
with ICS and LABA(145). Lebrikizumab, a monoclonal antibody against IL-13, resulted in
improved lung function among adults with asthma inadequately controlled by ICS (median
dose 500 mcg/day), and this effect was most evident among participants with high
pretreatment levels of serum periostin(146). Finally, several trials have been conducted with
monoclonal antibodies directed against IL-5, mepolizumab and resilizumab with effects
predominantly on reduction of exacerbations without having a large impact on other relevant
asthma-related outcomes.(147–149). Overall, while these biologic immunomodulators
appear to have favorable effects in adults with asthma, none have been directly and
specifically studied in children with severe asthma.
Immunosuppressants: Meta-analyses studying the efficacy of potentially corticosteroidsparing immunosuppressant therapy such as cyclopsorine A, methotrexate or azathioprine
have not found clear evidence to support their general use in the treatment of severe asthma
in children(150). Indeed, the recent ATS/ERS guidelines on severe asthma recommend that
these agents not be used in children with severe asthma due to low quality of available
evidence and a high risk of side effects(27).

Author Manuscript

Bronchial Thermoplasty: Bronchial thermoplasty involves the delivery of radiofrequencygenerated heat to the airway tree via a catheter inserted into a flexible bronchoscope.
Bronchial thermoplasty is not currently FDA-approved for children or adolescents, but has
been used in selected populations of adults with moderate-to-severe persistent asthma
despite treatment with ICS and long-acting beta agonists. In the original studies, bronchial
thermoplasty was associated with improvements in asthma control(151–153) and asthmarelated quality of life(154). However, a recent meta-analysis suggests that the procedure
provides modest clinical benefit in quality of life and rates of exacerbations, although the
quality of life findings are subject to bias given the lack of sham treatment arms in several
studies(155). Furthermore, despite the availability and reassurance of long-term (i.e., 5-year)
safety studies(156–158), the ATS/ERS 2014 guidelines on severe asthma recommend that
bronchial thermoplasty only be performed in adults with severe asthma in the context of an
Institutional Review Board-approved study(27).
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Antimicrobials: Chronic infections may contribute to severe asthma. In adults, infection
with Chlamydia pneumoniae and Mycoplasma pneumoniae has been lower lung function
and increased airways hyperresponsiveness which has improved with macrolide
therapy(159, 160). A trial in children with moderate-to-severe persistent did not find that the
addition of azithromycin to an ICS was corticosteroid sparing. However, it should be noted
that the trial was terminated early due to randomization failure due to inadequate adherence
to study medication and improved asthma control under close medical supervision(161).
Macrolide antibiotics have also been suggested for the treatment of childhood asthma
associated with persistent neutrophilic inflammation(162). ATS/ERS 2014 guidelines on
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severe asthma recommend against routine use of macrolide therapy for children(27). Case
reports have described children who develop severe asthma in the presence of fungal
infections(163).The ATS/ERS 2014 guidelines also recommend that antifungal agents only
be used in children if a detailed specialist evaluation is suggestive of allergic
bronchopulmonary aspergillosis.

Patient Education and Lifestyle Modification
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Both national and international asthma guidelines strongly recommend structured asthma
education(41, 97). A good dialogue between patients and care providers is encouraged.
Moreover, patients may have different ideas from doctors regarding symptom control as
well as strong lay beliefs about medications and their side effects, which should be
addressed. A balance between the degree of asthma control, medication side effects, and
quality of life should be established. A structured educational program improves adherence
from less than 20% of patients given a prescription alone to approximately 70% of patients
who receive both a prescription and a structured education plan, even after 6 months(164).
Providing education, environmental control, adherence with treatment and proper use of
inhalers, and using an adequate asthma control assessment represent key factors to help
reduce the severity of asthma(165, 166). Smoking cessation programs for the parents or
child are also widely recommended(41, 97). Tobacco smoke exposure has been associated
with a higher incidence of upper respiratory tract infections and prevalence of asthma, and a
greater severity of exacerbations in children(42). However, the impact of this exposure on
the therapeutic response has not been documented. Psychosocial factors such as depression
and anxiety and asthma-specific quality of life have effects on adherence(98), are common
in adolescents with persistent asthma, demonstrate variable prevalence across different race/
ethnicities, and are related to increased asthma morbidity, healthcare use, and school
absenteeism(167). Thus, evaluation of asthma-related quality of life and psychosocial
stressors and intervention are important(168, 169). As with most chronic childhood diseases,
adopting healthy lifestyle programs to address the poor diet, inactivity, and sedentary
lifestyle of the child with asthma can be important in attaining adequate asthma control(9).

Conclusion
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Although knowledge of asthma and its associated mechanisms has increased substantially
over the past decades, significant gaps remain about the determinants of severe asthma in
children. It is not clear how the different phenotypes of severe asthma change across time,
nor is it clear if these changes are modifiable with appropriate therapy. It is important to
identify and address the influences that make asthma difficult to control including reviewing
the diagnosis and the removal of causal or aggravating factors. Better definition of the
phenotypes and better targeting of therapy based upon individual patient phenotypes is
likely to facilitate improved individualized and precision asthma treatment in the future.
Finally, trials of novel therapeutic strategies for severe asthma in childhood populations are
essential to provide population-specific evidence to guide the children with severe asthma
rather than ongoing reliance on extrapolation from studies conducted in adults.
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ATS

American Thoracic Society

BMI

Body mass index

ERS

European Respiratory Society

GERD

Gastroesophageal reflux

EGD

Esophagogastroduodenoscopy

FEF25–75

Forced expiratory flow 25–75%

FENO

Exhaled nitric oxide

FEV1

Forced expiratory volume in 1 second

FVC

Forced vital capacity

GINA

Global Initiative on Asthma

ICS

Inhaled corticosteroids

IgE

Immunoglobulin E

NAEPP

National Asthma Education and Prevention Program
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Definitions of Severe Asthma
NAEPP guideline definition
before treatment(97)

Criteria for Severe Persistent Asthma in Children 0–4 and 5–11 years:
•

Symptoms: throughout the day

•

Night-time awakenings: > 1x/week

•

Use of short-acting beta-agonist for symptom control: several times per day

•

Interference with normal activity:

Extremely limited
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GINA guideline definition before
treatment(41)

ATS/ERS definition (2014)(27)

•

Lung Function: (0–4 years) N/A; (5–11 years) FEV1 or peak flow (personal best) < 60%
predicted or FEV1/FVC < 75% predicted;

•

Risk: (0–4 years) > 2 exacerbations in 6 months requiring oral systemic corticosteroids or > 4
wheezing episodes/1 year lasting >1 day AND risk factors for persistent asthma; (5–11 years)
> 2 exacerbations in 12 months requiring oral systemic corticosteroids OR relative annual
risk may be related to FEV1

Criteria for Severe Persistent Asthma (all ages):
•

Symptoms daily

•

Frequent exacerbations

•

Frequent nocturnal asthma symptoms

•

Limitation of physical activities

•

FEV1 or PEF ≤60% predicted

•

PEF or FEV1 variability > 30%

Criteria for Severe Asthma:
•

Asthma which requires treatment with high-dose ICS plus at least one additional controller
medication for the previous year (or systemic corticosteroids for >50% of the previous year).
AND EITHER

•

Uncontrolled asthma (must have one)
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–

Poor asthma control (ACQ >1.5, ACT <20)

–

Two or more systemic CS bursts in the previous year

–

One or more hospitalization in the previous year

–

Airflow limitation with FEV1<80% after bronchodilator

OR
•

Controlled asthma that worsens with tapering of high doses of ICS or systemic CS
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Table 2

Author Manuscript

Co-morbidities and Additional Diagnoses that may exacerbate asthma severity of mimic asthma (modified
from Bel EH et al(170)).
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Suspected comorbidity or additional diagnoses

Diagnostic Test or Evaluation

Structural Abnornality (airway malacia, vascular rings/slings, tracheal
stenosis/webs, cystic lesions/masses, tumors/lymphadenopathy/
cardiomegaly)

Fiberoptic bronchoscopy
Lung CT scan

Intrabronchial obstruction (e.g. inhaled foreign body, tuberculosis)

Fiberoptic or rigid bronchoscopy

Dysfunction breathing (e.g. vocal cord dysfunction, panic attacks)

Fiberoptic bronchoscopy
Speech therapy evaluation

Aspiration (e.g. neuromuscular disease, developmental abnormality,
swallowing disorder)

Swallow evaluation

Gastroesophageal reflux with/without recurrent microaspiration

pH or impedence probe study
Eophagogastroduodenoscopy (EGD)

Cystic Fibrosis

Sweat Chloride Test
Genetic screening

Ciliary Dyskinesia

Ciliary biopsy

Immune Dysfunction

Serum immunoglobulins including IgA, G, M and IgG
subclasses and vaccine antibody responses (Haemophilus,
tetanus and Pneumococcus)

Bronchiectasis (e.g. cystic fibrosis, primary ciliary dyskinesia, immune
dysfunction)

High resolution Lung CT scan

Pulmonary Edema (e.g. cardiac disorder)

Chest radiography
Echocardiogram

Lung disease of prematurity

History of prematurity

Bronchiolitis obliterans syndrome

High resolution Lung CT scan
Lung biopsy

Sinusitis

Sinus CT scan

Hypersensitivity pneumonitis (e.g. allergic bronchopulmonary
aspergillosis, bird aeroallergen sensitivity)

Aspergillus IgE/precipitins/sputum culture
Bird IgE/antigen precipitins/exposure history

Psychological Factors (Depression/Anxiety)

Psychological Screening/Evaluation

Obesity

BMI
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