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asthma; Bronchial asthma is the most common chronic respiratory disease in children. Treatment
biomarkers; approaches should aim to achieve disease control, reduce limiting symptoms, and improve
children; quality of life. The routine management of patients with asthma relies on the assessment of
exhaled nitric oxide; symptoms (including persistent cough and wheezing) and spirometry results However, these
T2-high inflammation strategies do not consider the level of airway inflammation, which is a fundamental pathog-

nomonic feature of the disease. The use of biomarkers is increasing in an effort to better
understand individual asthma pathways (endotyping), offering the potential for personalized
treatment with innovative biologics. Elevated levels of fractional exhaled nitric oxide (FeNO)
are an indirect marker of T2 airway inflammation. FeNO is one of the few biomarkers that
has been implemented in routine clinical practice because of its undeniable advantages, such
as accessibility, noninvasiveness, simple implementation, and cost-effectiveness. However,
the current scientific evidence in children is insufficient to recommend its universal use in
the diagnosis and treatment of all patients. Considering its known limitations, FeNO can
enhance therapeutic processes, particularly in children with severe asthma. High FeNO levels
predict a good therapeutic response to corticosteroids and selected biologics (e.g., omali-
zumab and dupilumab) and indicate an increased risk of exacerbation. Similarly, measuring
FeNO levels in children with recurrent wheezing can help determine the risk of future asthma
development. Various factors contributing to FeNO value variability must be considered when
interpreting the results. The lack of robust clinical studies is reflected in inconsistent guide-
lines from professional societies regarding the use of FeNO in managing childhood asthma.
This review aims to evaluate the advantages, disadvantages, and potential applications of
FeNO measurements in light of new findings in the field.
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Introduction

Bronchial asthma is the most common chronic respiratory
disease in children. Its prevalence is steadily increasing,
leading to a significant economic impact on diagnosis and
treatment, particularly in developed countries. According
to an epidemiological analysis by the U.S. Centers for
Disease Control and Prevention, the prevalence of asthma
in the United States in 2017 was 7.9%, with a higher rate in
children (8.4%) than in adults (7.7%).!

The primary hallmark of asthma is chronic lower airway
inflammation associated with reversible bronchial hyper-
responsiveness and structural changes in the tracheobron-
chial system. Recurrent bronchial obstruction underlies
various clinical symptoms, including patient-reported dys-
pnea, wheezing, chest tightness, limited physical activity,
and persistent cough. However, asthma is a heterogeneous
clinical syndrome, particularly when comparing pediat-
ric and adult populations. Childhood asthma is predomi-
nantly driven by a T2-high inflammatory endotype, unlike
the more varied phenotypes observed in adults. This fun-
damental difference underscores the need for diagnostic
tools that can accurately identify specific inflammatory
pathways in children.?

Consequently, significant effort has been dedicated to
understanding its diverse pathophysiological processes to
identify different endotypes and phenotypes of the dis-
ease. Asthma treatment focuses on monitoring disease
activity and severity while tailoring therapy to specific
endotypes and phenotypes. However, spirometry parame-
ters and reported symptoms may not directly quantify the
severity of bronchial inflammation or fully predict the ther-
apeutic response.

Diagnosing asthma, particularly in preschool-aged
children, is a significant clinical challenge. The diagnostic
process often relies on reported symptoms, such as fre-
quent coughing or wheezing. However, these symptoms
are non-specific and common in this age group, often rep-
resenting transient conditions that resolve with age. This
reliance on non-specific symptoms can lead to diagnostic
uncertainty and the potential for both over- and underdi-
agnosis.> Furthermore, the diagnostic approach is compli-
cated by the inability of young children to reliably perform
objective lung function tests, such as spirometry. Standard
diagnostic methods (questionnaires, peak expiratory flow
measurement, and spirometry) not only face feasibility
issues in young children but also fail to assess the underly-
ing airway inflammation, which is the principal therapeutic
target.* This discrepancy between symptoms, lung function,
and the actual level of inflammation highlights a critical gap
in the management of pediatric asthma in clinical practice.

Frequent coughing, recurrent virus-induced obstructive
bronchitis, and wheezing are common in this age group;
however, these are often transient conditions that resolve
with age and appropriate management. Statistically,
approximately 30% of children under six years of age expe-
rience at least one episode of wheezing within six months.>
Bronchial obstruction is a symptom, not a disease, and
can be triggered by various factors, including infectious
agents and environmental influences. Therefore, diagnos-
ing asthma solely based on reported symptoms without
objective verification may lead to overdiagnosis. Similarly,

managing an asthmatic patient based only on symptom
control may not be appropriate or successful in the long
term, as symptom control does not always reflect the risk
of future exacerbations.® In clinical practice, discrepan-
cies between parents’ subjective interpretation of symp-
toms and the child’s actual clinical presentation also pose
challenges.

Beyond the cardinal symptoms, asthma imposes a
substantial burden on the health-related quality of life of
affected children, impacting physical, emotional, social,
and school functioning. This burden is comparable, and in
some domains even greater, than that reported for other
major chronic childhood diseases such as type 1 diabetes,
epilepsy, or juvenile idiopathic arthritis.”® Frequent school
absenteeism, limitation of physical and social activities,
sleep disturbances, and heightened anxiety contribute to a
significant psychosocial impact on both the child and their
family, underscoring the clinical urgency for precise diag-
nostic and effective management strategies.”'

To fully comprehend and correctly interpret the clinical
utility of FeNO in children, it is imperative to first eluci-
date the fundamental pathophysiological mechanisms of
T2 inflammation that govern NO production. This narra-
tive review, therefore, will first concisely summarize the
key inflammatory pathways and subsequently provide a
detailed, systematic overview of the evidence for the diag-
nostic and therapeutic application of FeNO in pediatric
practice, culminating in a proposed clinical algorithm.

Methodology

This article is structured as an expert narrative review
to bridge the gap between complex pathophysiology and
clinical practice. To provide a comprehensive synthesis,
we conducted a literature search using PubMed, Scopus,
and Sciendo databases for articles published up to May
2025. The search strategy included the following keywords
and their combinations: “fractional exhaled nitric oxide,”
“FeNO,” “pediatric asthma,” “children,” “biomarkers,” “T2
inflammation,” and “biologics.” The study selection pro-
cess is detailed in the flowchart (Figure 1). The selection
process prioritized clinical trials, meta-analyses, system-
atic reviews, and guidelines from professional societies
published in English. Preference was given to studies from
the last 15 years to ensure the inclusion of the most cur-
rent data; however, seminal older papers that were foun-
dational to the topic were also included. Case reports,
editorials, and studies focused exclusively on adult popu-
lations were excluded unless they provided essential con-
text for asthma in children. Ultimately, 80 sources were
selected for this review.

Clinically applicable biomarkers of asthma

The identification of suitable noninvasive, clinically rele-
vant, and cost-effective biomarkers is a key research goal
for many diseases, including asthma. A valid, clinically
applicable biomarker should be an additive tool for assess-
ing therapeutic response, monitoring disease progression,
and predicting the risk of future exacerbations. Another
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important function is distinguishing between individuals
with the disease and healthy individuals. According to the
“SAVED” model, an ideal biomarker should be “superior”
(significantly helpful in practice), “valuable” (ability to
modulate therapy), “cost-effective” (financially efficient),
and clinically “applicable” (technological feasibility of the
assay)' (Figure 2). Despite considerable research into new
potential biomarkers, only the measurement of fractional
exhaled nitric oxide (FeNO) and eosinophil counts has been
widely implemented in routine clinical practice.

Bronchial asthma and eosinophilic inflammation

The T2-high endotype, characterized by eosinophilic
inflammation driven by Th2 lymphocytes and type 2 innate
lymphoid cells (ILC2s), is predominant in childhood asthma.
This endotype is characterized by inflammation, with a
predominance of eosinophils in allergic or nonallergic ter-
rain. This indicates that sensitization to inhalant allergens
is not always present in pediatric patients. Considering
this, laboratory sensitization to inhalant allergens does
not have to be demonstrated in a proportion of pediatric
patients. Damage to the airway epithelium by exogenous
factors (allergens, viruses, and pollutants) leads to a loss
of the functional and structural integrity of the bron-
chial epithelial barrier. Activation of innate and adaptive
immune mechanisms results in the production of epithelial
cytokines called alarmins (IL-25, IL-33, and thymic stromal
lymphopoietin). Among these, TSLP is considered a key
initiator of the T2 inflammatory cascade and is released
by epithelial cells in response to various triggers.'”? These
alarmins directly activate Th2 and ILC2 cells to produce a
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Duplicate records (n = 65)

Records excluded
(n=363)

Reports excluded with reasons
(n=13)

Flow chart of the literature selection process, Reasons for exclusion included: adult-only population (n=9), wrong

characteristic cytokine spectrum (IL-4, IL-5, and IL-13) with
pleiotropic functions.” This cascade leads to characteris-
tic functional and anatomical changes in the bronchi, such
as goblet cell hyperplasia, smooth muscle hypertrophy,
neovascularization, mucosal tissue fibrosis, and bronchial
hyperresponsiveness.

Eosinophils are essential components of this inflamma-
tory response. Furthermore, synthesized pro-inflammatory
factors promote bronchial smooth muscle contractility and
inhibit relaxation." IL-5, produced by immunocompetent
cells, is crucial for the growth, maturation, and migration
of pro-inflammatory eosinophils to the site of inflamma-
tion." Inflammation-activated epithelial cells also synthe-
size chemokines called eotaxins (e.g., CCL11 and CCL24).
These eotaxins act as potent chemoattractants, binding
to specific receptors on the eosinophil surface (e.g., CCR3)
and triggering signaling pathways that result in their migra-
tion to the site of inflammation.'

Patients with the T2 endotype often show a good ther-
apeutic response to inhaled corticosteroids (ICS) and a
favorable response to bronchodilator therapy with beta-ad-
renergic receptor agonists. They also respond well to mono-
clonal antibodies that block T2 inflammatory cytokines.
Elevated total IgE serves as a marker of atopy, support-
ing the diagnosis, but lacks specificity for T2-driven airway
inflammation compared to FeNO or blood eosinophils.”
Typically, asthma endotyping focuses on eosinophil counts
in the peripheral blood, induced sputum, or bronchoal-
veolar lavage fluid. However, collecting these biological
materials from the pediatric population has significant lim-
itations. Induced sputum examination is performed only in
exceptional cases, as it requires active cooperation (prob-
lematic in young children) and inhalation of a hypertonic
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solution (risk of bronchospasms). Bronchoalveolar lavage
requires invasive flexible bronchoscopy under general
anesthesia, making it suitable only for severe and com-
plex diagnostic cases. Although peripheral blood eosinophil
counts are widely available, they do not always correlate
with tissue eosinophil counts.™

A confirmed correlation between exhaled NO values
and the number of eosinophils in bronchial mucosa histo-
logical samples has been demonstrated in children with
difficult-to-treat asthma after treatment with systemic
corticosteroids, favoring FeNO as a reliable marker."” FeNO
and eosinophils are both closely associated with T2-type
inflammation, but their production is regulated by differ-
ent inflammatory cascades (IL-5 for eosinophils vs. IL-13 for
FeNO). Therefore, it is important to define their specific
roles as independent, yet complementary, biomarkers for a
holistic understanding of the disease.

Biology of nitric oxide

Nitric oxide (NO) is an inorganic chemical that is highly
reactive in air and forms other nitrogen oxides. While it
is known as an environmental pollutant, it serves as an
important signaling molecule with various biological func-
tions. NO acts as an intracellular messenger involved
in the regulation of numerous processes in the endothe-
lium, epithelium, and bronchial smooth muscle. Due to its
functional importance, it is particularly prominent in the
cardiovascular and respiratory systems of the body. The
activity and production of NO are also influenced by the
balance between pro-oxidant and antioxidant factors. All
humans exhale NO. In a healthy population, approximately
40-45% of exhaled NO originates from the lower respiratory

tract, with the remainder produced by epithelial cells of
the upper respiratory tract.?’ Unlike other mediators, it
can diffuse freely across cell membranes into the airway
lumen, which is a key feature that allows its measurement
in exhaled air.

FeNO is produced in the airways by inflammatory cells
through the oxidation of the amino acid L-arginine to
form L-citrulline. This reaction is mediated by the NADPH-
dependent inducible isoform of nitric oxide synthase (iNOS
or NOS2)?" (Figure 3). NOS is expressed in three isoforms in
humans. The activity of iNOS is upregulated by pro-inflam-
matory cytokines (IFN-y, IL-1B), viruses, bacteria, allergens,
and environmental pollutants; however, it is also constitu-
tively maintained at a basal level by airway epithelial cells.
Constitutive isoforms (nNOS or NOS1 and eNOS or NOS3)
are produced by various pulmonary cells. NOS1, secreted
by nonadrenergic, noncholinergic nerve endings, produces
NO with myorelaxant effects on bronchial smooth muscle
and vessel walls. NO, synthesized by NOS3 predominantly
in the alveolar epithelium, primarily regulates the kinetics
of airway cilia.?? The activity of constitutive isoforms is not
affected by corticosteroids, whereas corticosteroids can
suppress iNOS activity.?' Furthermore, IL-13, a central cyto-
kine in T2 inflammation, is believed to increase the gene
expression and transcription of mediators that support
NOS2 production.? The dual effects of NO on the airways
are shown in Figure 4.

Measurement of exhaled NO
Elevated FeNO levels in children with asthma have been

documented since 1997, particularly during disease exac-
erbations. These levels have been shown to significantly
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decrease following corticosteroid treatment.?*?> The mea-
surement of FeNO has been standardized for clinical use
by the American Thoracic Society/European Respiratory
Society (ATS/ERS) guidelines.

The key advantages of this methodology include its non-
invasive nature, repeatability, reproducibility, and ease of
use. Its applicability in preschool-aged children is of signifi-
cant clinical value. With modern devices employing electro-
chemical analysis, a success rate of approximately 70% can
be achieved in children under five years of age.> However,
it is important to note that the standardized online single-
breath method is often not feasible in preschool-aged
children. Therefore, alternative techniques have been
developed, such as the offline tidal breathing measurement
method, which, although simpler, carries the risk of sample
contamination from the nasal cavities and lacks flow rate
control, which significantly influences FeNO values.

The measurement procedure is as follows: Following
a full inhalation (to total lung capacity), the child exhales
against low resistance (5-20 cm H,0), which ensures vel-
opharyngeal closure to prevent contamination from nasal
NO. During this exhalation, a constant expiratory flow rate
of approximately 50 ml/s must be maintained for at least
6 s in children over 12 years old or 4 s in those younger
than 12 years old. To encourage children to maintain the
required expiratory duration, devices often use interactive
and gamified displays. The results are expressed in parts
per billion (ppb). Modern FeNO analyzers are typically
compact, portable, and affordable. They facilitate easy,
repeatable, and reliable measurements, yielding data that
are suitable for clinical interpretation. This repeatability
is particularly crucial, as it enables clinicians to monitor

changes in FeNO levels over time, providing a valuable tool
for assessing airway inflammation and the level of asthma
control.

However, the practical application, especially in
younger children, is not as straightforward as the standard-
ized procedure suggests. Achieving reliable measurements
in preschool-aged children requires considerable patience
from both the child and the clinician. Young children often
struggle to maintain the constant expiratory flow required,
leading to the need for repeated attempts.?¢% It is cru-
cial to emphasize that the success rate of measurements
in children aged 3-5 years reported in studies ranges from
approximately 50% to 80%, even under ideal conditions,
and necessitates trained personnel.??3? To mitigate these
challenges, manufacturers have incorporated gamified
visual feedback into the device software, such as anima-
tions of blowing out a candle or inflating a balloon, which
can significantly improve a child’s cooperation and the suc-
cess rate of the measurement.3*34

Cost-effectiveness and accessibility

Despite the clinical utility of FeNO, its widespread adop-
tion in routine pediatric practice faces a significant and
multifaceted barrier: cost and accessibility. This issue can
be divided into several key components that collectively
limit its use, particularly outside of specialized academic
centers.

Firstly, the initial capital expenditure for a FeNO
analysis device can be substantial for primary care offices
or smaller clinics.?® This upfront investment is often a
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primary deterrent for healthcare providers operating under
tight budgets. Secondly, beyond the device itself, there are
ongoing operational costs associated with single-use sen-
sors and disposable mouthpieces, which add a recurring
expense for each test performed.

These direct financial outlays are compounded by
inconsistent reimbursement policies from both public and
private insurers. As highlighted in a recent Italian consen-
sus, the lack of consistent inclusion of FeNO testing among
exempt or fully reimbursed services for asthma patients
represents a major barrier to equitable access.3¢ This situa-
tion is mirrored in many other healthcare systems, includ-
ing the US, where payment for FeNO testing is often not
guaranteed for all indications. This financial uncertainty
discourages its integration into primary care and reinforces
its status as a specialized tool, rather than a routine com-
ponent of asthma management.> Furthermore, it is perti-
nent to note that reimbursement policies and accessibility
vary dramatically not only between the US and Europe but
also among individual European nations, thereby limiting
its universal implementation according to standardized
guidelines.®

However, the debate on cost-effectiveness is nuanced
and cannot be judged solely on the per-test cost. Several
pharmacoeconomic analyses from various countries, includ-
ing Italy, Sweden, the UK, and the US, suggest that the
strategic use of FeNO could be cost-effective in the long
run.>®# The rationale is that a more precise, biomarker-
guided approach can lead to significant downstream sav-
ings. For instance, by accurately identifying patients who
will respond to inhaled corticosteroids or by guiding the
appropriate use of expensive biologic therapies, FeNO
has the potential to prevent costly exacerbations, emer-
gency room visits, and hospitalizations. One Italian study
estimated that more extensive use of FeNO could lead
to an annual reduction in direct medical costs of up to
13% per patient.”? Nevertheless, for now, these economic

considerations remain a major deterrent to its universal
accessibility in pediatric asthma care.®

Variability of FeNO

FeNO levels are influenced by various determinants and
should be interpreted in the context of the clinical history
and presentation. Factors that can impact measured val-
ues include atopy, height, age, sex, race, respiratory tract
infections, consumption of nitrates, caffeine, alcohol, and
active or passive smoking (Table 1).22 Paradoxically, some
conditions can lead to lower FeNO values; for instance,
active or passive smoking and acute bronchoconstriction
are known to decrease exhaled NO levels. Furthermore,
recent meta-analyses of randomized controlled trials have
not demonstrated that vitamin D supplementation, despite
its known immunomodulatory effects, significantly influ-
ences FeNO values, which further refines our understand-
ing of the factors modulating this key biomarker.*

Obesity is a significant factor and a growing global
health problem, often associated with poor asthma con-
trol. Dysregulation of metabolic and neuroendocrine pro-
cesses in adipose tissue enhances systemic inflammation.
Surprisingly, despite significant sputum eosinophilia often
found in obese patients, lower FeNO values have been
reported.®

Exhaled NO also exhibits a diurnal rhythm, and studies
have shown that morning measurements are significantly
higher than those taken at night.“ While systemic and
inhaled corticosteroids decrease FeNO levels, some anti-
histamines may paradoxically increase them.# Naturally,
coexisting T2-related conditions, such as atopic dermatitis,
allergic rhinitis, and eosinophilic bronchitis, also contrib-
ute to elevated exhaled NO levels. Furthermore, exercise
is another important consideration, as clinical studies have
demonstrated that intense physical activity can result
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Table 1 Factors Influencing FeNO Levels in Children.
Category Factors that increase FeNO Factors that decrease Pediatric considerations
FeNO
Physiological?? Male sex, increasing age and height - Values must be interpreted in
(up to puberty), ethnicity (e.g., the context of age- and height-
African American) specific reference ranges.
Co-morbidities’ Allergic rhinitis, atopic dermatitis, Acute Atopy is a major confounder

eosinophilic bronchitis
Nitrate-rich diet, intense physical
exercise

Lifestyle/
Environmental®

Infections* Acute viral respiratory infections

Medications* Some antihistamines

bronchoconstriction
Active and passive
smoking, alcohol

and should always be assessed.
Passive smoking is a key factor
in the pediatric population
(adolescents)

- FeNO measurement should

be postponed during acute
infections.

Response to ICS is a key clinical
utility of FeNO measurement.

Inhaled and systemic
corticosteroids

in higher FeNO levels than in less active children and
adolescents.*®

Age, height, and sex are critical physiological determi-
nants in pediatric patients. FeNO values showed a linear
increase with age and height in girls aged 6-14 years and
boys aged 6-16 years. Subsequently, both sexes reach a
plateau in adolescence, which persists into adulthood.*»°
Ethnicity and race also predict different basal FeNO levels.
For example, studies in the US have found that Hispanic
and African American children tend to have higher mean
FeNO levels than their Caucasian counterparts.®'

Given the many determinants of FeNO variability, it
is crucial to interpret the results in correlation with the
patient’s complete clinical picture. Some studies have sug-
gested the use of FeNO measurements to aid in the detec-
tion of cough-variant asthma and eosinophilic bronchitis
in adults with chronic cough.’ The authors of this article
previously investigated the possible association between
FeNO and cough reflex sensitivity in childhood asthma and
found no correlation between elevated FeNO values and
increased cough reactivity in either asthmatic or healthy
children.>* Conversely, concerning post-infectious cough,
FeNO measurement has not proven to be a useful bio-
marker for monitoring patients after COVID-19 infection,
as FeNO levels were not significantly elevated compared to
healthy controls. This suggests that persistent cough in the
post-COVID-19 syndrome may not be associated with under-
lying T2 eosinophilic airway inflammation.>*

Application of FeNO in clinical practice

FeNO values indirectly reflect the degree of eosinophilic
airway inflammation in the lungs. In the presence of eosin-
ophilic inflammation (which correlates with eosinophil
counts in blood and bronchoalveolar lavage fluid, serum
eosinophil cationic protein, and total IgE), iNOS is activated
in the airway epithelium by proinflammatory cytokines,
leading to increased NO production. Thus, FeNO can be
considered an indirect marker of IL-13 activity in T2-high

asthma patients. A summary of the evidence for the clini-
cal application of FeNO based on the reviewed literature is
presented in Table 2.

The diagnostic utility of FeNO in identifying patients
with eosinophilic asthma who are likely to benefit from
ICS has been confirmed in systematic reviews." Conversely,
because elevated FeNO values also occur in other atopic
diseases, some authors have suggested that low FeNO val-
ues are better at predicting a non-T2 endotype than high
values are at confirming a T2 endotype.> Studies in pre-
school children have shown that FeNO can be a useful tool
for objectively distinguishing between different wheezing
phenotypes (e.g., persistent vs. transient wheeze) and
assessing the risk of later asthma development or impaired
lung growth. Although data on its added value compared to
clinical parameters (such as the Asthma Predictive Index)
are sometimes conflicting, some studies have confirmed
that FeNO has an additive predictive value beyond clini-
cal history and the presence of specific IgE antibodies®®>’
(Table 3).

Elevated levels of this biomarker in high-risk preschool-
ers with recurrent broncho-obstructive attacks strongly
correlate with the risk of developing and maintaining
asthma later in life.®® This test also has significant diag-
nostic implications for school-aged children with atopic
asthma. Children with FeNO in the highest quartile in
population-based studies were more than twice as likely
to receive a new diagnosis of asthma at an older age.>*¢°
Furthermore, in children with allergic rhinitis, a baseline
FeNO value > 35 ppb has been associated with a higher risk
of future asthma development and slower lung function
growth (FEV, and FVC) over a 5-year follow-up period.”
A recent meta-analysis demonstrated that asthma man-
agement guided by FeNO led to a reduction in exacerba-
tions and better ventilation parameters in the study cohort
than in the control group, although the FeNO-guided group
received higher average daily doses of ICS® (Table 4). Nine
randomised clinical trials including 1885 children have
added FeNO to usual asthma care and found that exacer-
bations are reduced when care is guided by FeNO (OR for
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Table 2 Summary of Evidence for the Clinical Application of FeNO in Pediatric Asthma, sources: (22); (76); (45); (47); (49).

Clinical application

Key Findings/consensus

Strength of Relevant studies

evidence (examples)

Asthma Diagnosis High FeNO supports diagnosis of T2-inflammatory asthma, Moderate- (69); (70)

especially in atopic children. High specificity, lower sensitivity. High
Prediction of Elevated FeNO in preschoolers with wheeze is a predictor of later Moderate (58); (59)
Future Asthma asthma development.
Guiding ICS High FeNO predicts good response to ICS. FeNO-guided therapy can  High (19); (61)
Therapy reduce exacerbations but may lead to higher ICS doses.
Predicting High FeNO is a strong predictor of good response to anti-IL-4Ra High (77); (79)
Response to (Dupilumab) and anti-TSLP (Tezepelumab). Synergistic with
Biologics eosinophils for anti-IL-5 (Mepolizumab).

Note: The Strength of Evidence is graded based on the hierarchy of evidence, with the highest weight given to systematic
reviews and meta-analyses of randomized controlled trials (RCTs), followed by individual RCTs and prospective cohort studies.

Table 3 Selected studies on the diagnostic and predictive value of FeNO in children.

Author(s) & year

Study type

Participants (n)

Age group

Key findings

FeNO measured at age 4 in symptomatic children
improved the prediction of asthma symptoms at
age 8, independent of clinical history.

In children with allergic rhinitis, a baseline FeNO

Caudri et al. Prospective 308 Measured at
(2010); (58) birth cohort  (for FeNO) 4 years, follow-up
study to 8 years
Di Cara et al. Prospective 88 6-14 years
(2015); (59) study
Oh et al. (2013);  Cross- 372 4 and 6 years
(56) sectional
study
Karrasch et al. Systematic 4,518 (from Children & Adults
(2017); (69) review 26 studies)
& meta-
analysis
Pijnenburg Review N/A Preschool &

(2019); (70)
children

School-aged

> 35 ppb was associated with a significantly higher
risk of developing asthma over a 5-year follow-up.
Children with persistent wheeze had significantly
higher FeNO levels than those with transient
wheeze or no wheeze, suggesting FeNO can help
differentiate phenotypes.

FeNO demonstrated fair diagnostic accuracy, with
higher specificity (0.82) than sensitivity (0.65),
indicating a stronger potential for confirming
(“ruling in”) asthma.

High FeNO in preschoolers predicts later asthma
and impaired lung growth. In symptomatic, atopic
school children, it has diagnostic value, primarily
for “ruling in” asthma.

exacerbation compared to usual care 0.77, 95% CI 0.62-
0.94).%2 However, it is crucial to acknowledge the contrast-
ing evidence from the recent large-scale RAACENO trial,
the largest of its kind in children, which found no signif-
icant reduction in asthma exacerbation rates when FeNO
was used to guide treatment compared to standard guide-
line-based care.®

Elevated FeNO (>35 ppb) in children generally indi-
cates eosinophilic inflammation and predicts a higher risk
of relapse when reducing ICS therapy. Prospective clini-
cal studies have associated elevated NO concentrations in
exhaled air with an increased risk of recurrent transient
wheezing in preschool-aged children. High values in tod-
dlers with recurrent wheezing also predict a decline in
spirometry parameters during school age.® In contrast, a
low value (<20 ppb) in symptomatic, corticosteroid-naive
pediatric patients is associated with a lower likelihood of
eosinophilic inflammation and a poorer response to ICS

treatment. Values between 20 and 35 ppb fall into a “grey
zone” with unclear clinical interpretation.® A reduction of
at least 20% for values >50 ppb or a reduction of >10 ppb
for values <50 ppb indicates a significant response to
anti-inflammatory ICS therapy.®

However, there is no consensus on the implementation
of FeNO in routine clinical practice, and published guide-
lines often conflict with each other. These discrepancies
can be explained by the limited number of studies in chil-
dren compared to the adult population, making it difficult
to adequately assess the strength of evidence. The main
aspects of FeNO implementation in asthma management
according to the selected professional societies are sum-
marized in Figure 5. Furthermore, it is not clear what
cut-off(s) of FeNO should be used to trigger a change in
treatment, and after 30 years of intensive research, there
is insufficient evidence to recommend FeNO for routine
diagnosis and monitoring of asthma in children.¢?
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Table 4 Selected studies on FeNO for guiding therapy and predicting corticosteroid response.

Author(s) & year  Study type Participants (n) Age Group

Intervention Key findings

Baraldi et al. Clinical trial 16 6-13 years
(1997); (25)

Payne et al. Clinical study 31 6-17 years
(2001); (19)

Wang et al. Systematic 23 randomized  Children
(2020)*; (61) review & controlled trials
meta-analysis

Dinh-Thi-Dieu Randomized 224 Mean age
et al. (2020); (68) controlled trial 10-11 years
Fraser et al. Systematic 1885 (from 9 Children
(2023); (62) review & RCTs)

meta-analysis

5 days of oral Oral steroids led to a mean

prednisone for 46% decrease in FeNO levels,

acute asthma demonstrating a rapid response to
anti-inflammatory treatment.

2 weeks of oral A significant correlation (r=0.54) was

prednisolone in found between FeNO and eosinophil

difficult-to-treat score from biopsies, confirming

asthma FeNO as a non-invasive marker of
eosinophilic inflammation.

FeNO-guided vs. FeNO-guided management led to

standard asthma a significant reduction in asthma

management exacerbations compared to standard
care, albeit at the expense of
increased ICS use.

FeNO-guided The FeNO-guided group had

ICS titration vs. significantly lower daily ICS doses

GINA guidelines and treatment costs after 12 months

alone without compromising asthma
control.

FeNO-guided vs. FeNO-guided care is associated with
standard asthma reduced odds of exacerbation (OR
management 0.77, 95% Cl 0.62-0.94).

According to systematic reviews and meta-analyses,
FeNO is not only a valuable diagnostic tool but also a bio-
marker for the efficacy of and adherence to anti-inflam-
matory treatment under certain circumstances.® Despite
these promising results, the 2022 Global Initiative for
Asthma (GINA) guidelines concluded that FeNO testing is
not generally helpful for confirming or excluding an asthma
diagnosis or for guiding therapeutic management in the
general population. However, the same GINA report recom-
mends that treatment strategies adjusted based on FeNO
changes can reduce exacerbations in children compared
to standard approaches.” In contrast to the general GINA
recommendations, one study confirmed the benefit of an
FeNO-guided approach in combination with GINA guidelines
for ICS titration, showing it to be a useful tool for reducing
daily ICS doses and the associated economic burden.¢®

Available data from meta-analyses provide evidence of
the diagnostic significance of FeNO in corticosteroid-naive
patients with asthma. The test’s specificity (82%, 95% Cl:
0.76-0.86) is higher than its sensitivity (65%, 95% Cl: 0.58-
0.72). This suggests that FeNO testing is more appropriate
for confirming the diagnosis than for ruling out disease.
While increased values correlate with a greater likelihood
of a positive diagnosis, low concentrations of exhaled NO
do not exclude asthma.® Its diagnostic value is particu-
larly high in symptomatic and atopic school-aged children,
where it is especially helpful for confirming an asthma
diagnosis (ruling in asthma).”

The proposed clinical algorithm (Figure 6) synthe-
sizes these findings into a practical decision-making tool.
The rationale for the cut-off values is derived from inter-
national guidelines (e.g., ATS/ERS), wherein a value <20
ppb indicates a low probability of significant eosinophilic

inflammation and, consequently, a reduced likelihood of
response to inhaled corticosteroids (ICS). Conversely, a
value >35 ppb in children is strongly suggestive of underlying
T2 inflammation and predictive of a favorable response to
ICS. This principle is applied within the algorithm for both
diagnostic purposes (in symptomatic, ICS-naive patients)
and therapeutic management (e.g., when considering ICS
de-escalation). For patients falling within the ‘grey zone’
(20-35 ppb), the algorithm underscores the necessity of
integrating the complete clinical context, including atopic
status and prior treatment response, as the FeNO value
alone possesses limited discriminatory power in this range.

FeNO and selection of biologics

Severe asthma that is refractory to conventional treatment
is a serious health problem. Although pediatric asthma is
often more treatable than adult asthma, severe cases do
occur in children. Innovative biologics are available when
disease control is not achieved with standard therapy.
These drugs are licensed monoclonal antibodies that block
the T2 inflammatory pathway by targeting associated cyto-
kines and IgE antibodies. Selective biomarkers can help
identify suitable responders; pivotal studies in this domain
are summarized in Table 5.

Omalizumab, the first approved monoclonal antibody
for asthma with over two decades of clinical use, is an IgE-
blocking 1gG1 antibody indicated for children aged 6 years
and older.”" It prevents IgE from binding to its receptors on
cell surfaces. The role of FeNO in selecting patients and
predicting therapeutic responses remains unclear.?®* A post-
hoc analysis of pediatric patients (>12 years) showed that
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National Institute for
Health and Care Excellence

NIC

v’ positive result: > 35 ppb
v" recommended to perform FeNO in children (5-16 years) with symptoms suggestive of asthma in

case of diagnostic confusion (normal spirometry, etc.)

v does not recommend the use of FeNO for routine monitoring of asthma control

SIGN 158 mansesent of ssthma

v' positive result: > 35 ppb (proof of eosinophilic inflammation)

v a positive test increases the likelihood of asthma, but a negative test does not exclude this diagnosis

v the use of FeNO in routine asthma monitoring is not recommended except in specialist settings

ERS TASK FORCE REVIEW W
ASTHMA IN CHILDHOOD Gk

v" low FeNO (< 20 ppb) in childhood asthmatics (older than 5 years) without ICS therapy indicates a
low likelihood of eosinophilic inflammation and a possible weak therapeutic response to ICS

values of FeNO 20 — 35 ppb — GREY AREA

v’ values > 35 ppb suggest a T2 positive asthma endotype
v" does not recommend the use of FeNO for routine monitoring of asthma control in uncomplicated

cases

GLOBAL INITIATIVE
FOR ASTHMA

v" does not set an upper limit to the standard ("cut-off" value)

v" FeNO is not useful to confirm or exclude the diagnosis of asthma

v’ children treated with alternative strategies with FeNO have a reduced number of disease flares
compared to the strategies commonly used by professional societies

2N ATS =

v" FeNO < 20 ppb indicates that eosinophilic inflammation is less likely

v" high FeNO levels > 35 ppb

v the guidelines highlight the importance of clinical context when interpreting values and the use of

cut-off values instead of reference values

Figure 5 Guidelines of societies and implementation of FeNO in children with asthma, source of data: https://www.nice.org.
uk/,https://www.brit-thoracic.org.uk/, https://www.ersnet.org/, https://ginasthma.org/, https://www.thoracic.org/.

those with higher baseline FeNO levels (>19.5 ppb) had a
more significant reduction in exacerbations after 48 weeks
of omalizumab treatment (53% vs. 16%) than those with
lower FeNO levels.”

Mepolizumab is an IgG1 monoclonal antibody target-
ing IL-5, the major cytokine involved in eosinophil migra-
tion, maturation, and activation. It is approved for children
aged six years and older with severe eosinophilic asthma.”
Studies have not consistently supported the relevance of
FeNO as a biomarker of therapeutic success with mepo-
lizumab.”?7 This is likely because FeNO production is
primarily driven by the IL-13 pathway, whereas mepoli-
zumab targets the IL-5 pathway of eosinophil differentia-
tion. Nevertheless, a post-hoc analysis of the DREAM trial
showed that adult patients treated with mepolizumab who
had both high FeNO (>25 ppb) and high blood eosinophils
(=300 cells/puL) experienced a more significant reduction
in exacerbations than the group with low FeNO and high
eosinophils (62% vs. 34%), suggesting a synergistic predic-
tive value of these two biomarkers.”

Dupilumab blocks the a-subunit of the IL-4 receptor
(IL-4Ra), which is a common co-receptor for both IL-4 and
IL-13. This dual mechanism effectively inhibits the signaling
of both key pro-inflammatory cytokines, leading to broad
downregulation of T2 inflammation across different aller-
gic disorders. It is indicated for patients aged six years
and older with allergic or non-allergic eosinophilic asthma
and FeNO >25 ppb, or for those dependent on oral corti-
costeroids, regardless of their blood eosinophil count.”7
The role of FeNO as a predictor of a good therapeutic
response was confirmed in the Liberty Asthma Quest trial.
Participants aged 12 years and older with baseline FeNO
values >25 ppb had a significantly reduced exacerbation
rate (approximately 50%) compared to patients with FeNO
<25 ppb.”7 The study further demonstrated that a higher
baseline FeNO value was associated with a more significant
therapeutic response to dupilumab, even after adjusting
for blood eosinophil levels, thereby confirming its role as an
independent predictor. These findings strongly support the
clinical recommendation that, prior to initiating treatment
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| Child with Asthma Symptoms ]
[ Is Spirometry Feasible? ]
YES NO / Inconclusive Result
Perform Spirometry + BDT [ Proceed to FeNO Assessment

+

Abnormal Spiro + Positive BDT?
(e.g., FEV,/FVC < LLN & FEV, 1 212%)

\ v

YES NO

| Asthma Confirmed I[ Proceed to FeNO ]

<

FeNO-Guided Assessment &

Management
FeNO < 20 ppb FeNO 20-35 ppb (Grey Zone) FeNO > 35 ppb
Low Probability of T2 Possible Subclinical High Probability of T2
Inflammation Inflammation Inflammation
Symptoms Present? Symptoms Present? Symptoms Present?
YES NO YES NO YES NO
Consider If on ICS, Assess: Monitor Initiate or High risk
Non-T2 consider Adherence, FeNO & Adjust ICS of
Asthma or tapering Technique, Clinical Therapy exacerbation|
other Allergen Status Step-down
with

diagnoses

caution.

l

Patient on ICS Therapy with Uncontrolled Severe Asthma

J,

Use Serial FeNO Measurements & Assess Blood
Eosinophils

b

If Biomarkers are elevated — Consider Biologic Therapy

Figure 6 Clinical Algorithm for Pediatric Asthma: Integrating FeNO Measurement. (Notes: BDT, Bronchodilator Test;
FeNO, Fractional exhaled Nitric Oxide; FEV,, Forced Expiratory Volume in 1 second; FVC, Forced Vital Capacity; ICS, Inhaled
Corticosteroids; LLN, Lower Limit of Normal; ppb, parts per billion.)
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Table 5 Role of FeNO in predicting response to biologic therapies.

Biologic Key study/ Participants Age group Key finding regarding FeNO
analysis (n)
Omalizumab Casale et al. 822 >12 years Patients with baseline FeNO > 19.5 ppb had a
(2019) (PROSPERO significantly greater reduction in exacerbations (53%
post-hoc); (72) vs. 16%) compared to those with lower FeNO levels.
Mepolizumab Shrimanker et al. 606 Adults Showed greatest efficacy (62% exacerbation
(2019) (DREAM reduction) in patients with both high blood
post-hoc); (75) eosinophils (2150/pL) and high FeNO (=25 ppb). No
significant effect was seen in patients with low
eosinophils, regardless of FeNO level.
Dupilumab Busse et al. 934 Adults Showed greatest efficacy (68% exacerbation
(2021) (QUEST reduction) in patients with high eosinophils and high
post-hoc FeNO. A significant reduction (39%) was also seen in
analysis); (77). patients with low eosinophils but high FeNO.
Tezepelumab Menzies-Gow 1,061 >12 years Significantly reduced exacerbations by 56% vs.
et al. (2021) placebo in a broad population. Further analyses
(NAVIGATOR); showed patients with higher baseline FeNO levels
(79) experienced a greater reduction in exacerbations.

with biologics such as dupilumab, baseline serum eosin-
ophils and FeNO should be measured to more accurately
identify patients who will benefit most from the therapy.
Furthermore, a consistent decrease from baseline FeNO
values in patients receiving chronic anti-IL.-4Ra treatment
suggests its potential as a pharmacodynamic biomarker for
dupilumab.®

Tezepelumab, recently approved for adolescents aged
12 years and older, targets a key alarmin positioned at
the top of the inflammatory cascade that plays a pivotal
role in the pathogenesis of T2-driven diseases such as
asthma and chronic rhinosinusitis with nasal polyps.™?’!
The European Medicines Agency (EMA) has approved it for
adolescents (212 years) and adults with severe asthma,
regardless of phenotype or biomarker status. In clinical
trials, tezepelumab reduced eosinophil counts, FeNO, and
IgE levels, suggesting its broad suppressive action on multi-
ple inflammatory pathways. Similar to dupilumab, patients
with higher baseline FeNO levels experience a significant
reduction in disease flares.”” While innovative biologics are
highly effective, it is important to consider their poten-
tial risks, which include an increased susceptibility to cer-
tain infections and, in rare cases, allergic or autoimmune
reactions.8

Studies on biologics have mainly focused on the utility
of FeNO in predicting therapeutic responses. However, few
studies have assessed the significance of dynamic changes
in FeNO during treatment. The prognostic relevance of
these changes, particularly when considering switching
biologics, could be a valuable subject for future studies.

Conclusions

Asthma is a complex, multifactorial disease, and like other
allergic conditions, its prevalence in children is expected to
continue to rise. In clinical practice, the diagnosis and man-
agement of pediatric asthma are predominantly based on

symptom evaluation. This approach, however, has limitations
and can lead to misdiagnosis. Therefore, methods that assess
the functional status of the airways, including bronchial
hyperresponsiveness, have an irreplaceable place in the diag-
nostic algorithm. Yet, these tests do not directly measure the
severity of airway inflammation, the principal pathognomonic
entity of asthma. It is precisely in this context that FeNO
becomes a key tool, enabling the transition from symptom-
atic to personalized, endotype-driven management of pedi-
atric asthma. This fulfils the concept of precision medicine,
where treatment is not focused merely on suppressing symp-
toms but on influencing the underlying pathophysiological
basis of the disease. While current evidence cautions against
its routine use for general monitoring, its targeted applica-
tion in specific clinical scenarios is invaluable. By objectively
quantifying T2-driven inflammation, FeNO helps clinicians
deconstruct the heterogeneity of childhood asthma, thereby
guiding more rational therapeutic choices, from initiating cor-
ticosteroids to selecting specific biologics.

Based on the synthesized evidence presented, FeNO is
a non-invasive, easy-to-implement, repeatable, and cost-
effective biomarker that reflects the level of T2 inflamma-
tion in the bronchi, driven by IL-13 activity in the airway
epithelium. It represents an additional tool to improve the
diagnosis and follow-up of pediatric patients with asthma.
As summarized in our evidence tables, FeNO does not
replace standard methods but complements them mean-
ingfully when appropriately indicated and interpreted,
proving particularly beneficial in severe and complex
cases. The relationship between decreasing FeNO values
and the effects of inhaled and systemic corticosteroids sug-
gests its role as a predictor of therapeutic response and
an indirect measure of treatment adherence. Additionally,
it may help stratify patients by future risk of exacerbation
and decline in spirometry parameters. Recent findings have
also highlighted the importance of FeNO in predicting and
monitoring the response to selected biologics (omalizumab,
dupilumab, tezepelumab).
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Naturally, this biomarker has limitations. Its values are
influenced by numerous endogenous and exogenous fac-
tors. Guidelines from professional societies for pediatric
patients are not uniform and are often contradictory, a
result of the lack of robust, large-scale studies comparable
to those in adults. There is also a discrepancy in recom-
mended reference values.

Furthermore, this review has several limitations that
must be acknowledged. The primary limitation is its nature
is its nature as a narrative, rather than a systematic,
review. This means the literature search was not conducted
following a strict methodology, such as PRISMA, and there-
fore the selection of studies could be influenced by the
authors’ subjective approach. Secondly, our conclusions
may be affected by publication bias, as studies reporting
positive or statistically significant results are more likely
to be published than those with negative or inconclusive
findings. Finally, our review was restricted to literature
published in the English language, which may have resulted
in the omission of relevant research from other regions.
We acknowledge that, due to these factors, the work is
susceptible to selection bias, as rightly pointed out by
the reviewer. The implementation of further high-quality,
large-scale studies will be essential to better understand
the role and targeted use of FeNO in children with asthma.

Future Perspective

In the next decade, the role of FeNO in pediatric asthma is
poised to transition from a specialized biomarker to an inte-
gral component of personalized medicine, driven by tech-
nological and methodological advancements. We anticipate
the results of large-scale, prospective international studies
that will definitively clarify its utility in long-term man-
agement, focusing not only on preventing exacerbations
but also on preserving future lung growth and function. A
significant leap forward will likely involve the integration
of FeNO measurements with other omics data, such as
genomics and proteomics into advanced machine-learning
algorithms. These digital tools could generate highly accu-
rate, individualized risk profiles, predicting the ideal ther-
apeutic pathway for each child and moving beyond the
simple “T2-high” classification to identify more subtle
inflammatory sub-endotypes. Furthermore, we foresee
the development of more affordable, user-friendly FeNO
devices connected to digital health platforms, enabling
remote monitoring and facilitating its seamless integration
into primary care. This evolution will ultimately solidify
FeNO’s position not merely as a diagnostic aid, but as a
cornerstone of a proactive, predictive, and truly personal-
ized approach to managing childhood asthma.
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