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ABSTRACT

Asthma is the most common chronic disease in children, yet outcomes remain
suboptimal, with high rates of exacerbations, emergency visits, and preventable
deaths. Despite well-established treatment guidelines, care delivery continues to
be limited by three major structural barriers: incomplete or unreliable symptom
assessment, infrequent and reactive follow-up, and insufficient day-to-day support
for families. Digital health technologies offer new opportunities to address these
challenges by enabling objective data collection, continuous monitoring, and acces-
sible guidance outside clinical settings. This mini-review explores three key inno-
vations that are transforming paediatric asthma care: smart stethoscopes, smart
inhalers, and large language models (LLMs). Smart stethoscopes use artificial intel-
ligence to detect wheezing and other abnormal breath sounds at home with high
sensitivity. Although evidence in routine clinical practice is still limited, they offer
promise in improving symptom recognition, especially in preschool-aged children.
Smart inhalers and spacers provide objective data on medication use and inhaler
technique, helping clinicians distinguish poor asthma control from non-adherence.
Real-time monitoring systems have also been shown to improve asthma control
scores, although they may increase healthcare utilisation due to heightened clini-
cal vigilance. Predictive modelling based on inhaler sensor data has demonstrated
good accuracy in forecasting exacerbations several days in advance, offering a shift
from reactive to preventative care. LLMs such as ChatGPT, Claude, and Gemini
provide immediate, comprehensible responses to asthma-related questions from
families, filling a critical gap in support between clinic visits. Recent studies show
that their responses are generally accurate, clear, and appropriate for parents,
particularly when using paid versions. They may also assist healthcare profes-
sionals by generating educational materials and synthesising clinical guidance,
though concerns around hallucinations, data privacy, and safety in acute settings
currently limit their clinical use. Together, these digital tools offer promising ave-

nues to personalise and modernise asthma care for children. However, further

validation, integration into care pathways, and attention to safety and equity will gz;a‘:\i,?hzzsrs; adherence; inhaler
be essential to translate this potential into improved outcomes. technique; digital health;, remote

monitoring; eHealth; electronic mon-
IMPACT STATEMENT itoring.

Digital health tools can provide objective monitoring, timely interventions, and acces-
sible support, offering new opportunities to improve outcomes in childhood asthma.
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INTRODUCTION

Asthma is the most common chronic disease in chil-
dren, yet outcomes remain unacceptably poor, with per-
sistently high rates of exacerbations, emergency vis-
its, and preventable deaths (1-3). Despite advances in
treatment and management guidelines, three key struc-
tural limitations continue to impede the delivery of opti-
mal asthma care for children.

First, clinical assessment is often undermined by incom-
plete or unreliable data. One of the primary challenges for
clinicians is determining whether the respiratory symp-
toms reported by families genuinely reflect asthma man-
ifestations. Studies have shown that parents frequently
describe a range of respiratory noises as “wheezing”,
even when these sounds are more consistent with
snoring or stridor (4). This misreporting can compli-
cate diagnostic clarity and lead to inappropriate man-
agement decisions. A second key limitation is the diffi-
culty in obtaining reliable information about short-act-
ing B.-agonist (SABA) use at home. SABA use is a crit-
ical indicator of asthma control, and excessive reliance
on reliever medication has been linked to an increased
risk of severe, and even fatal, asthma attacks (3, 5,
6). Equally, clinicians have no reliable way of assess-

Smart stethoscopes
f

” J$$

a

Smart inhalers

)

Large language models
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ing adherence to maintenance therapy or the correct-
ness of inhaler technique in the home setting - yet these
are fundamental considerations when evaluating poor
asthma control (7). Without objective insight into these
elements, treatment escalation decisions may be made
without addressing the true underlying cause, such as
poor adherence or incorrect inhaler use. Finally, envi-
ronmental factors known to influence asthma - such as
air pollution, weather conditions, and allergen exposure
- are rarely documented in a systematic or meaningful
manner (8, 9). The lack of tools to capture these param-
eters continuously and objectively means they are often
overlooked or reduced to simplistic screening questions,
despite their recognised clinical relevance.

Second, follow-up remains episodic and reactive, rather
than aligned with the continuous and dynamic nature of
asthma. While children live with the condition 24 hours
a day, clinical assessments are typically limited to brief,
scheduled visits occurring every 3 to 12 months (10). In
the meantime, day-to-day changes in symptoms, med-
ication use, or environmental exposures may go unde-
tected. This gap in monitoring can delay necessary
treatment adjustments and increase the risk of sudden,
potentially preventable exacerbations.

Recognition of lung sounds

Assessment of treatment response

Telemonitoring systems

Prediction of asthma deterioration

H

Accessible asthma information

L{0

Figure 1. Overview of emerging digital health tools in paediatric asthma. Smart stethoscopes enable recognition of lung sounds at home. Smart
inhalers provide objective data for assessment of treatment response, allow integration into telemonitoring systems, and can contribute to predictive
modelling of asthma deterioration. Large language models such as ChatGPT support families with accessible asthma information and education.
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Third, families often lack the day-to-day support needed
to manage asthma effectively. Questions, concerns, and
uncertainties frequently arise between clinic visits - pre-
cisely when professional advice is not readily available.
Without timely access to guidance, families may feel
isolated in managing the condition, which can lead to
anxiety, suboptimal decisions, and inconsistent adher-
ence (11). Addressing this unmet need is essential to
empower families, support confident self-management,
and ultimately improve outcomes.

Digital health technologies and artificial intelligence (Al)
are increasingly being investigated as potential solutions
to these structural limitations (12-16). By enabling objec-
tive data collection, continuous monitoring, and accessi-
ble support outside of clinical settings, these tools may
help bridge longstanding gaps in paediatric asthma care.
The aim of this mini-review is to explore how emerging
innovations - such as smart stethoscopes, digital inhal-
ers, and conversational Al - could contribute to improv-
ing asthma care in children (Figure 1).

SMART STETHOSCOPES

The aim of smart stethoscopes is to enable reliable
assessment of lung sounds in children outside of clin-
ical settings, particularly at home. These devices are
designed to detect abnormal respiratory sounds - most
notably wheezing - with greater objectivity and consis-
tency than traditional parental reporting (17). These por-
table devices typically connect via Bluetooth to a smart-
phone and, once placed on the child’s chest, record
and analyse breath sounds using artificial intelligence
(Al) algorithms.

Validation studies have demonstrated that Al-driven
acoustic analysis, particularly neural network—based
models, can identify wheezes, rhonchi, and crackles with
higher sensitivity and comparable specificity to experi-
enced clinicians (18). Smart stethoscopes may be espe-
cially useful in preschool-aged children, where differen-
tiating asthma exacerbations from viral upper respira-
tory infections remains a common clinical challenge.
To date, no studies have evaluated the role of smart
stethoscopes in routine clinical practice for the diagnosis
of asthma. The only trial conducted - the WheezeScan
study - focused instead on their use for home monitor-
ing (19). This multicentre trial, conducted in Berlin, Lon-
don, and Istanbul, enrolled 167 children aged 4 months
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to 7 years with recurrent wheeze. Families in the inter-
vention group used the device at home for 120 days,
while those in the control group received usual care.
The primary outcome, asthma control assessed by the
TRACK questionnaire at day 90, did not differ significantly
between groups. However, a major limitation of the study
was that families were not given systematic instructions
on how to respond when wheeze was detected, likely
limiting the clinical impact of the intervention. Secondary
outcomes, including parental quality of life and self-ef-
ficacy, also showed no significant differences, although
improvements were seen in both groups over time. Most
parents in the intervention arm found the device easy to
use and perceived it as beneficial for their child, despite
challenges such as background noise interference and
difficulty keeping younger children calm during recordings.
In summary, smart stethoscopes offer a promising oppor-
tunity to generate objective data and support the rec-
ognition of wheeze in the home environment. However,
their effective integration into paediatric asthma man-
agement will require structured guidance for families on
how to interpret and act upon device outputs.

SMART INHALERS

The latest generation of smart inhalers and smart spac-
ers are equipped with sensors that capture objective
data on both inhaler use and technique. These data can
be leveraged in various ways: retrospectively, to inform
treatment decisions; prospectively, for real-time telemon-
itoring; and increasingly, as inputs for predictive model-
ling and personalised care strategies.

Objective and reliable data on adherence and
inhalation technique

Poor adherence and incorrect inhaler technique remain
two of the most significant barriers to achieving asthma
control in children. First-generation smart inhalers, which
recorded only the timing of actuations, already provided
valuable retrospective insights. A paediatric study demon-
strated that electronic monitoring of inhaled corticoste-
roid (ICS) use was key to distinguishing true severe
asthma from uncontrolled disease due to non-adher-
ence (20). Among children with persistently poor control
after a three-month monitoring period, two-thirds were
found to have suboptimal adherence, while only one-
third required treatment escalation, including biologics.
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In adults, the INCA Sun trial extended this principle by
incorporating a smart inhaler capable of assessing both
ICS adherence and inhalation technique, alongside dig-
ital peak flow monitoring (21). In this six-month study
involving 213 adults with difficult-to-control asthma, par-
ticipants in the intervention arm were significantly less
likely to require escalation to biologics or high-dose ICS,
and more likely to have treatment stepped down. Impor-
tantly, this was achieved without any deterioration in
asthma control, lung function, quality of life, or exacer-
bation rates. The findings demonstrated that objective
digital monitoring can safely reduce unnecessary treat-
ment intensification and associated healthcare costs,
while maintaining clinical stability.

Beyond adherence to maintenance therapy, smart inhal-
ers also enable detailed tracking of reliever use — partic-
ularly SABA - in everyday life, offering a level of granu-
larity that is unattainable through routine clinical assess-
ment. These devices provide clinicians with accurate
data to replace or complement self-reporting by fami-
lies. In a recent prospective study, smart inhalers used
to monitor home salbutamol use revealed frequent devi-
ations from prescribed action plans (22). Such insights
enable more individualised action plan reviews, helping
to align actual SABA use with intended strategies - par-
ticularly important given the well-established associa-
tion between SABA overuse and severe, or even fatal,
asthma exacerbations.

Collecting data in real time for telemonitoring
systems

While retrospective analysis of smart inhaler data pro-
vides valuable insights during clinical consultations,
real-time telemonitoring systems take this approach fur-
ther by enabling timely responses to concerning usage
patterns as they emerge. This proactive model of care
allows healthcare teams to intervene before asthma
control deteriorates significantly, potentially preventing
exacerbations.

The largest paediatric randomised controlled trial to date
in this area is the iTRACC study, which enrolled 252
children aged 4-17 years across the United States (23).
Participants in the intervention group used sensor-en-
abled inhalers linked to a digital platform, which triggered
automated alerts to a nurse when predefined thresholds
were exceeded (e.g., more than four SABA doses in a
day or more than four days without ICS use). Over the

PEDIATR RESPIR J

12-month follow-up period, children in the intervention
group experienced significantly greater improvements
in asthma control, with a mean ACT score increase of
+2.7 compared to +0.5 in the control group (p <0.01).
However, the study also reported a paradoxical increase
in emergency visits and hospitalisations in the interven-
tion group. This was attributed to enhanced clinical vig-
ilance and more frequent referrals in response to real-
time alerts.

These findings suggest that while smart inhalers with
telemonitoring capabilities can improve symptom con-
trol and patient-reported outcomes, they may also lead
to increased healthcare utilisation due to more proactive
identification and management of risk patterns.

Prediction of asthma deterioration

The most advanced application of smart inhaler tech-
nology lies in predictive modelling - using sensor data
to anticipate asthma exacerbations before they occur.
This approach enables a shift from reactive manage-
ment to a more proactive, preventative model of care.

Lugogo and colleagues developed the first machine
learning model based on data from digital reliever inhal-
ers to forecast impending asthma deterioration (24). In
their 12-week study involving 360 adults with poorly
controlled asthma, participants used the ProAir® Digi-
haler®, which recorded inhaler usage along with inha-
lation parameters such as peak inspiratory flow, inha-
lation volume, and duration. A gradient-boosting algo-
rithm was trained on this dataset, combined with base-
line patient characteristics, to predict the risk of an exac-
erbation occurring within five days. The model achieved
a strong predictive performance, with an area under the
receiver operating characteristic curve (AUC) of 0.83.

The most powerful predictive variable was the mean
number of daily inhalations in the four days preced-
ing the prediction window. Patients who experienced
an exacerbation averaged 7.3 inhalations in the 24
hours prior to the event. In addition, both peak inspira-
tory flow and inhalation volume were found to decline
in the days leading up to deterioration, offering further
early-warning signals.

These findings illustrate the potential of smart inhalers not
only to monitor asthma control but also to provide real-
time risk stratification, opening the door to earlier and
more targeted interventions. However, for such predictive
tools to be clinically useful, implementation must carefully
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balance sensitivity and specificity to minimise false posi-
tives while ensuring timely responses to true deterioration.

CHATGPT AND OTHER COMMERCIAL LARGE
LANGUAGE MODELS

The third major innovation transforming childhood asthma
care stems from large language models (LLMs) such as
ChatGPT, Claude, Gemini, Copilot, Deepseek or Mistral.
These conversational agents are capable of delivering
immediate, comprehensible responses to natural language
queries, thereby offering timely support when families have
questions outside the context of scheduled consultations.

Supporting families with asthma information
Parents of children with asthma frequently turn to the
internet - most commonly via general search engines
such as Google - when seeking information about their
child’s condition (25). LLMs now offer an alternative,
allowing parents to pose asthma-related questions and
receive rapid, personalised responses. A critical issue,
however, is the reliability, clarity, and appropriateness
of the information provided.

Recent evaluations of LLM performance in this context
have shown encouraging results. Girault et al. assessed
ten LLMs using the ten most common questions posed
by parents of children with asthma attending a tertiary
care centre (26). Responses were independently rated
by both paediatric pulmonologists and parents. Medical
accuracy, as evaluated by paediatric pulmonologists, was
rated highly (median 4/5), with 91% of responses scoring
>4. Paid versions of LLMs consistently outperformed their
free counterparts. Comprehensibility was also rated favour-
ably by parents, with 93% of responses scoring 24/5. The
way information was phrased - specifically its clarity, tone,
and suitability for a lay audience - was considered appro-
priate in 72% of cases by physicians and 90% by parents.
Other potential applications of LLMs include helping
families better understand complex medical information
discussed during consultations, and providing real-time
translation of instructions into their native language.

Applications for healthcare professionals

For clinicians, large language models may support a
range of tasks, including the rapid summarisation of
clinical guidelines, synthesis of relevant literature, and
the development of patient education materials tailored
to different developmental stages.
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Early evidence also suggests potential value in medical
education. Arandomised trial conducted in China found
that brief training in the use of ChatGPT improved doc-
tors’ knowledge and management of paediatric asthma
(27). This effect was particularly notable in resource-lim-
ited settings, where access to specialist training and
up-to-date guidelines may be constrained.

Limitations and safety concerns

Despite these promising applications, several limitations
restrict the current clinical use of LLMs. Most notably,
they can produce plausible - sounding but factually inac-
curate responses - a phenomenon known as “hallucina-
tion” (28). In addition, commercial LLM platforms do not
meet the data protection standards required for use in
healthcare settings, raising concerns around confiden-
tiality and regulatory compliance.

To date, no study has assessed the safety or reliability of
LLMs in acute clinical situations such as asthma exac-
erbations, and these tools are not validated for use as
clinical decision support systems. As such, while they
may offer valuable educational and supportive functions,
they should not be relied upon for urgent or high-stakes
medical decision-making.

CONCLUSIONS

Digital health technologies offer promising solutions
to longstanding challenges in childhood asthma care.
Smart stethoscopes, smart inhalers, and LLMs provide
new ways to collect objective data, monitor disease
in real time, and support families between clinic vis-
its. Together, these tools have the potential to improve
symptom recognition, optimise treatment, and promote
proactive, personalised care. However, their clinical inte-
gration remains limited. Most tools require further vali-
dation, particularly in real-world settings, and key con-
cerns persist around data privacy, safety, and appro-
priate use. Ensuring equitable access and embedding
these innovations into care pathways will be essential.
If these challenges can be addressed, digital tools will
play a key role in transforming paediatric asthma man-
agement in the years ahead.
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ABSTRACT

Home mechanical ventilation (HMV) has transformed the care of children with
chronic respiratory failure, improving survival, reducing hospital dependence,
and enabling better quality of life. The choice between invasive and noninvasive
modalities must be individualized, but successful outcomes universally depend
on structured initiation, careful parameter adjustment, and systematic follow-up.
Local practices, health system organization, reimbursement policy, and home
care provider availability have significant influence on HMV successes. Future
advances will rely on technology, multidisciplinary expertise, and broader access
to specialized home-care services.

IMPACT STATEMENT

This review provides a comprehensive and up-to-date overview of long-term
home mechanical ventilation in children, integrating current evidence with prac-
tical clinical considerations. It aims to support clinicians in decision-making, opti-
mize patient selection and ventilatory strategies, and guide future development
of pediatric home ventilation programs.

INTRODUCTION

Chronic respiratory failure (CRF) is a major cause of morbidity and mortality in
both adult and pediatric populations. Advances in diagnostic and therapeutic care
have enabled survival in many patients with conditions once deemed untreatable or
incompatible with long-term life (1, 2). Consequently, the number of children living
with CRF and requiring long-term assisted ventilation has steadily increased. The
introduction of home mechanical ventilation (HMV) has opened new possibilities
for comprehensive care, while simultaneously reducing the burden on healthcare
systems and facilitating social integration for some of the most vulnerable children.
Although HMV has been available for decades, continuous technological innova-
tion in ventilator design and functionality, along with the advent of disease-modi-
fying therapies, has made this field highly dynamic and constantly evolving (1, 2).
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HMV is typically delivered through two modalities: inva-
sive mechanical ventilation (IMV) via tracheostomy
and non-invasive ventilation (NIV) using an appropri-
ate interface such as a nasal or oronasal mask. The
choice between these approaches largely depends on
the underlying disease, the degree of respiratory dys-
function, and the individual patient’s characteristics (1, 2).

DIAGNOSIS OF SLEEP-DISORDERED
BREATHING (SDB)

Diagnostic procedures for early detection of sleep-dis-
ordered breathing (SDB) are recommended in all chil-
dren with chronic, stable medical conditions that increase
the risk of SDB, regardless of the presence of symp-
toms (3-5). In otherwise healthy children, diagnostic
evaluation is warranted when clinical signs suggest
SDB (3-5). The gold standard for early detection is vid-
eo-polysomnography (PSG) combined with continuous
non-invasive transcutaneous capnometry during sleep.
In resource-limited settings, respiratory polygraphy may
serve as an acceptable alternative (6).

When advanced diagnostics are unavailable, morning
arterial blood gas analysis (ABG) and overnight oxim-
etry trends can provide useful additional information (7,
8). However, elevated PaCO, (>50 mmHg) in morning
samples usually indicates a late manifestation of chronic
respiratory failure. A difference in PaCO, >10 mmol/L
favoring the morning sample strongly suggests alveo-
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lar hypoventilation. Elevated serum bicarbonate (HCO;
>28 mmol/L) reflects metabolic compensation but is not
specific for respiratory acidosis; hence, these findings
must always be interpreted in clinical context (7, 8).
Children at increased risk—including those with neu-
romuscular disorders, chronic primary lung diseases,
severe obesity, craniofacial malformations, or impaired
respiratory control—should undergo systematic evalua-
tion as part of a standardized diagnostic protocol (2, 5, 6).
Long-term noninvasive ventilation (NIV) in children
generally encompasses modes that provide ventila-
tory assistance, most notably bilevel positive airway
pressure (BiPAP). Continuous positive airway pres-
sure (CPAP), although frequently classified under the
broader NIV umbrella due to its noninvasive interface,
is not strictly considered a ventilatory modality, as it
delivers a constant distending pressure without aug-
menting tidal volume or providing true ventilatory sup-
port. Accordingly, both BiPAP and CPAP may be indi-
cated in children with chronic, stable conditions char-
acterized by severe SDB and impaired gas exchange
(Table 1), although their mechanisms of action and ther-
apeutic objectives differ (5).

In pediatrics, severe SDB is typically defined by an
apnea-hypopnea index (AHI) greater than 10 events per
hour (6). Reference values differ significantly between
adults and children, with pediatric thresholds being much
stricter (Table 2).

Table 1. Key differences between CPAP and BiPAP in pediatric home ventilation.

Feature CPAP BiPAP

Pressure Constant, fixed pressure throughout the Variable pressures: higher inspiratory pressure (IPAP)
pattern entire respiratory cycle and lower expiratory pressure (EPAP)

Indications  Primarily obstructive disorders (e.g., OSAS)  Central, restrictive, and obstructive disorders

Mode of Spontaneous breathing only Can support spontaneous breathing and provide
breathing backup ventilation if needed

Flexibility Limited — single continuous pressure Flexible — can adapt to more complex ventilatory needs
Transition May be escalated to BiPAP if CPAP is Typically used when CPAP fails or in more severe

insufficient

disorders

Table 2. AHI thresholds for sleep-disordered breathing (SDB) in pediatric and adult populations.

Severity of SDB Pediatric population (AHI, events/hour) Adult population (AHI, events/hour)
Normal finding <1.5/h <5/h

Mild SDB 1.5-5/h 5-15/h

Moderate SDB 5-10/h 15-30/h

Severe SDB >10/h >30/h
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Criteria for nocturnal alveolar hypoventilation in children
vary slightly depending on the source (5, 6). The Euro-
pean Respiratory Society (ERS) defines hypoventila-
tion when gas exchange impairment is documented by
any of the following:
* morning arterial PaCO, =250 mmHg on ABG, or
+ transcutaneous CO, (TcCO,) >50 mmHg for 22% of
total sleep time, or
* oxygen saturation (SpO,) <90% for >2% of total
sleep time (5).
However, the American Academy of Sleep Medicine
(AASM) applies a different threshold for scoring hypoven-
tilation during sleep in children (6). According to pediatric
AASM criteria, hypoventilation is scored when >25% of
total sleep time is spent with PCO, >50 mmHg, mea-
sured either by arterial sampling or a validated surro-
gate. This definition is therefore more stringent in terms
of required duration of hypercapnia compared with the
ERS threshold of 22% TST with CO, >50 mmHg. In
adults, AASM criteria differ further and define hypoven-
tilation when either:
* PCO, exceeds 55 mmHg for 210 minutes, or
* PCO, increases by 210 mmHg from the awake supine
value to a level >50 mmHg for 210 minutes.
These differing reference standards are clinically rele-
vant, as certain patient populations—such as children
with neuromuscular disorders—may require adapted
TcCO, thresholds or additional indicators of respira-
tory compromise. A recent international expert panel
(RIND study) proposed criteria for nocturnal hypoven-
tilation in these patients, including TcCO, >45 mmHg
for >25% of total sleep time, or TcCO, >50 mmHg for
>2% of total sleep time or at least 5 continuous min-
utes (9). Importantly, initiation of nocturnal ventilation
is not based solely on TcCO,, but also considers func-
tional parameters such as reduced forced vital capacity
(FVC <50% predicted), weakened maximum inspiratory
pressure (<60 cm H,0O), or daytime SpO, <95% (9). In
Duchenne Muscular Dystrophy (DMD), these adapted
criteria are particularly critical due to progressive weak-
ness of the diaphragm and accessory respiratory mus-
cles, which often leads to alveolar hypoventilation first
occurring during sleep. Routine screening for nocturnal
hypoventilation is recommended when FVC falls below
50% predicted and mandatory at <40%, with NIV initi-
ated when these functional and TcCO, criteria are met

PEDIATR RESPIR J

or when clinical symptoms such as morning headaches
or daytime fatigue appear (5, 9).

Although the proportion of children requiring invasive
mechanical ventilation (IMV) has declined markedly
in recent decades, it remains the therapy of choice for
a subset of patients with the most severe phenotypes
(7, 10). Typical candidates include children with global
chronic respiratory insufficiency requiring 216 hours of
assisted ventilation, as well as those with bulbar dys-
function in whom noninvasive modalities are insufficient
or not feasible (7, 10).

Importantly, the decision between noninvasive and inva-
sive home mechanical ventilation does not need to be
final or immutable over time. For example, certain con-
ditions—such as congenital central hypoventilation syn-
drome (CCHS) or severe forms of bronchopulmonary
dysplasia (BPD)—may necessitate IMV during infancy
or early childhood, yet decannulation and transition to
NIV can be achieved later in selected patients (11, 12).
Conversely, in progressive disorders where NIV initially
provides satisfactory support, the clinical course may
eventually require tracheostomy and initiation of IMV.
The best way to make these complex decisions is within
a multidisciplinary framework, always in close consulta-
tion with the family and caregivers.

INPATIENT INITIATION OF LONG-TERM HMV

Research indicates that the initiation of home mechani-
cal ventilation (HMV) in children can be effectively man-
aged in either inpatient or outpatient settings (13, 14).
Traditionally, initiation of long-term NIV was undertaken
in the hospital setting, where the process requires close
collaboration between healthcare professionals, social
services, parents, and the child. Traditionally, several
days of inpatient training for both the patient and care-
givers have been recommended. Although some health-
care systems with well-developed home-care infrastruc-
ture have reported successful home-based initiation,
safety and efficacy in children remain insufficiently val-
idated (13, 14). For this reason, inpatient initiation con-
tinues to represent the standard of care, particularly in
resource-limited settings or in children with complex
medical needs (15, 16).

In contrast, IMV is almost invariably initiated in the hos-
pital, as it is most often required in children with com-
plex underlying conditions (17). Hospitalization is typi-
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cally longer than for NIV, reflecting both the severity of
the primary disorder and the necessity of establishing a
stable tracheostomy, which is essential for IMV. Prepara-
tion for discharge is also more demanding, as it involves
not only caregiver training but also securing a wide range
of supportive equipment, such as oxygen concentrators,
suction devices, and other home-care aids. Collectively,
these factors make the initiation of IMV considerably
more resource-intensive compared with NIV (17, 18).

PATIENT SELECTION AND CLINICAL
APPROACH TO LONG-TERM HMV

In children with obstructive sleep apnea syndrome type
1 (OSAS type 1), long-term nocturnal CPAP is indicated
when symptoms and abnormal polygraphic findings per-
sist after adenotonsillectomy. If residual symptoms remain
following surgery, repeat polygraphy after 4—6 weeks is
recommended, and CPAP should be initiated when the
apnea—hypopnea index (AHI) exceeds 10 events per
hour (19). The prevalence of obesity-related obstructive
SDB (OSAS type 2) is steadily rising. In some of these
children, dietary interventions and innovative pharma-
cological approaches may reduce body weight and lead
to symptom resolution. In cases of severe SDB with-
out alveolar hypoventilation, long-term CPAP therapy is
indicated, accompanied by active nutritional manage-
ment (19). The rarest yet most therapeutically challeng-
ing group includes patients with genetically determined
craniofacial anomalies and upper airway malformations
(OSAS type 3). These involve abnormalities of the maxilla
and mandible, palate, tongue, or pharyngeal and laryn-
geal structures. In such cases, CPAP is indicated when
a fixed level of positive pressure is sufficient to normal-
ize breathing patterns and restore gas exchange (20-22).
Long-term BiPAP therapy at home is indicated during
sleep and, when necessary, during the daytime in chil-
dren with disorders characterized by alveolar hypoventi-
lation (5). BiPAP with a backup rate is the first-line ther-
apeutic option for alveolar hypoventilation due to:
* neuromuscular disorders,
» pediatric obesity hypoventilation syndrome (OHS),
+ disorders of respiratory rhythm control in selected
cases,
* advanced primary pulmonary diseases (e.g., cys-
tic fibrosis, interstitial lung disease, bronchopulmo-
nary dysplasia).
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In addition, BiPAP is recommended in two specific con-
texts: (i) in children with obstructive SDB who fail CPAP
or cannot tolerate the high pressures required to main-
tain airway patency, and (ii) in those with OSAS type 2
(obesity-related) or OSAS type 3 (craniofacial anoma-
ly-related) when alveolar hypoventilation is documented
(5,9, 19, 22).

By contrast, IMV is reserved for children in whom non-
invasive modalities cannot ensure adequate ventila-
tion or are not feasible. Certain conditions require IMV
from the outset—most notably disorders of respiratory
rhythm control, whether primary (e.g., CCHS) or sec-
ondary (e.g., sequelae of severe perinatal asphyxia,
severe metabolic diseases) (11, 23, 24). Children with
restrictive or mixed obstructive—restrictive ventilatory
patterns, as seen in neuromuscular disorders, may also
ultimately require IMV during acute decompensation of
previously stable respiratory insufficiency, particularly
when endotracheal intubation is necessary and extu-
bation fails (25). In addition, neonates with generalized
muscle weakness who cannot be weaned from the ven-
tilator represent another group requiring early IMV (26).

VENTILATOR SETUP: DEVICE, CIRCUIT, AND
INTERFACE

Devices for mechanical ventilation can generally be
divided into two categories: intensive care unit (ICU)
ventilators and those specifically designed for home
mechanical ventilation (HMV). Home ventilators are typ-
ically smaller, more portable, and optimized for ease of
use in a non-hospital environment (27).

The choice of ventilator type is guided primarily by the
underlying indication. While many different models from
various manufacturers are currently available, most
share a core set of technical features and clinical func-
tionalities. These common elements provide a frame-
work for classifying pediatric HMV devices, as outlined
in Table 3 (28, 29).

The ventilator circuit is a critical, though sometimes
underappreciated, component of the setup. Two main
types are commonly employed: single-limb and dual-
limb circuits (Figure 1) (30, 31).

In a single-limb circuit, a single tube serves both inspi-
ratory and expiratory flow. Depending on how exhaled
gas is eliminated to prevent rebreathing, two main con-
figurations exist:
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Table 3. Ventilators for pediatric home mechanical ventilation: technical features and clinical use.
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Device type Key features Limitations Typical use
Level 1 - Easy to handle, integrated humidifier No battery or alarm; OSAS without hypoventilation
Standard CPAP limited flow detection
devices (13-30 kg); auto-CPAP

usable >30 kg
Level 2 — Support <16 h/day; Limited backup capacity, Children with SDB
Intermediate integrated humidifier; medium size; not robust and hypoventilation,
devices (BiPAP) basic alarms; battery (2—6 h); for continuous support neuromuscular diseases,

flow detection >2.5-5 kg

obesity-hypoventilation

Level 3 - Full support (24 h/day); integrated More expensive; larger; Children needing continuous
Life-support alarms; longer battery (~8 h); external humidifier ventilation, invasive ventilation
ventilators precise flow detection (>2.5-5 kg) required via tracheostomy, medically
fragile patients
* Vented circuits, in which the mask itself incorpo- Single-limb circuits are most often used for NIV, as they
rates exhalation ports (intentional leak openings). are simple, portable, and cost-effective. Nevertheless,
In this design, a minimum PEEP of approximately 4 they present limitations, including reduced accuracy
cm H,0 is required to ensure effective clearance of in monitoring exhaled volumes, reliance on intentional
exhaled CO, and avoid rebreathing. leaks, and greater susceptibility to unintentional air leaks.
» Circuits with an active expiratory valve, in which the By contrast, a dual-limb circuit employs separate inspi-
valve is positioned close to the patient. The valve ratory and expiratory tubes connected via a Y-piece. This
opens during exhalation, actively directing expired gas arrangement allows more precise regulation of tidal vol-
out of the circuit and thereby preventing rebreathing. ume and gas exchange, reduces the risk of rebreath-

single-limb vented circuit
LA

single-limb circuit with active
expiratory valve

Figure 1. Types of ventilator circuits used in pediatric home mechanical ventilation.
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ing, and facilitates accurate monitoring of exhaled vol-
umes. Dual-limb systems are the standard for IMV via
tracheostomy, but they may also be applied in NIV when
precise volume monitoring is required. Their disadvan-
tages include greater technical complexity, larger size,
and reduced portability compared with single-limb sys-
tems (30, 31).

The choice of mask that best matches the child’s long-
term ventilatory requirements and facial anatomy at dif-
ferent ages is a critical determinant of successful NIV (31,
32). Current evidence does not demonstrate the superi-
ority of any specific mask type with respect to ventilation
efficacy. Nevertheless, the nasal mask is generally the
preferred interface in children, given its wide availabil-
ity in different sizes, the possibility of oral feeding and
speech, and its relative ease of application. However,
it may be associated with complications such as nasal
bridge skin breakdown, xerophthalmia, or midface flat-
tening, and its effectiveness can be reduced by mouth
air leaks. In some cases, chin straps may help mitigate
this problem (31, 32).

Alternative interfaces include oronasal and full-face
masks, although these may be difficult to use in younger
children because of claustrophobic sensations and the
limited availability of appropriately sized models. Fur-
thermore, they can increase the risk of aspiration in chil-
dren with gastroesophageal reflux (31, 32). Mouthpiece
ventilation can be useful in selected patients with sta-
ble chronic respiratory insufficiency, particularly during
daytime use, and is often combined with another inter-
face at night (Table 4) (33).

ADJUSTMENT OF LONG-TERM NIV PARAMETERS

For CPAP, treatment should be initiated at 4 cm H,O
and titrated upward until both adequate oxygenation
and relief of obstruction are achieved, while maintaining
patient tolerance (34, 35). PSG-guided titration remains
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the gold standard; however, in settings without PSG
availability, oximetry trends and subsequent ventilator
software analysis provide reliable alternatives (36). In
most cases, effective pressures are achieved at approx-
imately 8 + 3 cm H,O. Auto-CPAP may be considered in
children exceeding the manufacturer’s minimum weight
threshold (typically >10 kg), although current evidence
does not demonstrate clear superiority over fixed-pres-
sure CPAP in pediatrics (5, 34).

For BiPAP, initial settings generally start with IPAP at 8
cm H,O and EPAP at 4 cm H,0, with subsequent adjust-
ments guided by age, underlying disease, and clinical
response (5, 37). The primary goal is to achieve a tidal
volume of 6—10 mL/kg of ideal body weight. Final EPAP
values typically range from 4 to 8 cm H,0O, though higher
pressures may be required in the presence of structural
airway anomalies predisposing to collapse (e.g., pharyn-
gomalacia, laryngomalacia, tracheomalacia). Final IPAP
values are usually 10-14 cm H,0O, although higher levels
(>20 cm H,0) have been used safely (2, 5, 37).

The backup respiratory rate should be set slightly below
the child’s spontaneous rate during N3 sleep or phys-
iologic age-based norms (38). Breath cycling—that is,
the initiation of inspiration and the transition to expira-
tion—must be carefully tailored to the underlying pathol-
ogy (38, 39). The sensitivity of the inspiratory trigger
depends on both respiratory muscle strength and the
adequacy of central respiratory control. Conversely, the
expiratory trigger should reflect the ventilatory pattern:
in restrictive disorders, prolongation of the inspiratory
phase is desirable, and the trigger is commonly set at
20-25% of peak inspiratory flow, whereas in obstructive
disorders such as severe tracheomalacia, earlier cycling
is advantageous, with settings adjusted to 50-75% of
inspiratory flow (30, 40, 41).

At present, no validated reference values exist for other
ventilatory parameters; most recommendations rely on
expert consensus and retrospective studies (Table 5).

Table 4. Advantages and limitations of different patient interfaces for pediatric home mechanical ventilation.

Interface type Advantages

Limitations

Nasal mask - Wide range of sizes
- Allows speech

- Possibility of oral feeding

- Prevents mouth leak
- Lower risk of midface
hypoplasia

Oronasal mask

- Air leakage through the mouth
- Risk of midface hypoplasia

- Not suitable for very young children

- Interference with feeding, speaking, and secretion clearance

- Risk of aspiration/asphyxia
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DISCHARGE AND FOLLOW-UP

Regular clinical follow-up after discharge is essen-
tial. The first visit is recommended one month after
discharge, followed by evaluations every three to six
months depending on the underlying disease, type of
SDB, and treatment adherence (5, 9). Each visit should
include a detailed medical history, physical examina-
tion with particular attention to mask-related complica-
tions, and analysis of ventilator software. Device data
provide important insights into adherence, duration of
use, patient—ventilator synchrony, and air leaks (36).
Importantly, careful fine-tuning of ventilator param-
eters based on these data can significantly improve
both patient comfort and the overall effectiveness of
ventilation. Some devices generate automated esti-
mates of AHI, but these should be interpreted with
caution, as most algorithms have been validated only
in adults (36, 42).

Where available, transcutaneous capnometry every
six months is advisable. Follow-up PSG, or respiratory
polygraphy, should be performed whenever ventilator
settings are modified or when interventions—such as
orthodontic or orthopedic treatments—have the poten-
tial to alter airway function (43, 44).

Follow-up practices differ substantially across health-
care systems (7, 16, 45-47). In highly developed coun-
tries, most follow-up, including continuous non-inva-
sive transcutaneous capnometry, is provided by spe-
cialized home-care services (48-50). In middle-income
settings, this monitoring is more commonly hospi-
tal-based, which may limit frequency and accessibil-
ity (7, 16, 45-47).

Table 5. Recommended BiPAP settings for long-term HMV in children.
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Recent technological progress has enabled telemon-
itoring, whereby ventilator software data are transmit-
ted to secure remote servers and analyzed by clinicians
without the need for in-person visits. This approach has
proven particularly valuable for monitoring adherence
and detecting technical or clinical issues at an early
stage (51, 52).

WEANING AND DISCONTINUATION OF LONG-
TERM HMV

Weaning from long-term IMV via tracheostomy is a com-
plex, stepwise process that requires careful clinical judg-
ment and multidisciplinary collaboration (53, 54). The ulti-
mate goal is decannulation and transition to NIV, when-
ever feasible, in order to minimize long-term complica-
tions and improve quality of life (53, 54).

The key steps in the weaning process include:

1. Overall assessment — evaluation of disease stabil-
ity, improvement or resolution of the original indica-
tion for IMV, adequate spontaneous respiratory drive,
and sufficient bulbar function to protect the airway.

2. Gradual reduction of ventilatory support — progres-
sive shortening of IMV duration, initially maintaining
nocturnal ventilation, followed by stepwise daytime
trials off the ventilator.

3. Capping and tolerance trials — daytime tracheostomy
capping to evaluate the child’s ability to maintain ade-
quate gas exchange without ventilatory support, with
continuous monitoring of SpO, and TcCO,.

4. Transition to NIV —initiation of mask ventilation once
spontaneous breathing with capping is tolerated, typ-
ically starting during sleep and extending as feasible.

Parameter Settings
IPAP Start at 8 cm H,0;

Target tidal volume: 6—10 mL/kg/ideal body weight per breath
EPAP Minimum: 4 cm H,O; Typical final range: 6—10 cm H,O

Respiratory Rate

Controlled ventilation: 2—3 breaths below physiologic rate for age;

Spontaneous breathing: based on rate during N3 sleep

Inspiratory Time (Ti)

Controlled ventilation: Ti = 1/3 of total cycle time;

Spontaneous breathing: Ti-min and Ti-max defined by device

Inspiratory Trigger

High sensitivity for neuromuscular disorders;

Low sensitivity for central hypoventilation syndromes

Expiratory Trigger

Restrictive patterns: 20—-25% of flow;

Obstructive patterns: 50-75% of flow
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5. Decannulation — performed once NIV is established
and airway patency is confirmed (endoscopic assess-
ment recommended), ensuring the child can main-
tain adequate ventilation and secretion clearance.

6. Post-decannulation monitoring — close observation
in a controlled hospital setting to promptly detect
respiratory compromise, followed by structured out-
patient follow-up.

Children with neuromuscular disorders or residual cen-
tral hypoventilation may continue to require nocturnal
NIV even after successful decannulation (55). The tim-
ing of decannulation must balance the risks of prolonged
tracheostomy (e.g., infection, tracheal injury, psychoso-
cial burden) against the safety of airway protection and
effective ventilation (56). A multidisciplinary team—pul-
monologist, intensivist, ENT surgeon, respiratory thera-
pist, and speech/swallow therapist—should oversee the
process in close cooperation with the family.

Discontinuation of home NIV may be considered in selected

patients if normalization of SDB and gas exchange occurs

spontaneously or following a therapeutic intervention (5).

This is more commonly achievable in children treated

with CPAP and less frequent in those requiring BiPAP.

Before discontinuation, PSG or respiratory polygraphy

with transcutaneous capnometry must be repeated. Cri-

teria include resolution of SDB symptoms, AHI <10/h,

TcCO, >50 mmHg for less than 2% of total sleep time,

and SpO, <90% for less than 2% of total sleep time (5).

Because recurrence of symptoms is possible, structured

follow-up remains essential even after discontinuation.

MANAGEMENT OF LONG-TERM NIV FAILURE
AND ALTERNATIVE OPTIONS

The most common cause of NIV failure in the home set-
ting is poor adherence by the child or caregivers (57).
Among adherent patients, failure may occur due to
suboptimal patient—ventilator synchrony, excessive air
leaks, progression of the underlying disease, or associ-
ated comorbidities (57). Alternative therapeutic options
remain limited, but in selected cases, high-flow nasal
cannula therapy or hypoglossal nerve stimulation may
be considered as substitutes for CPAP (58, 59). Surgi-
cal or orthodontic interventions may be appropriate in
children with Pierre—Robin sequence (60, 61). In the
most severe cases, tracheostomy with invasive long-
term ventilation remains the ultimate therapeutic option.
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PREOPERATIVE USE OF LONG-TERM HOME NIV

Children with severe skeletal deformities, particularly
kyphoscoliosis, should undergo preoperative eval-
uation for potential NIV initiation (62). While long-
term NIV is clearly indicated in patients with alveolar
hypoventilation and severe SDB, normal polygraphic
and capnometric findings do not necessarily exclude
the need for NIV (62, 63). Preoperative initiation has
been shown to reduce the risk of prolonged post-
operative ventilation, underscoring the importance
of thorough evaluation and timely initiation of ther-
apy (62, 63).

Risk assessment should include clinical features,
non-invasive pulmonary function tests, the underly-
ing condition (idiopathic scoliosis versus neuromus-
cular-associated scoliosis), and polygraphic/capno-
metric studies (62). Although reductions in FVC and
FEV1 are inversely correlated with the need for post-
operative ventilation, no universally accepted preoper-
ative thresholds exist. Consequently, a low threshold
for initiating NIV is advisable, particularly in patients
with severe restrictive ventilatory patterns, pronounced
spinal deformity, FEV1 <40% predicted, concomitant
neuromuscular disease, or those scheduled for tho-
racotomy (5, 62).

CONCLUSION

Home mechanical ventilation has transformed the care
of children with chronic respiratory failure, improving
survival, reducing hospital dependence, and enabling
better quality of life. The choice between invasive and
non-invasive modalities must be individualized, but suc-
cessful outcomes universally depend on structured initi-
ation, careful parameter adjustment, and systematic fol-
low-up. Future advances will rely on technology, multi-
disciplinary expertise, and broader access to special-
ized home-care services.
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ABSTRACT

Mild asthma in children and adolescents has traditionally been considered a less
impactful condition characterized by infrequent symptoms. However, emerging
evidence recognizes it as a chronic inflammatory disease with potential for severe,
life-threatening exacerbations. Recent evidence and guidelines highlight the need
for a paradigm shift in the management of mild asthma, moving away from exclu-
sive reliance on short-acting beta2-agonists (SABA), towards proactive, inflam-
mation-targeted asthma management across pediatric age groups. Non-pharma-
cological interventions—such as avoiding exposure to tobacco smoke, promot-
ing healthy lifestyles, addressing psychosocial factors, and controlling environ-
mental triggers—are equally critical to improving outcomes. A holistic, personal-
ized approach that incorporates both medical and lifestyle interventions is pivotal
for effective control of mild asthma, reduction of exacerbation risks, and improve-
ment of long-term outcomes and quality of life in pediatric patients.

This statement summarizes current evidence and presents the official recommen-
dations of the Italian Pediatric Respiratory Society (IPRS, Societa Italiana per le
Malattie Respiratorie Infantili/Ente Terzo Settore— SIMRI/ETS) to guide best prac-
tices in the management of mild asthma in childhood.

IMPACT STATEMENT

Mild asthma in children has long been viewed as a minor condition with occasional
symptoms. However, new evidence identifies it as a chronic inflammatory disease
capable of triggering severe, potentially life-threatening exacerbations. Current
research and updated guidelines call for a shift in management—moving beyond
exclusive reliance on short-acting beta2-agonists toward a proactive, inflamma-
tion-focused approach. This statement presents the latest evidence and outlines
the official recommendations of the Italian Pediatric Respiratory Society (IPRS,
Societa Italiana per le Malattie Respiratorie Infantili/Ente Terzo Settore — SIMRI/
ETS) to support best practices in managing mild asthma in childhood. The state-
ment aims to play a key role in advancing national standards for care.
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INTRODUCTION

Asthma is one of the most common chronic diseases
in all age groups. It is estimated that its prevalence is
increasing worldwide, that can be explained by increased
diagnosis of mild asthma (1, 2), which frequency ranges
between 50% and 75% among asthmatic patients (3).
The definition of mild asthma differs across studies and
between guidelines. Its clinical variability adds to the
challenge: symptoms can be occasional, or triggered
only by specific risk factors. This sporadic nature makes
it difficult to determine the precise amount of medica-
tion needed to maintain effective control (4). Therefore,
an important research need is to determine a defini-
tion of the disease that accurately reflects the hetero-
geneity and risks noted in these patients (5). Accord-
ing to Global Initiative for Asthma (GINA) mild asthma is
asthma that is suitable to receive Step 1-2 of treatment
(1). Remarkably, the diagnosis of “mild” asthma does
not prevent patients from an underappreciated exac-
erbation burden (6, 7); severe or even fatal exacerba-
tions account for 30% to 40% of exacerbations requiring
emergency care with an estimated frequency between
0.12 and 0.77 episodes per patient-year (3). Growing
evidence propose several mechanisms underlying the
increased adverse events in mild asthmatic patients,
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particularly those that regularly use Short Acting beta2
Agonists (SABAs) (8). First, the acute symptoms relief
obtained with SABA may mask patients’ perception of
asthma worsening. Moreover, they can have a desensi-
tization and downregulation of the B2-receptors resulting
in failure of rescue SABA treatment during an exacerba-
tion; this mechanism can be compensated using corti-
costeroids that mediates transcription of the 32-recep-
tors-gene (9). Finally, B2-agonists have been suggested
to exert pro-inflammatory effects through a shift in the
human type-1/type-2 cytokine balance toward a type-2
response (10) (Figure 1). Notably, inflammation of the
bronchial mucosa with eosinophilic infiltrates (11) and
airway remodeling have already been demonstrated
even in children with mild asthma (12).

Thus, patients with mild asthma should be considered
patients with a chronic inflammatory condition with mild
and infrequent symptoms, but still at risk of severe to
fatal exacerbations, who can benefit of anti-inflamma-
tory relievers.

In November 2024, the British Thoracic Society (BTS),
the National Institute for Health and Care Excellence
(NICE), and the Scottish Intercollegiate Guidelines
Network (SIGN) released an updated guideline, revis-
ing recommendations on the diagnosis, treatment, and

Problems with SABA-Only Treatment

Symptom Masking

SABA relieves symptoms but masks underlying worsening of asthma

l Receptor Desensitization

Regular SABA use causes B2-receptor downregulation, reducing effectiveness

Figure 1. Problems with SABA-Only Treatment.

Pro-inflammatory Effects

B2-agonists shift cytokine balance toward type-2 inflammatory response
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monitoring of asthma (13). In addition, the update of the
GINA Report has been published very recently (1) and
even recently has been discussed on Lancet Respira-
tory Medicine (14).

Starting from these key documents, the present state-
ment outlines the current evidence and provides the offi-
cial recommendations of the Italian Pediatric Respiratory
Society (IPRS, Societa Italiana per le Malattie Respirato-
rie Infantili— SIMRI/ETS) to support best practices in the
management of mild asthma in children and adolescents.

REDEFINING THE TREATMENT OF MILD
ASTHMA IN CHILDREN AND ADOLESCENTS

Recent updates to asthma guidelines issued by BTS,
NICE, and SIGN have introduced significant changes to
treatment strategies in patients with asthma. In detail, for
individuals aged 12 years and older with newly diagnosed
asthma, the guidelines recommend offering a low-dose
ICS/formoterol combination inhaler as needed (anti-in-
flammatory reliever -AIR- therapy). This recommendation
is based on evidence comparing three approaches:1)
SABA as needed; 2) Regular low-dose ICS plus SABA
as needed; 3) As-needed ICS/formoterol (AIR).

ICS-based strategies (AIR or regular ICS) consistently
outperform the SABA-only approach in reducing asthma
exacerbations and improving asthma control (15, 16).
The AIR strategy significantly reduces severe exacer-
bations compared to both SABA-only and regular ICS/
SABA regimens (17, 18). Moreover, when compared to
as-needed SABA alone, the use of as-needed low dose
ICS/formoterol avoids the need for daily ICS, where
adherence is often poor, and simplifies asthma man-
agement by using a single medication for both relief
and maintenance therapy. The use of ICS-formoterol
may also have a role in management of exercise-in-
duced bronchoconstriction (EIB), as there is evidence
that itimproves symptoms control as well as regular ICS
treatment with a substantially lower total steroid dose
and is superior to SABA monotherapy (19). Health eco-
nomic analyses demonstrated that as-needed AIR ther-
apy is more cost-effective than regular ICS plus SABA
(20). Taking into account the available evidence, the
guidelines support adoption of as-needed AIR therapy
as a first-line strategy in adolescents with newly diag-
nosed asthma and suggests that patients currently man-
aged on SABA-only regimens should be switched to

168 |

Vol. 3(4), 166-176, 2025

as-needed AIR therapy. Moderate-dose MART (mainte-
nance and reliever therapy) to people aged 12 and over
with asthma that is not controlled on low-dose MART
is offered as medicine combination and sequencing in
people aged 12 and over.

For currently people with confirmed asthma that is not
controlled on using regular low-dose ICS plus SABA as
needed or regular low-dose ICS/LABA (long-acting beta2
agonist) combination inhaler plus SABA as needed or
regular low-dose ICS and supplementary therapy (leu-
kotriene-receptor antagonists, LTRA) plus SABA as
needed or regular low-dose ICS/LABA combination
inhaler and supplementary therapy (LTRA) plus SABA
as needed, change treatment to a low-dose ICS/formo-
terol combination inhaler used as needed (as-needed
AIR therapy) is recommended.

For children aged 5-11 years with newly diagnosed
asthma, the recommended initial treatment is a regular
use twice-daily of low-dose ICS with as-needed SABA.
A recent systematic review and network meta-analysis
showed that regular ICS use may be the most effec-
tive treatment for preventing exacerbation and increas-
ing lung function in children with mild asthma, while no
supporting evidence for the use of as-needed ICS/for-
moterol is available (21).

With regard to MART therapy for children whom asthma
is not controlled on low-dose ICS plus SABA as needed,
BTS/NICE/SIGN 2024 recommend the increasing to
moderate-dose MART therapy or considering moder-
ate-dose ICS/LABA maintenance treatment (with or with-
out an LTRA, depending on previous response) based
on the use of a dry powder inhaler. When a child has
uncontrolled asthma and is assessed as unable to man-
age the MART regimen, BTS/NICE/SIGN 2024 recom-
mend to add a LTRA (for a trial period of 8 to 12 weeks,
unless there are side effects, then stop it if it is ineffec-
tive) or offer twice daily low-dose ICS/LABA combina-
tion inhaler plus SABA as needed.

Overall, the guideline revisions advocate a shift from
traditional SABA-dominated regimens towards more
consistent use of anti-inflammatory therapies, particu-
larly ICS/formoterol. These recommendations are sup-
ported by both clinical and economic evidence. Impor-
tantly, the guidelines underscore the need for individ-
ualized therapy, considering inhaler technique, adher-
ence, and patient preference.
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The latest GINA report introduces a nuanced, evi-
dence-based framework for managing asthma in ado-
lescents and children. Central to the update is the strat-
ification of treatment into two tracks for adolescents
(Figure 2).

Track 1 (preferred): as-needed low-dose ICS/formoterol.
Track 2 (alternative): step 1, SABA as needed, with
concurrent administration of low-dose ICS (either via a
combination ICS-SABA inhaler or by taking ICS immedi-
ately after SABA use); step 2, daily low-dose ICS mainte-
nance therapy, with SABA as needed for symptom relief.
Track 1 is favored due to its superior efficacy in reduc-
ing severe exacerbations compared with Track 2, while
providing comparable symptom control. Clinical trials
demonstrate reductions in emergency department vis-
its or hospitalizations compared to SABA-only therapy,
and to regular low-dose ICS plus SABA as needed (22-
24). The use of ICS plus formoterol is supported by for-
moterol’s rapid bronchodilatory action—faster than that
of other LABAs like salmeterol—and by the concept that
increasing ICS dosing during symptom flare-ups may
help prevent exacerbations (25). The combination of
budesonide-formoterol is the suggested formulation,
as other combinations, such as beclomethasone/for-
moterol, have not been studied for as-needed use. The
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usual dose of as-needed budesonide-formoterol for mild
asthma is a single inhalation of 200/6 mcg (delivered
dose 160/4.5 mcg) taken whenever symptoms relief is
needed. The maximum total daily dose of formoterol for
both reliever and controller use is 72 mcg (equivalent to
a delivered dose of 54 mcg). Treatment can be adminis-
tered using either a Dry Powder Inhaler (DPI) or a pres-
surized Metered Dose Inhaler (pMDI). This approach is
preferably recommended for: 1) step-down treatment
for patient whose asthma is well controlled on low-dose
MART with ICS-formoterol or on regular low-dose ICS
with as-needed SABA; 2) initial asthma treatment for
patients previously using SABA alone. Moreover, it is
recommended for patients with low adherence, since
reliance on SABA-only poses increased risks. Nota-
bly, ICS-formoterol should not be used as a reliever in
patients already on a maintenance ICS-LABA regimen
containing a LABA other than formoterol.

Indications for Track 2 include both patients with asthma
symptoms occurring less (Step 1) and more than twice
a week (Step 2). Indeed, the Track 2 should be consid-
ered when Track 1 is not possible or not preferred by
patients who have no exacerbations with the current
treatment. In patients aged 6—-17 years with mild asthma,
the as-needed combination of ICS/SABA showed a

Treatment Recommendations for Adolescents (=212 Years)

Track 1 (Preferred)

Low-dose inhaled ICS-formoterol as an as-needed reliever and controller (Step 1 - 2)

@ » Reduces risk of severe exacerbations
Avoids need for daily ICS where adherence is often poor

Simplifies management with single medication

Track 2 (Alternative)

Low-dose inhaled ICS whenever SABA is required (Step 1)
= Low-dose maintenance ICS plus as-needed SABA (Step 2)

Using separate inhalers or combination of ICS and SABA

(1) Global Initiative for Asthma. Global Strategy for Asthma Management and Prevention, 2025. Updated May 2025. Available at: www.ginasthma.org

Figure 2. Treatment Recommendations for Adolescents (212 Years) (1). Global Initiative for Asthma. Global Strategy for Asthma Management and

Prevention, 2025. Updated May 2025. Available at: www.ginasthma.org.
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Treatment Recommendations for Children (6-11 Years)

Step 1

Low-dose ICS whenever SABA is used

Step 2
e

Daily low-dose ICS plus as-needed SABA

(1) Global Initiative for Asthma. Global Strategy for Asthma Management and Prevention, 2025. Updated May 2025. Available at: www.ginasthma.org

Figure 3. Treatment Recommendations for Children (6-11 Years) (1). Global Initiative for Asthma. Global Strategy for Asthma Management and Pre-

vention, 2025. Updated May 2025. Available at: www.ginasthma.org.

similar effect compared to regular ICS use in terms of
asthma control and exacerbation frequency, with lower
cumulative ICS exposure over the year (26). There is

also strong evidence that this strategy reduces the risks
of severe exacerbations, than as-needed use of SABA
alone (27). At last, evidence supports the superiority of
daily ICS—even at low doses—over SABA-only treat-
ment in terms of reducing exacerbations, improving lung

function, and alleviating symptoms (21).

When choosing between the two recommended tracks,
GINA emphasizes the need to consider: the presence

of one or more non-modifiable risk factors for exacerba-
tions or progressive loss of lung function; the patient’s

attitude toward self-management and ability to accu-
rately perceive symptoms; and previous treatment expe-
riences, including any potential side effects.

With respects to adolescents, a more conservative

approach is outlined in younger children (age 6-11 years),
due to limited evidence for ICS/formoterol use in this pop-
ulation (Figure 3). Accordingly, treatment for patients in

this age group using SABA for symptoms relief less than

twice per week should be as-needed SABA, combined

with administration of low-dose ICS at each instance

of symptom occurrence (Step 1), as poor treatment

adherence is highly likely in this group of patients; Step
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2 involves regular daily low-dose ICS therapy, supple-
mented with as-needed SABA.

OPTIMIZING ASTHMA TREATMENT

Asthma control can be usually achieved through tai-
lored pharmacological treatment. However, nonphar-
macological strategies should also be considered and
implemented. Data from twenty-eight thousand five hun-
dred eighty-four asthma patients (218 y) from nation-
wide Swedish asthma cohort study reported that over
50% of patients treated for mild/moderate asthma had
an uncontrolled disease and non-pulmonary treatable
traits (TTs), such as smoking, may affect asthma con-
trol negatively (28). As a matter of fact, it has been
shown that both non-healthy lifestyles and environmen-
tal triggers determine detrimental effects on the airways
which might cause worsening of symptoms and lower
response to treatments. Therefore, to optimize asthma
management patients and caregivers should be con-
tinuously educated on the risks deriving from avoid-
able risk factors. Firstly, it is well known that exposure
to environmental tobacco smoke worsens asthma con-
trol and symptoms: many studies have shown that both
active and passive smoking (including second and third
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hand exposure) have negative effects on the bronchial
mucosa mainly by promoting inflammation, by causing
direct tissue damage and by favoring the development
of allergy and airway hyperreactivity (29). As a conse-
quence, every form of tobacco smoke exposure must
be avoided, especially in children, who are particularly
vulnerable. Notably, in active smokers, the risk of worse
symptom control and reduced lung function is higher
and associated with marked reduced response to ICS,
so that such habit should be routinely screened among
adolescents. Recently, evidence showed that also expo-
sure to active and passive vape from both e-cigarette
and heated tobacco products increases the risk of respi-
ratory symptoms and asthma exacerbations and is not
harmless as commonly thought and must be avoided
as well (30-33).

As for pollution, exposure to air pollutants should be
reduced as much as possible, due to their well-known
detrimental effects on the airways. Traffic and indus-
try-related gaseous pollutants, including nitrogen diox-
ide, sulfur dioxide, ozone, together with particulate mat-
ter cause disruption of epithelial integrity, exert a pro-in-
flammatory effect and induce oxidative stress, thus wors-
ening asthma inflammation and airway hyperreactiv-
ity (34-36). Children are particularly at risk due to their
inclination to play outside, usually on the ground, and
to put their hands on their mouths, not mentioning their
higher respiratory rates and immaturity of the respira-
tory and immune systems (37). Notably, in asthmatic
patients outside physical activity should be promoted,
but considering the quality of air. Regarding indoor pol-
lution, in addition to tobacco smoke the most common
source of pollution are heating devices and cooking
behaviors, together with building materials, furnishings
and products used for household cleaning and mainte-
nance (38). Caregivers must be educated accordingly
to improve the quality of their household air (39). Fre-
quent windows opening can be useful, avoiding days in
which outdoor air quality is poor. Indoor mold must be
detected and removed due to its pro-inflammatory and
irritant effects on the airways. Airborne allergens expo-
sure, such as to house dust mite, should be avoided or
at least reduced, even if there is limited evidence on the
efficacy of such strategy on asthma control.

Secondly, healthy lifestyles must be encouraged. In
particular, patients with asthma should be doing regu-
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lar physical activity, which has been shown to be able
to improve cardiopulmonary fitness, asthma control
and quality of life (40, 41). In patients with exercise-in-
duced asthma symptoms, maintenance treatment must
be carefully reviewed and stepping up could be use-
ful to better control their condition. However, premed-
ication with SABA or ICS-formoterol before exercising
could be considered on a case-by-case basis. More-
over, a healthy diet (meaning rich in fruits and vege-
tables) should be followed, not only to maintain ade-
quate weight, but also for its benefits on general health
(42). As for asthma control, fruits and vegetables might
improve symptoms control through their anti-inflam-
matory properties as well as modulation effects on the
immune system and microbial composition in both the
gut and lungs (43, 44).

Last but not least, mental health and emotional stress
must be evaluated and managed when appropriate,
especially in adolescents, in which signs or symptoms
of anxiety and depression must be detected early. Psy-
chiatric comorbidities reduce asthma control and qual-
ity of life and are usually associated with overall lower
medication adherence (45).

MANAGEMENT OF MILD ASTHMA IN
CHILDHOOD: WHAT DOES SIMRI SUGGEST?

The adoption of AIR strategies in mild asthma aims to
decrease underlying inflammation and potentially reduce
the risk of exacerbations (46), while reducing cumulative
steroid exposure (22, 24, 26), and providing a way for
patients with inconsistent maintenance use to receive
ICS whenever reliever medication is used (47). SIMRI
advocates for improved management of mild asthma
in children and adolescents, supporting AIR strategies
while highlighting some critical points that need to be
addressed.

First of all, clinical evidence supporting ICS-SABA ther-
apy in children remains limited. Questions persist regard-
ing the optimal ICS dosage for intermittent use in this
population and more research is needed to evaluate
safety, efficacy, and the potential for long-term effects.
Misunderstanding the “as-needed” concept may lead to
overuse, mirroring past challenges observed with SABA-
only treatment. Nonetheless, the convenience of ICS-
SABA single inhaler therapy can improve patient adher-
ence. Having one device for both control and symp-
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Table 1. Main benefits and barriers of AIR strategies in childhood asthma.
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Benefits Barriers

Reducing airways inflammation
Reducing risk of future exacerbations
Improving treatment adherence
Reducing cumulative steroid exposure

Limited evidence in children
Regulatory discrepancies among countries
Poor clinicians’ awareness

Inconsistent prescribing habits among specialists and primary care providers

tom relief simplifies the regimen, reduces confusion,
and improves inhaler technique, especially in younger
patients. Inhaler design can play a significant role in
patient acceptance and adherence, which are critical
for effective asthma management. Adolescents in par-
ticular may benefit from DPIs, which are more discreet
and easier to use than pMDlIs with spacers (48). Any-
way, we believe that tailoring therapy to each patient
remains essential. While both ICS-SABA combination
inhalers and separate ICS plus SABAregimens are via-
ble options, the best approach depends on individual
needs, preferences, and treatment goals (49).

With regard to ICS-formoterol, evidence for this combi-
nation in children is poor. Key trials like SYGMA included
only small numbers of adolescents, and they were crit-
icized for being overly controlled and lacking external
validity, as patients demonstrated unusually high inhaler
adherence rates that do not reflect real-world practice.
Moreover, real-world data in younger children are lack-
ing (48). Consequently, while current asthma guidelines,
including GINA’s dual-track framework, provide flexi-
bility in treatment options for adolescents, where both
ICS—-SABA and ICS—formoterol are considered appro-
priate options, a gap of knowledge regarding treatment
in children still exists. Nonetheless, the combination of
budesonide-formoterol is the only suggested formula-
tion, as other combinations have not been studied for
as-needed use. In this context, fluticasone propionate
has substantially advantageous peculiarities for asthma
therapy, including a stronger topical anti-inflammatory
activity than budesonide and beclomethasone (50-52),
and quick achievement of protective effect (53). More-
over, its systemic availability occurs solely via absorp-
tion from lungs, whereas for the other ICS oral bioavail-
ability also needs to be considered (54).

Additionally, concerns about overuse of as-needed
ICS-formoterol persist. Although no serious safety sig-
nals have been reported, inappropriate or excessive
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use could lead to overtreatment or, conversely, inad-
equate control of inflammation. Ultimately, while the
ICS-formoterol AIR approach shows promise, more
pediatric-specific research is needed. Until robust data
are available, clinicians should apply this strategy cau-
tiously, guided by ongoing monitoring and individual
patient response (48).

It should also be acknowledged that, in spite of poten-
tial benefits, the adoption of AIR strategies remains lim-
ited in real-world practice due to several barriers (Table
1). These include regulatory restrictions, clinical uncer-
tainty, and inconsistent prescribing habits (47). Notably,
the use of ICS—formoterol as a reliever without main-
tenance therapy remains off-label in many countries,
underscoring significant regulatory discrepancies (55).
It should be also emphasized that good asthma control
depends not only on appropriate prescribing but also
on patient self-management. This includes recognizing
symptom worsening and adjusting therapy accordingly.
On the other hand, clinicians should base decisions on
thorough assessments of asthma severity, lung function,
symptom patterns, adherence, and inhaler technique.
Regular follow-up and therapy adjustment based on the
patient’s response and monitoring for side effects, should
be part of routine care and shared decision-making with
families. In summary, whether as-needed ICS-formoterol
is truly superior and suitable to replace maintenance
ICS in all patients with mild asthma remains a subject of
debate. The choice should be tailored to the individual,
taking into account patient preferences and their risk of
asthma-related complications. In line with the European
Respiratory Society, we suggest adolescents in GINA
treatment steps 1 or 2 use either strategy (56), being
regular ICS therapy considered for those with low lung
function, and in particular if lung function is worsening.
Finally, education of caregivers and patients is recom-
mended as a core component of pediatric asthma man-
agement (57). Providing clear, age-appropriate informa-
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tion about the disease, the role of each medication, and
the importance of symptom monitoring can significantly
improve adherence and empower families to take an
active role in care. This education should also include
practical training on correct inhaler technique, recogni-
tion of early warning signs of exacerbations, and appro-
priate use of action plans.

CONCLUSIONS

In accordance with current guidelines, SIMRI endorses
the adoption of AIR strategies as a foundational treat-
ment for mild asthma (Table 2). Nonetheless, we high-
light the urgent need for additional randomized controlled
trials involving large pediatric populations and testing
different ICS/formoterol combinations for as-needed
use other than budesonide/formoterol. However, phar-
macological treatment alone is not sufficient; non-phar-
macological interventions are equally critical. Multidisci-
plinary collaboration among healthcare providers, care-
givers, and patients is essential to achieving long-term,
meaningful outcomes. Therefore, a proactive and holis-
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tic approach should be embraced as the new standard
for managing mild asthma in children and adolescents.
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Table 2. SIMRI recommendations on management of mild asthma in children and adolescents.

1 Mild asthma must be considered as a chronic inflammatory condition capable of sudden, severe, and potentially

life-threatening exacerbations.

Treatment strategies must target the underlying pathophysiology of asthma.

Treatment for adolescents aged 12 years and older should be as-needed ICS-formoterol (a single inhalation as
needed is recommended, with a maximum daily dose of 72 mcg of formoterol) or as-needed SABA combined
with administration of low-dose ICS at each instance of symptom occurrence; regular daily low-dose ICS therapy
supplemented with as-needed SABA is suggested for adolescents with low lung function, and in particular if lung

function is worsening.

4 Treatment for children aged 6 to 11 years using SABA for symptoms relief less than twice per week should be
as-needed SABA, combined with administration of low-dose ICS at each instance of symptom occurrence; regular
daily low-dose ICS therapy supplemented with as-needed SABA is suggested when symptoms occur more than

twice per week.

5 Tailoring therapy to each patient remains essential: the best approach depends on individual needs, preferences,

and treatment goals.

6  Avoidance of environmental tobacco smoke and exposure to vapors from e-cigarettes or heated tobacco products
is recommended to mitigate asthma symptoms and inflammation, as well as reducing exposure to air pollutants

and aeroallergens.

7  Encouraging a healthy lifestyle, including regular physical activity and a diet rich in fruits and vegetables, is

recommended to improve asthma outcomes.

8  Screening for mental health issues like anxiety and depression is recommended, as these conditions are known
to negatively impact asthma control and treatment adherence, especially during adolescence.

9  Education of caregivers and young patients is recommended to ensure adherence and foster long-term

management success.

10 Assessing and managing mild asthma should be conducted in a holistic manner based on multidisciplinary
collaboration among healthcare providers, caregivers, and patients in order to achieve sustained outcomes.
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ABSTRACT

Digital technologies are increasingly integrated into the management of pediat-
ric chronic respiratory diseases, offering new opportunities for monitoring, diag-
nosis, treatment adherence, and patient engagement. However, their implemen-
tation raises important technical, ethical, and social challenges, including issues
of interoperability, data protection, equitable access, and clinical validation. This
position paper, endorsed by the Italian Pediatric Respiratory Society (SIMRI/IPRS),
synthesizes current evidence and expert consensus to provide a structured over-
view of these challenges. It highlights areas of unmet need, such as the develop-
ment of standardized guidelines, the promotion of responsible data sharing, and
the creation of inclusive digital health policies. By addressing these aspects, the
paper aims to inform clinicians, researchers, policymakers, and technology devel-
opers, fostering the safe, effective, and equitable integration of digital innovations
into pediatric respiratory care.

IMPACT STATEMENT

This position paper synthesizes current evidence to guide the safe, equitable, and
effective integration of digital health tools in pediatric respiratory care.

HIGHLIGHTS BOX

What is already known about this topic? Digital tools are increasingly used in
pediatric respiratory care, but their adoption is inconsistent and challenged by issues
of interoperability, data protection, clinical validation, and health equity. What does
this article add to our knowledge? This multidisciplinary position paper from the
Italian Pediatric Respiratory Society defines technical, ethical, social, and regula-
tory priorities for the safe, equitable, and sustainable integration of digital technol-
ogies into pediatric respiratory medicine. How does this study impact current
management guidelines? It provides expert-based recommendations supporting
the development of standardized guidelines and policies that ensure responsible,
child-centered use of digital tools in pediatric chronic respiratory disease management.
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INTRODUCTION

Pediatric chronic respiratory diseases, such as asthma,
cystic fibrosis (CF), bronchopulmonary dysplasia (BPD),
bronchiectasis, and primary ciliary dyskinesia, represent
a significant burden for patients, families, and health-
care systems worldwide. These conditions are associ-
ated with long-term morbidity, recurrent exacerbations,
reduced quality of life, and considerable healthcare costs
(1). Early diagnosis, close monitoring, and individual-
ized management are crucial to improving clinical out-
comes and preventing disease progression.

Over the past two decades, digital health technologies
have progressively reshaped the management of chronic
respiratory conditions. These include mobile health
(mHealth) applications, wearable sensors, telemonitor-
ing platforms, and artificial intelligence (Al)—driven ana-
lytics. These tools offer new ways to track symptoms,
promote adherence and enable timely clinical decisions,
complementing traditional in-person care (2).

The COVID-19 pandemic acted as a catalyst for the
adoption of digital tools (DTs) in pediatric respiratory
medicine. Physical distancing measures, combined with
the need to maintain continuity of care, accelerated the
implementation of telemedicine and remote monitoring
systems, demonstrating their potential to complement
traditional in-person care. At the same time, this rapid
integration has exposed critical gaps. These include
limited interoperability, concerns regarding data secu-
rity, inequalities in access, and insufficient evidence on
long-term clinical impact (2).

Despite growing enthusiasm, the use of DTs in pedi-
atrics presents unique challenges. Children and ado-
lescents differ from adults not only in physiology but
also in their developmental, cognitive, and psycho-
social needs. Digital solutions must therefore be tai-
lored to children’s specific needs to ensure usability,
safety, and engagement, while preserving their auton-
omy and well-being.

This position paper, endorsed by the Italian Pediatric
Respiratory Society (SIMRI/IPRS), presents a struc-
tured analysis of the technical, ethical, and social chal-
lenges in adopting DTs for the management of pediat-
ric chronic respiratory diseases. It reviews current evi-
dence, identifies areas of unmet need, and highlights
key factors for ensuring their safe, effective, and equi-
table integration into pediatric respiratory care.
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TECHNOLOGICAL OVERVIEW

The term DTs refers to a wide range of technologies
designed to perform specific tasks, enhance functions,
or facilitate processes through digital means. DTs may
be either physical (e.g., electronic devices) or virtual
(e.g., software, mobile applications, artificial intelligence
(Al) solutions, web-based platforms). These tools can
be integrated into electronic devices, allowing for com-
plex functionalities.

In the field of respiratory medicine, DTs are typically cat-
egorized by their location and level of portability: home
devices, hand-held devices, and portable or wearable
devices (2). When properly supported, these devices can
collect biometric data and transmit it to mobile applica-
tions installed on patients’ devices or to web-based plat-
forms accessible to clinicians. Mobile applications may
synchronize with third-party devices and offer function-
alities such as symptom diaries, educational resources,
serious games (3), reminders, and secure communica-
tion channels with healthcare professionals.

This integration of DTs facilitates remote patient mon-
itoring or telemonitoring, becoming a vital part of tele-
medicine workflows. When equipped with Al capabili-
ties, these tools can analyze complex datasets to sup-
port disease recognition, risk stratification, exacerba-
tion prediction, and early detection of clinical deteriora-
tion (4, 5) (Table 1).

Home devices

Home digital devices are advanced medical tools
designed for use by patients in their own homes. Exam-
ples of these devices include smart home-care ventilators,
home respiratory polygraphy systems, long-term oxygen
therapy devices, sphygmomanometers, contactless (or
“invisible”) monitors, and environmental sensors. Smart
ventilators, respiratory polygraphy systems, and oxy-
gen therapy devices can continuously measure multiple
respiratory parameters. This can be done either directly
or indirectly through sensors mounted on the patient,
and these measurements are supported by embed-
ded software (6-9). Environmental monitors can detect
and report local air pollution levels, alerting patients in
cases of hazardous exposure (10). Emerging non-con-
tact systems (“invisible”) use fixed-position infrared or
standard cameras, microphones, and environmental
sensors placed in the patient’'s home. These systems
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Table 1. Key Elements of the Technological Overview.

PEDIATR RESPIR J

Definition of digital tools (DTs) — Encompass physical and virtual technologies designed to perform specific tasks,
enhance functions, or facilitate processes in healthcare, including devices, software, applications, artificial intelligence

solutions, and web-based platforms.

Classification by portability — DTs in pediatric respiratory medicine can be categorized as home devices, hand-held
devices, and portable/wearable devices, each with distinct functions and integration potential.

Home devices — Include smart home-care ventilators, home respiratory polygraphy, long-term oxygen therapy devices,
environmental monitors, and emerging contactless (“invisible”) monitoring systems for continuous data collection in

domestic settings.

Hand-held devices — Such as digital peak flow meters, portable spirometers, and forced oscillation technique devices,
often equipped with Bluetooth connectivity for real-time data transfer and remote monitoring.

Portable and wearable devices — Including smartphones, tablets, smartwatches, activity trackers, and sensor-based
wearables capable of tracking respiratory and non-respiratory parameters during daily life.

Clinical integration — DTs support remote monitoring, telemedicine, and Al-assisted decision-making, with current
applications primarily in asthma, cystic fibrosis, sleep-disordered breathing, and rare pediatric lung diseases.

Evidence base — Randomized controlled trials (mainly in asthma) suggest benefits for adherence and disease control,
although larger, long-term studies are needed to confirm sustained impact.

monitor physiological and environmental parameters
without requiring physical interaction (11-13).

Hand-held devices

Hand-held digital devices are small, portable tools
designed for manual operation. In pediatric respira-
tory medicine, these devices include digital peak flow
meters, hand-held spirometers, and devices that utilize
the forced oscillation technique (FOT). These devices
aim to reduce measurement variability and usually come
equipped with Bluetooth connectivity, allowing them to
integrate with mobile applications (14). FOT devices
require minimal patient cooperation and can assess
lung mechanical properties without supervision (15).
Additionally, inhaler-integrated sensors can record actu-
ation events, which provide indirect measures of adher-
ence and disease control, particularly in asthma man-
agement (16).

Portable and wearable devices

Portable and wearable devices are designed for mobility
and continuous use. Portable devices, such as smart-
phones, tablets, and compact hand-held instruments,
are lightweight and easy to carry. Wearable devices
include smartwatches, activity trackers, chest straps,
sensor patches, pulse oximeters, and smart textiles.
These devices are worn on the body and often incor-
porate multiple biosensors (17). These devices can
measure both respiratory and non-respiratory parame-

ters, with data typically transmitted to applications held
by patients or platforms monitored by clinicians. Addi-
tional features may include electronic symptom diaries
and automated alerts (18).

Current state of adoption in pediatric pulmonology
The COVID-19 pandemic further accelerated the adop-
tion of DTs in pediatric pulmonology, highlighting the
value of remote monitoring and virtual care (19, 20).

Most randomized controlled trials (RCTs) in pediatric
respiratory medicine have focused on asthma, the most
common chronic respiratory disease in children (21, 22).
These interventions have included health education for
patients and caregivers, behavioral strategies such as
serious games and educational apps, electronic adher-
ence monitoring devices linked to mobile applications,
and the integration of mobile health into routine care.
Evidence indicates that these tools can enhance adher-
ence and improve asthma control; however, there is a
need for larger, longer-term RCTs with follow-up after
interventions to confirm the sustainability of these ben-
efits (3). For sleep-disordered breathing, no RCT has
directly compared telemedicine follow-ups with stan-
dard in-hospital care. Nonetheless, existing reports
show promising feasibility and acceptance (23-26). In
the case of CF, telehealth and remote monitoring have
demonstrated good feasibility and reliability, facilitating
interactions with patients and their families (27-29). Sim-
ilar advantages have been observed in other rare pedi-
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atric respiratory diseases, including primary ciliary dys-
kinesia, BPD, and interstitial lung disease (2).
Telemonitoring is becoming increasingly common for
children receiving long-term continuous positive airway
pressure (CPAP) or non-invasive ventilation (NI1V), with
data primarily used to assess adherence, leaks, and
respiratory parameters (30, 31).

TECHNICAL CHALLENGES

Despite their rapid development, implementing digi-
tal technologies in pediatric respiratory medicine still
presents several technical challenges. These chal-
lenges include system interoperability, data accuracy
and reliability, and cybersecurity and data protection.
In pediatrics, age-specific physical and psychological
challenges underline the importance of user-centered
design (Table 2).

System Interoperability

System interoperability is defined as “the ability of dif-
ferent information systems, devices and applications
to access, exchange, integrate, and cooperatively use
data in a coordinated manner, within and across orga-
nizational, regional, and national boundaries, to provide
timely and seamless portability of information and opti-
mize the health of individuals and populations globally”
(32). Effective interoperability allows secure data shar-
ing across platforms while maintaining data integrity and
reducing the need for human intervention. In contrast, a
lack of interoperability can compromise the safety, effec-

Vol. 3(4), 177-191, 2025

tiveness, patient-centeredness, timeliness, efficiency,
and equity of DTs (33). Clear and shared standards for
terminology, data structure and security are essential to
achieve seamless interoperability between home-moni-
toring systems and clinical platforms. Strengthening inte-
gration reduces fragmentation and supports more effi-
cient and timely care (2).

Data accuracy and reliability

Akey challenge is ensuring the accuracy, reliability, and
integrity of data collected by DTs. Inaccurate or incom-
plete data can result in misdiagnosis, flawed prognos-
tic assessments, and inappropriate clinical decisions.
In pediatrics, the variations in age, size, and physiol-
ogy often require datasets to be divided into smaller
cohorts, which negatively impact the performance of
digital models. However, advanced data-science tech-
niques, such as model fine-tuning, may help address
these limitations in the future (34).

Cybersecurity and data protection

Cybersecurity is a critical concern in safeguarding pedi-
atric patients from privacy breaches, cyberbullying, and
exposure to inappropriate content. The European reg-
ulatory framework aims to balance technological inno-
vation with the protection of children’s rights and sen-
sitive health information (35).

Among the key instruments, the General Data Protec-
tion Regulation (GDPR) strengthens transparency, secu-
rity, and accountability in the collection and processing
of personal and health data, introducing specific safe-

Table 2. Key Technical Challenges in the Use of Digital Tools for Pediatric Chronic Respiratory Disease Management.

System interoperability — Need for standardized terminology, content, and security protocols to enable seamless
integration between home-monitoring tools and healthcare systems, ensuring timely and coordinated patient care.

Data accuracy and reliability — Ensuring completeness and validity of collected data, avoiding errors that could lead
to inappropriate clinical decisions, and addressing pediatric heterogeneity that may impact model performance.

Cybersecurity and data protection — Safeguarding sensitive health and biometric data from breaches, ensuring
compliance with European and national regulations, and applying specific protections for minors.

Child-specific physical challenges — Designing devices adapted to children’s size and growth, preventing
discomfort, pressure injuries, or interference with treatment adherence, and exploring customizable solutions such as

3D-printed interfaces.

Child-specific psychological challenges — Adapting tools to the cognitive and emotional needs of children and
adolescents, promoting engagement without fostering screen dependency, and tailoring educational strategies to

developmental stages.

User-centered design — Involving children and caregivers in co-development, ensuring devices are safe, affordable,
easy to use, and socially compatible, while minimizing physical and environmental risks.
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guards for minors, such as the requirement for paren-
tal consent when processing the personal information
of individuals under 16 years of age, and the obligation
to provide age-appropriate explanations regarding the
implications of data use (36). The Medical Device Reg-
ulation (MDR) establishes minimum safety and security
standards for all medical devices, including digital ones
(37). Additional legislative initiatives, such as the Data
Act, Data Governance Act, Cybersecurity Act, and Arti-
ficial Intelligence Act, further regulate fairness, cyberse-
curity, and innovation in information and communication
technologies and Al-driven products (38).

In the healthcare domain, the European Health Data
Space (EHDS) represents a pivotal initiative to create a
unified framework for cross-border access, sharing, and
reuse of electronic health data, enforcing interoperability,
privacy, and cybersecurity standards (39). A dedicated
extension, the Pediatric Health Data Space (PHDS), is
under development to facilitate secure data exchange
among pediatric hospitals, ensure compliance with data
protection laws, and support Al-driven research and col-
laborative pediatric care (40). For high-risk data process-
ing involving children’s biometric or health information,
additional safeguards—such as Data Protection Impact
Assessments—are recommended to ensure the highest
standards of privacy and security (35, 36).

Child-specific technical challenges

There are specific technical challenges related to children,
which can be either physical or psychological in nature.
Children often need miniaturized devices or equipment
that can adapt as they grow (2). In the context of chronic
respiratory care, examples include appropriately sized
oxygen saturation (SpO,) sensors for BPD and well-fit-
ting interfaces for long-term NIV. Bulky or uncomfortable
interfaces can lead to reduced data accuracy, increased
air leaks, and impaired patient-ventilator synchrony. Addi-
tionally, interfaces that are too narrow may cause pres-
sure injuries on the forehead, nasal bridge, cheeks, or
chin, which can decrease patient adherence. Custom-
ized 3D-printed interfaces have the potential to improve
comfort, minimize side effects, and enhance outcomes
for home NIV (41).

DTs should be tailored to meet the changing cogni-
tive and emotional needs of children, supporting dis-
ease self-management while promoting independence.
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This is especially important during adolescence, as
greater engagement can enhance adherence to treat-
ment (34). DTs must also consider age-related physiolog-
ical changes and should utilize interactive and engaging
strategies, which tend to be more effective than passive
education (2). Additionally, it is crucial for digital tools to
avoid increasing daily screen time or encouraging digi-
tal dependency, such as smartwatch addiction (42). Ide-
ally, device connectivity should be restricted to health-
care-related functions only (34).

User-centered design

A user-centered approach is crucial in pediatrics. Chil-
dren’s needs and caregivers’ insights should be actively
incorporated into the design and customization of digi-
tal technologies to ensure safety, usability, and accessi-
bility. Devices must be affordable, intuitive, and suitable
for children of different ages, featuring interfaces that
children can use independently, without interfering with
their social activities. Instructions should be simple and
tailored to developmental stages, using oral guidance
for younger children and text-based prompts for ado-
lescents (34). Additionally, devices should be designed
to protect children from the devices and vice versa (34).
This includes minimizing risks of ingestion or inhalation
of small parts, preventing mechanical breakage, and
avoiding exposure to harmful materials.

Clinical risks and practical barriers in the use of
digital tools

DTs may generate false alarms or low-quality signals,
which can contribute to alert fatigue and increase work-
load for clinicians and caregivers (2). Continuous data
streams may also lead to information overload when
systems are not well integrated or when algorithms
lack pediatric validation (33, 34). These challenges
can elevate clinicians’ workload and create anxiety for
families, particularly when exposed to frequent alerts or
continuous surveillance (34). Addressing these barriers
requires streamlined workflows, reliable alert manage-
ment, and appropriate training for both healthcare pro-
fessionals and families.

ETHICAL CHALLENGES

The integration of DTs into pediatric respiratory care brings
important ethical considerations that must be addressed
to ensure responsible and equitable use. These chal-
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Table 3. Key Ethical Challenges in the Use of Digital Tools for Pediatric Chronic Respiratory Disease Management.

Privacy and informed consent — Protecting children’s rights in the collection, storage, and use of health data, with
age-appropriate communication to ensure understanding and meaningful participation.

Data security — Safeguarding sensitive pediatric information from breaches, misuse, or unauthorized access while

complying with relevant regulations.

Equity of access — Avoiding disparities in availability and use of digital tools caused by socioeconomic status,
infrastructure gaps, or low digital literacy, and promoting inclusion through targeted support programs.

Patient and family autonomy — Encouraging shared decision-making and self-management skills while preventing
over-reliance on technology or excessive surveillance that may undermine independence.

Child-centered design — Developing digital tools that reflect children’s cognitive, emotional, and developmental
needs, ensuring usability, safety, and engagement without compromising well-being.

lenges can be grouped into three main domains: privacy
and informed consent, equity of access, and impact on
patient and family autonomy. Each domain reflects the
need to balance technological innovation with the pro-
tection of children’s rights, well-being, and developmen-
tal needs (Table 3).

Privacy and informed consent in pediatric patients
Digital technologies have transformed healthcare by
enabling personalized treatments, continuous moni-
toring, and remote care. In pediatrics, however, these
advancements raise specific ethical concerns related
to privacy, data security, and informed consent. In the
digital era, personal and medical data circulate widely.
This requires a careful balance between protecting chil-
dren’s rights and ensuring access to appropriate care.
Because children may not fully understand the impli-
cations of data processing, enhanced safeguards and
age-appropriate explanations are essential.

The concept of acting in the “best interests of the child”,
as framed by Beauchamp and Childress (43) through
the four principles of biomedical ethics, autonomy, benef-
icence, non-maleficence, and justice, provides a foun-
dation for ethical decision-making in this context. Paren-
tal supervision through DTs may contribute to a surveil-
lance culture in which children’s privacy is overlooked
in favor of perceived safety. Moreover, children’s con-
sent is rarely sought in medical decision-making (44),
and insufficient or misleading information may gener-
ate anxiety or mistrust toward digital health. To address
these concerns, children should receive clear, age-ap-
propriate explanations about how DTs work and their
intended purpose (2). Education for both families and
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healthcare providers on transparent, developmentally
appropriate communication can improve acceptance
and adherence to digital interventions in pediatric care.

Inequalities in access to digital tools

Digital health offers benefits that extend beyond individ-
ual care to population-level health improvements (45).
Nevertheless, pediatric DTs remain underrepresented
compared with adult-targeted technologies, partly due
to lower financial investment (46). Recent regulatory
efforts in Europe and the United States have sought to
address this gap by encouraging industry to address
children’s specific health needs (47).

The ethical principle of justice demands equitable access
to healthcare. However, DTs may unintentionally widen
disparities, particularly among economically disadvan-
taged families, due to high device costs, inadequate
infrastructure, and low digital literacy (34). In addition,
self-exclusion from digital health initiatives is more com-
mon in lower-income groups, exacerbating the divide
between wealthier and poorer families (48). Strategies
to mitigate these inequalities include reimbursement pro-
grams for eligible households, community-based digital
literacy initiatives, and targeted policies ensuring that
all children, regardless of socioeconomic background,
can benefit from technological innovation in healthcare.

Impact on patient and family autonomy

Autonomy is defined as self-governance in thought and
action (49). In pediatric care, children rely on adults for
decision-making (34), but a child-centered approach—
actively involving young patients in their own care—can
foster informed choice, responsibility, and self-man-
agement skills (2). Digital technologies may enhance
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Table 4. Key Social Challenges in the Use of Digital Tools for Pediatric Chronic Respiratory Disease Management.

Acceptance and usability — Variability in patient, family, and clinician acceptance; potential reduction in in-person
interactions; limitations in assessing qualitative and psychological aspects; risk of weakened trust when digital outputs

differ from clinical judgment.

Cultural and socioeconomic barriers — Financial constraints, low digital literacy, self-exclusion due to mistrust or
unfamiliarity, language barriers, and culturally rooted resistance; influence of parental attitudes and automation bias.

Education and training — Need for tailored programs for children, caregivers, and healthcare providers to ensure
correct use, integration into care, and awareness of benefits and limitations.

Community engagement — Importance of collaboration with schools, local organizations, and cultural leaders;
provision of multilingual and culturally adapted resources to promote inclusion and trust.

autonomy by enabling self-monitoring and shared deci-
sion-making.

However, potential drawbacks exist. Automated digi-
tal algorithms can contribute to depersonalization, with
children perceived primarily as sources of data (2). Dis-
crepancies between device-generated information and
the child’s own symptom reports may undermine the
child’s credibility (50), and caregivers may place greater
trust in device outputs than in the patient’s experience.
Excessive parental monitoring via DTs may also reduce
opportunities for independent self-management, increas-
ing anxiety and dependence (2, 34).

Ethically sound practice requires a balance between
leveraging digital tools for improved health outcomes
and preserving children’s mental and emotional well-be-
ing. Clinical teams should promote informed participa-
tion, respect for autonomy, and guidelines to prevent
over-surveillance, ensuring that technology supports
rather than diminishes the child’s role in their own care.

SOCIAL CHALLENGES

The integration of DTs into pediatric respiratory care
also raises important social challenges that can influ-
ence their acceptance, accessibility, and effectiveness.
These challenges relate primarily to acceptance and
usability, cultural and socioeconomic barriers, and edu-
cation and training for users, each of which has implica-
tions for equitable and sustainable adoption (Table 4).

Acceptance and usability by patients, families,

and healthcare providers

The use of DTs in pediatric care can reshape the physi-
cian—child—parent relationship, particularly by reducing
the frequency of in-person consultations. Evidence from

pediatric asthma research shows that attitudes toward
DTs have evolved over time. Before the SARS-CoV-2
pandemic, only 19% of parents preferred DT-based con-
sultations over traditional visits (48); during the pandemic,
this figure rose to 43%, with 53% of children expressing
a preference for digital health solutions (51).

Despite growing acceptance, DTs may not fully cap-
ture the relational and qualitative dimensions of care
that emerge during in-person encounters. Emerging
digital twin systems (DTS) create a virtual representa-
tion of the patient and may weaken the empathic bond
between patients, families, and healthcare providers
(34). Discrepancies between DTS-generated recom-
mendations and physician advice may also undermine
mutual trust (53).

Socioeconomic and cultural barriers

The implementation of DTs in pediatric healthcare can
be hindered by financial barriers, as lower-income fam-
ilies may struggle to afford these technologies, exacer-
bating existing healthcare disparities (53). Limited dig-
ital literacy further compounds these inequalities, mak-
ing effective use of DTs more challenging (34).
Self-exclusion is another concern. Individuals with
lower educational attainment or socioeconomic status
may be reluctant to engage with digital health initia-
tives due to mistrust or unfamiliarity. Language barri-
ers and cultural attitudes toward healthcare technology
can also contribute to resistance, especially in com-
munities where traditional models of care are deeply
rooted (34, 48).

Parental attitudes strongly influence the acceptance
of DTs. Some families may be hesitant to grant chil-
dren greater autonomy in managing their conditions,
while automation bias, a tendency to trust digital out-
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puts over human judgment, can create conflicts when
device-generated results contradict patient-reported
symptoms (54). Addressing these cultural and attitu-
dinal factors is essential for equitable and effective
DT adoption.

Education and training for use

Targeted education and training programs are key to
overcoming these barriers and ensuring that DTs are
accessible, user-friendly, and culturally appropriate (55).
For parents and caregivers, digital literacy initiatives
should explain how DTs function, their benefits, and their
limitations. Practical workshops and online resources
can bridge knowledge gaps and build confidence in
using these tools (55). For children, educational materi-
als should be engaging, interactive, and age-appropriate,
with gamified tools, mobile apps, and instructional vid-
eos that teach correct device use and symptom report-
ing, fostering active participation in care.

Healthcare providers also require dedicated training
to integrate DTs into practice effectively. Pediatricians
should be able to interpret DT-generated data, com-
bine digital insights with clinical judgment, and address
family concerns (56). Training should also cover ethical
aspects, including data privacy, patient autonomy, and
potential biases in digital assessments.

Finally, community engagement is essential to build trust
in DTs. Collaboration with schools, local organizations,
and cultural leaders can help dispel misconceptions,
while multilingual and culturally adapted resources can
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ensure that diverse populations are informed, included,
and empowered to use DTs effectively.

REGULATORY ASPECTS AND CHILDREN’S RIGHTS

DTs used in pediatric respiratory care are regulated
within a broad and evolving framework that aims to
balance innovation with safety, privacy, and children’s
rights. Depending on their intended purpose and asso-
ciated risk, digital tools may qualify as medical devices
and must comply with the Medical Device Regulation
(MDR) and, when applicable, the In Vitro Diagnostic
Regulation (IVDR) (37). Additional guidance from reg-
ulatory bodies, such as Medical Device Coordination
Group (MDCG) documents and international harmoni-
zation initiatives, supports consistent interpretation and
implementation of these requirements (57).

Networked or software-based devices must also meet
cybersecurity and data-governance obligations, as
defined by the GDPR (36) and complemented by recent
European initiatives on data governance and interoper-
ability (58, 59). In parallel, emerging frameworks such
as the European Health Data Space (EHDS) (39) and
the Artificial Intelligence Act (60) establish further stan-
dards for data protection, transparency, and the respon-
sible use of Al-enhanced systems in healthcare.
Children require particular protection in the digital envi-
ronment because they may not fully understand how
their personal and health data are collected, shared,
and reused. International and European policy instru-
ments - including the Council of Europe Recommenda-

Table 5. Key Regulatory Aspects and Children’s Rights in Pediatric Digital Tools.

Regulatory frameworks — DTs must comply with MDR/IVDR and follow MDCG guidance and harmonization
initiatives. Networked or software-based devices require GDPR compliance and alignment with emerging EU

governance frameworks, including the EHDS and the Al Act.

Device-specific requirements — Regulatory obligations vary by device type, with additional safeguards for connected
and Al-driven systems, particularly regarding data governance and transparency.

Children’s rights — European and international instruments - Council of Europe Recommendation, UN CRC
General Comment No. 25, and relevant Digital Services Act provisions - highlight the best interests of the child, age-

appropriate design, and protections for vulnerable groups.

Safety and usability — Devices must minimize physical risks (including PFAS exposure), limit screen time, and
support developmental appropriateness while avoiding excessive surveillance or stress for families.

Regulatory incentives — The absence of structured pediatric-specific pathways limits innovation. Strengthened
oversight, dedicated routes, and targeted incentives are needed to promote validated and equitable child-centered

DTs.

Al Act - Artificial Intelligence Act; EHDS — European Health Data Space; GDPR — General Data Protection Regulation; IVDR — In Vitro Diagnostic
Regulation; MDCG — Medical Device Coordination Group; MDR — Medical Device Regulation; PFAS — Per- and Polyfluoroalkyl Substances; UN

CRC — United Nations Convention on the Rights of the Child
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tion on children’s rights in the digital environment (61),
the UN Committee on the Rights of the Child General
Comment No. 25 (62), and binding provisions of the
Digital Services Act - emphasize the best interests of
the child, age-appropriate communication, enhanced
safeguards for sensitive data processing, and atten-
tion to children living in vulnerable circumstances or
with disabilities.

Safety, design, and usability requirements are especially
relevant for pediatric DTs. Beyond regulatory compliance,
devices should minimize physical risks, such as choking,
ingestion, or exposure to harmful substances including
per- and polyfluoroalkyl substances (PFAS)-containing
components (63), and limit unnecessary screen time
(42). Interfaces must match children’s developmen-
tal and cognitive abilities, supporting autonomy with-
out creating excessive surveillance or stress for fami-
lies (34, 64). Child-centered design and human-factors
engineering play a key role in ensuring usability, com-
fort, and psychological well-being.

Compared with pharmaceuticals, where pediatric inves-
tigation plans are mandatory, the medical device sector
lacks systematic pediatric-specific evaluation. This gap
is particularly relevant for DTs that influence clinical deci-
sion-making or daily disease management. Dedicated
regulatory pathways, stronger involvement of pediatric
expert committees, and targeted incentives could pro-
mote child-centered innovation. European initiatives in
this field (65) underscore the importance of developing,
validating, and equitably implementing digital technolo-
gies adapted to children’s needs (Table 5).
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SUSTAINABILITY ASPECTS

DTs offer substantial clinical advantages in pediatric
respiratory care but also raise sustainability consider-
ations that must be addressed to ensure responsible
long-term implementation (Table 6). While telemedicine
and remote monitoring can reduce emissions associ-
ated with travel and in-person appointments, thereby
lowering the overall carbon footprint of healthcare deliv-
ery (66, 67), the production, operation, and disposal
of digital devices contribute to energy consumption,
resource depletion, and electronic waste. Globally, the
healthcare sector already represents a significant envi-
ronmental burden (66), and the growing use of digital
tools may further increase this impact if not accompa-
nied by appropriate mitigation strategies.

Electronic waste remains a critical challenge. Medi-
cal and consumer-device components, including bat-
teries, sensors, plastics, and circuit boards, generate
pollutants that pose risks to ecosystems and human
health if not properly managed (68). Energy-inten-
sive infrastructures such as data centers, required to
store and process large-scale health data, also con-
tribute to greenhouse gas emissions (69). A sustain-
ability-oriented approach therefore requires assess-
ing the full lifecycle of DTs, from manufacturing to
end-of-life disposal, and promoting design principles
that extend device lifespan, support repairability, and
facilitate recycling.

Several strategies can help minimize environmental
impact. These include using energy-efficient cloud ser-
vices, optimizing software and data-processing sys-

Table 6. Key Sustainability Aspects of Digital Tools in Pediatric Chronic Respiratory Disease Management.

Environmental impact — DTs reduce travel-related emissions and paper use but contribute to e-waste, energy
consumption, and environmental degradation from device manufacturing and mineral extraction.

Data center footprint — Large-scale storage of electronic health data consumes significant electricity, often from non-

renewable sources, increasing the carbon footprint.

Resource use in manufacturing — Production of smartphones, wearables, and sensors relies on critical minerals and

generates waste during the device lifecycle.

E-waste management — Improper disposal of medical electronics and plastics can cause pollution; recycling and safe

disposal programs are essential.

Sustainable strategies — Adopt renewable-powered, energy-efficient data centers; use optimized software and Al for
energy management; apply lifecycle assessment before implementation.

Circular economy principles — Extend product lifespans through modular upgrades, refurbishing, reusing, and
recycling; promote biodegradable materials and eco-friendly packaging.

Policy and awareness — Mandate environmental criteria in procurement, incentivize sustainable design, integrate
green principles into healthcare training, and raise awareness among patients and providers.
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tems, applying data-minimization principles, and pro-
moting renewable-energy solutions for digital infrastruc-
tures (69). Lifecycle assessments and responsible pro-
curement processes can guide healthcare institutions
in selecting devices and platforms with lower ecological
footprints. In addition, recycling and take-back programs
for digital health devices, such as inhalers, sensors, or
remote-monitoring equipment, should be encouraged
to reduce e-waste generation (68). Educational initia-
tives for families and clinicians can improve awareness
of proper disposal practices and support a more sus-
tainable culture of device use.

Embedding sustainability criteria into digital health strat-
egies, including eco-design, reduced energy consump-
tion and circular-economy approaches, can minimize the
environmental footprint of DTs and support long-term
responsible adoption (70, 71).

CLINICAL AND RESEARCH PERSPECTIVES

DTs have the potential to become integral components
of therapeutic pathways for pediatric chronic respira-
tory diseases. Effective integration requires a hybrid
model that combines in-person clinical care with remote
monitoring and virtual consultations. Such models can
enable early detection of exacerbations, personalized
treatment adjustments, and enhanced patient engage-
ment. The integration process should follow structured
protocols, ensuring interoperability between DTs and
electronic health records, and establishing clear crite-
ria for clinical action based on device-generated data.

Collaboration between pediatric respiratory specialists,
general practitioners, allied health professionals, and
technical experts is essential to ensure smooth incor-
poration into existing care workflows. Additionally, inte-
gration should be accompanied by training programs
for healthcare providers, as well as educational sup-
port for patients and caregivers, to maximize usability
and adherence.

Despite significant progress, several unmet needs
must be addressed to optimize the use of DTs in
pediatric respiratory care. First, there is a lack of evi-
dence-based guidelines specifically focused on the
responsible implementation of DTs in children. These
guidelines should cover safety, efficacy, ethical con-
siderations, and long-term follow-up. Second, policies
are needed to promote equity, ensuring that DT adop-

186 |

Vol. 3(4), 177-191, 2025

tion does not exacerbate existing socioeconomic or
geographic disparities. This includes supporting infra-
structure development in underserved areas, reim-
bursement schemes, and digital literacy initiatives.
Third, sustainability considerations must be embed-
ded in policy and procurement processes, incentiviz-
ing eco-friendly design, energy efficiency, and respon-
sible e-waste management. Finally, fostering collabora-
tive approaches among clinicians, researchers, indus-
try stakeholders, patient advocacy groups, and policy-
makers will be critical to drive innovation, validation,
and widespread adoption of high-quality, child-cen-
tered digital health solutions.

OPERATIONAL FRAMEWORK AND KEY
RECOMMENDATIONS FOR THE INTEGRATION
OF DIGITAL TOOLS IN PEDIATRIC RESPIRATORY
CARE

The implementation of DTs in pediatric respiratory care
benefits from a structured and pragmatic framework
that supports clinicians, families, and policymakers in
daily practice. Based on current evidence and expert
consensus, we propose the following operational rec-
ommendations:

» Clinical Assessment and Prioritization: DTs should be
selected according to the child’s clinical profile, dis-
ease severity, and specific monitoring needs. Before
implementation, clinicians should assess the poten-
tial benefits, risks, and feasibility of integrating each
tool into existing care pathways.

« Data Governance, Privacy, and Transparency: Health-
care teams must ensure compliance with data pro-
tection regulations and provide families with clear,
age-appropriate information about data use, stor-
age, and access. Transparent communication fos-
ters trust and encourages engagement.

» Integration into Clinical Workflows: Digital tools should
complement, not replace, clinical evaluation. Clear
action thresholds, alert hierarchies, and response
workflows are needed to prevent data overload, false
alarms, or misinterpretation. Institutions should ensure
interoperability with electronic health records and
avoid parallel, non-integrated platforms.

» Training and Digital Literacy: Clinicians, patients, and
caregivers require tailored training to use digital tools
effectively. Educational resources should cover device
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functionality, correct data interpretation, and trouble-
shooting, while promoting realistic expectations and
shared decision-making.

« Family Engagement and Psychosocial Support: Dig-
ital solutions should empower, but not overburden,
families. Monitoring intensity should match the clin-
ical scenario to avoid unintended stress or anxiety.
Supportive communication and regular feedback
loops help maintain adherence and prevent technol-
ogy-related fatigue.

» Continuous Evaluation and Quality Improvement:
Implementation should include mechanisms for ongo-
ing assessment of usability, clinical impact, safety,
and equity. Feedback from children, families, and
clinicians should guide iterative refinement of digital
systems and institutional policies.

» Equity and Accessibility: To prevent widening health
disparities, programs should incorporate strate-
gies to support families with socioeconomic vul-
nerabilities, limited digital literacy, or technologi-
cal barriers. Reimbursement policies and institu-
tional lending programs may improve access to
essential devices.

CONCLUSIONS

DTs can enhance the management of pediatric chronic
respiratory diseases by supporting early detection, treat-
ment adherence and patient engagement. Their integra-
tion, however, requires careful attention to safety, equity,
interoperability and sustainability.

The successful integration of DTs into pediatric respi-
ratory care requires a careful balance between innova-
tion and responsibility, aligning technological capabili-
ties with the developmental needs, rights, and well-be-
ing of children. Clinicians must be supported by clear
protocols, robust evidence, and interoperable sys-
tems; policymakers must enact regulations and incen-
tives that promote both equity and sustainability; and
industry must commit to child-centered design and high
safety standards.

Looking ahead, the vision for the future is a digitally
empowered, patient-centered healthcare ecosystem in
which DTs complement, rather than replace, the human
elements of care. Such a model would leverage real-
time data, artificial intelligence, and telehealth to pro-
vide personalized, proactive, and participatory care,
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while maintaining empathy, trust, and respect for chil-
dren’s rights. Achieving this vision will require ongoing
research, multidisciplinary collaboration, and a shared
commitment to ensuring that digital innovation serves
the best interests of every child.
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ABSTRACT 3 Institute of Clinical Physiology (IFC),
National Research Council (CNR),
The ATS/ERS 2005 standard defines a significant bronchodilator response (BDR) Pisa, Italy

in terms of FEV, as an increase of 212% and 2200 mL, while ERS/ATS 2022 pro-
poses a 210% increase in percent predicted FEV,. Data from 482 children aged
4-17 years, all diagnosed with asthma, were analyzed to evaluate the concordance
between these two thresholds. Results showed substantial agreement (Cohen’s
kappa = 0.83) between the two criteria, with 93.1% concordance across the pedi-
atric asthma cohort. While the ERS/ATS 2022 threshold classified slightly more
children as bronchodilator responders, particularly among those with preserved
lung function, this did not significantly alter overall clinical interpretation. How-
ever, among children with baseline airway obstruction, ERS/ATS 2022 identified
significantly more positive cases than ATS/ERS 2005, suggesting greater sensi-
tivity in this subgroup. These findings support the applicability of ERS/ATS 2022
in pediatric practice but highlight the need for further research in specific clinical
contexts. These results contribute to the ongoing discussion on optimal broncho-
dilator response thresholds and may help streamline asthma management in chil-
dren by offering reliable and consistent diagnostic criteria.

INTRODUCTION

The different criteria so far used for bronchodilator response evaluation have intro-
duced inconsistencies in clinical practice, particularly regarding the appropriate
threshold for interpreting forced expiratory volume in one second (FEV1) improve-
ments, as highlighted by Guezguez and Ben Saad (2020) (1). The ATS/ERS 2005
guidelines defined a significant bronchodilator response as an absolute increase
in FEV, of at least 12% and 200 mL compared to the pre-bronchodilator test (2,

3). In contrast, the ERS/ATS 2022 standard defines a positive response as an KEY WORDS
increase greater than 10% in the percent predicted FEV, value, rather than the ATS/ERS 2005 criteria; GLI-2022 cri-
absolute volume increase, compared to the pre-bronchodilator test (3). teria; Bronchodilator response (BDR);

While earlier expectations suggested that this shift might reduce BDR+ preva- REVS AR eI AEETREAE

lence—particularly among children with milder impairments—more recent pediat-
ric studies, including Beydon & Rosenfeld (2024) (6), have shown either no reduc-
tion or a slight increase in BDR+ classification using the ERS/ATS 2022 criteria.
This may reflect the generally better-preserved lung function in children, which
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can result in relatively larger post-bronchodilator per-
cent predicted improvements, thereby increasing sen-
sitivity to positive responses.

Potential implications of the new recommendation for
clinical decision-making might lead to a decrease in the
evidence of positive response to the bronchodilators,
particularly in pediatric populations (1, 4).
Bronchodilator reversibility testing remains fundamen-
tal in diagnosing pediatric asthma (5). Recent ATS-ERS
updates reflect a shift toward using predicted values
in assessing bronchodilator response, a methodolog-
ical change that has been associated with differences
in the frequency of positive test results (6, 7), without
asserting the superiority of one criterion over the other.
For instance, McCarthy et al. (2023) (7) observed that
the adoption of predicted values may lead to fewer pos-
itive responses, particularly in individuals with severe
airway obstruction.

Our aim was to compare the diagnostic implications of
the ATS/ERS 2005 and ERS/ATS 2022 criteria, focusing
on whether the adoption of the newer thresholds signifi-
cantly alters or not clinical decision-making, especially
in managing pediatric asthma.

METHODS

Spirometry was conducted according to the European

Respiratory Society (ERS) — American Thoracic Soci-

ety (ATS) guidelines, using standardized equipment.

Spirometry measurements of (FEV,) were performed

before and 15 minutes after inhalation of 400 pg salbu-

tamol bronchodilator administration (8). To account for
normal diurnal variations, all testing was performed at

a consistent time of day.

For assessing bronchodilator response, the following

criterion was applied:

* ATS/ERS 2005 Criteria: a positive response was
defined as both a 212% increase and a 2200 mL
absolute increase in FEV, from the baseline (pre-bron-
chodilator value).

FEV, post bronchodilator

FEV, pre bronchodilator ~1)-100

All the data were stored on a PC in the CNR Institute.

Subsequently, the new criterion was released:

 ERS/ATS 2022 Criteria: a positive response was
defined as a >10% increase in percent predicted

PEDIATR RESPIR J

FEV,, with reference to the patient’s predicted FEV,
based on age, sex, height, and ethnicity.

FEV, post bronchodilator— FEV, pre bronchodilator_ 100
FEV, predicted

To compare bronchodilator response (BDR) between the
ATS/ERS 2005 and ERS/ATS 2022 criteria, the original
data of the CHASER study were retrieved: on them, also
the ERS/ATS 2022 criterion was applied.

Although FVC reversibility is acknowledged in ATS-ERS
guidelines, our study focused solely on FEV, changes,
considering that FEV, has a primary role in assessing
airway obstruction and a greater applicability in pediat-
ric populations, where consistent FVC measurements
may be harder to obtain.

Baseline bronchial obstruction was assessed using the
FEV./FVC ratio. The Lower Limit of Normal (LLN) was
defined based on the 5th percentile of the predicted
FEV./FVC ratio, calculated according to the ERS/ATS
2022 reference equations, which account for age, sex,
height, and ethnicity. An FEV,/FVC ratio below LLN was
interpreted as indicative of baseline airway obstruction.
The primary outcome was the proportion of patients
classified as having a significant BDR according to
each criterion. Subgroup analyses were conducted by
age group (4-7, 8-11, 12-17 years) and sex in order to
evaluate whether differences existed in bronchodila-
tor response.

The primary outcome was the proportion of patients
classified as having a significant BDR by each crite-
rion. Subgroup analyses were conducted by age group
(4-7,8-11, 12—17 years) and sex to evaluate any demo-
graphic differences in bronchodilator response. A p-value
of <0.05 was considered statistically significant for all
analyses. In subgroups with baseline obstruction (defined
as FEV,/FVC < LLN), McNemar’s test was applied to
assess whether the differences in classification between
ATS/ERS 2005 and ERS/ATS 2022 criteria were statis-
tically significant.

To assess the agreement degree between the two crite-
ria, Cohen’s kappa coefficient was employed. This statis-
tical measure adjusts for the agreement that might occur
by chance, offering a more accurate evaluation of inter-
rater reliability than simple percentage agreement (9).
The value of K ranges from -1 to 1: a value of 1 indi-
cates perfect agreement, while a value of 0 suggests no
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agreement beyond what would be expected by chance.
Negative values imply agreement less than by chance,
indicating systematic disagreement. According to the
guidelines proposed by Landis and Koch (1977) (10),
values can be interpreted as follows: values less than
0.2 indicate slight agreement, 0.21 to 0.4 fair agreement,
0.41 to 0.6 moderate agreement, 0.61 to 0.8 substan-
tial agreement, and values above 0.81 reflect almost
perfect agreement.

RESULTS

The study population included 482 pediatric asthma
patients, of whom 65% were male, with an age range from
4 to 17 years (mean age: 9.24 + 2.71 years), between
October 31, 2011, and March 1, 2016. Children were
recruited from the Clinical and Environmental Epidemi-
ology Institute of Pulmonary and Allergic Pediatric Dis-
eases (CEEPAPD), an outpatient clinic of the CNR Insti-
tute of Biomedicine and Molecular Immunology (IBIM),
Palermo, Italy (11). We used data from the CHildhood
ASthma and Environment Research (CHASER) study
(ClinicalTrials.gov ID: NCT02433275). The study was
approved by the local Ethics Committee (N° 8/2014),
and informed consent was obtained from parents or legal
guardians. Asthma diagnoses were confirmed accord-
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ing to the Global Initiative for Asthma (GINA), based
on clinical history, symptoms, and standardized lung
function tests. Each participant underwent spirometry
testing before and after administration of a short-act-
ing bronchodilator.

The analysis on the overall population revealed a sub-
stantial level of agreement between the two bronchodi-
lator response (BDR) thresholds. The weighted Kappa
coefficient was 0.83 (95% CI: 0.77 to 0.89), indicating
an “almost perfect” agreement between classifications.
As shown in Table 1 below, approximately 93.1% of
subjects were identically classified under both criteria.
Specifically, 331 children were negative and 118 were
positive according to both standards. In 6.9% of cases
(n = 33), classifications differed: 26 cases were posi-
tive by ERS/ATS 2022 but negative by ATS/ERS 2005,
while 7 showed the opposite pattern. This discrepancy
likely reflects variations in sensitivity between the two
thresholds.

Sex-based analysis indicated minimal differences: 7.1%
of females and 6.7% of males had discordant classifica-
tions. Although only slightly higher in females, this minor
variation warrants further exploration.

To further evaluate the relationship between baseline
airway obstruction and bronchodilator responsiveness,

Table 1. Contingency Table of the global agreement between ERS/ATS 2022 and ATS/ERS 2005 Criteria.

GLOBAL

ERS/ATS 2022 Criteria <10

ERS/ATS 2022 Criteria >10 Total

ATS/ERS 2005 Criteria <12 331 (68.67%)

26 (5.39%) 357 (74.07%)

ATS/ERS 2005 Criteria 212
Total

7 (1.45%)
338 (70.12%)

118 (24.48%)
144 (29.88%)

125 (25.93%)
482 (100%)

FEMALES

ERS/ATS 2022 Criteria <10

ERS/ATS 2022 Criteria >10

Total

ATS/ERS 2005 Criteria <12 120 (71.43%) 9 (5.36%) 129 (76.79%)
ATS/ERS 2005 Criteria 212 3 (1.79%) 36 (21.43%) 39 (23.21%)
Total 123 (73.21%) 45 (26.79%) 168 (100%)
MALES
ERS/ATS 2022 Criteria <10 ERS/ATS 2022 Criteria >10 Total

ATS/ERS 2005 Criteria <12 211 (67.2%) 17 (5.41%) 228 (72.61%)
ATS/ERS 2005 Criteria 212 4 (1.27%) 82 (26.12%) 86 (27.39%)
Total 215 (68.47%) 99 (31.53%) 314 (100%)
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we analyzed the proportion of children classified as hav-
ing significant reversibility according to both the ATS/
ERS 2005 and ERS/ATS 2022 criteria, stratified by

marized in Table 2.
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whether their FEV,/FVC ratio was above or below the
Lower Limit of Normal (LLN). These findings are sum-

Table 2. Proportion of children with significant reversibility (using the two definitions) according to baseline obstruction using Lower Limit Nor-

mal FEV1/FVC.

FEV,/FVC <LLN

ATS/ERS 2005 Criteria

GLOBAL

<12 212 Total
<LLN 36 (9.40%) 25 (25.77%) 61 (12.71%)
>LLN 347 (90.6%) 72 (74.23%) 419 (87.29%)
Total 383 (100%) 97 (100%) 480 (100%)
FEMALES

<12 212 Total
sSLLN 12 (8.69%) 6 (20.68%) 18 (10.78%)
>LLN 126 (91.31%) 23 (79.32%) 149 (89.22%)
Total 138 (100%) 29 (100%) 167 (100%)
MALES

<12 212 Total
<LLN 24 (9.79%) 19 (27.94%) 43 (13.74%)
>LLN 221 (90.21%) 49 (72.05%) 270 (86.26%)
Total 245 (100%) 68 (100%) 313 (100%)
ERS/ATS 2022 Criteria
GLOBAL

<10 >10 Total
sSLLN 17 (5.36%) 44 (26.99%) 61 (12.71%)
>LLN 300 (94.64%) 119 (73.01%) 419 (87.29%)
Total 317 (100%) 163 (100%) 480 (100%)
FEMALES

<10 >10 Total
<LLN 6 (5.30%) 12 (22.22%) 18 (10.78%)
>LLN 107 (94.46%) 42 (77.78%) 149 (89.22%)
Total 113 (100%) 54 (100%) 167 (100%)
MALES

<10 >10 Total
<LLN 11 (5.39%) 32 (29.35%) 43 (13.73%)
>LLN 193 (94.60%) 77 (70.65%) 270 (68.26%)
Total 204 (100%) 109 (100%) 313 (100%)
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Among children with FEV,/FVC below the lower limit of
normal (LLN), 25.8% met the ATS/ERS 2005 criterion for
a significant BDR (212% change), whereas only 9.4%
of those with FEV,/FVC above LLN met this threshold.
Conversely, 74.2% of children with normal baseline func-
tion did not meet the BDR criterion, compared to 90.6%
among those without obstruction.

When stratifying by the 212% threshold of the ATS/
ERS 2005 criteria, a higher proportion of children with
obstruction met the BDR criterion (25.8%) than those
who did not (9.4%). Among those without obstruction,
the majority fell below the 12% threshold (74.2%), while
90.6% did not meet the criterion.

Sex-stratified analysis revealed consistent patterns
across both groups. Among males with FEV,/FVC <
LLN, 27.9% met the ATS/ERS 2005 BDR threshold,
compared to 20.7% of females. In both sexes, the pro-
portion of responders was slightly higher among those
with preserved lung function when the 212% thresh-
old was applied.

Applying the ERS/ATS 2022 criteria led to a modest
reclassification of bronchodilator responsiveness. Among
those with baseline obstruction, 27.0% were classified
as BDR-positive, while 5.4% did not meet the criterion.
In contrast, 73.0% of those without obstruction met the
BDR threshold, and 94.6% did not. As with the ATS/ERS
2005 definition, males showed a slightly higher rate of
bronchodilator responsiveness than females.

In children with baseline obstruction, agreement between
criteria was moderate (Kappa = 0.42, 95% CI: 0.25—
0.60), while among children without obstruction, agree-
ment was stronger (Kappa = 0.69, 95% ClI: 0.61-0.77).
A significant McNemar’s test (x> = 17.05, p <0.001) in
the obstructed subgroup suggested systematic differ-
ences in classification.

Sex-stratified analysis showed nearly perfect agree-
ment in both females (Kappa = 0.81) and males (Kappa
= 0.84). Discrepancies were minimal and balanced in
direction.

Age-group analysis also confirmed robust agreement
across all strata: children <11 years (Kappa = 0.82),
those aged 11-13 (Kappa = 0.80), and >13 years (Kappa
= 0.87). These results support the reliability of both cri-
teria across demographic subgroups.

Overall, while both thresholds identify similar propor-
tions of responders, the ERS/ATS 2022 criterion appears
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slightly more inclusive, especially among children with
mild obstruction.

DISCUSSION

The absence of significant differences between the ATS/
ERS 2005 and ERS/ATS 2022 thresholds in the overall
study population suggests that both may be used inter-
changeably in clinical practice. Across the full cohort,
agreement between the two criteria was almost per-
fect (Cohen’s Kappa = 0.83), and 93.1% of the children
were classified consistently. This consistency was fur-
ther supported by subgroup analyses by sex and age
group, which showed similarly high levels of agreement.
Although our original hypothesis considered the possi-
bility that the shift to percent predicted values in ERS/
ATS 2022 might reduce the number of BDR+ cases,
especially in pediatric cohorts, our findings did not sup-
port this. On the contrary, we observed a slightly higher
number of children classified as BDR+ under the ERS/
ATS 2022 criteria. This aligns with prior pediatric stud-
ies and is likely due to physiological factors such as bet-
ter preserved baseline lung function in children, which
may result in greater proportional improvements and
higher sensitivity under percent predicted thresholds.
However, since among the discordant cases there was a
trend for ERS/ATS 2022 to classify more cases as pos-
itive, further research is necessary to evaluate the rela-
tive sensitivity and specificity of these criteria to ensure
the most accurate diagnostic performance.

However, the subgroup of children with baseline airway
obstruction (defined as FEV,/FVC < LLN) revealed a more
complex picture. In this subgroup, agreement between
the two definitions was only fair to moderate (Cohen’s
Kappa = 0.42), and a statistically significant difference
in BDR classification was observed (McNemar's test, p
<.0001). Specifically, the ERS/ATS 2022 criterion iden-
tified more children with baseline obstruction as having
a significant bronchodilator response than the ATS/ERS
2005 criterion. These disagreements may indicate dif-
ferences in threshold sensitivity or underlying physio-
logical variations that each criterion captures differently.
This discrepancy highlights that while the two thresh-
olds yield largely comparable results in the general pedi-
atric asthma population, their clinical implications may
diverge in children with obstructive baseline spirometry.
Since the functional definition of asthma includes the
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presence of reversible airway obstruction, the higher
sensitivity of the ERS/ATS 2022 criterion in this con-
text could influence diagnostic decisions and subse-
quent management.

CONCLUSIONS

Our study found a high degree of concordance between
the ATS/ERS 2005 (>12% and 200 mL) and ERS/ATS
2022 (>10% predicted) thresholds for bronchodilator
reversibility testing in children, with nearly identical diag-
nostic outcomes in the overall cohort. These findings
support the clinical utility of the ERS/ATS 2022 criteria
for routine pediatric assessment.

Importantly, the slight increase in BDR+ detection under
ERS/ATS 2022, particularly among children with better
preserved lung function, suggests that the newer criteria
may offer enhanced sensitivity in pediatric populations
without compromising agreement. This observation aligns
with previous pediatric studies and may reflect physio-
logical differences that influence response thresholds.
However, in the subgroup of children with baseline air-
way obstruction, ERS/ATS 2022 classified a significantly
higher number of cases as BDR-positive compared to
ATS/ERS 2005. This may suggests that adopting the
ERS/ATS 2022 criteria could affect asthma diagnosis
in specific clinical scenarios and underscores the need
for awareness of criterion sensitivity in obstructed pop-
ulations.

Exploring the broader implications of transitioning to
the ERS/ATS 2022 standard, particularly its impact
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