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ABSTRACT

Introduction: Exercise-induced bronchoconstriction (EIB) is a common cause of exercise-related respira-
tory symptoms in athletes and is traditionally diagnosed by demonstrating airway narrowing following
exercise or surrogate bronchoprovocation testing. Whilst this provides objective evidence of broncho-
constriction, it offers limited insight into the underlying pathophysiology of airway dysfunction.
Areas covered: This review discusses emerging developments in EIB, focusing on biomarkers of airway
inflammation and injury, respiratory oscillometry, breathing pattern assessment and wearable respiratory
monitoring. The concept that EIB may represent the clinical manifestation of a broader process of airway
injury and remodeling is also considered. Relevant literature was identified through searches of PubMed
and Google Scholar with no lower date restriction to May 2026, supplemented by reference-list searching.
Expert opinion: The future challenge in EIB is no longer simply confirming bronchoconstriction but
identifying athletes at risk of airway dysfunction before clinically significant disease develops. Emerging
biomarkers, oscillometry and continuous respiratory monitoring may enable earlier phenotyping and
more personalized management than conventional bronchoprovocation testing alone. Collectively,
these approaches have the potential to shift EIB care from diagnosing established disease toward
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preserving airway health within a holistic model of athlete respiratory care.

1. Introduction

Exercise-induced bronchoconstriction (EIB) is characterized by
transient narrowing of the airways that occurs during or fol-
lowing exercise [1]. The high ventilatory demands of exercise
increase respiratory heat and water loss, resulting in airway
cooling and dehydration. The consequent increase in airway
surface osmolarity promotes cell shrinkage and the release of
inflammatory mediators that stimulate airway smooth muscle
contraction, while post-exercise rewarming may further con-
tribute to airway narrowing [2]. EIB may occur in individuals
with or without a preexisting diagnosis of asthma and repre-
sents one of the most common causes of exercise-related
respiratory symptoms in athletic populations [3-5].

Recent systematic reviews estimate that approximately 22%
of athletes demonstrate objective evidence of EIB [6], although
the prevalence varies considerably (8-68%) according to sport,
competitive level and environmental exposure [3,4,7]. The pre-
valence is substantially higher than that reported in the general
population and is particularly evident in sports characterized by
high ventilatory demands or exposure to adverse environmental
conditions. For example, prevalence estimates exceeding 40%
have been reported in elite cross-country skiers exposed to cold,
dry air [8-11] and in competitive swimmers exposed to chlora-
mine-rich environments [7,11,12]. These observations suggest
that participation in certain sporting environments may contri-
bute to the development of airway dysfunction and highlight the
importance of effective diagnostic and management strategies.

One of the most consistent observations across studies is
the poor relationship between respiratory symptoms and
objective evidence of airway dysfunction [13,14]. Athletes fre-
quently report symptoms such as breathlessness, chest tight-
ness, wheeze or excessive mucus production during exercise,
yet many demonstrate negative bronchoprovocation tests
[15]. These symptoms are not exclusive to EIB and could be
due to a number of conditions (Table 1). Conversely, athletes
with no previous EIB history and/or do not report symptoms
may exhibit significant airway hyperresponsiveness when for-
mally assessed [4,16]. As a result, symptom-based diagnosis
continues to result in both over-diagnosis and under-diagnosis
of EIB, reinforcing the importance of objective assessment.

A limitation of current diagnostic pathways is that they focus
primarily on detecting the physiological consequence of airway
dysfunction rather than the mechanisms responsible for disease
activity. Regardless of the challenge employed, current assess-
ments ultimately rely on demonstrating a reduction in forced
expiratory volume in one second (FEV,) following airway provo-
cation (see Table 2). Whilst this provides objective evidence of
bronchoconstriction, it offers limited insight into the pathophy-
siological processes contributing to airway narrowing, including
airway inflammation, epithelial injury, airway remodeling and
environmental influences. Furthermore, no single diagnostic
test can reliably confirm or exclude EIB in all athletes. Indirect
bronchoprovocation challenges provide objective evidence of
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Article highlights

e Current diagnostic pathways for exercise-induced bronchoconstric-
tion (EIB) accurately identify bronchoconstriction but provide limited
insight into the underlying pathophysiology of airway dysfunction.

¢ Airway dysfunction in athletes is heterogeneous, with similar bronch-
oprovocation responses potentially arising through differing patho-
physiological processes involving type 2 inflammation and airway
injury.

o Biomarkers of airway inflammation and epithelial injury, including
FeNO and CC16, may complement bronchoprovocation testing by
improving disease phenotyping and identifying athletes at risk of
airway dysfunction.

o Respiratory oscillometry offers a promising adjunct to spirometry by
providing complementary assessment of airway mechanics and may
detect physiological abnormalities not identified by conventional
lung function testing.

e Advances in breathing pattern assessment and wearable respiratory
monitoring technologies have the potential to enable continuous,
real-world evaluation of respiratory function beyond the laboratory.

o Future approaches to EIB should move beyond confirming broncho-
constriction toward preserving airway health through earlier identifi-
cation of airway injury and physiological dysfunction, with emerging
biomarkers, physiological assessments and digital monitoring tech-
nologies potentially facilitating more personalized and holistic
respiratory care.

Table 1. Common causes of exercise respiratory symptoms associated with EIB.

Exercise Induced Bronchoconstriction
Cardiovascular disease

Lack of fitness/returning to play

Rhinitis

Exercise Induced Laryngeal Obstruction

Breathing Pattern Disorder

Large Airway Collapse

Diaphragm Paralysis

Musculoskeletal injury or tightness around the torso

Table 2. Different types of bronchoprovocation challenges and the fall in FEV1
required for a test deemed to be positive and indicative of EIB.

Assessment Type Positive test
Methacholine Direct >20% fall in FEV,
Histamine Direct >20% fall in FEV,
Exercise Challenge Indirect >10% fall in FEV,
Eucapnic Voluntary Hyperpnoea (EVH) Indirect >10% fall in FEV,
Mannitol Indirect >10-15% fall in FEV,
Hypertonic Saline Indirect 215% fall in FEV,

EIB when positive, but a negative result does not necessarily
exclude clinically relevant airway dysfunction. Conversely, direct
challenges may be useful for excluding significant airway hyper-
responsiveness but lack specificity for EIB. These limitations,
together with the considerable biological variability in test
responses and the poor relationship between symptoms and
objective evidence of airway dysfunction, mean that current
assessments are effective at identifying bronchoconstriction
but provide limited information regarding disease phenotype,
future risk of airway dysfunction or likely treatment
responsiveness.

Considerable progress has been made in the diagnosis and
management of EIB over the past two decades, resulting in
the development of standardized bronchoprovocation proto-
cols and evidence-based treatment recommendations [17-19].

These advances have significantly improved diagnostic accu-
racy and reduced reliance on symptom-based diagnosis
alone [20].

The future challenge is no longer simply identifying
whether bronchoconstriction occurs following exercise or
a surrogate challenge such as eucapnic voluntary hyperpnea
(EVH). Rather, it is determining how best to characterize airway
health in athletic populations and identify those athletes at
risk of developing clinically relevant airway dysfunction.
Addressing this challenge will require diagnostic approaches
that move beyond traditional measures of airflow limitation
and incorporate novel assessments of airway inflammation,
airway mechanics and real-world respiratory function. The
concepts discussed throughout this review are summarized
in Figure 1.

Accordingly, the purpose of this review is not to revisit
established diagnostic algorithms or pharmacological treat-
ment pathways, which have been comprehensively addressed
in international consensus statements. Rather, this article
examines the limitations of current approaches and discusses
emerging developments that may shape the future diagnosis
and management of EIB. Particular focus is placed on novel
methods of assessing airway inflammation, the potential role
of oscillometry in identifying exercise-related airway dysfunc-
tion, advances in digital and field-based monitoring technolo-
gies, and the emerging importance of breathing pattern
assessment within athlete respiratory care.

1.1. Literature search

This article represents an expert narrative review rather than
a systematic review. Relevant literature was identified
through searches of PubMed and Google Scholar with no
lower date restriction, with the final search conducted in
May 2026. Searches included combinations of terms relating
to EIB, airway inflammation and injury, airway remodeling,
respiratory oscillometry, breathing pattern and wearable
respiratory monitoring. Additional publications were identi-
fied from the reference lists of relevant articles and from
literature known to the author through research in the field.

2. Can assessments of airway inflammation and
airway injury improve the diagnosis and
management of EIB?

Current bronchoprovocation tests provide objective evidence
of exercise-induced airway narrowing but offer limited insight
into the mechanisms responsible for the response.
Consequently, athletes demonstrating similar reductions in
FEV, following exercise challenge may have markedly different
underlying airway pathology [21,22]. This observation has led
to increasing interest in whether assessments of airway inflam-
mation and airway injury can provide additional information
that may improve the diagnosis and management of EIB.
There is increasing recognition that airway dysfunction in
athletes is heterogeneous. The proposed biological heteroge-
neity of EIB is summarized in Figure 2. Some athletes
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Figure 1. From EIB Detection to Preserving Airway Health.

Current diagnostic pathways for exercise-induced bronchoconstriction (EIB) focus on confirming bronchoconstriction through demonstration of a post-challenge reduction in FEV, following
exercise or surrogate bronchoprovocation testing. In contrast, future approaches may increasingly focus on identifying biological and physiological changes that occur throughout the
development of airway dysfunction. Repeated exposure to high ventilatory demands and adverse environmental conditions may contribute to airway epithelial injury, inflammation, airway
remodeling and altered airway mechanics before clinically detectable EIB develops. This disease continuum creates opportunities for earlier assessment using biomarkers of airway
inflammation and injury, oscillometry-derived measures of airway mechanics and breathing pattern monitoring technologies. Collectively, these approaches may facilitate a transition from
diagnosing established EIB toward preserving airway health throughout an athlete’s career. This figure was generated using ChatGPT’s image-generation capability and was iteratively
reviewed and revised by the author to ensure scientific accuracy and clarity of presentation.

Abbreviations: AX, area of reactance; CC16, club cell secretory protein 16; EIB, exercise-induced bronchoconstriction; EVH, eucapnic voluntary hyperpnea; FeNO, fractional exhaled nitric
oxide; FEV, forced expiratory volume in one second; FVC, forced vital capacity; R5, resistance at 5 Hz; R20, resistance at 20 Hz; X5, reactance at 5 Hz.
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Figure 2. Heterogeneity of airway dysfunction in athletes.

Athletes with objective evidence of exercise-induced bronchoconstriction (EIB) may demonstrate differing pathophysiological profiles. A type 2 inflammatory phenotype is characterized by
eosinophilic airway inflammation, elevated FeNO and type 2 cytokine activity. In contrast, an airway injury phenotype is associated with repeated ventilatory stress and environmental
exposures that promote epithelial injury, impaired barrier function, non-eosinophilic inflammation and airway remodeling. These profiles may overlap, and both may produce similar
reductions in FEV, following bronchoprovocation testing. Recognition of this heterogeneity may facilitate more personalized approaches to the diagnosis and management of EIB. This
figure was generated using ChatGPT's image-generation capability and was iteratively reviewed and revised by the author to ensure scientific accuracy and clarity of presentation.

Abbreviations: CC16, club cell secretory protein 16; EIB, exercise-induced bronchoconstriction; FeNO, fractional exhaled nitric oxide; FEV,, forced expiratory volume in one second.

demonstrate features consistent with type-2 airway inflamma- demands and adverse environmental conditions such as cold
tion [23], typically characterized by eosinophilic inflammation dry air, chlorination by-products and airborne pollutants
and elevated FeNO, whereas others appear to develop airway [24,25]. In these athletes, repeated airway dehydration and
dysfunction through repeated exposure to high ventilatory epithelial injury may initiate complex inflammatory and repair
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responses involving multiple cellular and molecular pathways
that are not adequately reflected by conventional markers of
type-2 airway inflammation [26,27]. These mechanisms should
not necessarily be considered mutually exclusive, and indivi-
dual athletes may demonstrate overlapping features [2].
Collectively, this heterogeneity suggests that similar broncho-
provocation responses may arise through differing pathophy-
siological processes [28].

Fractional exhaled nitric oxide (FeNO) is currently the most
widely available noninvasive marker of airway inflammation
and has received considerable attention in EIB research.
Elevated FeNO levels are associated with eosinophilic airway
inflammation [29]. Studies in pediatric populations have inves-
tigated whether FeNO may also help predict EIB, with higher
FeNO associated with an increased likelihood and severity of
bronchoconstriction following exercise [30,31]. However, the
predictive performance of FeNO has varied between studies,
and FeNO alone has not consistently provided sufficient diag-
nostic accuracy to determine the need for exercise testing.
Similarly, whilst higher FeNO values provide reasonable speci-
ficity for identifying athletes with objective evidence of EIB,
sensitivity remains poor and many athletes with positive
bronchoprovocation challenges exhibit normal FeNO values
[23]. These findings suggest that FeNO identifies only one
inflammatory phenotype of EIB. Consequently, a normal
FeNO value should not be interpreted as evidence of normal
airway health, but rather as an indication that alternative
inflammatory pathways or mechanisms of airway dysfunction
may be contributing to bronchoconstriction. Nevertheless, in
athletes demonstrating both elevated FeNO and objective
evidence of EIB, serial FENO measurements may provide
a useful means of monitoring airway inflammation and asses-
sing response to anti-inflammatory therapy [32,33].

The observation that many athletes with objective EIB
demonstrate normal FeNO values has stimulated interest in
mechanisms beyond eosinophilic inflammation. Exercise-
induced bronchoconstriction is thought to arise through
a complex interaction between airway dehydration, thermal
stress, epithelial injury and inflammatory mediator release.
Whilst eosinophilic inflammation may be important in some
athletes, other pathways involving mast-cell derived mediators
such as histamine, leukotrienes and prostaglandins are also
recognized contributors to exercise-induced bronchoconstric-
tion. In addition, studies in athletic populations have identified
evidence of non-type-2 inflammatory responses and airway
injury, particularly in athletes exposed to adverse environmen-
tal conditions such as cold dry air and chlorinated swimming
pools. Consequently, FeNO provides valuable insight into one
aspect of airway inflammation but is unlikely to capture the
full spectrum of biological processes contributing to EIB.

2.1. Airway epithelium damage and airway remodeling

Over the past two decades, increasing evidence has emerged
suggesting that repeated exposure to exercise hyperpnea may
result in airway epithelial injury [34,35]. The airway epithelium
represents the primary interface between the external environ-
ment and the respiratory system and is increasingly recognized
as a central component in the pathogenesis of EIB. Repeated

cycles of airway dehydration and cooling during exercise may
disrupt epithelial integrity, facilitating inflammatory responses
and initiating repair processes that, over time, contribute to
airway remodeling and airway hyperresponsiveness [35].

Evidence supporting this concept has been demonstrated
across multiple athletic populations. The cumulative ventila-
tory stress imposed on the airway epithelium is unlikely to be
equivalent across sporting disciplines and may reflect not only
the magnitude, duration and frequency of high ventilation,
but also the environmental conditions in which this occurs.
Consequently, athletes repeatedly exposed to high ventilation
in cold dry air, polluted environments or air containing respira-
tory irritants may experience a greater airway epithelial bur-
den than athletes undertaking similar ventilatory demands in
more favorable conditions. Studies in elite cross-country skiers,
who repeatedly undertake high ventilation in cold dry air,
have identified inflammatory changes and structural airway
remodeling in athletes without a clinical diagnosis of asthma
[24]. Similarly, investigations in competitive swimmers have
demonstrated airway epithelial damage, increased permeabil-
ity, innate cytokine activation and neutrophilic airway inflam-
mation associated with chronic exposure to chlorination by-
products [36,37]. Collectively, these findings suggest that the
potential for airway injury may reflect the interaction between
ventilatory demand, cumulative exposure and the specific
environmental conditions in which exercise is performed,
and may occur independently of clinically apparent EIB.

Several biomarkers of airway injury have been investigated
in an attempt to better characterize these processes. Club cell
secretory protein 16 (CC16) is among the most extensively
studied. CC16 is produced by epithelial cells within the distal
airways and increases in circulation and urine following dis-
ruption of epithelial barrier integrity. Studies employing exer-
cise and EVH challenges have consistently demonstrated
increases in CC16 following hyperpnea [38]. Importantly,
these increases occur not only in athletes with EIB but also
in athletes without demonstrable bronchoconstriction [39].
Such findings suggest that airway epithelial perturbation
may be a common consequence of high ventilatory exercise
and that epithelial injury can occur independently of measur-
able reductions in FEV;.

However, the clinical significance of exercise-induced
changes in CC16 remains uncertain. Previous work has demon-
strated acute changes in CC16 following exercise or hyperp-
nea [38], including in athletes without demonstrable
bronchoconstriction, but it has not been established whether
these changes are associated with respiratory symptoms or
predict the subsequent development of EIB or asthma.
Similarly, the relationship between CC16 and oscillometry-
derived measures of airway mechanics has not been ade-
quately characterized. Prospective longitudinal studies com-
bining biomarkers of airway injury with symptoms,
bronchoprovocation and measures of airway mechanics are
therefore required to determine whether CC16 can identify
athletes at increased risk of developing clinically significant
airway dysfunction.

The observation that airway injury may occur in athletes
without objective evidence of EIB raises an intriguing possibi-
lity. Current diagnostic pathways identify athletes only once



airway dysfunction becomes sufficiently severe to produce
bronchoconstriction during challenge testing. However, air-
way injury, inflammation and remodeling may precede the
development of clinically detectable EIB by many years. From
this perspective, EIB may represent the clinical manifestation
of an underlying process that begins with repeated airway
injury and culminates in airway hyperresponsiveness and
bronchoconstriction (Figure 3).

This concept aligns closely with previous proposals that
airway dysfunction in athletes may represent an occupational
disease [40]. Airway dysfunction is most prevalent in sports
characterized by sustained high ventilatory demands and
chronic exposure to potentially harmful environmental condi-
tions, including cold dry air, chlorination by-products and air-
borne pollutants and particulate matter [3,4,6]. The repeated
exposure of athletes to these environments throughout train-
ing and competition may therefore be analogous to occupa-
tional exposure observed in other work settings. Whether
airway dysfunction in athletes should be formally classified
as an occupational disease remains open to debate.
Nevertheless, the concept highlights an important shift in
perspective. Rather than viewing EIB solely as a condition
requiring diagnosis and treatment once bronchoconstriction
has developed, there is increasing recognition that preserving
airway health throughout an athlete’s career may be equally
important.

A major barrier to identifying airway injury before clinically
significant dysfunction develops is the limited availability of
accessible assessment tools. This contrasts with FeNO, which
can be measured rapidly and non-invasively at the point of
care and provides an established marker of type 2 airway
inflammation, although it is not specific to EIB. Current mea-
sures of airway remodeling, epithelial injury and inflammatory
profiling remain largely confined to research environments.
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Bronchial biopsy remains the most direct method of assessing
structural airway remodeling but is invasive and unsuitable for
routine use in athletic populations [24]. Induced sputum,
exhaled breath condensate and circulating biomarkers such
as CC16 have contributed substantially to understanding air-
way inflammation and injury in athletes [27]. Studies using
exhaled breath condensate in competitive athletes provide
further evidence of its research utility [41], but their translation
into routine athlete respiratory assessment remains challen-
ging. Induced sputum requires carefully standardized induc-
tion and processing procedures and appropriate clinical
supervision [42], while exhaled breath condensate requires
standardization of collection, storage and analytical proce-
dures, with methodological variability limiting interpretation
and clinical application [43]. Blood-based inflammatory profil-
ing presents similar translational challenges, requiring invasive
sample collection, appropriately trained personnel and access
to analytical facilities. Similarly, CC16 currently requires biolo-
gical sample collection and analysis, limiting its application in
routine clinical practice despite its potential value as a marker
of airway epithelial barrier disruption. Consequently, although
these approaches provide valuable insight into airway pathol-
ogy, their current practical requirements limit the feasibility of
repeated surveillance within most sporting environments.
The development of accessible methods for monitoring
airway injury may create a new clinical challenge, as there is
currently little consensus regarding how athletes demonstrat-
ing airway injury in the absence of EIB should be managed.
Nevertheless, the concept of monitoring airway health rather
than simply detecting bronchoconstriction represents an
important shift in perspective. The ultimate goal should not
be to identify airway dysfunction only after clinically signifi-
cant EIB has developed, but rather to identify athletes at
increased risk of progression and intervene early enough to

Healthy airway Early response Established EIB Severe / persistent EIB
No symptoms Subclinical changes Symptoms + variable Frequent symptoms,
impaired performance
Increasing ventilatory stress and environmental exposures over time >

uojono[oo:m

Intact epithelium Epithelial stress and

early inflammatory signals

Airway inflammation
and hyperresponsiveness

Airway remodelling
and persistent dysfunction

Figure 3. A continuum of airway responses in athletes: opportunities to preserve airway health.

Repeated exposure to high ventilatory demands and adverse environmental conditions may drive a continuum of airway responses in athletes. This process may begin with a structurally
healthy airway and progress through epithelial stress and early inflammatory signaling to airway inflammation, hyperresponsiveness and, ultimately, clinically detectable exercise-induced
bronchoconstriction (EIB). In some athletes, continued exposure may contribute to airway remodeling and persistent airway dysfunction. This continuum highlights the opportunity to
identify biological and physiological changes before clinically significant EIB develops and supports a shift toward earlier intervention aimed at preserving airway health. This figure was
generated using ChatGPT’s image-generation capability and was iteratively reviewed and revised by the author to ensure scientific accuracy and clarity of presentation.

Abbreviations: EIB, exercise-induced bronchoconstriction; FEV;, forced expiratory volume in one second.



6 (&) J.W.DICKINSON

preserve long-term respiratory health. Future research should
therefore focus on developing accessible biomarkers of airway
injury and determining whether early intervention can alter
the trajectory from airway injury to clinically significant EIB.

3. Can oscillometry improve the diagnosis and
management of EIB?

The diagnosis of EIB remains heavily dependent on spirometry
and the demonstration of a reduction in forced expiratory
volume in one second (FEV,) following exercise or surrogate
bronchoprovocation testing (Table 2; [17-19]). Spirometry is
widely available, relatively inexpensive and supported by well-
established diagnostic thresholds [17-19]. Consequently,
a post-challenge reduction in FEV; remains the cornerstone
of EIB diagnosis. However, spirometry is not without limita-
tions. The technique requires maximal respiratory effort and is
dependent on patient cooperation and test quality [44,45].
Furthermore, spirometry primarily reflects airflow and volume
characteristics of the lower airway, and provides limited infor-
mation regarding airway resistance and the mechanical prop-
erties of the respiratory system.

These limitations have stimulated interest in alternative
physiological assessments that may provide additional insight
into airway dysfunction. Respiratory oscillometry, also referred
to as the forced oscillation technique (FOT) or impulse oscillo-
metry (I0OS), measures respiratory system resistance and reac-
tance during normal tidal breathing through the application of
small external pressure oscillations at the mouth [46]. In sim-
ple terms, oscillometry assesses how easily these pressure
waves travel through the respiratory system, providing infor-
mation on airway caliber and the mechanical properties of the
lungs, particularly within the peripheral airways. Unlike spiro-
metry, oscillometry requires minimal patient effort and can be
performed repeatedly without the need for forced expiratory
maneuvers. These characteristics have supported its increasing
use as an adjunct to conventional lung function assessment in
respiratory clinical practice, particularly where spirometry is
difficult to perform or additional information regarding
respiratory mechanics is required. However, oscillometry is
not currently established as part of routine diagnostic assess-
ment for EIB in athletes. As a result, oscillometry offers
a fundamentally different assessment of respiratory physiol-
ogy and may identify subtle alterations in airway mechanics
before clinically significant changes in spirometric indices
become apparent.

Interest in oscillometry has increased considerably over the
last decade because of its potential sensitivity to changes
occurring within the peripheral airways, which may not be
detected by conventional spirometric assessment [46]. This is
particularly relevant in EIB, where airway dysfunction may
develop before substantial reductions in spirometric indices
become apparent [24,47]. Several studies have demonstrated
significant changes in oscillometric measures following exer-
cise challenge and eucapnic voluntary hyperpnea (EVH), with
some reports suggesting that oscillometry may identify airway
abnormalities in athletes who do not meet conventional spiro-
metric criteria for EIB [48,49]. To date, most EIB studies have

focused on oscillometric variables such as resistance at 5Hz
(R5), area of reactance (AX) and resonant frequency (Fres),
which demonstrate sensitivity to bronchoconstrictive
responses following EVH and exercise challenge testing
[48,49]. However, advances in oscillometry and increasing
interest in small airway physiology raise the possibility that
other indices may provide greater sensitivity to early airway
dysfunction than the parameters explored in the current EIB
literature.

The potential value of oscillometry in EIB lies not in repla-
cing spirometry, but in providing complementary information
regarding airway mechanics. When considered alongside the
emerging evidence of airway injury and remodeling, oscillo-
metry offers the possibility of detecting subtle physiological
abnormalities in the lower airways before clinically significant
reductions in FEV,; occur. This may be particularly relevant in
athletes with exercise-related respiratory symptoms despite
normal spirometry or those with evidence of airway injury
where conventional lung function remains preserved. If airway
injury represents an early stage in the development of airway
dysfunction, oscillometry may help identify athletes at
increased risk of progression before overt airway hyperrespon-
siveness and clinically detectable EIB develop.

Despite encouraging findings, the role of oscillometry in EIB
assessment remains incompletely defined. Although oscillo-
metry-derived measures of airway mechanics appear sensitive
to bronchoconstrictive responses and may identify abnormal-
ities not apparent on conventional spirometry, the current
evidence base is relatively small and there is insufficient evi-
dence to establish standardized diagnostic thresholds for ath-
letic populations [46,49]. Until clinically meaningful cutoff
values are defined and validated, oscillometry is best viewed
as an adjunctive assessment that complements spirometry.
Future research should focus on establishing standardized
protocols, defining clinically meaningful thresholds and deter-
mining whether oscillometric abnormalities predict the subse-
quent development of airway hyperresponsiveness and EIB.
The greatest potential value of oscillometry may ultimately
not be the diagnosis of established EIB, but its ability to
identify subtle abnormalities in airway mechanics before clini-
cally significant reductions in FEV; become apparent. Such an
approach would align closely with the emerging concept of
preserving airway health throughout an athlete’s career rather
than simply detecting disease once it has become established.

4. Can continuous monitoring of breathing patterns
transform the management of EIB?

Current assessment of EIB remains episodic. Athletes typically
undergo respiratory evaluation only when objective testing is
required to confirm an EIB diagnosis or assess management of
inhaler therapy. Consequently, clinical decision-making is
often based on isolated measurements obtained within
laboratory environments that may not reflect respiratory
health and EIB status during training, competition or daily
life. This contrasts with many other areas of sports science
and medicine where continuous physiological monitoring has
become commonplace [50-52].



Recent advances in breathing pattern assessment raise the
possibility that respiratory monitoring could become an
important component of future EIB management.
Traditionally, breathing pattern assessment has been used to
identify breathing pattern disorders and other causes of exer-
cise-related respiratory symptoms. However, emerging evi-
dence suggests that breathing patterns may also provide
insight into airway dysfunction itself [53].

Using optoelectronic plethysmography (OEP), recent work
has demonstrated that individuals with EIB exhibit distinct
alterations in breathing pattern during bronchoconstriction
compared with healthy controls [53]. Specifically, bronchocon-
striction was associated with changes in thoracoabdominal
synchronization, including altered phase relationships
between the upper and lower rib cage and shoulder compart-
ments, together with changes in the sequence of chest wall
compartment recruitment during breathing. Importantly,
many of these abnormalities reversed following bronchodila-
tor administration, suggesting that they were directly related
to the bronchoconstriction rather than representing fixed
breathing characteristics. Similar alterations in breathing pat-
tern and thoracoabdominal synchronization have been
reported in other respiratory conditions, including asthma
and chronic obstructive pulmonary disease [54,55], indicating
that the changes currently identified are unlikely to be specific
to EIB. Rather, the changes observed during experimentally
induced bronchoconstriction appear to represent a dynamic
physiological response to airway narrowing. At present,
breathing pattern should therefore not be considered diag-
nostic of EIB; however, identification of changes from an indi-
vidual’s normal breathing pattern could provide an indication
that airway dysfunction is occurring and prompt further
assessment or appropriate treatment. Future research should
determine whether specific characteristics of breathing pat-
tern can distinguish EIB from other causes of airway dysfunc-
tion and whether such changes can reliably inform clinical
intervention.

At present, OEP represents the most comprehensive method of
assessing breathing pattern and chest wall mechanics. The tech-
nique provides detailed information regarding compartmental
contributions to breathing, thoracoabdominal synchronization
and regional chest wall motion. However, OEP requires specialist
equipment, multiple cameras, reflective markers and substantial
post-processing, limiting its use to research and specialist clinical
environments [56]. Consequently, despite its ability to characterize
breathing patterns in considerable detail, OEP is unlikely to
become a practical tool for routine monitoring of athletes.

The rapid expansion of wearable technologies may change
this landscape. Advances in motion sensors, fiber optic sen-
sing systems, smart textiles and wearable respiratory monitor-
ing devices increasingly allow respiratory measurements to be
obtained outside laboratory environments [57-59]. Studies
have demonstrated the feasibility of wearable systems for
monitoring variables such as respiratory rate and thoracoab-
dominal movement, including sensor-embedded garments
and fiber-optic systems [57-60]. However, these studies have
predominantly focused on technological feasibility and valida-
tion rather than the longitudinal detection or monitoring of
EIB. Consequently, whether wearable-derived breathing
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pattern metrics can reliably identify changes associated with
bronchoconstriction or deteriorating airway health in athletes
remains to be established.

The implications of such technology extend beyond diagno-
sis. Continuous monitoring of breathing patterns could provide
a novel method of assessing disease control, detecting exacer-
bations and evaluating responses to treatment. More impor-
tantly, longitudinal monitoring may reveal subtle alterations in
respiratory behavior before clinically significant airway dysfunc-
tion develops. Such an approach would complement emerging
assessments of airway inflammation, airway injury and airway
mechanics by providing a continuous physiological measure of
respiratory health, potentially enabling earlier identification of
athletes at risk of progressing toward clinically detectable EIB.

Significant challenges remain before these approaches can
be implemented clinically. The breathing pattern changes
most relevant to EIB have not yet been fully defined, norma-
tive data for athletic populations are lacking and the relation-
ship between breathing pattern alterations and clinically
meaningful outcomes remains uncertain. Furthermore, meth-
ods are required to translate complex laboratory-derived
metrics into robust wearable measures that can be collected
reliably in real-world environments.

Nevertheless, the convergence of respiratory physiology,
wearable sensing technologies and digital health represents
an exciting opportunity for the future management of EIB.
The greatest potential value may not lie in diagnosing EIB
itself, but in enabling continuous assessment of respiratory
function and airway health throughout an athlete’s career.
Such an approach would fundamentally shift respiratory care
from periodic testing toward personalized, real-world mon-
itoring, allowing interventions to be guided by changes in
respiratory physiology rather than isolated laboratory
assessments.

5. From EIB detection to preserving airway health

Considerable progress has been made in the diagnosis and
management of EIB over the past two decades. Objective
bronchoprovocation testing has significantly improved diag-
nostic accuracy and remains essential for confirming the pre-
sence of exercise-induced airway narrowing. However, current
diagnostic pathways remain largely focused on identifying the
physiological consequence of airway dysfunction rather than
the biological and physiological processes that contribute to
its development.

The emerging evidence reviewed in this article suggests
that future approaches to EIB assessment may increasingly
focus on characterizing airway health rather than simply
detecting bronchoconstriction. Assessments of airway inflam-
mation and airway injury may help identify distinct disease
phenotypes and provide insight into mechanisms that are not
captured by conventional bronchoprovocation testing.
Similarly, oscillometry offers the potential to detect subtle
alterations in airway mechanics that may precede clinically
significant reductions in FEV,, whilst advances in breathing
pattern assessment and wearable monitoring technologies
raise the possibility of continuous real-world evaluation of
respiratory function. A proposed framework for integrating
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Current approach: detect and treat

Primary
objective Confirm EIB after it occurs
Focus on bronchoconstriction
Bronchoprovocation testing
* Exercise challenge (e.g. field or laboratory)
Assessment * Surrogate challenge (e.g. EVH, mannitol,
opportunity 4 methacholine)
* Spirometry: fall in FEV; 210-15%
post-challenge
Confirm diagnosis of EIB
Clinical Guide initial therapy decisions
odly 0 B e el e

Monitor treatment response

Future approach: anticipate and preserve

Identify biological and physiological changes

earlier in the disease continuum

Focus on airway health and risk modification
"'.' Biomarkers of airway inflammation and injury
FeNO, CC16, cytokines, eosinophils

A Airway mechanics
Oscillometry (e.g. R5, R20, X5, AX)

@'!Q Breathing pattern monitoring
Wearables and other digital technologies

=5

Integrated assessment to identify early changes,
phenotype athletes and guide management

Detect early airway changes before symptoms
Optimise risk stratification and personalised management

Inform exposure modification and prevention strategies

=3

Monitor treatment response and disease trajectory

Figure 4. Integrating emerging technologies into future EIB diagnosis and management.

Current management of exercise-induced bronchoconstriction (EIB) focuses on confirming disease once bronchoconstriction has occurred using bronchoprovocation testing and spirometry.
Emerging approaches seek to identify earlier biological and physiological changes through biomarkers of airway inflammation and injury, respiratory oscillometry and breathing pattern
monitoring. Integrating these complementary assessments may facilitate earlier identification of athletes at risk of airway dysfunction, improve phenotyping, support personalized
management strategies and enable interventions aimed at preserving airway health rather than simply diagnosing established disease. Monitoring treatment response remains an
important component of both current and future clinical pathways. This figure was generated using ChatGPT's image-generation capability and was iteratively reviewed and revised by the

author to ensure scientific accuracy and clarity of presentation.

Abbreviations: AX, area of reactance; CC16, club cell secretory protein 16; EIB, exercise-induced bronchoconstriction; EVH, eucapnic voluntary hyperpnea; FeNO, fractional exhaled nitric
oxide; FEV;, forced expiratory volume in one second; R5, resistance at 5 Hz; R20, resistance at 20 Hz; X5, reactance at 5 Hz.

these emerging technologies into future diagnostic and man-
agement pathways is presented in Figure 4.

In practice, a strategy focused on preserving airway health
could involve longitudinal assessment of athletes considered
at increased risk of airway dysfunction, incorporating periodic
evaluation of symptoms, spirometry and bronchoprovocation
alongside complementary measures of airway inflammation
and respiratory mechanics where clinically appropriate. As
accessible biomarkers of epithelial injury and wearable respira-
tory monitoring technologies become available, these could
provide additional opportunities to identify changes in airway
health between formal clinical assessments. Such surveillance
could also be combined with monitoring of environmental
exposures, enabling modification of training or competition
practices where potentially harmful conditions are identified.

Importantly, the value of these approaches may extend
beyond improving EIB diagnosis alone. Respiratory symptoms
in athletes are frequently multifactorial and often reflect the
coexistence of several conditions affecting the upper and
lower airways. Recent work has demonstrated that athletes
rarely present with a single isolated respiratory abnormality,
with asthma and EIB commonly occurring alongside rhinitis,
allergy, breathing pattern dysfunction, laryngeal dysfunction
and other airway disorders [20]. Future diagnostic pathways
should therefore adopt a more holistic approach to athlete
respiratory health, recognizing that optimal management
requires identification and treatment of all relevant contribu-
tors to exercise-related respiratory symptoms.

Emerging evidence suggests that biomarkers, physiological
assessments and wearable technologies could increasingly be
embedded within the longitudinal management of airway

health in athletes. The challenge for future research will be
to determine how these complementary measures can be
integrated into practical clinical pathways and used to inform
meaningful decisions regarding monitoring, treatment and
environmental exposure. Prospective longitudinal studies will
remain important to establish which athletes are most likely to
benefit from closer surveillance, how changes in these mea-
sures should be interpreted and whether earlier intervention
can alter the progression toward clinically significant airway
dysfunction. Such an approach has the potential to move
athlete respiratory care beyond episodic assessment toward
more personalized monitoring and preservation of airway
health throughout an athlete’s career.

6. Expert opinion

The diagnosis of exercise-induced bronchoconstriction (EIB)
has advanced considerably over the past two decades. The
introduction of objective bronchoprovocation testing has
improved diagnostic accuracy and reduced reliance on symp-
toms alone, providing clinicians with robust methods for con-
firming exercise-induced airway narrowing. However, in my
opinion, the next phase of research should focus less on
developing additional methods of confirming established
bronchoconstriction and more on identifying athletes at risk
of airway dysfunction before clinically significant disease
develops. Rather than viewing EIB as an isolated event identi-
fied by a reduction in FEV;, future approaches should increas-
ingly consider airway health as a continuum that can be
monitored throughout an athlete’s career.



One area likely to become increasingly important is the
integration of complementary assessments rather than the
search for a single replacement for spirometry or bronchopro-
vocation testing. Bronchoprovocation tests will undoubtedly
remain central to confirming EIB, but future diagnostic path-
ways may increasingly incorporate biomarkers of airway
inflammation and injury, assessments of airway mechanics
and continuous physiological monitoring to provide
a broader understanding of airway health. Such an approach
has the potential to improve disease phenotyping, guide
management decisions and identify athletes who may benefit
from closer respiratory surveillance before clinically significant
airway dysfunction develops. Importantly, the challenge is
unlikely to be determining which individual assessment per-
forms best, but rather understanding how complementary
technologies can be combined to provide clinically meaning-
ful information that is not available from any single
investigation.

A major challenge will be translating promising biomarkers
from research laboratories into accessible clinical tools.
Fractional exhaled nitric oxide (FeNO) provides an excellent
example of how technological advances transformed
a research biomarker into a practical point-of-care assessment
that is now widely used in respiratory medicine. Similar pro-
gress may be possible for biomarkers of airway injury and non-
type 2 inflammation. Club cell secretory protein (CC16), circu-
lating eosinophils and inflammatory cytokines have all
improved understanding of athlete airway pathology, yet
their application remains largely confined to specialist centers
and research studies. Developing rapid, reproducible and
affordable methods of measuring these biomarkers within
sporting environments could substantially improve our ability
to characterize airway health. Equally important will be deter-
mining whether combinations of biomarkers provide greater
clinical value than individual measurements alone and
whether changes in these biomarkers can identify athletes at
risk of developing airway dysfunction before objective bronch-
oconstriction becomes apparent.

In my opinion, advances in wearable technologies repre-
sent another exciting area for future research. Elite sport has
already embraced continuous monitoring of training load,
cardiovascular physiology and recovery. Extending this
approach to respiratory health appears a logical progression.
Wearable systems capable of monitoring breathing pattern,
thoracoabdominal motion or other respiratory variables dur-
ing training and competition may provide objective indicators
of deteriorating airway health or impending EIB exacerbations
before athletes become symptomatic. Integration with smart-
phone applications and cloud-based analytics could enable
longitudinal respiratory surveillance, allowing clinicians to
identify meaningful deviations from an athlete’s normal
respiratory profile and intervene earlier than is currently pos-
sible. Although considerable technological and validation
challenges remain, developments in this area have the poten-
tial to make respiratory assessment more continuous, perso-
nalized and representative of an athlete’s real-world
environment than current laboratory-based evaluations.

An equally important consideration is whether greater
emphasis should be placed on preventing airway injury rather
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than simply detecting its consequences. The evidence
reviewed in this article suggests that repeated exposure to
cold dry air, chlorinated environments and airborne pollutants
may contribute to progressive airway injury in susceptible
athletes. Consequently, preserving respiratory health may
require greater attention to reducing cumulative environmen-
tal exposure throughout an athlete’s career. This could include
routine consideration of ambient air quality during training
and competition, particularly exposure to particulate matter
(PM2.5), ozone and nitrogen oxides (NOx), with training sche-
dules or locations modified where potentially harmful condi-
tions are identified. Personal exposure monitoring combined
with behavioral interventions has shown potential to reduce
exposure to PM2.5 in people with asthma [61], providing
a model that could be evaluated in athletic populations. This
responsibility should extend beyond individual athletes and
clinicians to sporting organizations, event organizers and gov-
erning bodies. Future initiatives could include consideration of
air quality when selecting competition locations and schedul-
ing events, improving air quality within sporting venues, redu-
cing avoidable airborne irritants such as pyrotechnics and
flares at sporting events, optimizing training schedules during
periods of poor air quality and continuing to develop light-
weight heat- and moisture-exchange devices that athletes can
comfortably wear during training in challenging environ-
ments. Such preventative strategies have the potential to
complement advances in diagnosis by reducing repeated air-
way injury before clinically significant EIB develops.

The successful implementation of these advances will
depend upon evidence that earlier identification of airway
dysfunction results in meaningful improvements in athlete
health. Demonstrating that biomarkers, oscillometry or wear-
able monitoring can detect physiological abnormalities is only
the first step. Future research must establish how these mea-
surements should be interpreted, determine appropriate
thresholds for clinical intervention and demonstrate that ear-
lier identification of airway dysfunction leads to improved
respiratory outcomes. Addressing these questions will require
prospective longitudinal studies that follow athletes through-
out their sporting careers rather than cross-sectional studies of
established disease. Such studies will also be essential for
understanding the natural history of athlete airway dysfunc-
tion and identifying those individuals most likely to benefit
from preventative strategies.

Looking ahead, | anticipate that respiratory assessment in
athletes will become increasingly holistic, combining objec-
tive bronchoprovocation testing with complementary assess-
ments of airway inflammation, airway injury, respiratory
mechanics and breathing pattern. Rather than replacing cur-
rent diagnostic approaches, these technologies are likely to
enhance them, providing a more comprehensive understand-
ing of airway health and supporting more personalized clin-
ical decision-making. If this can be achieved, the future of EIB
management may shift from diagnosing established disease
toward preserving respiratory health through earlier identifi-
cation of airway dysfunction, targeted preventative strategies
and interventions designed to minimize the cumulative
effects of high ventilatory exercise throughout an athlete’s
career.
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