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KEY POINTS

� Severe asthma in childhood is a heterogeneous condition, but is broadly defined as
asthma that requires a high level of therapy to achieve control.

� Asthma phenotypes and endotypes are important to stratify clinical features, underlying
pathophysiological mechanisms, and treatment responses and are essential to guide
future therapeutic development.

� Management of a child with severe asthma requires a detailed multidisciplinary
assessment.
INTRODUCTION

Childhood asthma, characterized by airway inflammation, hyperresponsiveness, and
variable airflow obstruction, affects 8.4% of all children younger than 18 years in the
United States.1,2 Although many children with asthma respond well to standard ther-
apies, such as short-acting bronchodilators and daily inhaled corticosteroids (ICSs), a
substantial minority do not.3 Severe asthma in childhood is a heterogeneous condi-
tion, but is broadly defined as asthma that requires a high level of therapy to achieve
control.4,5 The prevalence of severe asthma in children is estimated to be approxi-
mately 5% to 10% of the total asthma population.4 However, the burden on these chil-
dren and the health care system is quite high, with the annual cost of caring for these
children estimated to be more than half of all asthma-related health care expenditures,
primarily due to much higher resource utilization.6

The definition of severe asthma proposed in the American Thoracic Society (ATS)
and European Respiratory Society (ERS) guideline document does not differ among
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children, adolescents, and adults, apart from age-specific thresholds of ICS dose that
meet the designation of high-dose treatment.4 Children and adolescents who either
remain uncontrolled when treated with high-dose ICS plus a second controller, sys-
temic corticosteroids for more than 50% of the year, or a biologic therapy are defined
as having severe asthma. Lack of control is defined broadly; a patient is considered to
be uncontrolled if he or she has at least 1 of the following:

1. A high symptom burden using the Asthma Control Questionnaire or the Asthma
Control Test

2. Two or more exacerbations requiring oral corticosteroids in the previous year
3. One or more hospitalization, intensive care unit stay, or episode requiring mechan-

ical ventilation in the past year
4. Airflow limitation (reduced forced expiratory volume in 1 second [FEV1]/forced vital

capacity (FVC) ratio with FEV1 <80% predicted) following a bronchodilator hold

Children who are controlled while on high-level therapies but lose control with at-
tempts at tapering also meet criteria for severe asthma.
Unlike other chronic conditions that can be staged or graded using objective

testing, the definition of severe asthma is based on a determination that the disease
is refractory to treatment. This requires that medications are prescribed and taken
correctly, comorbid conditions that can influence response to therapy have been eval-
uated and managed, and that alternative diagnoses that may mimic asthma but would
not respond to therapy have been considered. From a practical standpoint, these
steps are best accomplished by specialist evaluation and management before making
the diagnosis of severe asthma, as suggested in the ATS/ERS guidelines.4 Approxi-
mately half of children referred for severe asthma have an alternative or comorbid
diagnosis and/or modifiable factors that when addressed reduce asthma severity.7

Much of the work showing the importance of a multistaged and interdisciplinary
approach to the child with difficult asthma has been done in the context of universal
access to health care.8,9 In the United States, where a significant proportion of asthma
care for some populations is delivered in the emergency room setting,10 the distinction
between asthma that is difficult to treat due to comorbid and/or modifiable factors and
severe treatment refractory asthma is important at the population health level, but may
be challenging to address at the individual patient level.
It is also worth highlighting that many of the children who die from an asthma exac-

erbation do not necessarily meet the guideline definition of severe asthma, but few
would argue that fatal and near fatal asthma represent a severe form of the disease.
Children who die from acute asthma are likely a heterogeneous population, ranging
from children who have been undertreated because of poor access to care or underrec-
ognition of symptoms, childrenwith high exposures to irritants and/or allergens, children
who have severe infections, and children with inherent treatment-refractory severe
asthma. The strongest risk factor for a severe exacerbation is a past severe exacerba-
tion,11,12 suggesting exacerbation-prone asthma may be a distinct phenotype.13
EPIDEMIOLOGY

Although there is heterogeneity in severe childhood asthma, more than two-thirds of
children with asthma have allergic sensitization.14 Early sensitization to foods and
aeroallergens is an important determinant of persistent asthma by school age.15,16

Several studies have shown that atopy is increased in children with severe asthma
compared with mild asthma,17 in contrast to adults in which the opposite pattern is
seen. Allergic sensitization also plays an important role in asthma exacerbations,
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best exemplified by the ability of anti-immunoglobulin (Ig)E to reduce the burst of ex-
acerbations seen in children in early fall.18

In addition to atopy, male sex,19 maternal or paternal history of asthma,20 preterm
birth,21 overweight/obesity,22 minority race,23 and socioeconomic and geographic
factors24,25 are all well-established risk factors for childhood asthma. There are con-
flicting reports in the literature with respect to these risk factors and asthma severity
and response to treatment, likely due to important interactions with genetic back-
ground. For example, in the Severe Asthma Research Program (SARP) III cohort, chil-
dren with severe and nonsevere asthma were similar in terms of race, sex, and body
mass index,14 whereas earlier pediatric SARP cohorts found nonwhite children were
more likely to be categorized as severe.26 Racial and economic disparities and other
social determinants of health are important contributors to health care utilization and
asthma-related morbidity in the United States25,27–31; whether there are intrinsic differ-
ences in asthma severity due to these factors has yet to be determined. However, the
impact of adverse life experiences and other prenatal and perinatal exposures more
common in poor and minority children on lung development and asthma suggest
that there may be lasting biological effects.32–35
PATHOPHYSIOLOGY

Asthma is characterized by airway hyperreactivity, obstruction, and inflammation.
Hallmarks of pulmonary physiology in severe asthma include structural abnormalities
that affect airway mechanics, including airflow, airway resistance, air trapping, lung
elastic recoil, and bronchial hyperresponsiveness.4 Many adults with severe asthma
are characterized by marked airway obstruction that may be “fixed” (ie, not fully
reversible with bronchodilators), particularly in those with early-onset atopic dis-
ease.34 Children in the SARP, who were largely atopic and by definition had
childhood-onset disease, had evidence for some airway obstruction but it was
much less severe than that seen in adults.5 Bronchodilator responsiveness was also
largely preserved even in children with other features of severe asthma,5 suggesting
the development of fixed airway obstruction generally occurs after childhood. Children
in the more severe phenotypes in the SARP were more likely to have bronchial hyper-
responsiveness and air trapping.5,6 Whether children with severe disease and early
airway obstruction will go on to become adults with moderate to severe fixed airway
obstruction is an open question, although there are studies to suggest this progression
can occur.26,36 Decreased lung recoil is considered an important determinant in
airflow limitation, as this contributes to airway narrowing.37 The exact mechanism
for this is unknown, but remodeling of the airway outer wall and an increased propor-
tion of abnormal alveolar attachments has been reported in patients with fatal
asthma.38 Abnormalities in structural airway cells also contribute to abnormal inflam-
mation and airway mechanics. Early thickening of the reticular basement membrane
(RBM) has been described in children with severe asthma.39 Other components of
airway remodeling observed in children with severe asthma include larger smooth
muscle area, increasedMLCK expression (protein involved in smooth muscle contrac-
tion), shorter distance between smooth muscle and RBM, and increased density of the
vascular network.40 Patients with severe asthma also have been observed to have
increased transforming growth factor (TGF)-b as well as alterations in collagen depo-
sition.40,41 It remains unclear if there is a direct link between airway remodeling and
airway inflammation, especially in children with severe disease.39,40

Airway inflammation is a consistent feature of asthma. The dominant cell type found
in the airways can be used to characterize airway inflammation, and in adults with
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severe asthma, the distinction between eosinophilic, neutrophilic, and paucigranulo-
cytic disease may inform treatment response.41 Although some studies have shown
associations between the dominant cell type in bronchoalveolar lavage fluid and endo-
bronchial biopsies in children and a particular phenotype of severe asthma,42,43 others
have not.42,44 Molecular phenotypes have also been difficult to define in severe child-
hood asthma.44,45 The lack of stability of cellular inflammation in children46 and the
challenges in assessing it limit the clinical use.42,43,45,47,48

With evidence mounting that an imbalance between Th1 and Th2 adaptive immunity
is not sufficient to explain the development of childhood asthma or the severe presen-
tation of childhood asthma, and the recognition of the important role viral infections
play in the inception of childhood asthma and during exacerbations, there is intense
study of immune dysregulation in asthma outside the classic Th2 paradigm. Areas
of interest that may inform the development of new therapies to meet this high unmet
need include airway macrophage dysfunction,44 oxidative stress,49,50 profibrotic
signaling including TGF-b1 expression and activation,50 nonallergic inflammation
including tumor necrosis factor-a,46 impaired or altered response to viral infec-
tions,44,49,51 and alterations in the microbiome.50
CLINICAL FEATURES

Taken as awhole, childrenwith severe asthma are generally atopicwith at least someev-
idence for eosinophilic airway inflammation.5,52 Despite these generally shared features,
other characteristics of severe childhood asthma are heterogeneous, withmismatch be-
tween domains of impairment and risk.53 The clinical characteristics, or phenotypes, of
severe asthmahave beendescribed using both hypothesis-driven and unsupervised ap-
proaches.4,52,54–61 Cluster analysis of children with severe and nonsevere asthma
enrolled in the cross-sectional SARP showed children aggregated into 1 of 4 clusters:

1. Early-onset atopic with normal lung function
2. Early-onset atopic with mild airflow limitation
3. Early-onset with advanced airflow limitation
4. Later-onset with normal lung function26

Clusters 3 and 4 had high proportions of children with severe asthma using ATS-ERS
criteria. Health care utilization was high in all clusters, but children in clusters 3 and 4
had more unscheduled visits for acute symptoms and more frequent courses of sys-
temic corticosteroids. Separate analysis of children enrolled in the longitudinal Child-
hood Asthma Management Program (CAMP) found 5 clusters of childhood asthma
differentiated by atopic burden, degree of airway obstruction, and history of exacerba-
tions.52 Although there was 1 cluster characterized as “low” atopy, more than 75% of
children in this cluster had positive skin tests. The long-term follow-up data available in
CAMP allowed researchers to show the stability of cluster assignment over time, which
has not yet been done with the SARP clusters. Children assigned to clusters 4 and 5
(the most severe clusters) had the highest risk for exacerbations during prospective
follow-up. Investigators also showed some evidence that phenotype predicted treat-
ment response in the randomized clinical trial portion of CAMP, in which children
were randomized to daily budesonide, nedocromil, or placebo. Children in the less se-
vere clusters 1 to 3 responded best to budesonide; however, children in cluster 4
responded better to nedocromil than either budesonide or placebo, and children in
cluster 5 had equal response to budesonide, nedocromil, and placebo.52 Others
have shown that assigning phenotype using the SARP cluster definitions may also
help predict response to therapy in clinical trials, with children assigned to clusters 3
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and 4 havingmore limited response to treatments across several studies in the National
Heart Lung and Blood Institute’s (NHLBI) Childhood Asthma Research (CARE)
Network.55 Work is under way now to extend phenotype analyses to include underlying
biological mechanisms, known as endotypes, that may help better target thera-
pies.44,52,56–64 The NHLBI recently funded the Precision Interventions for Severe and/
or Exacerbation Prone Asthma (PrecISE) Network to study targeted treatments in
adults and adolescents with severe asthma using these concepts.

Differential Diagnosis and Diagnosis Confirmation

Evaluating severe asthma in children requires a comprehensive approach, beginning
establishing that asthma is the most likely cause of symptoms using a comprehensive
history, physical examination, and noninvasive testing. Confirming the presence of
classic triggers (viral infections, play/exercise, allergens, irritants), typical symptom
patterns and response (worse at night, responsive to bronchodilators and previous tri-
als of ICS or other asthma controller medications), and lack of symptoms and signs
suggesting disease other than asthma (eg, productive cough, breathlessness without
cough, recurrent sinopulmonary or other infections, failure to thrive, clubbing) are
important steps. Assessments of the home and school environment, family history,
and for comorbid conditions that maymodify response to treatment are also important
early steps. Multiple studies have shown high rates of alternative diagnoses in children
evaluated using comprehensive approaches57,58; therefore, it is important that clini-
ciansmaintain a high index of suspicion for conditions that maymasquerade as severe
asthma (Box 1). Assessment of adherence to prescribed medications and the self-
management plan include regular use of controller medications, adequate device
Box 1

Conditions that may mimic asthma

Tracheomalacia/bronchomalacia

Oropharyngeal dysfunction and aspiration

Retained foreign body

Vocal cord dysfunction or dysfunctional breathing

Extrinsic airway compression

Congenital airway anomaly

Airway masses/tumors

Immune deficiency

Primary ciliary dyskinesia

Childhood diffuse lung disease

Suppurative lung disease (non–cystic fibrosis bronchiectasis, chronic bacterial bronchitis)

Anxiety/panic disorder

Chronic lung disease of prematurity

Pulmonary vascular disease

Pulmonary eosinophilic syndrome

Allergic bronchopulmonary aspergillosis

Hypersensitivity pneumonitis

Obliterative bronchiolitis
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technique, avoidance of triggers when possible, and the ability to problem solve dur-
ing loss of asthma control and exacerbations are also key steps.9,58,59

Spirometry is used to confirm reversible airflow limitation. Testing should include
both inspiratory and expiratory loops before and after bronchodilator therapy to
assess for presence of reversibility and to help evaluate for upper airway obstruction
(eg, vocal cord dysfunction). Ideally, this should be done in the absence of any recent
short-acting or long-acting bronchodilators to best assess responsiveness.4,59

Spirometry is ideally done before initiation of controller therapies, but as children
are frequently not referred for testing before initiation of ICS, the clinical context should
be considered in interpretation. Children with severe asthma may have normal lung
function and may not show reversibility to bronchodilators on spirometry when
well.5,26,60 Bacharier and colleagues52 reported that FEV1% predicted did not differ
with asthma severity; however, FEV1/FVC decreased as asthma severity increased.
There are also age-related diagnostic challenges in children younger than 6 years.
With proper coaching and practice, pulmonary function tests may be possible in
young children, although limited reference data exist for this age group.61 Given the
very high prevalence of atopy in children with severe asthma, testing for allergic sensi-
tization with either skin prick testing or allergen-specific IgE should be done.54,62 Fig. 1
presents a framework for the consideration of additional testing when clinically indi-
cated in challenging or atypical cases.4,59

MANAGEMENT

International guidelines recommend a stepwise approach to the management of
asthma in children and adults.54,62 As discussed previously and described in these
guidelines, assessment of adherence to the current treatment plan and for modifiable
Fig. 1. Framework for the diagnostic and monitoring approach to the child with severe
asthma. Evaluation should be directed based on the child’s specific symptoms and signs,
with consideration of the potential risks. Advanced diagnostic testing may be helpful in es-
tablishing the diagnosis of asthma or an alternative diagnosis, identifying modifiable fac-
tors that may impact response to therapy, provide prognostic information, or predict
response to specific treatments. BAL, bronchoalveolar lavage; BDR, bronchodilator revers-
ibility; CT, computed tomography; FENO, fractional exhaled nitric oxide; GERD, gastroesoph-
ageal disease; OSA, obstructive sleep apnea; VCD, vocal cord dysfunction.
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factors limiting the effectiveness of treatment is recommended before escalation of
therapy.8,62,63 Work in the United Kingdom and by others makes a distinction between
difficult-to-treat asthma in which modifiable factors such as adherence, environmental
conditions, and comorbid conditions (shown in Fig. 2) impact response, and asthma
that is intrinsically refractory to currently available therapies. Much of this work has
been done in the setting of universal access to care.8,59,64 In environments in which
the ability to modify social determinants of health is limited by system financial issues,
distinguishing between difficult-to-treat and therapy-resistant asthma is important but
may be challenging. Advocacy efforts to impact health policy are critical in this regard.
A detailed discussion on adherence monitoring and management, the role of the envi-
ronment, and the approach to assessment and management of comorbidities
(see Fig. 2) (see Carolyn Kercsmar and Cassie Shipp article’s, “Management/
Comorbidities of School-Aged Children with Asthma,” can be found elsewhere in
this issue). The role of each of these steps is particularly important in children with se-
vere asthma, given the potential for adverse effects as therapies are escalated.
After assessment as outlined previously, treatment with high-dose ICS plus a long-

acting beta-agonist, leukotriene modifier, theophylline, biologic therapies, and/or pro-
longed use of oral corticosteroids are used in children with severe asthma to achieve
control.4,54,65 Treatment responses vary substantially, and the approach to personal-
ized therapies is covered in detail in the article by Guilbert and Pajor, elsewhere in this
issue. Assessment of steroid responsiveness and partnering with the child and family
to understand the treatment goals they identify as most important may be helpful.
Bossley and colleagues66 demonstrated that complete response to systemic steroids
was rare, with 72% determined to be partial responders and 15% nonresponders,
supporting the concept of disease heterogeneity of the disease and the importance
of determining treatment response across domains that include symptoms, lung func-
tion, exacerbations, and airway inflammation.
In cases in which there is minimal-to-no steroid response or concerns for adverse

effects from steroid use, the use of anticholinergics and biological agents should be
Fig. 2. Comorbid conditions that may influence response therapy and, when addressed, may
distinguish difficult-to-treat asthma from asthma that is intrinsically refractive to therapies.

https://doi.org/10.1016/j.iac.2018.12.004
https://doi.org/10.1016/j.iac.2018.12.004
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considered.4,59,67 Tiotropium is a long-acting anticholinergic used as an add-on
therapy in moderate-to-severe asthma that has been approved for use in those
6 years and older. A recent systematic review demonstrated that once-daily tio-
tropium was efficacious and well tolerated as an add-on medication in school-
aged children with symptomatic asthma.67 In addition to this, new biological
agents provide a more phenotype/endotype-directed strategy for those with severe
asthma.
There are currently 3 monoclonal antibodies approved for children and adolescents.

Omalizumab is a monoclonal antibody to IgE, is approved for children and adoles-
cents �6 years old with allergic sensitization, and has the longest track record for ef-
ficacy and safety in children with multiple clinical trials and real-world use studies
showing reduced exacerbations and hospitalizations, improved lung function, a
steroid-sparing effect, and fewer adverse events than placebo other than injection
site reactions.53,68 Omalizumab also reduces the fall exacerbation phenomenon in
allergic children with asthma, with evidence for specific effects against rhinovirus
infection.18,69,70 Although studies of omalizumab have included those with moderate
and severe asthma, the cost and burden of treatment (injections given every 2–4weeks
under medical supervision due to concerns about anaphylaxis) has generally limited
its use to those with more severe disease.
Another class of biologics includes mepolizumab and benralizumab, which target

either interleukin (IL)-5 ligand or receptor, respectively, are recommended as an
adjunct in those with persistent eosinophilic inflammation. Mepolizumab is a mono-
clonal antibody against IL-5, which disrupts eosinophil maturation resulting in reduc-
tion of eosinophils in sputum and blood. It is currently approved for children�12 years
old with blood eosinophils �150 cells per mL, and is dosed every 4 weeks. Several
studies have demonstrated that mepolizumab significantly reduces the number of
asthma exacerbations71 and has significant glucocorticoid-sparing effects in patients
with severe eosinophilic asthma compared with placebo.72 In addition, another study
demonstrated that treatment with either intravenous or subcutaneous doses was
effective at reducing exacerbations and improving quality of life.73

Similarly, benralizumab is an anti-eosinophilic monoclonal antibody; however, its
target is IL-5 receptor a. In contrast to other therapies that target IL-5 directly and
only reduce eosinophils, benralizumab targets the receptor, thus resulting in rapid
eosinophilic depletion.74 It is currently approved for children�12 years old with severe
or uncontrolled asthma with eosinophilia. Clinical trials have demonstrated that ben-
ralizumab was well tolerated, as seen by low discontinuation rate and had few
drug-related adverse events.75 Additional potential advantages of benralizumab
include its direct action to deplete blood eosinophils compared with the indirect action
of those medicines that target the IL-5 ligand (mepolizumab and reslizumab), as well
as every 8-week dosing interval to help lower disease burden and health care costs
compared with other biologics.74 Findings from 2 studies showed benralizumab
resulted in substantial improvements in asthma exacerbations, lung function, and
symptom control when used as add-on therapy for patients with severe, uncontrolled
asthma with elevated baseline blood eosinophils.
Dupilumab, an monoclonal antibody to the alpha subunit of the IL-4 receptor, result-

ing in reduction in IL-4 and IL-13, is currently under review at the Food and Drug
Administration for the treatment of moderate to severe asthma in patients
�12 years old based on clinical trials showing steroid-sparing effects,76 reduced ex-
acerbations, and improved lung function.77 Data in adolescents for mepolizumab,
benralizumab, and dupilumab are quite limited, with a small number of adolescents
included in the major clinical trials for each.
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PROGNOSIS

The goals of treatment of severe childhood asthma include symptom and exacerba-
tion management, but as pediatricians we are also concerned with prevention of pro-
gression of asthma into adulthood. Cross-sectional data and data from the
longitudinal SARP III cohort suggest that many children with severe asthma experi-
ence at least a transient improvement in asthma severity during adolescence and early
adulthood.78–80 However, this improvement does not include lung function deficits,
and children with a range of asthma severity and treatment may develop irreversible
obstruction or chronic obstructive pulmonary disease (COPD).81,82 In a landmark lon-
gitudinal analysis of children with mild to moderate asthma enrolled in the CAMP
study, only 25% had normal lung function patterns in early adulthood, with the remain-
ing participants showing either reduced growth, early decline, or both.81 More than 1
in 10 met criteria for COPD in their early 20s. Impaired lung function at enrollment and
male sex were the strongest predictors for abnormal lung function in early adulthood.
These findings suggest that even mild to moderate asthma in early life impacts lifelong
health.81 Although the longitudinal analysis of lung function in the CAMP study
included only those with mild-to-moderate asthma, some studies have shown the
risk for COPD is higher in children with more severe disease.83,84 Data from the
SARP suggests irreversible obstruction is less common in children than in adults,85

and additional study of effective strategies to prevent lung function decline is an
important area of unmet need.86

ADVOCACY

Severe asthma is tightly linked with socioeconomic status and minority race and
ethnicity in the United States. Markers of asthma severity, including emergency
room use, hospitalizations, and deaths due to asthma are all substantially higher in
poor and minority populations than their more affluent white peers.87,88 Implementa-
tion of guidelines-based care with good adherence to standard therapies results in
improved asthma control even in high-risk populations,89 although high rates of
difficult-to-control asthma may persist even in the setting of a clinical trial.90 The un-
derlying causes of asthma disparities are complex,25 but include environmental expo-
sures at home and in schools (allergens, indoor and outdoor air pollution),91

neighborhood level factors,92 access to care and treatment,93,94 caretaker stress
and mental health,95 and financial and social hardships.96 Although interventions
that address the social determinants of health relevant to asthma reduce
morbidity,97–100 sustaining these programs outside the context of clinical research is
challenging and requires health care providers and institutions to form partnerships
with legal professionals, community-based programs, insurance programs, and legis-
lators.101–104 Given the high cost of biological therapies for asthma, we suggest these
types of collaborations and advocacy on behalf of our patients with severe asthma are
a component of personalized medicine that should not be overlooked.

SUMMARY

Children with severe asthma require a detailed medical workup, careful consideration
of alternative diagnoses, assessment of adherence to medications and self-
management plans, and evaluation of comorbid conditions. This multidisciplinary
approach is critical to optimize care in this high-risk severe asthma population. Further
research and validation of phenotype/endotype clusters in more longitudinal studies
are an important next step. These efforts are essential to develop frameworks to
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classify severe asthma, personalize therapy, and develop new strategies that address
unmet needs. The role of social determinants of health and advocacy for health pol-
icies that address modifiable factors is a critical part of the care of children with severe
asthma.
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