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 53 

 54 

Abstract  55 

 56 

The World Health Organization divides severe asthma into three categories: untreated severe 57 

asthma, difficult-to-treat severe asthma, and severe, therapy resistant asthma. The apparent 58 

frequency of severe asthma in the general population of asthmatic children probably lies around 59 

5%. Upon referral of these children, it is important to carefully evaluate the diagnosis of asthma 60 

before proceeding with modifying management along with applying a long-term monitoring plan. 61 

Identification of pathophysiological phenotypes using objective biomarkers is essential in our 62 

routine assessments of severe asthma. Although conventional pharmacologic approaches 63 

should be attempted first, there is a growing recognition that children with difficult-to-treat 64 

asthma may have unique clinical phenotypes that may necessitate alternative treatment 65 

approaches including asthma biologics. These new medications, especially those that have 66 

effects on multiple pathological features of asthma raise the hope that new treatment strategies 67 

could induce remission. Besides introducing new medications, the opportunity for closer 68 

monitoring is now feasible with advances in digital health. Therefore, we have the opportunity to 69 

improve response to medications, to individualize treatment and to monitor response along with 70 

potential steps to prevent severe asthma. 71 

 72 

 73 

 74 
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Introduction  76 

 77 

Although many children with asthma experience an improvement in symptoms and airway 78 

inflammation with the initiation of asthma controller therapies, a subset of children remain 79 

symptomatic despite these therapeutic attempts. Not all of these symptomatic children have 80 

severe, therapy-resistant asthma (STRA), which is defined by the ERS/ATS [1] as asthma 81 

which requires treatment with high dose inhaled corticosteroids (ICS) plus a second controller 82 

medication to achieve asthma control. Instead, many of these children with asthma-like 83 

symptoms are difficult-to-treat. This is perhaps best conceptualized by the World Health 84 

Organization, which defines three categories of severe asthma [2]: 85 

 86 

 Untreated severe asthma due to failure of diagnosis or lack of availability of treatment. 87 

This is common in low- and middle-income countries but there are pockets of poverty 88 

and deprivation in high income countries, especially where medications have to be 89 

purchased [3]. The solutions are largely political and include in some countries 90 

overcoming the stigma of an asthma diagnosis [4]. 91 

 92 

 Difficult-to-treat severe asthma, in which social and environmental factors and/or co-93 

morbidities inhibit the response to treatment. 94 

 95 

 Severe, therapy resistant asthma (STRA) which remains uncontrolled despite high level 96 

treatment with inhaled corticosteroids and other controllers, or alternatively, requires 97 

this high-level treatment to achieve control. The current ERS/ATS definition [1] is 98 

summarized in Table 1. 99 

 100 
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 5 

Therefore, difficult-to-treat asthma in children enters the differential diagnosis of the child 101 

referred with asthma-like symptoms which are not responding to standard therapies. An 102 

important consideration is to ensure another diagnosis is not being missed. As well as seeking 103 

clues to a different diagnosis, the positive evidence for a diagnosis of asthma should also be 104 

reviewed [5]. When considering apparently difficult-to-treat asthma, it is helpful always to think 105 

beyond airway pathology to extra-pulmonary co-morbidities such as obesity and breathing 106 

pattern disorders, and social and environmental factors, such as poor adherence and adverse 107 

environmental factors [6]. 108 

 109 

However, missing from most current definitions based on level of medication is the highly 110 

relevant assessment of level of risk, especially risk of a fatal or near fatal asthma attack. The UK 111 

National Review of Asthma deaths (NRAD) [7] and a recent meta-analysis [8] highlighted 112 

previous severe asthma attacks as a marker of risk. Other risk factors highlighted by NRAD in 113 

particular, but not most conventional definitions of severe asthma, include social/environmental 114 

factors such as over-use of short-acting β-2 agonists (SABA), under-use of ICS, recent 115 

discharge from the hospital, frequent emergency department visits with asthma and failure to 116 

attend routine checkups, and no provision or utilization of an asthma plan. Children with these 117 

risk factors are highly symptomatic and would be in the difficult-to-treat category. Unlike children 118 

with STRA, this difficult-to-treat group of children is also the one that asthma deaths are 119 

commonest. 120 

 121 

The apparent frequency [9, 10] of severe asthma in the general population of asthmatic children 122 

will depend on resource availability, definition used and diagnostic work-up performed, but 123 

probably lies around 5%. There are some important general principles: 124 

 125 
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 Most children with asthma respond well to low dose ICS (100 mcg twice daily 126 

fluticasone) plus one other controller if administered regularly and correctly [11], and 127 

indeed few get any benefit from increasing the dose of ICS above this level. So if a child 128 

is not responding to low dose standard medications, the answer usually is not to 129 

prescribe more medications but look for extra-pulmonary co-morbidities and 130 

social/environmental factors to correct. 131 

   132 

 At least half the children referred for ‘beyond guidelines’ therapy in fact become well 133 

controlled [12] after a detailed multi-disciplinary evaluation [13, 14], and indeed may be 134 

able to reduce the level of prescribed medication.  135 

 136 

 STRA is rare in children. An important study was set up to determine whether children 137 

still symptomatic on ICS and long-acting β-2 agonists (LABA) responded better to the 138 

addition of azithromycin or a leukotriene receptor antagonist (LTRA) [15]. The study 139 

ended in futility because most children screened in fact did not have asthma at all or had 140 

difficult-to-treat asthma that needed addressing, and adequate recruitment could not be 141 

achieved. 142 

 143 

 It is clear that assessing these children requires time and the resources of a multi-disciplinary 144 

team. Information on management of severe asthma in children is limited, for example the 145 

number of studies with asthma biologics in children is small as compared to the number of 146 

medications and amount of information for adult asthmatics [16]. Many guidelines are very 147 

medication oriented, focusing on stepwise increase in therapy; this may be appropriate for 148 

adults, but for children there is no evidence that the highest steps are at all useful. Guidelines’ 149 

writers must also be careful to avoid financial conflicts of interest [17]. However, the focus in the 150 

latest iteration of the Global Initiative for Asthma on looking for reasons for treatment failure 151 
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before prescribing more medications is very welcome [18]. There are reviews focusing on 152 

children specifically and the broader aspects of management which may help in assessment 153 

[19-21]. 154 

 155 

Attention in asthma guidelines needs to be directed to lung growth. Longitudinal studies show 156 

that for most, if not all children, lung function tracks from the pre-school years into the sixth 157 

decade at least [22-24]. Asthma of all severities, but particularly severe asthma, is associated 158 

with impaired childhood lung function and long term adverse respiratory outcomes such as adult 159 

chronic obstructive pulmonary disease; in the Melbourne study, early severe asthma was a 160 

bigger risk factor for chronic obstructive pulmonary disease than adult smoking [25]. Long term 161 

lung function worsens in those adults with multiple asthma attacks who do not use ICS [26]. 162 

Impaired lung function in young adults is also associated with premature and increased all 163 

cause morbidity and mortality, including cardiovascular and metabolic [27, 28]. There is also a 164 

strong transgenerational effect, with parental spirometry closely correlated with that of the 165 

offspring. As yet we have no strategies to stimulate impaired lung growth, but a focus on 166 

monitoring and protecting the child from adverse effects such as exposure to passive and active 167 

smoking and vaping, and indoor and outdoor pollution, is an essential part of management. 168 

 169 

If co-morbidities and social/environmental factors are to be considered, the resources are 170 

unlikely to be found outside a specialist center. As well as respiratory pediatricians, the core 171 

multi-disciplinary team needs to comprise specialist nurses and physiotherapists, physiologists, 172 

pharmacists, clinical psychologists and social workers. There needs to be access to other 173 

specialists who understand the condition such as pediatric otorhinolaryngology, endocrinology 174 

and nutrition. Follow-up care by the center is also important. In the UK at least, the 175 

establishment of such centers for children lagged far behind that of adults, another example of 176 

how a real pediatric focus is lacking.  177 
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 178 

The purpose of this review is to discuss the management of school age children (age between 5 179 

and 18 years) referred to a specialist clinic in a high-income country who have asthma 180 

apparently unresponsive to standard medications. This review focuses on mechanisms and 181 

phenotypes of severe asthma, current management approaches, opportunities to improve 182 

management, and unanswered questions. 183 

 184 

Mechanisms and phenotypes of severe asthma  185 

 186 

Identification of pathophysiological phenotypes using objective biomarkers is essential in our 187 

routine assessments of severe asthma. The aim of this section is to discuss biomarkers that are 188 

currently available, the strength of evidence for their utility in children and the gaps in 189 

knowledge. Key distinctions and similarities between adult and childhood phenotypes will be 190 

outlined.  191 

 192 

Inflammatory phenotypes of severe asthma 193 

 194 

Eosinophils underpinning disease and as biomarkers to guide therapy. Most children with 195 

severe asthma have allergic, eosinophilic disease associated with type 2 immune responses. 196 

When compared to non-asthmatic controls, children with severe asthma have evidence of both 197 

airway luminal and tissue eosinophilia [14]. However, the within group spread of data is wide, 198 

and more recent assessments of lower airway inflammation in broncho-alveolar lavage (BAL) 199 

from children with severe asthma confirm a heterogeneous profile of inflammation [29]. This is 200 

most likely explained by the influence of treatment with glucocorticoids, but also that only a 201 

cross-sectional assessment at a single time-point can be made. Pauci-granulocytic BAL 202 

(normal/absent eosinophils and neutrophils) was found in up to 52% of children with severe 203 
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asthma, while a mixed inflammatory profile (high neutrophils and eosinophils) was the next most 204 

common in 22%, 15% had neutrophilic BAL and 9.5% had eosinophilic BAL [30]. Only the mixed 205 

inflammatory phenotype with high BAL eosinophils and neutrophils demonstrated correlation 206 

between BAL and blood eosinophils.  207 

The most direct non-invasive biomarker of lower airway inflammation is induced sputum [14]. 208 

Differential cell counts of eosinophils and neutrophils help to characterize the inflammatory 209 

phenotype and may be used to direct treatment [30]. However, induced sputum presents a 210 

challenge in clinical application because of the time taken for sample collection, processing and 211 

analysis. Sputum induction is also aerosol-generating and may not be safe to perform the 212 

COVID-19 pandemic. As a result, either blood eosinophils or exhaled nitric oxide are used as 213 

more pragmatic non-invasive inflammatory biomarkers. However, several studies in children 214 

have shown little direct correlation between blood and sputum or BAL eosinophils [30-32]. 215 

Despite this, blood eosinophils are assumed to be a surrogate for airway eosinophilic 216 

inflammation. Elevated blood eosinophils are required prior to prescription of biologics targeting 217 

eosinophilic inflammation. The concern is that the cut-off of 300 cells/mcl has been extrapolated 218 

from adult studies as a marker of efficacy [33]. But, in children, with such little evidence of an 219 

association between blood and airway eosinophilic inflammation, the optimal cut-off may be 220 

quite different and may impact efficacy. This discrepancy and extrapolation from adult studies 221 

highlights the need for childhood studies that assess both efficacy of anti-IL5 therapies and 222 

define pediatric specific biomarkers of response [34].  223 

 224 

An important role of sputum eosinophils is in enabling a distinction between the clinical 225 

phenotypes of difficult-to-treat asthma and true STRA. A combined approach of clinical and 226 

sputum phenotyping has shown children with difficult-to-treat asthma may have elevated blood 227 

eosinophils, but have undetectable sputum eosinophils, while those with STRA have both blood 228 

and sputum eosinophilia [35]. This suggests difficult-to-treat asthma is a corticosteroid sensitive 229 
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 10 

phenotype, while STRA is characterized by a relatively corticosteroid resistant airway 230 

eosinophilia and highlights a pitfall of inappropriately considering that children with difficult-to-231 

treat asthma need to be treated with biologicals if relying solely on blood eosinophils as a 232 

biomarker. Of course it may be that biologicals are appropriately prescribed in those intractably 233 

non-adherent as a rescue strategy to prevent asthma death. 234 

 235 

Although induced sputum is the most reflective of lower airway inflammation, the practical 236 

difficulties in obtaining samples mean it is unlikely to be utilized frequently. However, there is 237 

currently no single non-invasive test or biomarker that identifies the presence of an airway 238 

eosinophilic inflammatory phenotype driven by type 2 mediators [36]. A composite-biomarker 239 

assessment which includes blood eosinophils, and indirect assessments of type 2 immunity, 240 

including total serum IgE and exhaled nitric oxide seems most appropriate and needs to be 241 

incorporated in future clinical trials (Figure 2). Alternatively, new biomarkers of type 2 immunity 242 

may also be needed. Adult data suggest none of the currently available biomarkers for airway 243 

eosinophilia, when used as an individual test, has ideal sensitivity or specificity to predict 244 

sputum eosinophilia [37]. A combined measure of these biomarkers may be more reliable but 245 

has yet to be established.  246 

 247 

Neutrophils: a consequence of infection, corticosteroid treatment, or a marker of 248 

pathology? 249 

In contrast to eosinophils, airway neutrophils are not increased in children with severe asthma 250 

when compared to non-asthma controls [38]. However, within severe asthma, there is a sub-251 

group of children who have predominant lower airway neutrophilia. The most important point to 252 

consider in these patients is whether there is associated bacterial infection. The presence of 253 

bacterial pathogens is the most frequent explanation for a neutrophilic phenotype [29, 39]. 254 

However, even after excluding those with infection, there remains a group that have a 255 
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 11 

“neutrophil-high” phenotype [40]. A recent study divided children with severe asthma into BAL 256 

neutrophil-high (>5%) and low (<5%) and demonstrated increased neutrophil activation and 257 

degranulation and greater phagocytic capability in the neutrophil-high group, with the suggestion 258 

that treatments that target neutrophils may be important in this sub-group [40]. Although 259 

bacterial infection assessed by traditional culture was excluded, any associated alterations in 260 

the airway microbiome were not assessed. In addition, that was an assessment of airway 261 

luminal neutrophils, and in contrast, an assessment of intra-epithelial tissue neutrophils has 262 

shown the sub-group of children with high intra-epithelial neutrophils had better lung function, 263 

asthma control and were prescribed lower doses of ICS [38]. It is plausible that compartmental 264 

discrepancies may account for some of the differences in neutrophil-related findings in prior 265 

studies. 266 

 267 

An unbiased analysis of BAL cytokines and their relation to an inflammatory phenotype in 268 

children with uncontrolled severe asthma has shown the highest cytokine levels were detected 269 

in children with a neutrophil predominant (>6%) BAL. Although the neutrophilic group had more 270 

bacterial and viral pathogens detected, higher cytokine levels were also present independent of 271 

infection. Of note, the neutrophilic group had a mixed cytokine response, characterized by Th1 272 

(IL-12, TNF-a, IFN-g), Th17 (IL-17, G-CSF) and Th2 (IL-4, IL-9) mediators [41]. It is hard to 273 

disentangle the impact of treatment with corticosteroids on numbers of airway neutrophils and 274 

the elevated cytokines, and the functional significance of both remains uncertain. The authors 275 

suggested persistent symptoms, despite corticosteroids and in the absence of eosinophils, 276 

means treatments that target type 2 immunity alone are unlikely to be successful in this group 277 

and alternatives are needed [41]. However, whether the cytokines are a consequence of 278 

infection, treatment with corticosteroids and the resulting neutrophilia, or are driving the disease 279 

cannot be determined without an interventional study. Interestingly, adult studies that have 280 

investigated efficacy of blocking IL-17 have not shown benefit [42], but airway neutrophilia was 281 
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not required for inclusion. Although azithromycin may be beneficial in a sub-group [43], whether 282 

the predominant benefit is from its anti-bacterial or anti-neutrophilic actions is unknown. 283 

 284 

The data relating to neutrophils in childhood severe asthma highlight the importance of 285 

considering inflammation in context and emphasize that an isolated elevated neutrophil count is 286 

not sufficient for any meaningful clinical interpretation. The relevant compartment (peripheral, 287 

airway lumen, airway wall), presence or absence of infection, and ideally the functional 288 

characteristics of the neutrophils all need to be assessed before deciding whether the 289 

neutrophils are pathological or perhaps protective, or maybe bystanders [44]. In contrast to 290 

eosinophils, there is no relation between airway and blood neutrophil numbers [45]. Biomarkers 291 

or non-invasive tests that allow assessments of neutrophil function, not just their numbers, are 292 

therefore an important unmet need in the context of understanding their role in severe asthma. 293 

 294 

Pauci-granulocytic inflammation: predominance of airway remodeling? 295 

An important phenotype in children receiving high dose corticosteroids is pauci-granulocytic 296 

inflammation. A significant proportion, (approximately half [29]) of children with pauci-297 

granulocytic inflammation remain symptomatic, with frequent exacerbations and poor lung 298 

function despite little evidence of airway inflammation. The most likely explanation for poor 299 

control in these patients is a predominance of structural airway changes, or remodeling. 300 

However, just as inflammation is heterogeneous, each feature of remodeling (increased reticular 301 

basement membrane thickness, airway smooth muscle, goblet cell hyperplasia, angiogenesis) 302 

is present to varying degrees in each child [29], making it important to consider phenotypes of 303 

remodeling [46] and highlighting the need for therapies that target individual structural changes. 304 

A significant unmet need is the current lack of non-invasive tests or biomarkers that reliably 305 

allow assessments of airway remodeling. Quantitative CT imaging techniques have been 306 

employed in adult studies [47], but direct relation to airway structural changes have not been 307 
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shown in children [48], and radiation exposure from repeated CT scans is hard to justify. 308 

However, there are data to suggest innate epithelial mediators, specifically IL-33, is associated 309 

with remodeling in childhood severe asthma [49]. Therefore, to facilitate remodeling biomarker 310 

discovery we must improve our understanding of the mechanisms underpinning structural 311 

changes in childhood disease.  312 

 313 

Longitudinal inflammatory patterns – “phenotype stability” 314 

Almost all studies that have reported airway inflammatory phenotypes in childhood severe 315 

asthma have the limitation of being cross-sectional, thus presenting only a single snap-shot 316 

picture. The limited data available suggest little inflammatory phenotype stability over time, and 317 

there is no data reporting change after interventions [50, 51]. In contrast, studies in adult severe 318 

asthma are increasingly focusing on identifying longitudinally stable phenotypes. Four 319 

phenotypes that were stable over time were identified and validated in two independent severe 320 

asthma cohorts, ADEPT and U-BIOPRED, these included disease severity, lung function, 321 

sputum inflammation, blood eosinophils and exhaled nitric oxide [52]. Sputum granulocyte 322 

variability over time has been assessed in the adult Severe Asthma Research Program (SARP) 323 

III cohort, with predominantly eosinophilic, predominantly low eosinophils and highly variable 324 

groups, and similar categories for neutrophils. The highly variable eosinophil group had more 325 

asthma exacerbations, while the group with both persistently high eosinophils and neutrophils 326 

had the worst lung function [53]. The importance of assessing blood eosinophils over time, is 327 

highlighted by changes in adults that received placebo in trials of benralizumab [54]. Two-thirds 328 

of patients had a change in blood eosinophils over 6 months, and 59% in the low eosinophil 329 

group had changed to high eosinophils after 4 weeks. A single blood eosinophil count is 330 

therefore insufficient when phenotyping severe asthma, emphasizing the need for repeated 331 

measures and a composite biomarker approach (Figure 1).  332 

 333 
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Evaluation of difficult-to-treat asthma 334 
 335 

In children with difficult-to-treat asthma, it important to consider whether the child truly has 336 

asthma or a condition that mimics asthma. Therefore, the physician should perform a thorough 337 

evaluation of comorbid conditions that can make asthma difficult to manage. In this section, the 338 

tests useful in evaluating difficult-to-treat asthma will be discussed, followed by a brief summary 339 

of available medications and then a summary of a practical approach to the assessment and 340 

management of difficult-to-treat asthma in children.  341 

 342 

Laboratory tests  343 

Laboratory tests such as blood eosinophil counts and allergen specific IgE testing may be useful 344 

for ascertaining asthma phenotype, but are not diagnostic for asthma itself.  345 

 346 

Spirometry  347 

Forced expiratory airflow measures from spirometry can help with confirmation of the asthma 348 

diagnosis and are also useful for the evaluation of asthma control and response to therapy over 349 

time. Spirometry provides an objective measure of airflow limitation and is particularly 350 

advantageous in children who have a poor perception of respiratory symptoms or in children 351 

who are at risk for asthma exacerbations. However, valid spirometry results require that children 352 

properly perform a prolonged and forceful expiratory maneuver. Children with asthma typically 353 

have reduced airflow with forced exhalation, manifested by an abnormally low FEV1 or 354 

FEV1/FVC, or by an improvement in FEV1 12% after an inhaled SABA (e.g., albuterol). 355 

However, spirometric measures are not sensitive for asthma, since approximately half of 356 

children with asthma will have normal spirometric values when otherwise healthy. Abnormalities 357 

of the shape of the flow volume curve may give a clue to an alternative diagnosis, such as large 358 

airway obstruction.  359 
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 360 

Bronchoprovocation and exercise challenges 361 

Bronchoprovocation challenges with inhaled methacholine, mannitol, and cold or dry air can 362 

also be helpful with the diagnosis of asthma since the degree of airway hyperresponsiveness to 363 

these exposures tends to correlate with the degree of asthma severity and airways 364 

inflammation. However, these tests are most often used to rule out asthma or to confirm asthma 365 

in children with normal spirometry and are rarely practical outside of an investigational setting. 366 

Exercise challenges, which involve aerobic exertion on a treadmill, can also identify exercise-367 

induced bronchospasm and airflow obstruction. However, exercise challenges in the clinical 368 

setting may not reproduce the level of exertion and can miss asthma that is induced from 369 

vigorous exertion associated with many sports. 370 

 371 

Exhaled nitric oxide testing  372 

Exhaled nitric oxide is a noninvasive measure of airway inflammation obtained from the exhaled 373 

breath. Exhaled nitric oxide may support a diagnosis of asthma in children for whom the 374 

diagnosis is uncertain, although the sensitivity and specificity of the measure is dependent on 375 

the clinical situation. Elevated exhaled nitric oxide values can also be seen in children with 376 

allergic rhinitis without asthma and are therefore not diagnostic of asthma when considered 377 

alone. Values more than 50 ppb (or 35 ppb in children 5-12 years of age) are consistent with 378 

type 2, eosinophilic-mediated inflammation and may indicate a greater likelihood of response to 379 

corticosteroid treatment [55]. A normal exhaled nitric oxide value in a highly symptomatic, 380 

treatment-naïve child casts strong doubt on the diagnosis of allergic asthma as the cause of 381 

symptoms. 382 

 383 

Radiology   384 
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Chest radiographs are often normal in children with asthma but may show nonspecific findings 385 

of hyperinflammation (with flattening of the diaphragm) and peribronchial thickening. Chest 386 

radiographs are recommended during the initial evaluation of the children with difficult-to-treat 387 

asthma and are useful for ruling out other differential diagnoses. High-resolution, thin-section 388 

chest computed tomography may also be considered to rule out other lung abnormalities, such 389 

as bronchiectasis, which are difficult to appreciate on a chest radiograph. 390 

 391 

Bronchoscopy  392 

Bronchoscopy is often indicated to rule out other conditions such as or endobronchial 393 

obstruction or pulmonary aspiration. Indications for bronchoscopy include persistent stridor, 394 

persistent wheezing unresponsive to therapy, and recurrent atelectasis or pneumonia. Central 395 

airway biopsies may show changes to the reticular basement membrane and submucosal 396 

inflammatory cells. However, the distribution of the pathology in the bronchial tree is 397 

heterogeneous, so the representativeness of small biopsy samples could be limited. BAL for 398 

differential inflammatory cell counts may also be of limited value unless profound eosinophilia or 399 

neutrophilia is present, although cultures of the BAL fluid may be useful for the identification of 400 

any pathogens present. 401 

 402 

Treatment of difficult-to-treat asthma 403 

First-line controller therapy 404 

The cornerstone of pharmacologic therapy for children with difficult-to-treat asthma is higher-405 

dose ICS combined with other secondary controller therapies. These should only be used after 406 

ensuring that management has been optimized, including checking technique with inhaler 407 

devices and ensuring adherence. This recommendation is based on evidence from children with 408 

mild-to-moderate asthma which demonstrates a reduction in symptoms, a lesser risk of 409 

exacerbations, and improved quality of life in children treated with ICS compared to those 410 
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treated with placebo [56]. Although there are few randomized studies of high-dose ICS in 411 

children with asthma, there is some evidence that oral corticosteroid doses can be lowered if 412 

children are treated with higher ICS dosages [57]. Careful monitoring of children treated with 413 

continuous, high-dose ICS is warranted, since these medications can result in suppression of 414 

growth and adrenal function and altered skin and bone metabolism. In children who achieve 415 

sustained asthma control over 3 or more months, corticosteroid doses should be gradually 416 

tapered to the lowest possible dose that maintains control. 417 

 418 

A few children may require continuous oral corticosteroids to keep their asthma under control. 419 

Use of oral corticosteroids increases the risk of systemic side effects such as growth 420 

retardation, adrenal suppression, and altered skin and bone metabolism. These medications 421 

should therefore be used cautiously. If used, the dose should be gradually tapered to the lowest 422 

dose that maintains symptom control. In general, the use of oral corticosteroids has been 423 

superseded with the advent of the biologicals (below).  424 

 425 

Secondary controller therapies  426 

Other recommended secondary controller medications for children with severe asthma include 427 

LABAs and LTRAs. LABAs are the preferred secondary treatment and are superior to LTRA for 428 

the prevention of exacerbations and for the improvement of lung function and symptoms in 429 

adults inadequately controlled on low doses of ICS [58]. In children, the addition of a LABA to an 430 

ICS does not significantly reduce exacerbations or healthcare utilization for asthma but does 431 

significantly improve lung function compared to doubling of the ICS dose [59]. LABA add-on 432 

therapy is also associated with better asthma symptom control and lung function than LTRA 433 

add-on therapy in children [11], although treatment responses can vary.  434 

 435 
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While questions have been raised regarding the safety profile of LABA, namely the risk of 436 

severe asthma exacerbations in patients of African ancestry [60], a large Phase 4 study found 437 

that LABA in a fixed-dose ICS combination inhaler did not result in a higher rate of serious 438 

asthma-related events in adults [61] or children [62]. Nonetheless, providers and parents may 439 

remain hesitant about the use of LABA medications in children [63]. In those cases, the addition 440 

of an LTRA or a long-acting antimuscarinic antagonist (LAMA) to higher dose ICS therapy may 441 

be warranted.  442 

 443 

LAMAs such as tiotropium were recently approved for use in patients with asthma and have 444 

been shown to improve lung function in adults with poorly controlled asthma despite ICS 445 

therapy [64]. Tiotropium also reduces the likelihood of exacerbations requiring systemic 446 

corticosteroids in adults treated with ICS monotherapy [65]. Studies in children have yielded 447 

similar results.  In two Phase 3 studies of children 6-11 years of age with severe asthma and 448 

adolescents 12-17 years with moderate persistent asthma, tiotropium also improved lung 449 

function as an add-on therapy to ICS [66, 67]. Therefore, for patients 12 years and older with 450 

uncontrolled persistent asthma for whom a LABA is not used, current guidelines recommend 451 

addition of LAMA to the ICS as a step-up approach [55]. Adding a LAMA is not more efficacious 452 

than adding a LABA, so LAMAs should not be selected over a LABA unless necessary. LAMAs 453 

also have a less favorable benefit-harm profile and should not be used in patients with a risk of 454 

urinary retention or glaucoma.1 LAMAs can also be added to ICS/LABA combination therapy if 455 

the patient remains symptomatic [55].  456 

 457 

Current guidelines do not recommend the routine use of methylxanthines such as theophylline 458 

in children given the potential for side effects [6]. However, sustained-release low-dose 459 

theophylline may be considered in adolescents who remain uncontrolled despite other therapy 460 

attempts. The addition of theophylline to low-to-medium dose ICS improves lung function 461 
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measures in a manner similar to doubling the dose of the ICS [68].  Studies on the efficacy of 462 

theophylline compared to LABA add-on therapy are lacking. 463 

 464 

Immunosuppressants such as cyclosporine A, methotrexate or azathioprine have a limited 465 

evidence base and are not recommended due to low quality of available evidence and a high 466 

risk of side effects [6]. Guidelines indicate that if methotrexate is to be used, it should be 467 

administered by specialized centers only in patients with daily systemic corticosteroid use.  468 

Chest radiography, complete blood counts with differential and platelets, liver function tests, 469 

serum creatinine and diffusion capacity are recommended before treatment is initiated and 470 

during the treatment period. As with oral corticosteroids, these strategies have been superseded 471 

by the biologicals (below), 472 

 473 

Allergen immunotherapy 474 

Many children with difficult-to-treat asthma have type 2 inflammation with aeroallergen 475 

sensitization. Current guidelines recommend the use of subcutaneous immunotherapy as an 476 

adjunct treatment to standard pharmacotherapy in patients whose asthma can be adequately 477 

controlled at the initiation, build up, and maintenance phase of immunotherapy. These 478 

individuals may benefit from improvements in allergic rhinitis and conjunctivitis which could 479 

positively impact quality of life. The efficacy of subcutaneous immunotherapy with regard to 480 

medication use and exacerbations is not clear. Subcutaneous immunotherapy is also not 481 

recommended in patients with severe asthma given the potential for systemic reactions of 482 

potentially great severity. Children with severe asthma also tend to have sensitization to multiple 483 

versus single aeroallergens [69] which may complicate the delivery of therapy [70]. Sublingual 484 

immunotherapy is not currently recommended based on available data.  485 

 486 

Biologic therapy 487 
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Although conventional pharmacologic approaches should be attempted first, there is a growing 488 

recognition that children with STRA may have unique clinical phenotypes (each of which 489 

corresponds to a unique biological endotype) that may necessitate alternative treatment 490 

approaches. Biologics may be selected for these children when conventional therapy fails. 491 

There are currently five approved biologics for the treatment of asthma in the United States and 492 

only omalizumab and mepolizumab for children in the UK at present (Table 3). However, it is 493 

important to note that although the pivotal Phase 3 studies for several of these biologics 494 

included adolescents 12-17 years of age, adolescents were not largely represented in these 495 

studies [71-75]. These biologics also exclusively target patients with type 2-mediated 496 

inflammation. Yet despite careful selection of eligible patients for biologic initiation, patients 497 

have different responses to these interventions in real-world clinical settings. In one study, 498 

responses ranged from super response (14% of patients), partial response (69% of patients), 499 

and non-response (11% of patients) [76]. In that same study, asthma remained poorly controlled 500 

in 48% of patients after 2 years of treatment, while 32% of patients remained on chronic oral 501 

corticosteroids [76]. There is also no consensus about which biologic to select first and no 502 

evidence for the use of multiple biologics simultaneously. If biologics are to be used, patients 503 

should be carefully selected before initiation. Given the high cost of these agents, treatment 504 

response should be globally assessed, with discontinuation if there is no response within four 505 

months of administration [6].  506 

Anti-IgE therapy (omalizumab). Omalizumab is an injectable recombinant humanized IgG1 507 

monoclonal anti- antibody that prevents IgE from binding to its receptor on mast cells and 508 

basophils. It is given every 2-4 weeks in patients 6 years and older with persistent allergic 509 

asthma with at least one positive skin test (or an elevated specific IgE level) to an aeroallergen 510 

and an elevated serum IgE level with a restricted range. In a meta-analysis of 25 trials of adults 511 

and children, omalizumab reduced asthma exacerbations and hospitalizations when 512 

administered as an adjunct to ICS [77]. In children aged 6–12 years, two randomized, placebo-513 

Jo
urn

al 
Pre-

pro
of



 21 

controlled studies with moderate-to-severe asthma showed omalizumab reduced ICS doses and 514 

the number of exacerbations [78, 79].  In another study, omalizumab significantly reduced the 515 

rate of clinically significant asthma exacerbations, severe exacerbations, and emergency 516 

department visits in adolescents and adults with poorly controlled severe persistent asthma [80]. 517 

Omalizumab may be most effective in children with allergic sensitization and asthma who 518 

require high doses of ICS and experience frequent exacerbations. In 419 inner-city children and 519 

young-adults with asthma, treatment with omalizumab added to a regimen of guidelines-based 520 

therapy further improved asthma control, nearly eliminated seasonal peaks in exacerbations, 521 

and reduced the need for additional medications to control asthma [81]. However, variability in 522 

clinical responses to omalizumab defined by asthma control, asthma-related quality of life, and 523 

lung function over 4 years of therapy, have been noted and cannot be easily predicted [85]. In 524 

one study, response to omalizumab was significantly poorer in patients with a longer duration of 525 

asthma, a history of a near-fatal asthma episode, or a hospitalization for asthma in the year 526 

before therapy [82]. Hypersensitivity reactions (including anaphylaxis) have also been reported 527 

following approximately 0.1% of injections.  528 

 529 

Anti-IL-5 therapy (mepolizumab, reslizumab, benralizumab). Mepolizumab (the only 530 

licensed anti-IL5 monoclonal in the UK for children) is an anti–IL-5 antibody that binds to the IL-531 

5 ligand and prevents IL-5 from binding to its receptor. This blocks IL5-mediated eosinophil 532 

production. Mepolizumab is administered subcutaneously every 4 weeks in patients 6 years and 533 

older with severe eosinophilic asthma with a suggested absolute blood eosinophil count of at 534 

least 150 cells per microliter (300 in the UK) and at least 4 exacerbations necessitating systemic 535 

corticosteroids in the previous year. Like omalizumab, mepolizumab reduces annual 536 

exacerbation rates and improves quality of life as compared to placebo in adults with 537 

eosinophilic asthma [83]. It rarely causes hypersensitivity reactions. A lack of clinical response 538 

to omalizumab does not necessarily predict a lack of clinical response to mepolizumab [84].  539 
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 540 

Reslizumab is also an anti–IL-5 antibody that binds to the IL-5 ligand and prevents IL-5 from 541 

binding to its receptor. Reslizumab is administered intravenously and is approved for patients 542 

≥18 years with severe asthma. It is suggested for patients with an absolute blood eosinophil 543 

count of at least 400 cells per microliter, with weight-based dosing every three weeks. 544 

Reslizumab is not currently approved for use in children. In two large Phase 3 clinical studies, 545 

reslizumab also improved lung function, asthma control and asthma symptom in adults with 546 

elevated blood eosinophils who were inadequately controlled with ICS [85, 86].   547 

 548 

Benralizumab is also an anti-IL-5 antibody, that unlike mepolizumab and reslizumab, binds to 549 

the IL-5 receptor alpha subunit, resulting in apoptosis of eosinophils and basophils. 550 

Benralizumab is approved for patients 12 years and older with severe eosinophilic asthma with 551 

a suggested absolute blood eosinophil count of at least 300 cells per microliter. Benralizumab is 552 

administered subcutaneously every 2 weeks and has been shown to reduce asthma 553 

exacerbations compared to placebo [87, 88]. The reduction in exacerbations was greatest in 554 

patients with higher blood eosinophils and a more frequent exacerbation history [89]. Two-year 555 

follow-up data also demonstrate sustained improvements in asthma exacerbations, as well as 556 

modest improvements in health-related quality of life and lung function [90].  Improvements in 557 

quality of life and lung function are more prominent in patients with higher baseline eosinophils 558 

[91].  559 

 560 

Anti-IL-4 receptor antibody therapy (dupilumab). Dupilumab is an anti–IL-4 receptor 561 

antibody that binds to the IL-4 receptor alpha subunit and blocks signaling of both IL-4 and IL-562 

13. Dupilumab is administered subcutaneously every 2 weeks in patients 6 years and older with 563 

severe eosinophilic asthma. It is suggested that patients have an absolute eosinophil count of at 564 

least 150 cells per microliter or an exhaled nitric oxide level of at least 25 ppb. In meta-analysis, 565 
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dupilumab was associated with significant reductions of the annualized rate of severe asthma 566 

exacerbations and oral corticosteroid use and a statistical increase in the absolute FEV1 567 

[92]. Other studies have shown improvements in asthma control, quality of life and rescue 568 

medication use, although these improvements did not meet the minimal important clinical 569 

difference [93]. Long-term safety data are lacking. 570 

 571 
Opportunities to improve management of difficult to treat asthma  572 

 573 

Advances in asthma care 574 

Times have significantly changed in the management of severe asthma for children. Back in the 575 

1980s, children were often referred to specialty centers for management or suffered the 576 

consequences of frequent courses or even daily systemic corticosteroids and theophylline 577 

therapy [94]. In the 1980s there were residential facilities, such as National Jewish Center for 578 

Immunology and Respiratory Medicine (now National Jewish Health) in Denver, Colorado, and 579 

Pilgrim’s School in the UK that sought to gain better control by providing an escape from 580 

environmental factors and supervised medication administration. 581 

 582 

Fortunately, the 1990s ushered in better treatments, such as inhaled medication administration 583 

to take the place of orally administered medications and the application of asthma guidelines. 584 

Medications, such as ICS with greater potency, especially when combined with LABA, had a 585 

significant impact on reducing the need for oral corticosteroids and theophylline. That 586 

medication strategy of an anti-inflammatory with a potent bronchodilator combined with the 587 

introduction of asthma biologics in the 2000s, resulted in theophylline largely disappearing as 588 

maintenance therapy and limited use of systemic corticosteroids, except for significant asthma 589 

exacerbations. 590 

 591 
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The development of new medications, as well as the focused attention of government agencies, 592 

such as the National Institutes of Health on developing asthma guidelines, investment in 593 

conducting research to address emerging questions and conducting research to identify 594 

biomarkers associated with favorable medication response have elevated overall care in 595 

general. The ongoing revision of asthma guidelines, including global strategies, specifically the 596 

Global Initiative for Asthma, as well as increased number of trained asthma specialists have 597 

improved access to state-of-the art asthma care and eliminated the need for asthma residential 598 

facilities. 599 

 600 

Asthma biologics – recent developments 601 

The introduction of asthma biologics has made a significant impact on reducing exacerbations in 602 

severe asthma. This was initiated by the introduction of anti-IgE in the early 2000s, followed by 603 

recent approvals of anti-IL5 and anti-IL4/13 therapies with approvals in adolescents and some 604 

having approval down to six years of age. As previously summarized, the available asthma 605 

biologics tend to work better in those patients having characteristics of allergic airway 606 

inflammation or high TH2 features. New medications are on the horizon, such as anti-TSLP, that 607 

may have a greater chance of improving asthma control not only in high T2 individuals but also 608 

in low T2 patients [95-97). This medication not only reduces exacerbations but also has a 609 

significant effect on improving pulmonary function and reducing biomarkers of inflammation [97]. 610 

These new medications, especially those that have an effect on multiple pathological features of 611 

asthma raise the hope that new treatment strategies could induce remission. 612 

 613 

The concept of asthma remission 614 

Remission has been observed in other chronic diseases, but to date, no asthma medication has 615 

been capable of inducing asthma remission. Remission can occur spontaneously in some 616 

patients, usually those with good pulmonary function, low airway hyperresponsiveness and low 617 
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IgE and blood eosinophils [98]. Menzies-Gow and colleagues sought to define asthma 618 

remission as induced by medications and they followed this discussion with a review of 619 

medications that had the potential to induce remission [99, 100]. Clinical remission is 620 

characterized by the elimination of asthma symptoms for at least one year while off medication. 621 

Complete remission would occur where there is reduction in underlying features of the disease, 622 

such as reduction in biomarkers. It remains to be seen whether any of the current biologics are 623 

capable of inducing remission, or alternatively, are capable of improving asthma control to the 624 

point that asthma medications are not required while on the biologic therapy. Longer term 625 

studies and experience will be needed to make these observations. One of the caveats is that 626 

reduced airway caliber that happens antenatally or longstanding severe asthma that results in 627 

airway remodeling may be irreversible and thus unresponsive to treatment [101]. 628 

 629 

Even now, the current potential for asthma biologics has prompted questions on whether early 630 

intervention in the appropriate population may be useful in altering the natural history of asthma 631 

and preventing airway structural changes associated with severe asthma. Meanwhile, asthma 632 

biologics can be selected for children based on the age of regulatory approval, potential for 633 

alleviating other co-morbid conditions, such as atopic dermatitis, urticaria and nasal polyps, as 634 

well as the feasibility for home administration [102]. 635 

 636 

Application of technology to improve communication 637 

Our introduction to electronic communication came with the development of electronic medical 638 

records. In the United States, this was introduced as a form to validate billing for services. 639 

However, the systematic collection of information, provides the opportunity to communicate 640 

more effectively across health care locations. In addition, modifications of these records now 641 

presents the opportunity to summarize information over the life course of a patient. One obvious 642 
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application would be to look at pulmonary function over time to evaluate progression of the 643 

disease as indicated by loss of pulmonary function [22, 103]. 644 

 645 

Beyond electronic medical records, advances have been made in electronic medication 646 

monitoring. While these instruments have not necessarily improved asthma control, they do 647 

provide the opportunity to assess patient and parent behavior around controller and rescue 648 

medication use on a day-by-day basis as compared to only monitoring medication refills [104, 649 

105]. In addition, various companies are working on non-invasive methodology to assess 650 

pulmonary function, vital signs and symptoms on hand-held devices and thus facilitate home 651 

monitoring [106]. The non-intrusiveness of these innovations is particularly appealing, since the 652 

intrusiveness of older technology has hindered the field. It is therefore feasible, that the clinician 653 

could have easy access to multiple forms of information at their fingertips including that obtained 654 

at a visit, that obtained from home monitoring and laboratory and climate information. Indeed, 655 

that would provide a full picture of asthma control between visits as compared to brief and 656 

focused evaluations at periodic patient visits [107]. Home monitoring could become useful in 657 

identifying early signs of loss of control and impending asthma exacerbations. To date, a 658 

reliable marker of an impending asthma exacerbation with high specificity and high sensitivity 659 

has not been identified, however, the area of telehealth has been jump-started by the COVID 660 

pandemic. 661 

 662 

We now have characteristics to assess the likelihood of an asthma exacerbation in the coming 663 

year. The best predictor is an exacerbation in the prior year and low pulmonary function. 664 

However, biomarkers, such as blood eosinophils, serum IgE and the number of allergen skin 665 

tests can be used to predict seasonal exacerbations [108, 109]). Also, composite asthma 666 

scores, such as CASI and ASSESS, have been developed that allow the clinician to look at 667 

asthma burden over time and evaluate response to various interventions including asthma 668 
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biologics [110, 111]. The growing information about asthma phenotypes and endotypes 669 

developed from long-term studies of severe asthma and clustering techniques, allows us to 670 

characterize patients and establish pathways that can be alleviated for response to medications 671 

[112]. 672 

 673 

Approach to the School-Aged Child with Difficult-to-Treat and Severe Treatment 674 

Resistant Asthma 675 

 676 

The authors would like to propose an approach to children with difficult-to-treat and 677 

STRA incorporating the previously discussed management and phenotyping strategies into 678 

clinical practice (Figures 2, 3, and 4).  An algorithmic approach for other conditions, such as 679 

that used in chronic pediatric cough, results in an expedited diagnosis, reduced unnecessary 680 

interventions, and improved quality of life [113].  Asthma physicians should recognize that a 681 

one-size-fits-all approach to difficult-to-treat and STRA populations may ignore patient-specific 682 

factors, including phenotypes, biomarkers, previous therapies, and psychosocial barriers.  As 683 

such, this approach should be tailored as needed. 684 

 685 

Diagnosing Difficult-to-Treat Asthma 686 

 Distinguishing asthma, as opposed to a disease mimicker or a co-morbidity, as the 687 

cause of the patient’s symptoms should initially be based upon history, physical examination, 688 

and spirometry (Figure 2).   Alternative diagnosis to asthma should be considered if the history 689 

reveals symptoms resistant to albuterol, systemic steroids, escalating controller therapy, or 690 

removal of triggering exposures [114].    691 

In children, many respiratory conditions can present with signs and symptoms that are 692 

similar to those of asthma. These are detailed in Table 1 and include upper respiratory tract 693 

conditions such as rhinitis and sinusitis, middle respiratory tract conditions such as vocal cord 694 
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dysfunction and airway anomalies, and lower respiratory tract conditions such as bronchiolitis 695 

and pneumonia. Gastroesophageal reflux and rhinosinusitis are common causes of chronic or 696 

intermittent cough yet can be challenging to diagnose in children. For example, 697 

gastroesophageal reflux tends to be clinically silent and children with chronic sinusitis often do 698 

not report sinus-specific symptoms such as sinus pressure and tenderness. Gastroesophageal 699 

reflux and rhinosinusitis are also frequently comorbid with childhood asthma and can make 700 

asthma difficult to control. Vocal cord dysfunction can also co-exist with asthma and manifests 701 

as intermittent wheezing, coughing and shortness of breath (sometimes in the setting of 702 

exercise or psychological stress) due to involuntary adduction of the vocal cords. Treatment of 703 

the causes of vocal cord irritability, which include high gastroesophageal reflux/aspiration, 704 

allergic rhinitis, rhinosinusitis, and asthma, can improve vocal cord dysfunction in affected 705 

children. 706 

Exam and spirometry are not without their limitations.  An obstructive pattern on 707 

spirometry can be seen in other pediatric lung disorders in the differential diagnosis for asthma, 708 

including cystic fibrosis.  In the difficult-to-treat or uncontrolled asthmatic, clinicians should 709 

always confirm a bronchodilator response and have a low threshold for obtaining lung volumes. 710 

Supporting testing including FeNO, peripheral blood eosinophils, serum IgE, and allergy 711 

skin prick or blood testing, may support a diagnosis of asthma given the common atopic nature 712 

of pediatric asthma, with non-atopic asthma or TH2 low asthma potentially portending poor 713 

response to standard therapies [115].  These biomarkers can also guide selection of the best 714 

step-up controller therapy to improve asthma control [116], thereby minimizing exposures to 715 

less beneficial or potentially harmful therapies.  Environmental aeroallergy testing can direct the 716 

use of allergen immunotherapy; however, it should be noted that NHLBI guidelines indicate that 717 

allergen immunotherapy should only be considered in patients with mild-to-moderate asthma, 718 

not uncontrolled severe persistent asthma [55]. 719 
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 Throughout this approach, asthma control should be reassessed, as utilization of 720 

evidence-based guidelines therapy may be sufficient alone to enable asthma control.  The 721 

definition of control should not be limited to guidelines-based definitions alone but also include 722 

fatal or near fatal asthma, CASI and ASSESS scores, and patient and family goals of care.  723 

Patient-centered goals can increase patient and family “buy-in” into asthma management, 724 

ultimately leading to improved asthma control [117].  725 

 726 

Monitoring over time 727 

For children with well-controlled or mild asthma, two to four checkups per year are 728 

recommended for reassessing and maintaining asthma control. However, more frequent 729 

evaluations are needed for children with difficult-to-treat asthma. For these children, a structured 730 

approach to evaluation is beneficial. This includes a careful search for co-morbidities and 731 

triggers and a review of exacerbations and healthcare utilization for asthma (such as 732 

hospitalizations and Emergency Department visits). Routine spirometry and exhaled nitric oxide 733 

monitoring may also be useful for assessing the response to pharmacologic therapy, predicting 734 

loss of control with ICS tapering, and predicting future asthma exacerbation. Psychological 735 

screenings may be also worthwhile since psychosocial factors such as anxiety and depression 736 

are important risk factors for frequent asthma-related healthcare utilization. Encouraging 737 

adoption of a healthy lifestyle with programs that address poor diet, inactivity, and sedentary 738 

lifestyles of the child with asthma can also be important for achieving adequate asthma control. 739 

At each visit, adherence to the prescribed treatment regimen should also be evaluated. 740 

Education on how to use asthma medications and how to follow an asthma action plan should 741 

be provided and reinforced at each visit. Home visits are also useful to evaluate exposures in 742 

the home, access to prescribed therapies, psychosocial factors and other risk factors such as 743 

social vulnerability to poorer asthma outcomes. However, it is recognized that real-world 744 

practicality of home visits is limited given issues of labor and time costs. Also, CoVID may limit 745 
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the ability to do such visits, but perhaps in the future virtual visits using facetime or a similar 746 

platform may be useful. 747 

 748 

If corticosteroid responsiveness is in question, this could be evaluated after a high dose of oral 749 

corticosteroids or an injectable dose of depot triamcinolone acetonide. Responsiveness is 750 

typically assessed 2-3 weeks after these interventions with a battery of measures. A multi-751 

domain approach to assessment of corticosteroid responses is recommended since there is 752 

currently no gold standard for this purpose and there are no reliable single predictors of 753 

response pattern [30].  For example, in one report, only 11% of children with severe refractory 754 

asthma had a “complete” response to systemic corticosteroids, evidenced by improvements in 755 

symptoms, FEV1, FEV1 bronchodilator reversibility and exhaled nitric oxide concentrations [118]. 756 

Separate studies of children with difficult-to-treat asthma have further highlighted discordance 757 

between asthma symptoms, lung function parameters, exhaled nitric oxide concentrations and 758 

blood and sputum eosinophil counts after corticosteroid administration [119, 120].  759 

 760 

Domains in the Management of Difficult to Treat Asthma 761 

 Additional testing:  More invasive testing may be indicated based on a patient’s 762 

response, or lack thereof, to therapy, physical exam, or history features (Figure 3).  The 763 

benefits of this additional testing must be weighed against the risks, including anesthesia with 764 

bronchoscopy, radiation with CT scan, or the possibility of a false negative in an exercise 765 

challenge.  In vivo corticosteroid responsiveness evaluations are not standardized, leading to 766 

potential false negatives or adverse effects pending on the duration and dose of steroid used.  767 

Intramuscular triamcinolone injections have been associated with subcutaneous atrophy at the 768 

injection site [121] but have the merit of assuring adherence.  Alternatively, direct observation in 769 

a hospital setting can be utilized to ensure adherence and assess steroid responsiveness [122].  770 
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Corticosteroid responsiveness can be explored through in vitro testing of PBMCs, where 771 

available [123]. 772 

 773 

 Treatment of co-morbid conditions:  The benefit of a multidisciplinary team is highlighted 774 

when co-morbidities are identified, including inducible laryngeal obstruction, obstructive sleep 775 

apnea, tonsillar and/or adenoid hypertrophy, and obesity.  Multidisciplinary care has been used 776 

successfully in the management of chronic pediatric conditions across other fields with similar 777 

benefits observed for asthma as well [124].  Speech language pathology can be beneficial both 778 

in the diagnosis and management of inducible laryngeal obstruction and in-clinic swallow 779 

evaluations for dysphagia or aspiration.  A dietitian can counsel a patient on weight loss 780 

strategies or vitamin D and calcium supplementation in the setting of chronic steroid use.  781 

Rheumatology can assist in the diagnosis of early onset eosinophilic granulomatosis with 782 

polyangiitis, if suspected. 783 

 784 

 Evaluation of the home and school environment:  The 2020 focused NHLBI expert panel 785 

guideline update highlighted the role of a multicomponent aeroallergen mitigation strategy to 786 

assist in asthma management [55].  While the COVID-19 pandemic may lead to barriers to 787 

traditional home evaluations, the increase utilization of video web platforms for telehealth visits 788 

allows increased opportunities to assess the home, including the presence of animals, 789 

secondhand tobacco exposure, or accessibility to controller therapies.  Similarly, evaluation of 790 

the school environment can provide insight into school-based triggers, including sports and 791 

physical education associated symptoms [19].   792 

 793 

 Psychosocial barriers to care:  Depression and anxiety with asthma is associated with 794 

increased emergency room visits, hospitalizations, and poorer medication adherence [125, 126], 795 

emphasizing the importance of routine screening for these conditions in difficult to treat asthma.  796 
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Providers may be hesitant to explore anxiety and depression in their patients, either secondary 797 

to time constraints or lack of resources should they identify any mental health disorders, 798 

especially suicidal ideation.  Screening questionnaires exist for anxiety and depression that do 799 

not specifically address suicidal ideation [127], thereby overcoming this hurdle.   The treatment 800 

of anxiety and depression in patients with asthma has been associated with improved asthma 801 

control questionnaire scores and less prednisone for exacerbations [128]. Partnership with 802 

social work or psychology can assist in the diagnosis and management of these conditions, 803 

including engagement of community and school resources, such as development of school 804 

support plans.   805 

 806 

 Adherence and technique evaluation:  Adherence monitoring strategy choice of either 807 

more historical routes, including prescription refill history, insurance claims, or dose counters, or 808 

newer technology-based options, such as electronic medication monitors or home-based 809 

spirometry, must be weighed between the limitations and required resources of each strategy.  810 

Electronic medication monitoring provides real-time, passive, date- and time-stamped insight 811 

into a patient’s medication use, but does require both human, technology, and time resources.  812 

Electronic medication monitoring technology can provide insights beyond just reminders, 813 

allowing providers to address adherence phenotypes, correlation with ACT scores, and 814 

administration technique [129-131].  Actuations measured on electronic medication monitoring 815 

devices does not ensure the medication was administered or with correct technique.  Inhaler 816 

devices that incorporate inspiratory flow sensing help address these hurdles [132].  Regardless 817 

of approach, once non-adherence is identified, providers should explore the underlying cause of 818 

the poor adherence, whether intentional or unintentional, to develop a patient-centered, tailored 819 

treatment plan [133]. 820 

 821 

Managing Severe Treatment Resistant Asthma 822 
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 Following evaluation of difficult to treat asthma, if the asthma remains uncontrolled after 823 

addressing modifiable factors it is classified as STRA.  In STRA, an escalation of controller 824 

therapies, most notably biologics are considered (Figure 4).  If not previously or recently 825 

obtained, a composite biomarker approach should be taken to phenotype the patient and 826 

forecast potential response to treatment.  The decision on which biologic to choose should be a 827 

shared decision making process with the patient and family focused on anticipated outcomes, 828 

side effects, administration strategies, and time and financial costs.  A consideration could be 829 

made to utilizing biologics earlier in the process, especially in the non-adherent patient; 830 

however, the cost-effectiveness of such an approach should be considered when balancing the 831 

potential risk for exacerbations, especially if life-endangering, versus the use of a more 832 

expensive medication [134].   Response to a biologic should be reassessed every 3-6 months.  833 

Ultimately, if a patient fails to respond to biologic therapy a switch to an alternative biologic can 834 

still lead to improved asthma control [135] or potentially the outlined algorithm should be re-835 

started. 836 

 837 

Future directions 838 

As a result of COVID, we have seen the accelerated application of telemedicine to both clinical 839 

practice and research. Patients can now conduct visits from home and thus for children, it can 840 

reduce the need for school absence for frequent visits. This strategy combined with digital 841 

technology should also facilitate access to care for children living in rural communities to receive 842 

regular care without traveling long distances for evaluation. Therefore, we have seen many 843 

changes in asthma management that provide the opportunity to improve response to 844 

medications, to individualize treatment and to monitor response.  845 

 846 
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While there are remarkable advances in medication development and digital health in recent 847 

years, there are still some underlying scientific questions that must be addressed to improve the 848 

overall management of asthma and especially severe asthma in children including the following: 849 

1. What is the stability of asthma phenotypes? 850 

2. What is the mechanism of asthma related to non- or low-type 2 endotypes and what 851 

management strategies may be effective? 852 

3. What biomarkers can distinguish inflammatory endotypes? 853 

4. What determines the variability in response to medications? 854 

5. What medications are effective? 855 

6. How do we choose from the various asthma biologics available with varying 856 

mechanisms of effect?  857 

7. What biomarkers can be used to predict response and detect early treatment response 858 

to asthma biologics? 859 

8. With medications, such as benralizumab, that reduce eosinophils is there a lower limit of 860 

safety for eosinophil reduction? 861 

9. What is the role of infection in severe asthma? 862 

10. What is the interaction of immunomodulation and respiratory infection?  863 

11. Do ICS, especially at high doses predispose to respiratory infections? 864 

 865 

Work is in progress in national and international asthma networks, such as the National Heart, 866 

Lung and Blood Institute Precision Medicine in Severe and Exacerbation Prone Asthma 867 

(PrecISE) Network, looking at medications that may be effective in the low or non-T2 pathway 868 

[136]. In addition, early intervention studies are being conducted in young children with 869 

emerging asthma that might individuate whether medications, such as omalizumab [137] or a 870 

bacterial lysate (clinicaltrial.gov registration: https://clinicaltrials.gov/ct2/show/NCT02148796) 871 
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might alter the natural history of asthma and even prevent severe asthma in children. As we 872 

gain more information from these studies, we will continue to refine our approach not only to the 873 

management of severe asthma but also to its prevention. 874 

 875 

 876 

  877 
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Figure legends 1292 

Figure 1. Components of a composite biomarker of childhood severe asthma; should be 1293 

measured longitudinally to determine phenotype stability. 1294 

Figure 2. Approach to a child with untreated asthma and diagnosis of difficult to treat asthma. 1295 

Figure 3. Evaluation of difficult to treat asthma in a pediatric patient. 1296 

Figure 4.  Management of severe treatment resistant asthma. 1297 
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Table 1 ATS/ERS criteria for severe asthma.   1299 
 1300 
Treatment with high-dose inhaled corticosteroids (ICS): 
     For children 6-12 years: > 800 mcg of beclomethasone equivalent/day  
     For children 12 years and older: > 2000 mcg of beclomethasone equivalent/day 
 

PLUS 

Using, or having had a failed trial of, long-acting β-2 agonists (LABA), a leukotriene 
receptor antagonist (LTRA), and sometimes low dose (anti-inflammatory) theophylline 
 

AND ALSO: Uncontrolled asthma, defined as one or more of- 

Poor symptom control (Asthma Control Questionnaire (ACQ) consistently ≥1.5 or Asthma 
Control Test (ACT) <20. 
 
Frequent severe asthma attacks, defined as > 2 courses of systemic corticosteroids (≥3 
days each) in the previous year 
 
> 1 serious attacks, namely least one hospitalization, intensive care unit stay or 
mechanical ventilation in the previous year 
 
Airflow limitation defined as a forced expiratory volume in 1 s (FEV1) <80% predicted (in 
the presence of reduced FEV1/forced vital capacity (FVC) ratio defined as less than the 
lower limit of normal) following a withhold of both short- and long-acting bronchodilators 
 

An additional criterion used in paediatrics is persistent airflow limitation (PAL), defined as 
failure to improve spirometry to within the normal range despite a course of systemic 
corticosteroids and acute administration of short-acting β-2 agonist (SABA). 
 

 1301 
 1302 
Reference 1 - Chung KF, Wenzel SE, Brozek JL, Bush A, Castro M, Sterk PJ, et al. 1303 
International ERS/ATS guidelines on definition, evaluation and treatment of severe asthma. Eur 1304 
Respir J.  2014; 43: 343-73. 1305 
 1306 
 1307 
  1308 
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Table 2. Differential diagnosis of difficult-to-treat asthma  1309 
  1310 

 Laryngotracheobronchomalacia 

 Laryngotracheobronchitis  

 Laryngeal web, cyst or stenosis 

 Exercise-induced laryngeal 
obstruction 

 Vocal cord dysfunction 

 Vocal cord paralysis 

 Tracheoesophageal fistula 

 Vascular ring, sling, or external 
mass compressing the airway 

 Endobronchial tumor 

 Foreign body aspiration 

 Chronic bronchitis from 
environmental tobacco smoke 
exposure 

 Repaired tracheoesophageal 
fistula 

 Toxic inhalations 

 Bronchopulmonary 
dysplasia (chronic lung 
disease of prematurity) 

 Viral bronchiolitis 

 Gastroesophageal reflux 

 Causes of bronchiectasis 
(cystic fibrosis, 
immunodeficiency, 
allergic 
bronchopulmonary 
mycoses, chronic 
aspiration) 

 Primary ciliary dyskinesia 

 Bronchiolitis obliterans 

 Interstitial lung diseases 

 Hypersensitivity 
pneumonitis 

 Eosinophilic 
granulomatosis with 
angiitis 

 Eosinophilic pneumonia 

 Pulmonary hemosiderosis 

 Tuberculosis 

 Pneumonia 

 Pulmonary edema (e.g., 
congestive heart failure) 

 Vasculitis 

 Sarcoidosis 

 Medications associated 
with chronic cough 
(acetylcholinesterase 

inhibitors, -adrenergic 
antagonists, angiotensin-
converting enzyme 
inhibitors) 
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Table 3. Biologics for the treatment of difficult-to-treat asthma 1311 
 1312 

Name Mechanism of 
action 
 

Age indicated Other indications Administration 

Omalizumab  Prevents IgE from 
binding to its receptor 
 

 6 years Moderate-to-severe 
persistent asthma with a 
positive skin test or in vitro 
reactivity to a perennial 
aeroallergen and 
symptoms inadequately 
controlled with inhaled 
corticosteroid 
 

Subcutaneous, 
150 to 375 mg 
every 2-4 weeks. 
Dose determined 
by total IgE level 
and body weight 

Mepolizumab Binds to IL-5 ligand  6 years Severe eosinophilic 
asthma, with baseline 
blood eosinophil count 

150 cells/microliter and at 
least two asthma 
exacerbations in the 
previous year 

Subcutaneous, 40 
mg for children 6-
11 years and 100 
mg for age 12 and 
older every 4 
weeks 
 

Reslizumab 
 

Binds to IL-5 ligand 
 

 18 years Severe eosinophilic 
asthma, with baseline 
blood eosinophil count of 

400 cells/microliter, at 
least one asthma 
exacerbation in the 
previous year, and 
reduced lung function with 
FEV1 <80% predicted 
 

Intravenous, 3 
mg/kg every 4 
weeks 

Benralizumab Binds to IL-5 receptor 
 

 12 years Severe asthma with an 
eosinophilic phenotype 
(suggested blood 

eosinophil count of 300 
cells/microliter and at least 
two asthma exacerbations 
in the previous year) 
 

Subcutaneous, 30 
mg every 4 weeks 
for three doses, 
then 30 mg every 
8 weeks 

Dupilumab Binds to IL-4 receptor 
alpha 
 

 6 years Uncontrolled moderate-to-
severe eosinophilic or oral 
corticosteroid dependent 
asthma (suggested blood 

eosinophil count 150 
cells/microliter and 

exhaled nitric oxide 25 
ppb) 

Subcutaneous, 
200 mg (after 
loading dose of 
400 mg) or 300 
mg (after loading 
dose of 600 mg) 
every 2 weeks 
 

 1313 
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Table 1 ATS/ERS criteria for severe asthma.   
 

Treatment with high-dose inhaled corticosteroids (ICS): 
     For children 6-12 years: > 800 mcg of beclomethasone equivalent/day  
     For children 12 years and older: > 2000 mcg of beclomethasone equivalent/day 
  

PLUS 

Using, or having had a failed trial of, long-acting β-2 agonists (LABA), a leukotriene 
receptor antagonist (LTRA), and sometimes low dose (anti-inflammatory) theophylline 
 

AND ALSO: Uncontrolled asthma, defined as one or more of- 

Poor symptom control (Asthma Control Questionnaire (ACQ) consistently ≥1.5 or Asthma 
Control Test (ACT) <20. 
 
Frequent severe asthma attacks, defined as > 2 courses of systemic corticosteroids (≥3 
days each) in the previous year 
 
> 1 serious attacks, namely least one hospitalization, intensive care unit stay or 
mechanical ventilation in the previous year 
 
Airflow limitation defined as a forced expiratory volume in 1 s (FEV1) <80% predicted (in 
the presence of reduced FEV1/forced vital capacity (FVC) ratio defined as less than the 
lower limit of normal) following a withhold of both short- and long-acting bronchodilators 
 

An additional criterion used in paediatrics is persistent airflow limitation (PAL), defined as 
failure to improve spirometry to within the normal range despite a course of systemic 
corticosteroids and acute administration of short-acting β-2 agonist (SABA). 
 

 
 
Reference 6 - Chung KF, Wenzel SE, Brozek JL, Bush A, Castro M, Sterk PJ, et al. 
International ERS/ATS guidelines on definition, evaluation and treatment of severe asthma. Eur 
Respir J.  2014; 43: 343-73. 
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severe asthma
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IgE Exhaled nitric oxide

Airway infection 
(bacterial culture/virus 
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Confirm 
asthma 

diagnosis

Untreated Severe Asthma

Biomarkers to predict best 
response to initial or step-up 

therapy:  peripheral blood 
eosinophils, IgE, skin prick 

testing

Remains symptomatic despite 
≥100 mcg BID fluticasone

History of fatal or near fatal 
asthma

In appropriate asthma action 
plan  use: SABA overuse or ICS 

underuse

Healthcare utilization: 
Hospitalizations, ED use, 
appointment no shows

History

Physical exam

Spirometry including 
bronchodilator response

FeNO

Consider additional testing 
based on disease specific 

pointers (Table 2)

Choose controller 
using guidelines-
based therapies

Evaluate for factors 
consistent with DTT 

asthma

If diagnosis is 
confirmed

If asthma 
remains 

uncontrolled

If diagnosis is 
not confirmed

Continue routine follow up 
every 3 to 6 months

If asthma is 
controlled

Difficult to Treat Asthma

Reassess 
asthma 
control Aim to maintain control with 

lowest dose of ICS therapy
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Difficult to Treat Asthma

Consider 
additional 

testing

Evaluate home 
and school 

environment

Treat              
co-morbid 
conditions

Explore 
psychosocial 

barriers

Evaluate 
adherence 

and technique

Exercise challenge

Chest radiograph or CT

Bronchoscopy

Induced sputum

Endocrinology

Nutrition/Lifestyle

Speech Therapy

Sleep Medicine

Otolaryngology

Screen for conditions that can 
occur concurrent with or 
worsen asthma (Table 2)

If identified 
enlist 

multidisciplinary 
support

If abnormal Modify treatment plan 
based on conditions 

identified

Home and/or school visits

Exposure to sensitized 
aeroallergens

Smoking/vaping cessation

If identified Employ multicomponent 
mitigation strategies

Depression/Anxiety screening

Financial barrier screening

If identified 
enlist 

multidisciplinary 
support Psychology

Social work

Reminders, consolidate 
medication regimen, or 

school-based administration

Address root causes: 
treatment-, provider-, or 

patient-based
Prescription refill frequency

Education

Electronic medication 
monitoring

If identified

Reassess 
asthma 
control

Corticosteroid responsiveness

If asthma 
remains 

uncontrolled

Severe Treatment 
Resistant Asthma

Continue routine follow up 
every 6-8 weeks

If asthma is 
controlled
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Severe Treatment 
Resistant Asthma

Figure 2: Blood eosinophils, IgE, 
FeNO, lung function, airway 

infection

Re-evaluate 
composite 
biomarkers

Predict response to biologics

Predict likelihood of future 
exacerbations

Increase 
controller 
therapy

Increase dose of ICS

Add LABA

Add LTRA

Add LAMA

Monitor growth, adrenal 
function, and bone health

If on high 
dose ICS

Reassess 
asthma 
control

If asthma 
remains 

uncontrolled

Continue routine follow up 
every 6-8 weeks

If asthma is 
controlled

Add biologic

Shared decision making

Biomarkers to predict response

Shared decision making

Reassess response to 
biologic every 4-6 months

Reassess 
asthma 
control

Continue routine follow up 
every 6-8 weeks

If asthma is 
controlled

If asthma 
remains 

uncontrolled

Change biologics or 
reapproach evaluation

Follow up visits should always include evaluation of lung 
function, exacerbations, unscheduled healthcare 

utilization, co-morbid condition management, education, 
medication side effects, adherence, and technique
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CME EXAM 
 
MS# & Article title: 21-00995, Difficult-to-treat Asthma Management in Children 
Author(s): Andrew Bush, Anne Fitzpatrick, Sejal Saglani, Stanley Szefler 
Issue: February 2022 (Difficult to Control Asthma theme) 
Review series: Clinical Management 
Editor: Robert S. Zeiger 
Disclosures: All authors and reviewers reported no relevant financial relationships. 
 
 
Learning objectives:   
1. To understand the role of a multi-disciplinary assessment in the assessment of 

children with problematic severe asthma. 
2. To appreciate the modes of action of and indications for the novel biologics in 

children with eosinophilic asthma. 
3. To understand that not all asthma requires ever more anti-eosinophilic strategies, but 

instead deploy alternative strategies. 
4. To realize that asthma attacks are not a trivial inconvenience, but a major red flag, 

and thus the importance of a focused response. 
 
 
Questions: 
 
1. Which of the following statements about definitions of severe asthma is correct? 
a. Aspects of risk are included in most definitions of severe asthma. 
b. Severe asthma due to failure of diagnosis or lack of availability of treatment is an 

exclusively low- and middle-income country problem. 
c. Most children referred for therapy with biologics in fact need to get the basics right. 
d. Inhaled steroid dose of fluticasone equivalent 2000 mcg/day is part of the definition 

of severe asthma. 
 
Answer: C 
Explanation: Poor adherence is among the commonest issues identified and therefore it 

is important to get the basic evaluation correct before proceeding to more 
expensive therapies. Pockets of deprivation leading to severe asthma can occur 
in high income countries. Most definitions of severe asthma are based on levels 
of prescribed medications. The level of fluticasone equivalent stated in the 
definition of severe asthma is 1000 mcg/day.  

 
 
2. Which of the following clinical features is best used to define severe asthma in the 

ERS/ATS criteria? 
a. Six courses/year of oral prednisolone 
b. One episode of ventilation for an asthma attack 
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c. Asthma control test (ACT) score <15 
d. FEV1 percent predicted persistently less than 70% 
 
Answer: B 
Explanation: One episode of ventilation is among the clinical features used to define 

severe asthma in the ERS/ATS criteria along with two courses/year of 
prednisolone define severe and asthma control test score <20/25, and persistent 
airflow limitation defined by FEV1 percent predicted persistently less than 80%. 

 
 
3. Which of the following is the predominant pathophysiological phenotype of childhood 

severe therapy resistant asthma? 
a. Non-atopic, eosinophilic inflammation 
b. Non-atopic, neutrophilic inflammation 
c. Allergic, eosinophilic airways disease, despite high dose inhaled corticosteroids (ICS) 
d. Persistent airflow limitation 
 
Answer: C 
Explanation: The majority of children (>85%) with true severe therapy resistant asthma 

have aeroallergen sensitization and a predominant airway eosinophilia 
 
 
4.  Which of the following is a priority in the management of a child with predominant 

neutrophilic airway inflammation? 
a. Trial of anti-IL17 antibody therapy 
b. Trial of macrolide therapy 
c. Identify airway bacterial infection and trial of targeted antibiotics 
d. Trial of anti-CXCR2 therapy 
 
Answer: C 
Explanation: The most common reason for neutrophilic inflammation in children with 

difficult-to-control or true severe therapy resistant asthma is the presence of 
bacterial airway infection. This must be identified and treated with targeted 
antibiotics before considering any anti-neutrophilic therapies. Neutrophilic 
asthma is very rare in children. 

 
 
5. Which of the following will contribute very little as part of a composite biomarker to 

phenotype severe therapy resistant asthma? 
a. Blood eosinophils 
b. Exhaled nitric oxide 
c. Total serum IgE 
d. Blood neutrophils 
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Answer: D 
Explanation: There is little to no evidence of a relationship between blood and airway 

neutrophils. One of the biggest gaps in our knowledge and unmet needs for 
severe asthma is a non-invasive biomarker for airway neutrophilia. 

 
 
6. A 10-year old child with difficult-to-treat asthma remains symptomatic after receipt of 

a low-dose inhaled corticosteroid and a long-acting beta agonist. Which of the 
following is the most appropriate next step?  

a. Prescribe a long-acting muscarinic antagonist (e.g., tiotropium). 
b. Increase the dose of the inhaled corticosteroid.  
c. Evaluate potential co-morbidities. 
d. Initiate biologic therapy. 
 
Answer: C 
Explanation: Most children with asthma respond well to a low dose inhaled 

corticosteroid plus one other controller medication if administered regularly and 
correctly. Only a few children benefit from increasing the dose of the inhaled 
corticosteroid. If a child is not responding to low-dose standard medication, the 
most appropriate next step is to look for extra-pulmonary co-morbidities and 
social/environmental factors to correct. 

 
 
7. Which of the following treatment approaches is the most efficacious for a child with 

difficult-to-treat asthma who remains symptomatic despite daily use of inhaled 
corticosteroids? 

a. Doubling the dose of the inhaled corticosteroid 
b. Addition of a long-acting muscarinic antagonist (e.g., tiotropium) 
c. Addition of a long-acting beta agonist (e.g., salmeterol) 
d. Addition of a leukotriene receptor antagonist (e.g., montelukast) 
 
Answer: C 
Explanation: Long-acting beta agonists are the preferred secondary treatment and are 

superior to leukotriene receptor antagonists for improvement of lung function 
and symptoms. Long-acting muscarinic antagonists are not more efficacious than 
long-acting beta agonists and have a less favorable benefit-harm profile. 
Doubling the dose of the inhaled corticosteroid also has an unfavorable benefit-
harm profile and increases the risk of adrenal suppression. 

 
 
8. The recently proposed definition of clinical remission includes absence of symptoms 

for which of the following timeframes? 
a. 3 months 
b. 6 months 
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c. 12 months  
d. 24 months 
 
Answer: C 
Explanation: Menzies-Gow and colleagues conducted a Delphi process to come up with 

a definition of remission that could be considered for regulatory agencies in 
describing benefits of medications, such as asthma biologics. For clinical 
remission, they decided on a period of 12 months with absence of symptoms to 
describe clinical remission. This would cover the pertinent seasons of the year 
and assure an adequate period of time for evaluation. 

 
Reference: 
Menzies-Gow A, Bafadhel M, Busse WW, Casale TB, Kocks JWH, Pavord ID, et al. An 

expert consensus framework for asthma remission as a treatment goal. J Allergy 
Clin Immunol 2020;145:757-765. 
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