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Abstract
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Background: Airway disorders related to exercise are common in adolescents but remain
underrecognized. This thesis investigates the prevalence, course, and characteristics of exercise-
induced bronchoconstriction (EIB) and exercise-induced laryngeal obstruction (EILO) in
adolescent athletes as well as postexercise airway responses in athlete and nonathlete
adolescents focusing on aspects of airway physiology and inflammation.

Aim: The aim was to improve understanding of exercise-related airway responses in
adolescents using epidemiological, clinical, and biomarker approaches. Objectives included
assessing the prevalence and course of EIB and EILO in athletes, examining links between
symptoms, fractional exhaled nitric oxide (FeNO), and postexercise airway responses in athletes
and nonathletes, and exploring associations between systemic inflammation proteins, lung
function, and airway responses in nonathletes.

Methods: Two adolescent groups were studied: athletes from a national sports high school
(N=98) and nonathletes from the general population (N=143). All completed questionnaires,
exercise challenge tests, FeNO measurement, and lung function assessment by spirometry and
oscillometry; nonathletes also underwent plasma proteomic analysis. Studies I–II examined EIB
and EILO prevalence and progression in athletes; Study III explored links between symptoms,
FeNO, and postexercise airway responses in both groups; Study IV investigated associations
between inflammatory proteins, lung function, and airway responses in nonathletes.

Results: Estimated EIB prevalence among athletes was 23% (95% confidence interval
(CI) 14.5–33.8) and EILO 8% (95% CI 2.5–18.5). Self-reported exercise-induced dyspnea
poorly predicted either condition. Both EIB and EILO were dynamic over two years. Ten
participants had incident EIB, eight had persistent EIB, and five remitted. Reporting more
asthma-like symptoms at baseline increased the risk of incident EIB (odds ratio (OR) 2.78;
95% CI: 1.16–6.58), while FeNO, aeroallergy, and sex were not associated with incident
EIB. Incident EILO occurred in three and persistent EILO in two of 27 tested. Postexercise
airway responses measured by spirometry and oscillometry showed modest concordance,
indicating complementary insights into airway physiology by the two methods. Elevated FeNO
was associated with EIB by both spirometric (adjusted OR 2.54; 95% CI: 1.05–6.12) and
oscillometric criteria (adjusted OR 3.05; 95% CI: 1.18–7.9) in nonathletes, but not in athletes.
Proteomic analyses identified the chemokine CCL19 as related to reduced baseline lung
function, though no systemic proteins were associated with postexercise responses.

Conclusions: Exercise-induced airway disorders like EIB and EILO are common but often
overlooked in adolescent athletes. Because symptoms alone are unreliable, objective testing
is essential. Differences in FeNO associations suggest distinct EIB mechanisms in athletes
versus nonathletes. These results enhance understanding of exercise-related airway responses
and support targeted diagnostic and management approaches. The association of CCL19 with
lower baseline lung function in nonathletes also points to a possible link between immune
activity and airway function in adolescents.
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laryngeal obstruction, epidemiology, inflammation markers, pulmonary function testing.
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CCL19 C-C motif chemokine 19 
CCL20 C-C motif chemokine 20 
CI Confidence interval 
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EIB Exercise-induced bronchoconstriction 
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LTRA Leukotriene receptor antagonist 
MASP1 Mannan-binding lectin serine protease 1 
NPX Normalized protein expression 
OR Odds ratio 
Ppb Part per billion 
R5 Resistance at 5 hertz 
SABA Short-acting β2-agonists 
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Introduction 

This thesis explores exercise-induced airway responses in adolescents, integrat-
ing epidemiological, immunological, and diagnostic perspectives. We examined 
adolescent athletes sampled from a national sports high school (hereinafter re-
ferred to as “athletes”) as well as adolescents sampled from the general popula-
tion (hereinafter referred to as “nonathletes”). Studies I and II investigated prev-
alence and clinical course of exercise-induced bronchoconstriction (EIB) and ex-
ercise-induced laryngeal obstruction (EILO) in adolescent athletes. Study III 
assessed postexercise airway responses in both adolescent athletes and non-
athletes, examining links between respiratory symptoms and levels of frac-
tional exhaled nitric oxide (FeNO), and spirometric and oscillometric pulmo-
nary function test outcomes. Study IV investigated associations between sys-
temic inflammation protein biomarkers and spirometric and oscillometric pul-
monary function test outcomes in nonathlete adolescents —both pre- and 
postexercise. 

This thesis provides a broad framework for understanding exercise-induced 
airway disorders in adolescents from multiple perspectives. By integrating ep-
idemiological, longitudinal, physiological, and immunological approaches, 
the thesis contributes to the knowledge of both the clinical presentation and 
the underlying mechanisms. This multifaceted perspective is intended to in-
form improved diagnostic strategies, guide screening and follow-up prac-
tices, and contribute to promoting respiratory health in youth, ultimately fa-
cilitating participation in sports and physical activity at the desired level for 
young individuals. 
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Background 

Respiratory symptoms 
Regular physical exercise is widely recognized as beneficial for health and 
wellbeing.1 However, in susceptible individuals exercise can trigger unpleas-
ant respiratory sensations (exercise-induced respiratory symptoms) such as 
wheeze, dyspnea and chest tightness. Self-reported exercise-induced respira-
tory symptoms are common in adolescents and more females than males re-
port respiratory symptoms.2 Experiencing exercise-induced respiratory symp-
toms is associated with a negative impact on everyday life.3, 4 Among athletes, 
exercise-induced respiratory symptoms occur even more frequently than in 
the general population, affecting both elite adult athletes and younger, early-
career athletes.5, 6 Similar to females in the general population, female athletes 
seem to report respiratory symptoms more often than their male peers.7 

Respiratory symptoms are not confined to exercise-related contexts. Man-
ifestations such as wheeze, cough, dyspnoea, and chest tightness are fre-
quently observed in individuals with clinically confirmed asthma; however, 
these symptoms are also reported with considerable prevalence among indi-
viduals without a formal asthma diagnosis.8, 9 Moreover, many elite athletes 
experience respiratory symptoms even when not engaged in exercise.10 

Experiencing respiratory symptoms during high intensity exercise, with 
subsequent high ventilatory demand, can be considered physiologically nor-
mal indicating that the individual has reached the limit of their respiratory 
system.11 However, nociceptive respiratory sensations during exercise may be 
signs of underlying pathological conditions of the airways, such as exercise-
induced bronchoconstriction (EIB) or exercise-induced laryngeal obstruction 
(EILO).12 These conditions are not only relevant from a health and quality of 
life perspective13-15 but may, in athletes, also compromise training capacity 
and competitive performance.16 Despite this, the epidemiology and mecha-
nisms of exercise-induced airway disorders in youth remain incompletely un-
derstood, and clinical diagnostic challenges often lead to both under- and over 
recognition.17, 18 
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Exercise-induced bronchoconstriction 
Airway hyperresponsiveness (AHR) is characterized by an exaggerated bron-
choconstrictive response to a standardized bronchial challenge. Exercise-in-
duced bronchoconstriction (EIB) constitutes a distinct clinical manifestation 
of AHR, precipitated by physical exertion. EIB is defined as a transient, re-
versible narrowing of the lower airways that occurs in response to physical 
exertion.19 While EIB is frequently observed in individuals with a clinical 
diagnosis of asthma, it is also documented in persons without a diagnosis of 
asthma.20 In elite athletic populations, the prevalence of EIB has been re-
ported to range between 20% and 70%,21-23 considerably higher than the 
prevalence estimates of 5–20% observed in the general population.19, 24 The 
wide variability in reported prevalence rates among athletes can be attributed 
to differences in diagnostic criteria and methodology, environmental condi-
tions, and the specific sport practiced. Endurance-based sports, particularly 
swimming and winter sports, are consistently associated with an elevated 
risk of EIB development.23, 25 Sex-related differences in EIB prevalence re-
main inconclusive, as findings across studies are inconsistent, and the influ-
ence of sex on both the development and severity of EIB has yet to be thor-
oughly investigated.26  

The pathogenesis of EIB remains incompletely understood. However, ex-
ercise intensity and cumulative training are considered important risk factors 
for EIB in athletes.27, 28 The high ventilatory demands and prolonged hyperp-
noea during training and competition impose environmental stress on the air-
ways through heat and water loss from the lower respiratory tract, as well as 
exposure to airborne pollutants in some environments.28, 29 The large volumes 
of inspired air during intense exercise can result in airway osmotic changes, 
airway inflammation, epithelial injury, and neuronal activation, all associated 
with EIB.30 Presence of allergy is reported to be associated with EIB in ath-
letes in some studies,31, 32 but there are conflicting results with other studies 
reporting a majority of athletes with EIB not having allergies.26 Two distinct 
phenotypes of EIB in athletes have been proposed, reflecting divergent clini-
cal characteristics. The first phenotype is associated with classical features of 
asthma, including childhood onset, atopy, and AHR often demonstrated by 
direct bronchial challenge, i.e., methacholine provocation. The second pheno-
type manifests as EIB in the absence of asthma, developing during the ath-
lete’s career, characterized by AHR to indirect challenge and a lack of allergic 
features.33, 34 

Identifying EIB 
Self-reported exercise-induced symptoms have limited predictive value when 
compared to objectively confirmed EIB through bronchial challenge testing.20 
This dissociation is even more prominent in athlete populations, highlighting 
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that the diagnosis of EIB should not be made based on symptoms alone.35-37 
EIB based on exercise-induced symptoms may be both under- and over diag-
nosed in athletes considering the high prevalence of exercise-induced symp-
toms reported by athletes on one hand5 and, on the other hand the high pro-
portion of asymptomatic athletes presenting with evidence of EIB when 
screened.17 Therefore, objective testing by indirect bronchial provocation and 
spirometry is strongly recommended.20 Indirect challenges with exercise or 
surrogates for exercise: eucapnic voluntary hyperpnoea or inhalation of an os-
motic agent such as mannitol or hypertonic saline triggers endogenous medi-
ator release and subsequently causes airway smooth muscle contraction.38 A 
decrease of 10-15% in forced expiratory volume in one second (FEV1) post 
indirect challenge is suggested as diagnostic criteria for EIB.38, 39 An overview 
of mechanism of action of indirect challenges is presented in figure 1. 

Figure 1. Mechanisms of action of indirect challenge tests. In contrast to direct chal-
lenge tests, such as those employing methacholine or histamine, which induce airway 
narrowing via direct stimulation and contraction of airway smooth muscle, indirect 
challenge tests elicit airway hyperresponsiveness through secondary pathways involv-
ing the release of endogenous mediators. Reproduced and modified from O’Byrne et 
al. 40 with permission from the publisher. 

Detection of EIB and subsequent treatment in athletes can be crucial to reduce 
the potential deleterious effect on the individual’s health and exercise capac-
ity.16, 41 A recent report indicate that also younger athletes in the beginning of 
their sports career have a higher prevalence of EIB compared with adolescent 
from the general population.42 Screening for EIB in adolescent athletes has 
been suggested in some studies,17, 43, 44 but the appropriate approach for 
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selection of athletes and timing of screening is unknown. Predictors of devel-
opment of EIB in adolescent athletes could provide valuable information sup-
porting clinicians in the decision making of whom and when to test for EIB. 

Pulmonary function testing in the context of bronchial challenge 
Dynamic spirometry is the most widely used method for assessing broncho-
constriction following bronchial challenge, assessing magnitude of change in 
FEV1 from prechallenge to postchallenge measurements.39 The technique is 
well established, with standardized protocols and clearly defined diagnostic 
thresholds,39, 45 and it is readily available in many clinical settings. However, 
spirometry requires substantial patient effort to perform the manoeuvres cor-
rectly and consistently, and repeated measurements are necessary to ensure 
reproducibility. Given that serial assessments are typically conducted at base-
line and 5-30 minutes after bronchial challenge, patient effort may decline 
over time, potentially affecting test reliability.39  

The Forced Oscillation Technique (FOT), or respiratory oscillometry, is a 
non-invasive lung function method performed during quiet tidal breathing in 
which external multifrequency oscillations are applied at the mouth and the 
resulting pressure–flow response is analysed to determine respiratory imped-
ance. This impedance is decomposed into resistance (Rrs), reflecting airflow 
opposition (airway calibre), and reactance (Xrs), reflecting elastic and inertial 
properties of the respiratory system.46 As oscillometry requires less patient 
effort than dynamic spirometry, serial postchallenge measurements are likely 
to be more feasible and less influenced by patient fatigue/effort. Because os-
cillometry is performed during normal tidal breathing instead of the deep in-
spiratory manoeuvres used in dynamic spirometry, the measurements during 
bronchial challenge testing may be less influenced by changes in bronchial 
tone.47 Oscillometry is sensitive to small-airway dysfunction and can reveal 
bronchodilator or challenge responses even when spirometry is preserved, but 
heterogeneity across devices, reference equations and interpretation thresh-
olds remains a barrier to universal clinical adoption.48, 49 An example of oscil-
lometry pattern after bronchial challenge is provided in figure 2.  
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Figure 2. Example of oscillometry system data recorded pre (square) and post (dots) 
challenge in a) individual with positive challenge; and b) individual with negative 
challenge. Reproduced and modified from Schmekel et al.50 with permission from the 
publisher. 

Exercise-induced laryngeal obstruction 
Exercise-induced laryngeal obstruction (EILO) refers to a narrowing of struc-
tures of the larynx during exercise, hampering airflow and limiting ventilation. 
The obstruction can be observed at the glottic level i.e. abnormal adduction of 
the vocal folds or, at the supraglottic level i.e. medial movement of the cunei-
form tubercles and aryepiglottic folds decreasing the laryngeal lumen,51 In some 
individuals with EILO, obstruction is present at both levels,52 Prevalence of 
EILO in adolescents and young adults from the general population is estimated 
to be 5.7-7.5 %.52, 53 Epidemiological studies of EILO in athletes are scarce. In 
one study of cross-country skiers, EILO was found in 27 %54 and in a retrospec-
tive investigation of EILO among athletes referred to tertiary care for evaluation 
of exercise-induced respiratory symptoms, 35 % had EILO.55  

The aetiology of EILO remains incompletely understood, although several 
potential risk factors have been proposed. These include asthma,56 gas-
troesophageal reflux disease,57 anatomical variations of the upper airway and 
genetic predisposition.58 Psychological characteristics, such as a tendency to-
ward high achievement, have occasionally been reported among individuals 
with EILO; however, there is no evidence to suggest an increased prevalence 
of psychiatric or personality disorders in cases of isolated EILO.59 In athletic 
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populations, the substantial mechanical forces associated with elevated venti-
latory demands, in conjunction with anatomical features—particularly the rel-
atively smaller upper airway dimensions observed in female athletes—may 
contribute to the pathophysiology of EILO.60 Taken together, the risk factors 
and underlying mechanisms of EILO remain insufficiently characterised, un-
derscoring the necessity for further systematic investigation. 

Identifying EILO 
Exercise-induced symptoms are reported to be poor predictors also for EILO. 
52, 54 Hence, objective assessment of the larynx during standardized exercise is 
advocated. The recommended diagnostic method for EILO is the continuous 
laryngoscopy exercise test (CLE), where the larynx is visualized by flexible 
rhinolaryngoscopy during a standardized exercise test. Laryngeal obstruction 
at glottic and supraglottic levels are assessed and graded at peak exercise.51 

EILO is an important differential diagnosis to EIB. The two entities can 
present with similar clinical symptoms and thus be difficult to distinguish 
from each other without objective testing.61, 62 Furthermore, EIB and EILO 
seem to coexist in some individuals,52, 60 highlighting the need for further in-
vestigation of EILO in individuals with debilitating respiratory symptoms de-
spite a negative EIB test or despite successful treatment of confirmed EIB.  

It is important to assess if EIB or EILO is underlying, as though these con-
ditions can have similar clinical manifestations, they require different clinical 
management. For EIB there are recommended strategies for pharmacological 
and non-pharmacological treatment,63, 64 whereas for EILO no pharmacologi-
cal treatment has been proven successful. Regarding non-pharmacological in-
terventions for EILO the optimal approach remains unknown as randomized 
controlled trials are currently lacking,60 However, for selected cases of severe 
EILO surgical treatment with supraglottoplasty may be successful.65  

Course of EIB and EILO 
To date, knowledge about the natural course of both EIB and EILO in athletes 
is limited, and longitudinal studies are scarce. There are reports of high inci-
dence of EIB in triathletes66 and variability of EIB in swimmers between pe-
riods with high exercise load and resting periods.67 EILO with predominantly 
supraglottic obstruction has been shown to persist over time in a majority of 
retrospectively studied adolescents (i.e. not selected athletes) 68 as well as in 
endurance winter athletes.69 Longitudinal studies of EILO with predominately 
glottic obstruction are lacking. 
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Fractional exhaled nitric oxide and EIB 
Fractional exhaled nitric oxide (FeNO) is a non-invasive biomarker of airway 
inflammation, particularly type 2 (eosinophilic) inflammation, and is widely 
applied in both research and clinical practice. Standardized measurement tech-
niques make FeNO a reproducible and practical tool for assessing asthma, 
monitoring anti-inflammatory treatment, and supporting diagnosis in selected 
cases.70 Elevated FeNO reflects nitric oxide production in the airways, which 
is upregulated in response to type 2 cytokines, and is particularly pronounced 
in allergic asthma. Given the role of airway inflammation in EIB, several stud-
ies have investigated the utility of FeNO in this context. In asthmatic school-
children, FeNO has been shown to predict the occurrence of EIB, with higher 
FeNO values associated with increased risk of bronchoconstriction following 
exercise.71 Similar findings have been observed in children at risk of asthma, 
where FeNO correlated with exercise challenge outcomes, although its pre-
dictive strength was limited and insufficient for use as a stand-alone diagnostic 
marker.72 Among population-based studies in adolescents, findings on FeNO 
as a predictor of EIB have been inconsistent.73, 74 In adult athletes the value of 
FeNO for predicting EIB is uncertain.75 Overall, these findings indicate that 
FeNO reflects airway inflammation related to EIB susceptibility; however, its 
usefulness in identifying individuals at risk of EIB seems to differ between 
populations, highlighting the need for further studies across diverse cohorts. 

Inflammation markers in plasma in relation to lung 
function and EIB 
Inflammation is very likely to be a central determinant of lung function devel-
opment and long-term trajectories, with both systemic and airway-specific 
processes contributing to pathological outcomes,76 In persistent childhood 
asthma, chronic type 2 inflammation, reflected by elevated blood eosinophil 
counts, has consistently been associated with impaired lung growth and an 
accelerated decline in pulmonary function.77, 78 This inflammatory burden is 
believed to alter airway remodeling processes during critical windows of lung 
growth, increasing the risk of fixed airflow obstruction and irreversible func-
tional impairment later in life.77 

AHR reflects both structural changes in airway smooth muscle and height-
ened inflammatory signaling.79 Longitudinal studies suggest that adolescents 
with concomitant eosinophilic inflammation and AHR are particularly prone to 
abnormal lung function trajectories, characterized by reduced peak lung func-
tion attainment and early decline.80, 81 Mechanistically, this may involve syner-
gistic effects of Th2-driven cytokines, which enhance eosinophil recruitment, 
immunoglobulin E (IgE) production, and airway hyperreactivity, thereby per-
petuating a cycle of inflammation and remodeling.80  
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These findings point toward the existence of a high-risk inflammatory phe-
notype in adolescence that drives disease progression into adulthood. Under-
standing the interplay between complex inflammatory pathways, airway re-
modelling, and lung function development is therefore essential, as it can en-
able the early identification of individuals most at risk for long-term impairment 
and inform the development of targeted interventions aimed at modifying dis-
ease course and preserving lung health. 

Atopy in relation to lung function and AHR 
Atopy, defined as a genetic predisposition to develop IgE-mediated allergic 
responses, has been consistently linked with altered lung function and AHR.82 
Atopy is diagnosed through clinical history supported by objective tests. The 
most common methods are skin prick testing (SPT) and serum allergen-spe-
cific IgE measurement.83, 84 Population-based studies have shown that atopic 
individuals often demonstrate heightened AHR to direct stimuli such as hista-
mine, even in the absence of overt asthma symptoms.85 Environmental expo-
sures play a key role, as allergen contact has been associated with increased 
prevalence and severity of AHR among school-aged children.86 Similarly, in-
vestigations in both children and adolescents indicate that atopy is a signifi-
cant determinant of AHR in the general population.87 Longitudinal cohort re-
search has further confirmed that allergy skin test reactivity correlates not only 
with increased AHR but also with reduced lung function, respiratory symp-
toms, and asthma diagnoses during adolescence.88 Complementary evidence 
demonstrates that atopic children show lower baseline lung function and 
greater airway responsiveness than their non-atopic peers, emphasizing the 
developmental impact of atopy on respiratory health.89 In addition, EIB has 
been shown to be more frequent and severe in allergic children, underscoring 
the clinical relevance of the link between atopy, lung function, and airway 
reactivy.90 Longitudinal data suggest that AHR tends to decline from childhood 
into adulthood, whereas atopic sensitization often increases with age, underscor-
ing the dynamic and multifactorial nature of their relationship.91 Collectively, 
these findings highlight atopy as an important risk factor underlying the devel-
opment of airway hyperresponsiveness and impaired lung function. 

Swedish sports high school 
In Sweden, many adolescents combine high school education with pursuing 
an athlete career through attendance at special sports high schools. The Swe-
dish sports high school education are divided into three different levels; Na-
tional Sports High School with national recruitment of students (Riksi-
drottsgymnasium, RIG), Nationally Approved Sports Education with regional 
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recruitment of students (nationellt godkänd idrottsutbildning, NIU) and Lo-
cally Approved Sports Education with regional and local recruitment of stu-
dents (lokalt godkänd idrottsutbildning, LIU). In RIG and NIU, the students 
have curricular sports education of their specific sport discipline daily and in 
LIU generally two times per week. In addition to the curricular sports activi-
ties the vast majority of the students also do extracurricular training and com-
peting within a local or national sports association. Celsiusskolan in Uppsala 
is the largest sports high school in Sweden recruiting approximately 300 stu-
dents each year offering sports high school education in 23 different sports 
disciplines. 
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Aim of the thesis 

The overall aims of this doctoral project were to investigate exercise-induced 
airway responses in adolescents by integrating epidemiological, clinical, im-
munological, and diagnostic perspectives. The project primarily focused on 
the prevalence and clinical course of EIB and EILO in athletes; to examine 
the relationships between respiratory symptoms, exhaled nitric oxide, and EIB 
in both athletes and nonathletes; and to explore associations between systemic 
inflammation biomarkers, lung function, and EIB in nonathletes. 

The specific aims were: 
 

I. To determine the prevalence of EIB and EILO in adolescent ath-
letes using standardized objective testing, and to evaluate the rela-
tionship between self-reported symptoms and objective outcomes. 
 

II. To examine the longitudinal course of EIB and EILO over a two-
year period in athletes, and to identify baseline characteristics as-
sociated with incident EIB. 
 

III. To assess postexercise airway responses in adolescent athletes 
and nonathletes using spirometry and oscillometry, and to exam-
ine whether self-reported respiratory symptoms and FeNO levels 
are associated with airway changes in these groups. 
 

IV. To explore associations between systemic inflammation proteins, 
atopy, lung function, and EIB in order to identify potential im-
munological correlates of lung function and EIB in adolescents. 

 



 

 22 

Methods 

Ethics 
Written informed consent was obtained from all participants upon enrolment 
in the study. For individuals younger than 15 years of age, informed consent 
was additionally collected from their legal guardians. Ethical approval for the 
studies was granted by the Regional Ethical Review Board in Uppsala, Swe-
den (Dnr 2011/413 and Dnr 2016/169). 

Material and methods 
Study designs and description of data types in included papers are presented 
in table 1.
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Study populations  
Athletes, the CELADY-study (study I-III) 
In 2016 and 2017, all first-year students at the sports high school at Celsiuss-
kolan in Uppsala, Sweden were invited to participate in the study (n=549). 
After informed written consent, the participants answered a questionnaire 
about respiratory symptoms, asthma and allergy. The questionnaire included 
a critical item on whether the participant had experienced exercise-induced 
dyspnea within the past 12 months. The participants were stratified in two 
groups by self-reported exercise-induced dyspnea: dyspnea and nondyspnea.  

A random sample from each stratum were invited to two clinical visits; visit 
one for FeNO measurements and an EIB test and visit two for a CLE test 
(baseline). In 2018 and 2019, during their third year in sports high school, the 
participants were once again invited to answer the questionnaire and repeat 
the visits for EIB test and CLE test (follow-up). Data collection (question-
naires and objective tests) at both baseline and follow-up were done in the 
corresponding time period of each year, i.e., September-November. 

Nonathletes, the ANDAS-study (study III-IV) 
Participants were recruited from a population-based study designed to inves-
tigate the prevalence of EIB among adolescents aged 13–15 years. In total, 
2,309 adolescents completed a questionnaire about respiratory symptoms, 
asthma and allergy. The participants were stratified in two group by self-re-
ported exercise-induced dyspnea: dyspnea and nondyspnea.  

Following stratification, 150 adolescents were randomly selected and in-
vited to attend two clinical study visits. At the first visit, anthropometric data 
(including height, weight, and body mass index) were recorded, and infor-
mation on current and past asthma medication use was collected. In addition, 
FeNO was measured and venous blood samples were obtained for laboratory 
analyses, including assessments of immunoglobulin E (IgE) sensitization and 
plasma protein measurements. At the second visit the participants performed 
an EIB test. 
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Data collection  
Questionnaire variables 
The following items in the questionnaire were used to measure the study 
variables: 
 
Exercise-induced dyspnea: “Have you had an attack of shortness of breath that 
happened during or after strenuous activity at any time during the last 12 
months?” 92 
 
Wheeze: “Have you had wheezing or whistling in your chest at any time in the 
last 12 months?” 93 
 
Waking up with chest tightness: “Have you been woken up with a feeling of 
tightness in your chest at any time in the last 12 months?” 93 
 
Daytime dyspnea: “Have you had an attack of shortness of breath that came 
on during the day when you were at rest at any time in the last 12 months?” 92 
 
Nocturnal dyspnea: “Have you been woken by an attack of shortness of breath 
at any time in the last months?” 93 
 
Physician diagnosed asthma: Have you ever been diagnosed with asthma by 
a physician?  
 
Medication: Have you in the last three months used the following medications: 
inhaled corticosteroids, long-acting β2-agonists, inhaled corticosteroids in 
combination with long-acting β2-agonists, short-acting β2-agonists, leukotri-
ene receptor antagonists?  
 
Exercise-induced respiratory symptoms: “In the last 12 months have you, 
more than once, had one or several of the following symptoms during or di-
rectly after exercise: wheeze or whistling in your chest, tightness in your chest, 
an attack of shortness of breath, cough, tightness in your throat, choking sen-
sation, hoarseness, and noise during inspiration?” 94 
 
Self-reported aeroallergy: “When in contact with furry animals or pollen, do 
you ever experience one or more of the following: cough, shortness of breath, 
wheeze, tightness in your chest, sneezing, blocked or runny nose, and irritated 
or watery eyes?”  
 
Asthma-like symptoms: were defined from the questions wheeze, waking up 
with chest tightness, daytime dyspnea, nocturnal dyspnea. 93 
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Current asthma was defined as a physician-diagnosed asthma at any time, 
combined with the presence of respiratory symptoms within the past 12 
months and/or the use of asthma medication within the past 3 months. 
 
Weekly training hours (study I-II) was defined from the question “How many 
hours on average do you spend training and competing in a normal week?”  

Physiological and biomarker variables 
Baseline FOT measurements were performed with the Resmon Pro Full de-
vice (Restech Srl), which applies multifrequency oscillatory signals (5, 11, 
and 19 Hz) to assess respiratory mechanics. Participant performed the meas-
urement sitting in an upright position supporting their cheeks with their hands 
and with a nose clip in place, in accordance with recommendations.49 Each 
measurement was repeated in duplicate to ensure reliability. Baseline respira-
tory resistance at 5 Hz (R5) and respiratory reactance at 5 Hz (X5) were deter-
mined by calculating the mean of two technically acceptable trials, each con-
sisting of at least 10 acceptable breaths. 

 
Baseline spirometry was performed using the CardioPerfect dynamic spirom-
eter (Welch Allyn) and conducted according to the American Thoracic Soci-
ety/European Respiratory Society (ATS/ERS) guidelines.95 Participant per-
formed the maneuvers sitting in a chair with a nose clip in place. Forced ex-
piratory volume in one second (FEV1) was recorded as the highest value ob-
tained from three acceptable and reproducible maneuvers, where 
reproducibility was defined as the two highest FEV1 values differing by no 
more than 150 mL. 

FeNO (study II-III) was measured prior to the EIB test (for athletes: as first 
measurement at clinical visit for EIB test, for nonathletes: at first clinical 
visit). Measurements were performed at 50 mL/s in accordance with 
ATS/ERS recommendations70 (for athletes: NIOX Vero, Circassia, for non-
athletes: NIOX Flex, Aerocrine). Athletes were instructed to avoid physical 
exercise, caffein, nicotine and heavy meals within 4 hours of the test. Non-
athletes were instructed to avoid nitrate-rich food and physical exercise on the 
morning of the day of the test.  

Elevated FeNO (study III) was defined as FeNO ≥ 25 parts per billion (ppb). 
 
Atopy (study IV) was defined by measuring IgE antibodies against a mixture 
of common aeroallergens, including mite, furry animal, mould, grass, tree, and 
weed pollen (Phadiatop; ImmunoCAP; Thermo Fisher Scientific). Partici-
pants with IgE levels ≥0.1 kUA/L were classified as atopic. 
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Proteomics (study IV) 
Two high-throughput multiplex immunoassays were utilized for proteomics 
analyses, each quantifying 92 protein biomarkers simultaneously. The pro-
teins were preselected by the manufacturer in two standard panels: the Olink 
Target 96 Inflammation panel and the Immune Response panel (SciLife-
Lab).96 Four proteins were present in both panels; these were included only 
from the Inflammation panel to avoid duplication. 

Of the 180 proteins measured, 45 (19 from the Inflammation panel and 26 
from the Immune Response panel) had more than 25% of samples below the 
limit of detection (LOD) and were therefore excluded from further analyses. 
For the remaining 135 proteins, actual values below the LOD were retained in 
the analyses. Protein levels are expressed as log₂-transformed normalized pro-
tein expression (NPX) units, representing relative quantification. 

Exercise-induced bronchoconstriction test (study I-IV) 
Prior to testing, participants received standardized instructions to minimize 
potential confounding factors that could influence airway reactivity. They 
were asked to refrain from engaging in vigorous physical activity, consuming 
caffeine, nicotine, or heavy meals within the four hours preceding the test. In 
addition, to reduce pharmacological influences on airway measurements, par-
ticipants were instructed to withhold specific respiratory medications: short-
acting β2-agonists for at least 8 hours before the test, long-acting β2-agonists 
for 24 hours, leukotriene receptor antagonists for 72 hours, and inhaled corti-
costeroids on the day of testing. 

Baseline assessments of lung function were carried out preexercise using 
FOT and spirometry as described above. The exercise challenge was con-
ducted on a treadmill, with participants wearing a nose clip to prevent nasal 
breathing and inhaling dry, room-temperature air (H2O content < 5 mg/L, 18–
22°C) through a tubing system connected to a central gas supply. The exercise 
protocol lasted 7–8 minutes in total. Heart rate was monitored continuously to 
ensure that participants reached 90% of their predicted maximum heart rate—
calculated as (220 − age97) × 0.9—within the first two minutes of exercise. 
Participants were then required to sustain this target heart rate for an additional 
5–6 minutes to provide an adequate bronchoprovocative stimulus. 

Postexercise lung function was reassessed at multiple time points to capture 
both immediate and delayed airway responses. FOT was performed as a single 
measurement consisting of at least five artefact-free breaths, while spirometry 
was performed in duplicate. FOT was performed before spirometry at each 
time point. These measurements were repeated at 5, 10, 15, 30 and 60 minutes 
after the cessation of exercise (in study III and IV measurements 5-30 minutes 
postexercise were used). An overview of the protocol for the EIB test is 
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presented in figure 3. EIB was defined as an increase in R5 of at least 25% 
from baseline98 or a decrease in FEV1 of 10% or more relative to baseline 
measurements at any postexercise time point39.  

All exercise challenge tests were supervised by investigators (respiratory 
physiotherapists), who were blinded to participants’ questionnaire data to 
minimize observer bias. This ensured that lung function assessments and EIB 
classification were performed independently of participants’ self-reported 
symptoms or history.
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Continuous laryngoscopy exercise test (study I-II) 
The CLE tests were performed 3-51 (median 12) days after the EIB tests. Prior 
to the CLE test the participants were instructed to continue any prescribed 
asthma therapy, including inhaled bronchodilators as premedication before the 
test when applicable. 

The CLE tests were performed using bicycle ergometry (Monark model 
828E; Monark Exercise AB, Vansbro, Sweden). The bicycle seat was adjusted 
for each participant. Naphazoline-lidocaine was sprayed into the nostrils for 
local anesthetic and decongestive effect in the nasal cavity. A rhinolaryngo-
scope (Olympus ENF-P3; Olympus Europa SE & Co. KG, Hamburg, Ger-
many) was inserted in one nostril. To provide a detailed view of the larynx 
throughout the test, the tip of the rhinolaryngoscope was placed just above the 
epiglottis and the rhinolaryngoscope was then fixed to the nose and fastened 
to a helmet, worn by the participant, and connected to a camera (Ubicam; 
Comeg Medical, La Ciotat, France). Normal adduction and abduction ability 
of the vocal folds was confirmed.  

Participants were instructed to pedal with a frequency of 80 rotations per 
minute and continue until experiencing disabling shortness of breath or until 
complete exhaustion. The load started at 80 watts and was increased by 40 
watts every second minute until end of test. The participants were instructed 
to exercise until exhaustion. Heart rate was monitored continuously and the 
protocol required the participant to reach >90% of their predicted maximum 
heart rate—calculated as (220 − age97) × 0.9. The larynx was filmed during 
the entire test and continuously for two minutes after exercise cessation. Lar-
yngeal obstruction at glottic and supraglottic levels was graded 0-3 in accord-
ance with the criteria described by Maat et al.99 A positive CLE test, consistent 
with EILO, was defined as obstruction of grade two or higher at the glottic 
and/or the supraglottic level. The obstruction was graded during the test by 
the attending investigator. In uncertain cases or in cases graded as obstruction 
level two or higher, the recordings from the tests were graded by one addi-
tional investigator. All CLE investigators were physicians specialized in oto-
rhinolaryngology. 

Statistical methods 
Across the four studies, statistical analyses were conducted using STATA 
(versions 14.2–16.1) and, in addition for study I SAS 9.4 was used. Normality 
of continuous variables was evaluated using the Shapiro–Wilk test. Normally 
distributed variables were summarized as means with standard deviations 
(SD), while non-normal data were presented as medians with interquartile 
ranges (Q1–Q3) or geometric means with 95% confidence intervals (CI). Group 
comparisons for continuous variables were performed using unpaired Student’s 
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t-tests, one-way ANOVA with Tukey’s post-hoc test, or Kruskal–Wallis tests, 
depending on data distribution. Categorical variables were analyzed using chi-
square or Fisher’s exact tests.  

Estimated prevalences were calculated based on four strata: dyspnea females, 
dyspnea males, nondyspnea females, and nondyspnea males. The prevalence 
rates of EIB and EILO were estimated by multiplying the proportions of positive 
tests within the strata with their relative proportion of the study population. 
Wald based confidence limits were calculated for estimates >25% and modified 
Clopper–Pearson confidence limits were calculated for estimates <25%.  

Associations between exposures (sex, FeNO, plasma proteins, asthma-like 
symptoms) and outcomes (EIB, EILO, lung function, postexercise airway re-
sponses) were assessed using logistic and linear regression models, adjusted for 
relevant covariates such as sex and height. Correlations between continuous var-
iables were examined with Spearman’s rank coefficients. Statistical significance 
was defined as p < 0.05 throughout. To address multiple comparisons, the Ben-
jamini–Hochberg false discovery rate (FDR) correction was applied at 0.05 in 
study IV. An overview of exposures, covariates and outcomes as well as statis-
tical methods used in the included papers is presented in table 2. 
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Artificial Intelligence in thesis 
This thesis was partially created with the assistance of two large-scale lan-
guage generation models: Open AI GPT-5 and Microsoft Copilot. Upon gen-
erating draft language, I reviewed, edited, and refined the text to my own lik-
ing and retain full responsibility for the content presented in this publication. 
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Results 

Paper I 
In this cross-sectional investigation of 367 first-year students enrolled at a 
Swedish sports high school, standardized diagnostic testing was used to deter-
mine the prevalence of EIB and EILO. A total of 98 adolescents underwent an 
exercise challenge to evaluate EIB, and 75 of them completed an additional 
CLE test to investigate EILO. Among the participants, 8 of 41 in the dyspnea 
group and 16 of 57 in the nondyspnea group had a positive EIB test. Corre-
spondingly, positive CLE tests were found in 5 of 34 and 3 of 41 adolescents, 
respectively. Characteristics of participants who underwent EIB tests are pre-
sented in table 3.
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The estimated prevalence of EIB in the entire cohort was 23.1% (95 % confi-
dence interval (CI) 14.5–33.8), while EILO was observed in 8.1% (95 % CI 
2.5–18.5). There were no statistically significant differences in the prevalence 
of EIB or EILO between those who reported exercise-induced dyspnea and 
those who did not, suggesting that self-reported breathing difficulty is a weak 
indicator of underlying airway pathology. The study also demonstrated that 
EIB and EILO occasionally coexisted in the same individuals, highlighting 
that EIB and EILO can overlap yet represent distinct physiological mecha-
nisms. EIB was considerably more common than EILO in this population. 

Paper II 
The second study followed the sports high-school cohort over a two-year pe-
riod to examine the natural course of EIB and EILO and to identify baseline 
factors related to incident EIB. Fifty-eight adolescents participated in both 
baseline and follow-up testing, with 27 of them undergoing CLE testing at 
both time points. Among these participants, ten developed new-onset EIB (in-
cident EIB), eight exhibited persistent EIB across both measurements, five 
were classified as EIB at baseline but not at follow-up, and 35 remained neg-
ative at both assessments. Thus, approximately two in nine adolescents devel-
oped new EIB over two years, indicating that the condition can arise during 
mid- to late adolescence even among previously unaffected individuals. 

Incident EIB was significantly associated with asthma-like symptoms at 
baseline, particularly waking up with chest tightness (odds ratio (OR) 4.38; 95 
% CI 1.06–22.1). Each additional reported asthma-like symptom increased the 
odds of developing EIB by nearly threefold (OR 2.78; 95 % CI 1.16–6.58). In 
contrast, no significant relationships were observed between the emergence of 
EIB and FeNO levels, self-reported aeroallergy, exercise-induced symptoms, 
or sex. Results from analyses of associations between asthma-like symptoms 
and exercise-induced symptom, and incident EIB are presented in table 4. 
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Table 4. Logistic regression analyses of associations of asthma-like symptoms and 
exercise-induced symptoms at baseline and incident EIB at follow-up. EIB-negative 
n=35, incident EIB n=10. 

 Participants, n (%) OR 95% CI 
Asthma-like symptoms:    
Wheeze 12 (27) 2.25 0.50, 9.99 
Waking up with chest tightness 11 (24) 4.83 1.06, 22.09 
Shortness of breath during daytime rest† 4 (9) 13.36 0.92, 786.34 
Waking up with shortness of breath 0 -  
    
Numbers of asthma-like symptoms,  
continuous 

 2.78 1.16, 6.58 

    
Asthma-like symptoms, categorical†    
0 symptoms (ref) 26 (58) 1.00  
1 symptom 13 (29) 3.29 0.46, 27.20 
≥2 symptoms 6 (13) 6.99 0.65, 84.58 
    
Exercise-induced symptoms:    
Wheeze 16 (36) 1.28 0.31, 5.42 
Chest tightness 15 (33) 0.17 0.02, 1.47 
Shortness of breath 20 (46) 2.14 0.51, 9.02 
Cough 21 (47) 1.90 0.45, 7.98 
Throat tightness 20 (46) 1.67 0.38, 7.29 
Choking sensation† 8 (18) 1.20 0.10, 8.66 
Hoarseness 13 (29) 2.31 0.51, 10.54 
Noise during inspiration 17 (38) 0.64 0.14, 2.92 
    
Numbers of exercise-induced symptoms, 
continuous 

 1.03 0.79, 1.35 

    
Exercise-induced symptoms, categorical†    
0 symptoms (ref) 11 (24) 1.00  
1–2 symptoms 14 (31) 0.46 0.03, 4.99 
3–4 symptoms 7 (16) 1.06 0.07, 13.25 
≥5 symptoms 13 (29) 0.80 0.08, 7.78 
† Analysis performed with exact logistic regression 
 
EIB, exercise-induced bronchoconstriction; OR, odds ratio; 95% CI, 95% confidence interval. Confi-
dence intervals not containing 1 are considered significant.  
Analyses made by logistic regression models or exact logistic regression models with each asthma-
like symptom (exposure) and incident EIB (outcome), sum of asthma-like symptoms as a continuous 
variable (exposure) and incident EIB (outcome) and asthma-like symptoms as categorical variable (ex-
posure) and incident EIB. The same methods were used for exercise-induced symptoms and incident 
EIB (outcome).  
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Regarding laryngeal obstruction, incident EILO occurred in three and persis-
tent EILO in two of the 27 athletes who underwent repeated CLE testing, un-
derscoring that this condition also may persist or develop over time. Results 
from CLE tests at baseline and follow-up are presented in table 5. These lon-
gitudinal data demonstrate that both EIB and EILO are dynamic conditions in 
adolescence, not fixed traits, and may require repeated evaluation as athletes 
mature and training load increases. 

 
Table 5. Results of CLE tests at baseline and follow-up. 

Paper III 
The third study compared postexercise airway responses in 241 adolescents, 
including 98 athletes and 143 nonathletes, using both spirometry and oscil-
lometry. The objective was to evaluate whether FeNO and respiratory symp-
toms were associated with postexercise airway responses and to determine 
whether oscillometry added diagnostic value beyond spirometry. Characteris-
tics of participants per group are presented in table 6.

 
CLE test baseline CLE test follow-up 

Participants, n 75 27 

Female, n (%) 49 (65) 19 (66) 

EILO, n (%) 8 (11) 5 (19) 

Incident EILO, follow-up, n  - 3 

Glottic, n 2 0 

Supraglottic, n 4 5 

Both glottic and supraglottic, n 2 0 

CLE, continuous laryngoscopy exercise; EILO, exercise-induced laryngeal obstruction. 
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Table 6. Baseline characteristics of the participants presented per group. 
 

  Athletes  
(n=98) 

Nonathletes 
(n=143) 

Female, n (%)  57 (58.2) 86 (62.1) 

Age (years), median (Q1-Q3)  16 (15-16) 14 (14-15) 

Height (cm), median (Q1-Q3)  172 (167-180) 168 (163-175) 

BMI to agea, n (%) 
Overweight > +1 SD 
Normal -2SD - +1SD 
Thinness < -2 SD 

 

 
24 (24.5) 
73 (74.5) 
1 (1) 

 
29 (20.2) 
108 (75.5) 
6 (4.2) 

Rhinitis, n (%)  26 (27.6) 48 (33.6) 

Current asthmab, n (%)  21 (21.4) 43 (30.1) 

Wheezec, n (%)  34 (34.7) 56 (39.2) 

Exercise-induced dyspneac, n (%)  41 (41.8) 97 (67.8) 

ICSd, n (%)  11 (11.8) 23 (16.1) 

FeNO (ppb), geometric mean (95% CI)  16.2 (14.7, 
17.9) 

14.5 (13.0, 16.2) 
 

Elevated FeNO (≥25 ppb), n (%)  20 (20.4) 26 (18.2) 

FEV1 % predictede, mean (SD)  95.8 (±10) 92.5 (±10.2) 
 

Abnormal FEV1/FVC ratiof, n (%)  3 (3) 10 (6.9) 

R5 (cmH20*s/L), mean (SD)  2.92 (±0.72) 3.83 (±0.76) 

Abnormal R5g, n (%)  2 (2) 20 (14) 

X5 (cmH20*s/L), mean (SD)  -0.69 (±0.25) -1.09 (±0.44) 

Abnormal X5h  2 (2) 10 (6.9) 

Abbreviations: Q1, first quartile; Q3, third quartile; SD, standard deviation; BMI, body mass index; 
ICS, inhaled corticosteroid; FeNO, fractional exhaled nitric oxide; ppb, parts per billion; 95% CI, 95% 
confidence interval; FEV1, forced expiratory volume in one second; R5, respiratory resistance at 5 Hz; 
X5, respiratory reactance at 5 Hz 
Available data: All 143 participants responded to all the questions except athletes regarding ICS (N=93). 
 
a Cut-offs according to World Health Organization  
b Self-reported physician-diagnosed with symptoms and/or medication 
c Self-reported symptom in the preceding 12 months 
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Following standardized treadmill exercise testing, EIB was identified in 70 
participants using spirometry (≥ 10 % fall in FEV₁) and in 81 participants us-
ing oscillometry (≥ 25 % increase in R₅), while 37 were positive by both meth-
ods. Thus, oscillometry detected additional cases not captured by spirometry 
alone. Proportions of participants who were EIB positive by FEV₁, R₅ or both 
methods are presented per group in figure 4. 

d Any use in the preceding 3 months 
e Reference value: Global Lung Initiative 
f < Lower limit of normal according to Global Lung Initiative 
g > Upper limit of normal according to the reference equation by Ducharme 
h < Lower limit of normal according to the reference equation by Ducharme  
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Among nonathletes, FeNO showed significant correlations with postexercise 
changes in lung function (ΔFEV₁ rₛ −0.17, p 0.04; ΔR₅ rₛ 0.35, p < 0.001; ΔX₅ 
rₛ −0.25, p 0.005). Elevated FeNO (≥ 25 ppb) increased the odds of EIB both 
when defined by spirometry (adjusted OR 2.54, 95 % CI 1.05–6.12) and by 
oscillometry (adjusted OR 3.05, 95 % CI 1.18–7.90). In contrast, no such as-
sociations were observed among athletes, suggesting a more complex or mul-
tifactorial airway physiology in this group, possibly due to repeated exposure 
of the airway to environmental triggers or training load. Moreover, in non-
athletes, self-reported respiratory symptoms were significantly related to 
measured airway responses, while these relationships were again absent in 
athletes. 

Paper IV 
The fourth study explored potential systemic inflammatory correlates of lung 
function and EIB using multiplex plasma proteomics in nonathletes (143 ado-
lescents aged 13–15 years). Lung function was assessed with spirometry and 
oscillometry before and after an exercise challenge, and 180 inflammatory and 
immune response-related plasma proteins were quantified using Olink proxim-
ity extension assays (Olink Target 96 Inflammation and Target 96 Immune re-
sponse). After quality control, 135 proteins were included in statistical analyses. 

Linear regression analyses, corrected for multiple testing, identified the 
chemokine CCL19 as the only protein significantly associated with both lower 
baseline FEV₁ % predicted and lower X₅ z-scores, indicating impaired lung 
function and small-airway mechanics. Results from the analyses of plasma 
protein levels and baseline lung function measurements are shown in table 7 
for all proteins that exhibited significant associations before correction for 
multiple testing, presented separately for each lung function outcome.
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No systemic protein concentrations were significantly associated with postex-
ercise airway responses (ΔFEV₁, ΔR₅, ΔX₅) after correction for multiple test-
ing. However, five proteins demonstrated significant interactions with atopy, 
suggesting that allergic sensitization modifies the relationship between sys-
temic inflammatory profiles and airway physiology. Associations of protein 
levels and postexercise airway responses in analyses stratified by atopy are 
shown in figure 5.
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Discussion 

This thesis investigated the prevalence and longitudinal course of EIB and 
EILO among young athletes, and examined the relationships between respir-
atory symptoms, exhaled nitric oxide, and postexercise airway responses in 
both athletes and nonathletes. Furthermore, it examined systemic correlates of 
lung function and airway responses to exercise in nonathletes. The cross-sec-
tional findings demonstrated that EIB was relatively common, affecting ap-
proximately one-quarter of participants, whereas EILO was less prevalent, oc-
curring in about 8% of the athlete cohort. Notably, self-reported exercise-in-
duced dyspnea showed limited diagnostic value in identifying underlying ab-
normal airway physiology. The longitudinal follow-up revealed that both EIB 
and EILO represent dynamic, rather than static, conditions during adoles-
cence, with evidence of both new-onset and remitting cases over a two-year 
period. This underscores the need for repeated objective assessments as ath-
letes mature and training intensity increases. Importantly, incident EIB was 
associated with the presence of asthma-like symptoms at baseline and the risk 
increased with the number of reported symptoms, whereas no associations 
were found with FeNO levels, self-reported aeroallergy, exercise-induced 
symptoms, or sex. Oscillometry and spirometry offer complementary infor-
mation in detection of exercise-induced airway obstruction. FeNO was asso-
ciated with EIB in nonathletes, but not in athletes, suggesting different mech-
anisms that may underlie airway responses to exercise in these populations. 
Finally, proteomic analyses identified the chemokine CCL19 to be related to 
low baseline lung function, while systemic inflammation related protein levels 
were not significantly associated with postexercise airway responses. 

Prevalence and incidence of EIB in adolescent athletes 
The estimated prevalence of EIB in paper I was 23.1%, exceeding the rates 
previously reported among adolescents in the general population.52 These 
findings are in line with those of Jonckheere et al., who observed a 24.5% 
prevalence of EIB among young athletes aged 12–13 years.42 Furthermore, 
self-reported exercise-induced dyspnoea was found to be a poor predictor of 
objectively verified EIB. This observation aligns with prior research con-
ducted in adult athletes,37, 100 but contrasts with findings from a study involving 
adolescents in the general population.74 Consequently, our results suggest that 
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young athletes early in their sporting careers exhibit EIB characteristics more 
akin to those of adult athletes than to their non-athletic peers. The observed dis-
crepancy between subjective symptom reports and objective diagnostic out-
comes highlights the importance of systematic EIB screening approaches in 
young athletes.30, 44 Early detection and appropriate management may mitigate 
the risk of future airway dysfunction and thus, contributing to the promotion of 
respiratory health and enhancement of athletic performance.16 

In paper II, a considerable proportion of participants had incident EIB at 
follow-up, suggesting that repeated assessments of airway reactivity to hy-
perpnoea over time may be important in young athletes. Longitudinal investi-
gations of EIB in athletic populations remain limited, but Knöpfli et al. have 
reported that three out of seven developed EIB during a two-year follow-up 
time in a small study of adult triathletes.66 Stenrud et al. demonstrated that 
high-level cross-country skiers older than 25 years exhibited a higher preva-
lence of airway hyperresponsiveness compared with younger skiers41. These 
findings collectively imply that cumulative years of athletic participation may 
contribute to the development of respiratory pathology in athletes. 

Experiencing multiple asthma-like symptoms — primarily occurring out-
side of exercise — at the time of entering sports high school was associated 
with incident EIB by the third year of high school. Grassi et al. have previ-
ously advocated for the use of composite symptom scores to assess asthma 
severity,93 and Sunyer et al. demonstrated an association between higher com-
posite scores and incident asthma in a large population-based study.101 
Wheeze has previously been associated with EIB in high school athletes,102 
though in most studies of EIB in athletic populations, questions of respiratory 
symptoms have previously mainly focused on symptoms during or directly 
after exercise.37, 100 In contrast, a cross-sectional study of skiers found that 
asthma-like symptoms had low predictive value for concurrent airway hyper-
responsiveness.10 Although it may seem intuitive to focus on exercise-related 
symptoms, our findings indicate that respiratory symptoms occurring outside 
of exercise contexts may provide valuable information when identifying 
young athletes at risk of developing EIB. The observation that exercise-in-
duced respiratory symptoms poorly predict incident EIB aligns with several 
cross-sectional studies that have found no consistent relationship between EIB 
and exercise-related symptoms.36, 37, 103 

Baseline FeNO demonstrated low predictive value for incident EIB, con-
sistent with previous cross-sectional studies in adult athletes where FeNO did 
not distinguish between EIB-positive and EIB-negative individuals.104, 105 
However, our results contrast with studies conducted in children and adoles-
cents (nonathlete populations), where elevated FeNO levels have been linked 
to objective evidence of concurrent EIB,74, 106 finding we later confirmed in 
paper III.  

No significant association was found regarding self-reported aeroallergy at 
baseline and incident EIB. This finding diverges from the study by Helenius 
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et al., which reported significant associations between allergic sensitization 
and airway hyperresponsiveness in swimmers and long-distance runners.31 
Such discrepancies may partly reflect methodological differences, as aeroal-
lergy in the present study was self-reported rather than objectively confirmed. 
Variations in training environments may also contribute, as our cohort did not 
include swimmers, and a substantial proportion of participants were engaged 
primarily in indoor sports. 

Oscillometry to measure EIB 
In paper III, the degree of concordance between EIB defined by spirometric 
change (ΔFEV₁) and oscillometric change (ΔR₅) was modest across both ath-
letes and nonathletes. Approximately half of the participants who met the EIB 
criterion based on ΔFEV₁ also exhibited a positive response according to ΔR₅, 
whereas fewer than half of those identified as EIB-positive by ΔR₅ fulfilled 
the spirometric criterion. This partial overlap suggests that, although both 
methods assess airway narrowing, they operate under different physiological 
conditions and may capture airway changes at distinct levels of the respiratory 
tract. Specifically, spirometry reflects alterations in larger, central airways 
during forced expiratory maneuvers, while oscillometry evaluates resistance 
and reactance in the peripheral airways during quiet breathing. As such, the 
two approaches may detect different phenotypic expressions or subtypes of 
exercise-induced bronchoconstriction.107 Oscillometry may therefore comple-
ment spirometry also in the context of bronchial provocation by providing in-
sight into airway mechanics not captured by conventional tests, underscoring 
its potential role in comprehensive airway assessment in both children and 
adults.108 

The limited agreement between ΔFEV₁ and ΔR₅ observed here aligns with 
earlier findings in adult athlete populations109 and in a prior investigation in-
volving adolescents by our research group.110 In contrast, studies involving in-
dividuals with diagnosed or suspected asthma have reported a much stronger 
concordance between oscillometric indices and spirometric responses following 
bronchial provocation.98, 111, 112 Such discrepancies may be attributable to differ-
ences in study populations, the underlying severity and mechanisms of bron-
choconstriction, and variations in diagnostic thresholds used across studies. 

Investigation of EIB in adolescents – influence of 
athletic engagement 
In paper III, in order to explore potential inflammatory and symptomatic corre-
lates of postexercise airway narrowing, the associations between FeNO, self-
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reported respiratory symptoms, and postexercise airway responses (measured 
by spirometry and oscillomtery) were evaluated in athletes and nonathletes. 

Among nonathletes, weak but significant correlations were observed be-
tween baseline FeNO and postexercise airway responses (ΔFEV1, ΔR5 and 
ΔX5), whereas no such correlations were detected in athletes. To the best of our 
knowledge, this is the first population-based study to concurrently examine 
FeNO and postexercise responses using both spirometry and oscillometry. Pre-
vious findings have demonstrated similar correlations in children with asthma 
or those at elevated asthma risk, where higher FeNO predicted greater broncho-
constriction following exercise.72 Additionally, Malmberg et al. reported com-
parable associations between FeNO and oscillometric responses in young 
wheezy children,113 aligning with the present observations in nonathletes. 

When elevated FeNO (≥ 25 ppb) was analyzed as a potential predictor of 
EIB, significant associations were observed for EIB (defined by ΔFEV1 and 
ΔR5 respectively) in nonathletes but not in athletes. These findings mirror ear-
lier work in schoolchildren with asthma, where FeNO effectively predicted 
EIB71, and from studies in athletes, where FeNO has shown limited predictive 
value75. Conversely, Goossens et al. recently suggested that FeNO may still 
be relevant in atopic athletes, implying that differing inflammatory mecha-
nisms—type 2 versus non–type 2—may underlie EIB in these groups.43 Our 
results remained consistent in the athlete group after sensitivity analyses strat-
ified by self-reported aeroallergy. Indeed, previous research indicates that 
many athletes with EIB exhibit non–type 2 airway inflammation and therefore 
display low FeNO levels,30 whereas EIB in the general population is often 
associated with type 2 inflammatory pathways.114 

In nonathletes, self-reported wheeze correlated with both spirometric and 
oscillometric airway responses, whereas exercise-induced dyspnea related 
only to ΔFEV1. These associations imply that wheeze may reflect peripheral 
airway responses more effectively detected through oscillometry. Similar 
findings were reported by Qvarnström et al., who found oscillometric indices 
to be linked with respiratory symptoms even in individuals with normal spi-
rometry115. Among athletes, however, neither wheeze nor exercise-induced 
dyspnea correlated with objective airway responses, consistent with previous 
evidence showing poor agreement between symptoms and EIB in both clinical 
and athletic populations.109, 116 Thus, objective testing remains essential for 
confirming EIB, as symptom-based diagnosis alone is unreliable.20 

Collectively, these findings suggest that FeNO levels and self-reported 
symptoms may serve as valuable indicators for identifying nonathletic adoles-
cents who should undergo EIB testing, whereas broader availability to objec-
tive EIB assessment remains paramount for individuals regularly engaged in 
athletic activities on a regular basis. 
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Prevalence and course of EILO in adolescent athletes 
The estimated prevalence of EILO in the paper I was 8.1%, a rate slightly higher 
than that reported in a cross-sectional study of adolescents from the general pop-
ulation52. Irewall et al. found an even higher prevalence of EILO (27%) in elite 
cross-country skiers, a group known for high ventilatory demand and frequent 
airway complaints.54 In clinical populations of athletes referred to a tertiary res-
piratory clinic for exercise-related symptoms, EILO has been reported in 35-
72% of participants.55, 117 The greater prevalence reported in the cited studies 
compared with paper I may indicate a gradual increase in EILO prevalence 
among athletes as they progress from adolescence into early adulthood, possibly 
linked to the cumulative effects of a prolonged high training load during contin-
ued athletic participation. However, the higher reported EILO prevalence could 
in part be explained by methodological differences, including study design, in-
clusion criteria, and population selection—most notably between symptom-
based referral cohorts and unselected athletic populations. 

EILO was observed at comparable rates among individuals with and with-
out self-reported exercise-induced dyspnea, suggesting that respiratory symp-
toms alone provide a poor indication of the condition. This illustrates the di-
agnostic limitations of relying exclusively on symptoms,60 since some athletes 
may display laryngeal findings in concordance with EILO without perceiving 
any breathing difficulties,54, 118 whereas respiratory symptoms are reported by 
some athletes in the absence of objective findings of EILO.54, 55 Taken to-
gether, these observations emphasize the need for a combined approach where 
both perceived symptoms and objective assessments are considered in the 
evaluation of EILO. 

In paper I, a numerically higher proportion of females than males exhibited 
positive CLE test results; however, no statistically significant sex difference 
in EILO prevalence was observed. This finding is consistent with a previous 
population-based study in adolescents,52 yet contrasts with reports from clini-
cally referred cohorts evaluated for exercise-related respiratory symptoms, in 
which females constitute the vast majority.55, 117 The relatively small number 
of EILO positive cases and modest dropout among male participants may have 
limited the statistical power to detect sex-related differences in paper I. 

The supraglottic subtype was the most common form of EILO, observed in 
four of the eight participants, while two exhibited the purely glottic type and 
another two showed a combination of glottic and supraglottic involvement. In 
line with this finding, several previous studies have found that supraglottic 
EILO is the most prevalent subtype of the condition.54, 119 One possible expla-
nation is that supraglottic closure typically occurs earlier during exercise than 
glottic closure.120 As a result, individuals may discontinue exercise during 
CLE test before glottic obstruction develops, potentially leading to an under 
classification of cases exhibiting both supraglottic and glottic involvement.  
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In paper II five out of 27 participant who performed a CLE test at follow-
up were classified as having EILO, whereof three were classified as incident 
EILO. All of the EILO cases at follow-up were classified as supraglottic. To 
date, no large-scale epidemiological data exist on the natural history of EILO, 
but our observations support earlier work by Maat et al.,68 which indicated 
that supraglottic EILO often persists over time. These findings align with a 
study of elite skiers, where supraglottic obstruction was the predominant and 
most stable form of EILO over time, showing limited remission despite con-
servative management with advice on breathing techniques.69 Surgical treat-
ment (supraglottoplasty or epiglottoplasty) of severe supraglottic EILO has 
been reported beneficial in selected cases.65, 121-123 However, there is a lack of 
prospective randomized controlled trials evaluating surgical and other treat-
ment approaches for EILO. Taken together, our findings—along with previ-
ous research on EILO in athletes—suggest a potential link between athletic 
training load and the persistence of this condition. Overall, these results high-
light that supraglottic EILO remains the predominant and persistent subtype 
among young athletes, underscoring the importance of long-term monitoring 
and the development of targeted treatment strategies. 

Systemic inflammation and immune markers and lung 
function in nonathletes 
In paper IV, we explored associations between systemic inflammatory and 
immune-regulatory biomarkers and lung function, both at rest and following 
an exercise challenge, assessed via spirometry and oscillometry. Among the 
135 plasma proteins analysed, C-C motif chemokine 19 (CCL19) showed a 
significant inverse association with baseline lung function after adjustment for 
multiple testing. Specifically, higher CCL19 concentrations were linked to 
lower FEV₁% predicted and reduced X5 z-scores, the latter suggesting im-
paired small airway mechanics. CCL19, a homeostatic chemokine, facilitates 
dendritic cell and T lymphocyte migration to lymphoid tissues and contributes 
to immune regulation.124 Associations, similar to our findings, have been re-
ported by Wang et al., who found higher circulating CCL19 linked to lower 
lung function in young adults.125 Elevated CCL19 levels have also been im-
plicated in allergic airway inflammation in animal models126, 127 and in human 
airway tissue.128 Recent evidence indicates that CCL19 can promote Th2 dif-
ferentiation, intensifying type 2 immune responses and allergic airway inflam-
mation129, which could contribute to the observed reductions in lung function. 

Additionally, tumour necrosis factor (TNF) showed a trend toward positive 
association with R5 z-scores, supporting its established role as a key mediator 
of airway inflammation and remodeling.130, 131 TNF enhances airway smooth 
muscle tone, mucus secretion, and epithelial permeability.131 mechanisms that 
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can lead to increased airway resistance. Elevated TNF has previously been 
associated with severe, treatment-resistant asthma.132 Thus, the observed trend 
between TNF and R5 may reflect subclinical inflammatory activity influencing 
airway resistance, warranting confirmation in larger studies. 

Systemic inflammation and immune markers and EIB in 
nonathletes 
In paper IV, no individual plasma protein biomarker showed a significant as-
sociation with airway responses (measured by ΔFEV1, ΔR5 and ΔX5) follow-
ing exercise once stringent false discovery rate correction was applied. Since 
plasma proteins were measured before the exercise challenge, these results 
likely reflect the dynamic nature of the EIB process, characterized by a rapid 
and transient release of mast cell mediators immediately following physical 
exertion. Previous studies demonstrating links between mast cell activation 
and EIB have typically measured such mediators in urine133 or induced spu-
tum,134 capturing acute postexercise inflammatory events rather than baseline 
systemic profiles. This highlights that exercise-induced inflammatory changes 
may be short-lived and therefore difficult to detect using single prechallenge 
proteomic measurements. 

Nonetheless, other studies have reported elevated levels of mast cell–asso-
ciated mediators in exhaled breath condensate among children with EIB,135 
and baseline FeNO has also been linked to the occurrence of EIB in this same 
adolescent population.74 Furthermore, airway hyperresponsiveness to direct 
bronchial provocation in children has been associated with markers of eosin-
ophil activation, such as eosinophil-derived neurotoxin and eosinophil cati-
onic protein.136 Together, these findings suggest that although single baseline 
proteomic measurements may not adequately capture transient exercise-in-
duced responses, resting inflammatory profiles—particularly those reflecting 
mast cell and eosinophil activity—may still provide valuable insights into in-
dividual susceptibility to EIB. 

Interestingly, interaction analyses revealed that associations between sev-
eral plasma proteins and airway responses—measured as changes in FEV₁ or 
R5 following exercise—differed according to atopic status. Specifically, sig-
nificant interactions were observed for CLEC4C, MASP1, CST5, IL12B, and 
CCL20, indicating that the influence of systemic inflammatory mediators on 
airway responsiveness may vary between atopic and non-atopic adolescents. 
These proteins are known to participate in both innate and adaptive immune 
processes, including antigen presentation, complement activation, cytokine 
signalling, and mucosal defence. The divergent associations observed be-
tween atopic groups may therefore reflect distinct inflammatory endotypes in-
fluencing airway reactivity during exercise. 
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This interpretation aligns with previous evidence showing that airway in-
flammation and airway hyperresponsiveness are closely linked to allergic sen-
sitization. Atopic individuals tend to display a predominance of eosinophilic 
inflammation and IgE-mediated immune pathways, which contribute to in-
creased airway sensitivity.113, 137 Moreover, elevated FeNO levels have been 
shown to be more prevalent in atopic individuals and are associated with in-
creased airway hyperresponsiveness.138 Taken together, these findings support 
the notion that the interplay between systemic immune activation and atopy 
may shape the degree of airway responsiveness, emphasizing the importance 
of considering atopic status when interpreting inflammation and immune re-
lated biomarker associations in studies of airway physiology. 

Methodological considerations 
The interpretation and implications of study findings are dependent on the 
study’s inherent strengths and limitations. Reliability concerns the consistency 
or stability of measurements across repetitions of the method and can be eval-
uated through test–retest reliability, inter-rater reliability, or intra-rater relia-
bility analyses. Validity refers to the extent to which a method accurately 
measures what it is intended to measure. Key dimensions of validity include 
sensitivity (true positive rate)—the proportion of individuals with a condition 
correctly identified—and specificity (true negative rate)—the proportion of 
healthy individuals accurately classified as healthy. In questionnaire-based re-
search, validity may be compromised by recall bias, whereby participants sys-
tematically misremember or misreport information. 

External validity concerns the generalizability of the findings beyond the 
study sample, which can be affected by participation bias arising when certain 
individuals are more or less likely to participate in research, resulting in a non-
representative sample of the population of interest.  

The overall methodological framework across the included studies was 
characterized by the application of standardized procedures for assessing EIB 
and EILO i.e., standardized EIB testing and CLE testing. These objective di-
agnostic methods enhanced internal validity by reducing reliance on self-re-
ported symptoms. Nonetheless, several methodological aspects warrant criti-
cal reflection.  

The cross-sectional design of paper I, III and IV limited causal inference, 
whereas the longitudinal design of paper II provided valuable insight into the 
course of EIB and EILO, but was subject to participant attrition, particularly 
regarding CLE testing, which may have introduced selection bias and affected 
the representativeness of the findings.  

Recruitment of athletes from sports high schools ensured a homogenous 
cohort of trained adolescents, facilitating control of training exposure but po-
tentially limiting generalizability to less physically active peers. 
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The questionnaire response rate in paper I was fairly good (66.8%); how-
ever, selection bias cannot be excluded, as no information was available for 
athletes who chose not to participate in the study. 

Questionnaire 
The questionnaire employed across all the included papers is based on question-
naires developed and validated for asthma,139, 140 hence the questionnaire em-
ployed has not been scientifically tested for reliability and validity in studies of 
EIB nor EILO. However, the questionnaire has previously been employed in 
studies of EIB and EILO.52, 54 To minimize recall bias in the included studies, 
participants were instructed to report respiratory symptoms limited to the 12 
months preceding study participation. For nonathlete participants, the question-
naires were also completed jointly by the adolescents and their guardians.  

Recently, other questionnaires have been proposed as part of a diagnostic 
algorithm for EIB in young athletes.43 Furthermore, progress has been made 
in development of a questionnaire for patient reported outcomes in EILO.141 
These tools have the potential to provide significant value in both clinical set-
tings and future research, but require validation in larger cohorts prior to full 
implementation. 

EIB test 
In the included papers, the EIB test combined dry air inhalation with high-
intensity exercise, providing a rigorous indirect bronchial challenge with 
higher sensitivity than a challenge with exercise alone, but potentially with 
reduced specificity. This stringent protocol optimized detection of exercise-
induced airway narrowing by ensuring a strong physiological stimulus and 
minimizing false negatives. However, such rigor may also have identified in-
dividuals as EIB-positive who would not exhibit measurable bronchocon-
striction under their usual training conditions, depending on sport type, envi-
ronment, and exercise intensity. Although field- or sport-specific tests142-144 
may better reflect habitual exercise conditions and environmental triggers, the 
standardized laboratory-based dry air exercise test offers superior comparabil-
ity in longitudinal studies through control of confounding variables, such a 
variability in ambient conditions, allergen exposure and exercise intensity.145  

The EIB test protocol employed a target heart rate exceeding 90% of the 
predicted maximum, which is slightly above the generally recommended 
threshold of >85% of maximum, commonly used as a surrogate for achieving 
60% of maximal voluntary ventilation.39 The higher target followed recom-
mendations for highly trained athletes to ensure sufficient ventilatory load,145 
consistent with evidence from pediatric studies underscoring the need for ad-
equate exercise intensity to reliably detect EIB.146 
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Across all papers, only a single EIB test was performed, which may have 
compromised internal validity, as the bronchoconstrictive response can fluc-
tuate over time. Repeated testing has been recommended, particularly in cases 
of mild or borderline EIB among athletes, to allow for more robust confirma-
tion or exclusion of the condition.147 On the other hand, a laboratory-based dry 
air exercise test, such as the one used in the present thesis, has been shown to 
demonstrate good reproducibility.148 

The EIB protocol, which included both oscillometry and spirometry meas-
urements at each post-exercise time point, was challenging to conduct due to 
time constraints. Oscillometry was performed before spirometry at each interval 
to minimize the impact of deep inspiratory maneuvers from the spirometry on 
bronchial tone.47 However, the short time intervals between postexercise meas-
urements may still have allowed this effect to occur, potentially resulting in 
bronchodilation being present during the subsequent oscillometry measurement. 

EIB was defined as a ≥10% decrease in FEV₁ at any time point following 
the challenge compared with baseline values, in accordance with recommen-
dations.39 In athletes, applying the ≥10% threshold yields high sensitivity but 
may result in a relatively large proportion of asymptomatic individuals being 
classified as having EIB.149 Increasing the threshold to a ≥15% decrease in 
FEV₁ would enhance the specificity of the diagnosis.150 As the nondyspnea 
group in paper I had a higher proportion of EIB positive participants, sensitiv-
ity analyses using the ≥15% threshold were conducted. The results indicated 
fewer EIB positive participants overall, while the distribution between the 
groups remained similar. 

To enhance internal validity and minimize experimenter expectancy ef-
fects, investigators performing the EIB tests were blinded to whether partici-
pants had reported exercise-induced dyspnea in the questionnaire. 

CLE test 
In paper I and II, the CLE test was employed to assess EILO. The CLE test is 
the diagnostic method for EILO, as it enables direct visualization of the larynx 
during peak exercise.51 The continuous visualization of the larynx during ex-
ercise is crucial since EILO is effort-dependent and promptly normalizes after 
exercise.151 The CLE test was performed on a cycle ergometer instead of on a 
treadmill, as in the original test description of the method.51 The use of a cycle 
ergometer may have provided a lower exercise stimulus than treadmill run-
ning, potentially leading to some false-negative EILO results. Nevertheless, 
participants were required to exercise until exhaustion, typically exceeding 
90% of their estimated maximum heart rate. Moreover, previous studies have 
shown that CLE testing using other exercise modalities is feasible and yields 
comparable EILO detection to treadmill-based protocols.152-154 

Laryngeal obstruction was graded using the visual score proposed by Maat 
et al.99, which is the most widely used method in both research and clinical 



 

 57

practice. However, this method has certain limitations related to reliability, as 
test–retest variability and inconsistent inter- and intra-rater agreement have 
been reported.99, 155 Thus, while the visual grade score remains practical, it 
may introduce measurement variability, underscoring the need for validated 
objective assessment tools for EILO. To date, no objective grading system for 
laryngeal obstruction is available. However, alternative methods have been 
proposed, including software-based assessments156 and automated evaluation 
using machine learning approaches.157 

Lastly, to enhance internal validity and minimize experimenter expectancy 
effects, investigators performing the CLE tests were blinded to whether par-
ticipants had reported exercise-induced dyspnea and to the results of the prior 
EIB test. 

Elevated FeNO 
In Paper III, an elevated FeNO level was defined as ≥25 ppb, consistent with 
the American Thoracic Society threshold for low FeNO.158 This threshold cor-
responds to the lower limit of “intermediate” FeNO and is widely used as an 
indicator of type 2 inflammation in both clinical and research contexts.158 
However, fixed FeNO cut-offs do not account for individual characteristics 
such as sex, height, age, and atopic status, all of which influence normal FeNO 
ranges.159, 160 Although personalized reference values have been proposed to 
address these factors,160 their diagnostic utility in the context of EIB remains 
uncertain. Certainly, the use of a standardized threshold enables comparability 
across studies. Increasing the threshold for elevated FeNO to ≥40 ppb could 
have improves the specificity for detecting EIB particularly among the ath-
letes, but previous research indicates that this comes at the cost of reduced 
sensitivity for identifying EIB in athletic population.75 
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Conclusion 

This thesis provides a comprehensive examination of airway responses to exer-
cise in adolescents through the integration of epidemiological, physiological, 
and immunological perspectives. The findings indicate that exercise-induced 
bronchoconstriction (EIB) is relatively common among adolescent athletes, 
while exercise-induced laryngeal obstruction (EILO) is less prevalent. How-
ever, EILO remains an important condition for clinicians to recognize and con-
sider when caring for young physically active individuals. Notably, self-re-
ported exercise-induced dyspnoea and respiratory symptoms exhibited limited 
diagnostic accuracy, underscoring the importance of objective assessment 
methods such as standardized exercise challenge testing and continuous laryn-
goscopy exercise testing for accurate identification of airway dysfunction. 

The longitudinal analyses revealed that both EIB and EILO represent dy-
namic rather than static conditions during adolescence, with evidence of both 
incident and remitting cases over time. These observations suggest abnormal 
airway response to exercise may evolve with increasing training load and 
physiological maturation, highlighting the need for periodic re-evaluation of 
young athletes presenting with respiratory complaints. Furthermore, spirome-
try and oscillometry are two techniques that capture distinct but complemen-
tary aspects of airway mechanics. Fractional exhaled nitric oxide was associ-
ated with EIB among nonathletes but not among athletes, implying divergent 
underlying mechanisms and inflammatory pathways depending on physical 
activity exposure and airway conditioning. 

Proteomic analyses identified the chemokine CCL19 as a systemic bi-
omarker associated with lower baseline lung function, implicating immune and 
inflammatory processes in the regulation of pulmonary function even in other-
wise healthy adolescents. Although systemic inflammatory markers were not 
directly associated with postexercise airway responses, the observed interac-
tions with atopy suggest that allergic sensitization modifies systemic inflamma-
tion–airway relationships. These findings point to a complex interplay between 
physiological, environmental, and immunological factors that shape airway 
function and reactivity during a critical stage of growth and development. 

In summary, this thesis contributes to the understanding of airway disorders 
in relation to exercise in adolescence by elucidating their prevalence, course, 
physiological heterogeneity, and immunological correlates. The findings em-
phasize the necessity of incorporating objective diagnostic approaches, 
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longitudinal monitoring, and individualized evaluation into clinical and sports 
medicine practice. By refining diagnostic accuracy and identifying potential 
biomarkers, this work may contribute to improved strategies for the preven-
tion, diagnosis, and management of exercise-induced airway dysfunction, 
thereby supporting respiratory health and sustained participation in physical 
activity among adolescents. 
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Future perspectives 

From a broader perspective, these results carry important implications for both 
clinical practice and public health. The high prevalence of undetected or mis-
diagnosed airway dysfunction among youth engaged in organized sports un-
derscores the need for structured screening protocols and increased awareness 
among coaches, healthcare providers, and educators. From a clinical stand-
point, these findings highlight the importance of incorporating objective diag-
nostic testing—such as standardized exercise challenge and laryngoscopic 
evaluation—into the assessment of adolescents presenting with respiratory 
symptoms in the context of physical activity ad exercise. Clinicians should be 
aware that conventional asthma diagnostics and symptom-based evaluation 
may fail to identify conditions such as exercise-induced bronchoconstriction 
or laryngeal obstruction, leading to inappropriate or insufficient treatment. 
Early and accurate identification, followed by individualized management in-
cluding pharmacological and non-pharmacological interventions, can prevent 
unnecessary medication use, optimize respiratory health, and enable contin-
ued engagement in sports. 

Furthermore, coordinated collaboration between sports medicine practi-
tioners, general healthcare providers, and school health services is essential to 
ensure continuity of care and follow-up, particularly in high-performance 
training environments such as in Swedish sports high schools. Future research 
should aim to delineate the mechanisms linking airway inflammation, envi-
ronmental exposures, and training intensity, as well as to develop validated 
screening tools and clinical algorithms applicable in both athletic and general 
adolescent populations. Additionally, the role of oscillometry as a stand-alone 
method for assessing airway responses during bronchial challenges remains 
uncertain. The interpretation of abnormal oscillometric airway response pat-
terns is not yet fully understood, particularly in cases of mild to bronchocon-
striction. Future research should aim to determine optimal threshold values for 
defining a positive airway response in larger, well-characterized populations.  

Collectively, the insights from this thesis contribute to a foundation for ev-
idence-based clinical and public health recommendations that could promote 
airway health through early detection, and safe, inclusive participation in 
sports at each adolescent’s desired level. 
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Sammanfattning på Svenska – Summary in 
Swedish 

Denna avhandling undersöker luftvägsreaktioner vid fysisk ansträngning hos 
ungdomar med fokus på förekomst, utveckling och bakomliggande mekan-
ismer till ansträngningsutlöst bronkkonstriktion (exercise-induced bron-
choconstriction, EIB) och ansträngningsutlöst laryngeal obstruktion (exercise-
induced laryngeal obstruction, EILO). Genom epidemiologiska, fysiologiska 
och immunologiska analyser studerades både ungdomar vid idrottsgymna-
sium och ungdomar från den allmänna befolkningen. 

Syftet var att öka kunskapen om ansträngningsutlösta luftvägstillstånd un-
der tonåren och bidra till förbättrad diagnostik och uppföljning. Fyra delstu-
dier genomfördes: studie I–II undersökte förekomst och utveckling under en 
tvåårsperiod av EIB och EILO hos idrottande ungdomar; studie III analyse-
rade samband mellan självrapporterade symtom, utandad kvävemonoxid 
(FeNO) och lungfunktionsförändringar efter asnträngning; studie IV kartlade 
kopplingar mellan inflammatonsrelaterade proteiner i plasma, atopi, lung-
funktion och EIB. 

Resultaten visade att EIB var vanligt (23 %) medan EILO förekom hos cirka 
8 %. Självrapporterade symtom hade låg diagnostisk tillförlitlighet, vilket un-
derstryker behovet av objektiva tester. Både EIB och EILO visade sig vara dy-
namiska tillstånd med nya fall såväl som fall som gick i regress över tid. Hos 
icke-idrottare, men inte hos idrottare, var självrapporterade symptom samt för-
höjda FeNO-nivåer kopplade till EIB, vilket antyder olika bakomliggande mek-
anismer. Analyserna av inflammationsrelaterade proteiner i plasma identifie-
rade CCL19 som en markör associerad med lägre lungfunktion, vilket tyder på 
att immunologiska processer påverkar luftvägarna även hos övrigt friska ung-
domar. 

Avhandlingen visar att ansträngningsutlösta luftvägsbesvär är vanliga 
bland ungdomar som idrottar, besvären är inte sällan oupptäckta och kräver 
objektiv diagnostik och uppföljning. Ur ett kliniskt och folkhälsoinriktat per-
spektiv betonas behovet av strukturerad screening av idrottare, ökad kunskap 
bland tränare och vårdpersonal samt tvärprofessionell samverkan. Tidig iden-
tifiering och individuell behandling kan förbättra luftvägshälsa, välbefinnande 
och prestationsförmåga samt bidra till säkert och hälsosamt deltagande i fysisk 
träning och idrott för ungdomar. 
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