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Differences in lung function, bronchial hyperresponsiveness and respiratory
health between elite athletes competing in different sports
Guro P. Bernhardsena,b, Julie Stanga, Thomas Halvorsena,c and Trine Stensruda

aDepartment of Sports Medicine, Norwegian School of Sport Sciences, Oslo, Norway; bR&D department, Division of Mental Health Services,
Akershus University Hospital, Lørenskog, Norway; cDepartment of Clinical Science, Faculty of Medicine, University of Bergen, Bergen, Norway

ABSTRACT
The aim of this study was to examine lung function, bronchial hyperresponsiveness (BHR) and
exercise-induced respiratory symptoms in elite athletes performing different sports. Norwegian
national-team athletes (30 swimmers, 32 cross-country skiers, 16 speed-skaters, 11 rowers/
paddlers, 17 handball players and 23 soccer players) completed a validated questionnaire,
measured exhaled nitric oxide (FENO), spirometry, methacholine provocation (PD20met) and skin
prick test. Three cut-off levels defined BHR; i.e. PD20met ≤2 µmol, ≤4 µmol and ≤8 µmol. Mean
forced vital capacity (FVC) was highest in swimmers (Mean z-score[95%CI] = 1.16 [0.80, 1.51]),
and close to or higher than reference values according to the Global Lung Initiative equation,
across all sports. Mean forced expiratory volume in 1 s (FEV1) was higher than reference values
in swimmers (0.48 [0.13, 0.84]), and ball game athletes (0.69 [0.41, 0.97]). Mean forced expiratory
flow between 25 and 75% of FVC (FEF25-75), and/or FEV1/FVC were lower than reference values
in all endurance groups. BHR defined by ≤2 and ≤8 µmol methacholine was observed in
respectively 50%–87% of swimmers, 25%–47% of cross-country skiers, 20%–53% of speed-
skaters, 18%–36% of rowers/paddlers, and 0%–17% of the ball game athletes. Exercise-induced
symptoms were common in all groups, most frequent in cross-country skiers (88%), swimmers
(83%) and speed-skaters (81%).

Highlights
. Swimmers and ball game athletes had higher mean FVC and FEV1 when compared to the

reference values predicted by the Global Lung Initiative (GLI) reference equation. Contrasting
this, across all sports except ball game athletes, mean FEF25-75 and/or FEV1/FVC were lower
than reference values.

. The prevalence of bronchial hyperresponsiveness (BHR) was high among elite athletes
competing in swimming, cross-country skiing, speed skating and rowing/paddling, with
swimmers being most affected.

. The majority of the elite athletes reported exercise-induced respiratory symptoms independent
of lung function or BHR.

KEYWORDS
Respiratory health; Lung
function; Endurance sport;
Team sport; Elite athletes

Introduction

Studies suggest that elite athletes on average have
larger lung volumes and higher maximum airflow rates
than healthy sedentary individuals (Doherty & Dimitriou,
1997; Rochat et al., 2021). The findings may vary
between sports, and have been particularly prominent
in studies of swimmers and athletes within other
water-based activities (Doherty & Dimitriou, 1997;
Durmic et al., 2015; Rochat et al., 2021; Rosser-Stanford
et al., 2019). Causal mechanisms are largely unknown,
and particularly we cannot rule out a selection bias

linked to the high ventilatory volumes required for
success in some of the endurance sports. Nevertheless,
decades of high intensity training during childhood,
adolescence and young adulthood may impact develop-
ment of the respiratory system and lead to gradual
changes in lung function, perhaps with swimming
and/or water-based activities being particularly potent
modulators (Armour et al., 1993; Clanton et al., 1987;
Cordain & Stager, 1988; Durmic et al., 2015; Lazovic
et al., 2015; Rochat et al., 2021). For example, studies
that examine lung function across several sports have
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suggested higher lung volumes in endurance athletes
(Lazovic et al., 2015) and water polo players (Durmic
et al., 2015; Mazic et al., 2015). Childhood lung growth
and developmental trajectories have lifelong impli-
cations (Agusti & Faner, 2019), and failure to reach the
expected peak in early adulthood is linked to later
chronic obstructive pulmonary disease (COPD) (Belgrave
et al., 2018). Thus, a better understanding of the impact
of sports on the development of lung function is impor-
tant and will likely influence clinical practice in the
future.

Even though studies indicate high lung volumes and
high peak ventilatory capacity in elite athletes, several
studies also suggest a high prevalence of exercise-
induced respiratory symptoms, exercise-induced
bronchoconstriction (EIB) and bronchial hyperrespon-
siveness (BHR) (Bougault et al., 2010; Fitch, 2012; Stang
et al., 2016). Bronchial hyperresponsiveness (BHR) has
particularly been observed in endurance athletes practi-
cing winter- and water sports (Atchley & Smith, 2020;
Mäki-Heikkilä et al., 2020; Stang et al., 2016), possibly
linked to heavy exposures to cold dry winter-air or to
the chemical disinfectants used in swimming pools
(Atchley & Smith, 2020; Couto et al., 2018). Couto et al.
(2015) have therefore suggested two phenotypes of
asthma among elite athletes; a “sports asthma” defined
by the presence of exercise-induced respiratory symp-
toms and BHR, and a more regular “atopic asthma”
characterised by allergy, eosinophilic inflammation and
increased expired nitric oxide (FENO). The etiology of
these two phenotypes probably differs, and to provide
optimal treatment it is recommended that athletes’ res-
piratory health and atopy are systematically tested
(Couto et al., 2015, 2018).

Although a large number of studies have emphasised
high prevalence of respiratory disorders among athletes
(Atchley & Smith, 2020; Fitch, 2012), the prevalence rates
vary widely between different sports, and are probably
also influenced by the criteria used for diagnosis
(Bonini & Silvers, 2018). Furthermore, a recent systematic
review suggests that asthma may be underdiagnosed
among cross-country skiers, as many skiers without pre-
viously diagnosed asthma fulfilled the diagnostic cri-
terion following a bronchial provocation test (Mäki-
Heikkilä et al., 2020). Underestimation of asthma may
be due to symptoms being misinterpreted as a normal
physiological response to high-intensity exercise, and
some athletes may thus be unaware of their respiratory
disorder (Atchley & Smith, 2020; Bougault et al., 2010).
Alternatively, some athletes may also report respiratory
symptoms without clinically having a respiratory dis-
order (Bougault et al., 2010; Boulet & O’Byrne, 2015).
Hence, we need more studies that measure lung

function and BHR objectively in athletes both with and
without previously reported asthma or symptoms, and
across a range of different sports, using the same
methodologies.

The primary objective of the present study was there-
fore to examine lung function, BHR and exercise-induced
respiratory symptoms in athletes at the Norwegian
National teams in swimming, cross-country skiing,
speed skating, rowing, paddling, handball and soccer.

Methods

Subjects and design

This cross-sectional study is based on data from 25 elite
National team swimmers, tested in 2009–2010 and a
subsample from a multi-centre study including nine par-
ticipating countries with data collection performed
between 2007 and 2010; the “Asthma and Allergy in
Olympians” study. The Olympic study was conducted
within the framework of the Global Allergy and
Asthma European Network (GA2LEN). The Norwegian
National team athletes aiming to qualify for participation
in the Olympic games in Beijing 2008 or Vancouver 2010
in swimming, cross-country skiing, speed skating,
rowing/paddling, handball and soccer were invited,
and all agreed to participate. The sample consisted of
30 swimmers, 32 cross-country skiers, 16 speed skaters,
11 rowers/paddlers, 17 handball players and 23 soccer
players. We combined the soccer and handball players
into one ball game group. All sport-groups included
both male and female athletes, except the ball game
group with only female participants. Due to the risk of
athletes being identified we cannot report number of
males/females and age-range in each sport-group. The
athletes were recruited at the National Olympic Centre
in Oslo, Norway or via the national sport federation for
the corresponding sport.

The Regional Committee for Medical and Health
Research Ethics (REC) approved the retrieval of results
from medical records of the 25 swimmers (REC
number: South-east C-175900). The Olympic study was
approved by the REC (REC number: S-07468a). Both
studies were carried out according to the principles
stated in the Declaration of Helsinki. Signed informed
consent was obtained from each subject and in addition
from a parent if the subject was younger than 18 years.

Measurements

The athletes attended one visit at the respiratory labora-
tory at the Norwegian School of Sport Sciences (NSSS),
Oslo, Norway, for assessment of respiratory symptoms
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via a questionnaire, and clinical examinations of frac-
tional exhaled nitric oxide (FENO), spirometry, BHR to
methacholine (PD20met) and a skin prick test (SPT) for
allergy assessment. Asthma medication was withheld
according to current guidelines given by European Res-
piratory Society (ERS) (Miller et al., 2005). Thus, inhaled
short-acting beta2 agonists and sodium cromoglycate
were withheld for 8 h prior to testing, inhaled long-
acting beta2 agonists, theophylline and leukotriene
antagonists for the last 72 h, anti-histaminic for the last
7 days, and orally administered glucocorticosteroids for
the last 3 months. Inhaled glucocorticosteroids were
not allowed to use at the test day. All athletes refrained
from exercise and any food or drink containing nitrate
on the same day of testing.

Questionnaire
Prior diagnoses of asthma, allergy, use of asthma medi-
cation the last year, and current symptoms of cough,
phlegm, wheeze, and dyspnoea during or after exercise
as well as training volume were recorded with the
modified AQUA-questionnaire (Bonini et al., 2009).

Lung function
Exhaled nitric oxide (FENO). Measurement of FENO was
performed before spirometry by Eco Medics CLD 88 sp
Exhalyzer (Eco Medics AG, 8635 Duernten, Switzerland).
Subjects inhaled NO-free air to total lung capacity and
exhaled with a standardised flow of 50 ml·s−1 according
to ATS/ERS recommendations (American Thoracic
Society; European Respiratory Society, 2005). Mean
values were used after measurements were performed
in triplicates.

Spirometry. Lung function was measured by maximum
expiratory flow-volume loops using a MasterScreen
Pneumo spirometer (Jaeger GmbH, Würzburg,
Germany) according to Miller et al. (2005). The following
variables were recorded: Forced vital capacity (FVC),
forced expiratory volume in the first second (FEV1),
forced expiratory flow between 25 and 75% of FVC
(FEF25-75), and FEV1/FVC. All maneuvres complied with
the general acceptability criteria of the ERS (American
Thoracic Society; European Respiratory Society, 2005).
Raw data were normalised for age, sex, ethnicity, and
height according to Global Lung Initiative (GLI) reference
equation (Quanjer et al., 2012), and presented as z-
scores with 95% confidence intervals (CI). The Lower
limit of normal (LLN) is defined as a z-score≤−1.645
(Quanjer et al., 2012). Results presented as actual
values and percent of predicted are provided in Sup-
plementary Table 1.

Methacholine provocation test. Methacholine bron-
chial challenge was performed with an inspiration-trig-
gered nebuliser (Aerosol Provocation System, Jaeger,
Würzburg, Germany). The nebuliser output was con-
trolled and calibrated before start of the study and
weekly during the study period. Lung function was
measured at baseline and after inhaling nebulised iso-
tonic saline (9 mg/ml). Then, methacholine chloride,
32 mg·mL−1, was inhaled in doubling doses from a start-
ing dose of 0.51 µmol (0.1 mg). Lung function measure-
ments were performed one minute after each delivered
dose until FEV1 had decreased ≥20% from the measure-
ment after inhaled saline, or the maximum cumulative
dose of 24.48 µmol (4.8 mg) was reached. The metha-
choline dose causing a ≥20% decrease in FEV1
(PD20met) was calculated by linear interpolation on the
dose–response curve. Clinically significant BHR was
defined using three different criteria: severe PD20met

≤2 µmol, moderate PD20met ≤4 µmol and mild PD20met

≤8 µmol, based on a previous study in elite athletes
(Stang et al., 2016). After the methacholine provocation,
all athletes inhaled salbutamol; 5 mg·mL−1 (0.1 mL·10 kg
body mass−1) by nebulisation to reverse bronchial
obstruction.

Skin prick test (SPT)
Skin prick tests (SPT) were performed according to the
Nordic guidelines (Aas & Belin, 1973) with the following
locally prevalent ambient allergens: moulds (Cladospor-
ium herbarum), house dust mites (Dermatophagoides
pteronyssinus), dog dander, cat dander, birch pollen,
grass pollen (timothy), mug worth pollen, milk, shrimp
and hen’s egg white (Soluprick, ALK, Copenhagen,
Denmark). To be considered a positive response, the
weal should measure at least 1/2 of the reaction to his-
tamine 10 mg · mL−1, or the maximum +minimum
diameter ([mm]) /2 should exceed 3 mm.

Statistical analyses

Descriptive data are provided as means with standard
deviation (SD) for continuous variables and counts
with percentages (%) for categorical variables. All con-
tinuous variables were normally distributed. Differences
in background data across sports were analysed by
analysis of variance (ANOVA) for continuous variables,
and Fisher’s exact test for categorical variables and the
corresponding p-values are provided in Table 1. Post
hoc analyses were performed by Tukey’s test for con-
tinuous variables and the significant results from this
test are provided in the text. Due to unequal variance
in the weight variable, the difference in weight across
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sports was examined using Welch’s ANOVA, with
the corresponding Games-Howell multiple comparisons
test.

Results are expressed as mean values with 95% confi-
dence intervals (CI) or counts (%), as appropriate. The
association between type of sport and the lung function
measurements was tested using linear regression ana-
lyses, providing the unstandardised regression coeffi-
cients (B) with 95%CI. The ball game athletes were
considered the reference category, since ball game
was considered the sport that differ the most from the
other sports concerning endurance-pattern.

The distribution across the sports regarding the cumu-
lative dose of inhaled methacholine that caused≥ 20%
reduction in FEV1 (PD20met) is illustrated by Kaplan
Meier curves. We performed a log-rank test for equality
to examine whether the curves differed across the sports.

Although we were able to perform the above-men-
tioned statistical test to demonstrate possible differences
in lung function and responses to methacholine across
the different sports, the small sample size prevented us
from doing one-to-one comparisons between each
sport. Comparisons between the different sports are
hence not included in the main aim of this study.

Statistical analyses were performed in Stata SE/16.0
(StataCorp., 2013. Stata Statistical Software: TX: Stata-
Corp LP). P-values≤ 0.05 was considered statistically
significant.

Results

Subject characteristics

Table 1 provides the characteristics of the participating
athletes. The swimmers were significantly younger
than the other groups except for the speed skaters,
and the speed skaters were younger than the rowers/
paddlers. The ball game athletes (all females) had

significantly lower weight, height and body mass index
(BMI) than the speed skaters and lower height and BMI
than the rowing/paddling athletes (both males and
females). The use of inhaled corticosteroids (ICS) and
ipratropium bromide (IB) was most prevalent in cross-
country skiers (71.9% and 62.5%, respectively), whereas
the use of antihistamines was most prevalent in speed
skaters (37.5%). Short-acting (SABA) and long-acting
(LABA) beta2 agonists were most often used by athletes
involved in cross-country skiing and rowing/paddling.
None of the participants smoked or consumed any
other tobacco products.

Lung function

Mean FVC and FEV1 z-scores were higher (mean z-score
and 95% CI higher than zero) or close to the estimated
reference values in all sports. Mean FEF25-75 and/or
FEV1/FVC were lower (mean z-score and 95% CI lower
than zero) than the estimated reference values in all
sports except in the ball game athletes. The unstandar-
dised regression coefficient suggested that being a
swimmer was associated with a 0.53 higher FVC z-score
compared to being a ball game athlete. The coefficients
further suggest that competing in cross country skiing,
speed skating and rowing/paddling was associated
with a lower FEV1, whereas all athltes had lower FEF25-75
and FEV1/FVC compared to the ball game athletes
(Table 2). None of the atheletes had FVC z-scores below
LLN, two cross-country skiers had FEV1 z-scores below
LLN, whereas there were athletes within all sports who
had FEF25-75 and FEV1/FVC z-scores below LLN.

Bronchial hyperresponsiveness, allergy and
respiratory symptoms

The distribution of athletes responding with a reduction
in FEV1 ≥20%, after inhaling cumulative doses of

Table 1. Descriptive statistics of study participants across the different sports. Results are provided as mean with standard deviation
(SD) or numbers (n) with percent of total in parentheses.

Swimming
n = 30

Cross Country Skiing
n = 32

Speed skating
n = 16

Rowing/paddling
n = 11

Ball game
n = 40 p-value*

Age (years) 19.5 (3.2) 26.2 (4.7) 23.0 (5.2) 27.0 (4.1) 25.2 (3.8) <0.001
Height (cm) 179.7 (8.8) 176.8 (8.4) 182.8 (6.7) 182.6 (11.4) 173.0 (6.7) <0.001
Weight (kg) 72.7 (10.4) 71.9 (10.5) 78.7 (8.9) 78.8(14.0) 67.9 (6.8) <0.001
BMI (kg/m2) 20.1 (2.1) 20.2 (2.1) 21.5 (1.8) 21.4 (2.6) 20.2 (1.7) <0.001
Medication
ICS, n(%) 5 (16.7%) 23 (71.9%) 5 (31.3%) 4 (36.4%) 3 (7.5%) <0.001
IB, n(%) 2 (6.7%) 20 (62.5%) 0 (0%) 2 (18.2%) 0 (0%) <0.001
SABA, n(%) 5 (16.7%) 14 (43.8%) 3 (18.8%) 4 (36.4%) 3 (7.5%) 0.003
LABA, n(%) 4 (13.3%) 13 (40.6%) 3 (18.8%) 4 (36.4%) 3 (7.5%) 0.005
Leukotrienantagonists, n(%) 2 (6.7%) 2 (6.3%) 3 (18.8%) 0 (0%) 2 (5%) 0.425
Antihistamines, n(%) 9 (30.0%) 8 (25.0%) 6 (37.5%) 3 (27.3%) 4 (10.0%) 0.113

Note: BMI: Body mass index; IB: Ipratropium bromide; ICS: inhaled corticosteroids; LABA: long acting beta2 agonist; SABA: Short acting beta2 agonist.
*differences across sports, using ANOVA, Welch’s ANOVA (in the weight variable due to unequal variance) or Fisher’s Exact test, as appropriate.
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methacholine, varied across the sports (Figure 1). The
highest rate of BHR was observed in swimmers and
the lowest in ball game athletes, irrespective of cut-off
level (Figure 1 and Table 3).

Mean FENO levels ranged from 14.4–22.6 ppb across
the different sports and was within normal reference

values in all groups (Table 3). The number of athletes
with one or more positive skin prick tests ranged from
26% to 54% across the different sports (Table 3). A
large proportion of the athletes reported exercise-
induced respiratory symptoms, with highest prevalence
in swimmers, cross-country skiers and speed skaters

Figure 1. The distribution of the elite athletes’ responses to increasing cumulative doses of methacholine across the different sports,
with a reduction in FEV1 ≥20% as the event of interest. The vertical line shows the diagnostic criteria for severe BHR (PD20met

≤2 µmol), moderate BHR (PD20met ≤4 µmol) and mild BHR (PD20met ≤8 µmol). The Kaplan-Meier curves differ depending on sport
(p < 0.001), with the highest proportion of responding athletes in the swimmers.

Table 2. Lung function of elite athletes participating in different sports. Values are presented in z-scores and Lower Limit of Normal
(LLN) according to Quanjer et al. (2012) (Lazovic-Popovic et al., 2016).

Swimming
n = 30

Cross Country S
n = 32

Speed skating
n = 16

Rowing/paddling
n = 11

Ball game
n = 40

z-FVC
mean (95%CI) 1.16

(0.80, 1.51)
0.44

(0.14, 0.73)
0.17

(−0.14, 0.48)
0.57

(0.02, 1.13)
0.62

(0.35, 0.90)
B (95%CI) 0.53 (0.13, 0.93) −0.18 (−0.58, 0.21) −0.45 (−0.94, 0.04) −0.05 (−0.61, 0.51) Ref
LLN (n, %) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

z-FEV1
mean (95%CI) 0.48

(0.13, 0.84)
−0.16

(−0.51, 0.19)
−0.21

(−0.64, 0.22)
−0.01

(−0.62, 0.59)
0.69

(0.41, 0.97)
B (95%CI) −0.20 (−0.64, 0.23) −0.85 (−1.28, −0.42) −0.89 (−1.43, −0.36) −0.70 (−1.31, −0.09) Ref
LLN (n, %) 0 (0%) 2 (6.2%) 0 (0%) 0 (0%) 0 (0%)

z-FEF25-75
Mean (95%CI) −0.48

(−0.85, −0.11)
−0.86

(−1.22, −0.51)
−0.50

(−1.02, 0.02)
−0.86

(−1.47, −0.26)
0.18

(−0.12, 0.48)
B (95%CI) −0.65

(−1.11, −0.19)
−1.04

(−1.49, −0.59)
−0.68

(−1.24, −0.11)
−1.04

(−1.69, −0.39)
Ref

LLN (n, %) 4 (13.3%) 8 (25.0%) 1 (6.2%) 2 (18.2%) 1 (2.5%)
z-FEV1/FVC

Mean (95%CI) −0.93
(−1.34, −0.53)

−0.89
(−1.24, −0.54)

−0.64
(−1.07, −0.21)

−0.87
(−1.44, −0.29)

0.00
(−0.31, 0.31)

B (95%CI) −0.94 (−1.41, −0.48) −0.89 (−1.35, −0.44) −0.64 (−1.21, −0.07) −0.87 (−1.52, −0.21) Ref
LLN (n, %) 8 (26.7%) 9 (28.1%) 1 (6.2%) 2 (18.2%) 2 (5.0%)

Note: Results are provided as mean with 95%CI, unstandardised regression coefficients (B) with 95%CI, and count (percent). FEF25-75: forced expiratory flow
between 25 and 75% of FVC; FEV1: forced expiratory volume in the first second; FVC: Forced vital capacity; LLN – Lower limit of normal.
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(Table 3). Cough was the most prevalent reported respir-
atory symptom in cross-country skiers, speed skaters and
the ball game athletes, whereas both cough and chest
tightness were the most common reported respiratory
symptoms in swimmers and rowers/paddlers.

Discussion

In this study of elite athletes, we found high mean FVC
across all sports, but particularly in swimmers, and that
swimmers and ball game athletes had higher mean
FEV1 compared to reference values and the other
sports groups. Bronchial hyperresponsiveness (BHR)
was common in all sports, except in the ball game ath-
letes, and especially prominent among swimmers
where 50% had severe BHR. Most of the swimmers,
cross-country skiers and speed skaters had BHR and/or
reported exercise-induced respiratory complaints.

Mean FVC and FEV1 were close to or in the upper
range of values predicted by the applied reference
equation in all sports groups, whereas FEF25-75 and
FEV1/FVC were in the lower range, particularly for ath-
letes engaged in swimming, cross-country skiing and
rowing/paddling. In several athletes within these three
endurance sports, FEF25-75 and FEV1/FVC were below
LLN. A consistent tendency of high lung volumes and
high airflow values in swimmers is in line with several
previous studies (Armour et al., 1993; Doherty & Dimi-
triou, 1997; Lazovic-Popovic et al., 2016; Rosser-Stanford
et al., 2019; Silvestri et al., 2013). Our results also suggest
that ball game athletes have higher FVC and FEV1 than
the reference values, and similar FEV1 values as swim-
mers. These findings are in agreement with the study
by Rosser-Stanford et al. (2019), whereas some other
studies do not support a higher FVC and FEV1 in ball
game athletes (Durmic et al., 2015; Lazovic-Popovic
et al., 2016). Lazovic et al. (2015) examined lung function

in male athletes across a wide range of sports, and their
results suggest better than average lung function in
several groups of athletes. The endurance athletes –
including rowing and canoeing, swimming, long–dis-
tance running, marathon, cycling, triathlon and pentath-
lon – had the highest FVC. Mazic et al. (2015) also studied
lung function in athletes competing at an international
level across several sports, and their results suggested
enhanced lung function, especially in water polo
players.

We need more studies to confirm and further
examine the observation that a relatively large pro-
portion of the endurance sports athletes demonstrate
low FEF25-75 and FEV1/FVC. Despite their high to
normal FEV1, this could signal ongoing pathophysiology
in small airways, as suggested in studies of athletes (Sue-
Chu et al., 1999) and normal populations (Qin et al.,
2021). Conceivably, a high FVC could also contribute to
low FEF25-75 and FEV1/FVC (Sherter et al., 1978), although
ball game athletes had both high FVC and normal FEF25-
75 and FEV1/FVC.

The mechanisms explaining high lung volumes in
swimmers are still unclear, but it has been discussed
whether it is related to the characteristic nature of
breathing a successful swimmer must adopt; i.e. a
short time to inhale followed by a relatively slow exhala-
tion against a positive pressure of 5–10 cm H2O. This
breathing pattern requirement will of course favour
those who are able to cope, and thus we cannot
exclude a bias related to genetic factors that foster the
necessary features and characteristics (Armour et al.,
1993; Clanton et al., 1987; Cordain & Stager, 1988;
Lazovic-Popovic et al., 2016; Rochat et al., 2021). In
order to disentangle these important questions, we
need prospective studies that focus on the development
of lung function from childhood to adulthood, scrutinis-
ing the influence of training load (volume and intensity)

Table 3. Allergy, bronchial hyperresponsiveness (BHR), fractional exhaled nitric oxide (FENO), self-reported exercise-induced
respiratory symptoms and doctor diagnosed asthma in elite athletes participating in different sports

Swimming
n = 30

Cross country skiing
n = 32

Speed skating
n = 16

Rowing/paddling
n = 11

Ball game
n = 40

Allergy, skin prick test
One or more pos. test, n (%) 8 (26.0%) 12 (37.5%) 8 (50%) 6 (54.5%) 13 (33.3)

BHR
PD20met≤2 µmol, n (%) 15 (50.0%) 8 (25.0%) 3 (20.0%) 2(18.2%) 0(0%)
PD20met≤4 µmol, n (%) 22(73.3%) 12(37.5%) 4(26.7%) 4(36.4%) 0(0%)
PD20met≤8 µmol, n (%) 26 (86.7%) 15 (46.9%) 8 (53.3%) 4 (36.4%) 7 (17.5%)

FENO (ppb), mean (95%CI) 14.4 (12.2, 16.7) 22.6 (14.6, 30.6) 20.2 (11.9, 28.5) 21.5 (7.1, 35.8) 15.8 (13.5, 18.2)
Resp. symptoms 25 (83.3%) 28 (87.5%) 13 (81.3%) 7 (63.6%) 21 (52.5%)
Cough, n (%) 16 (53.3%) 24 (75.0%) 11 (68.8%) 5 (45.5%) 18 (45%)
Phlegm, n (%) 3 (10%) 17 (53.1%) 3 (18.8%) 2 (18.2%) 5 (12.5%)
Wheeze, n (%) 8 (26.7%) 13 (40.6%) 5(31.3%) 6 (54.5%) 6 (15.0%)
Chest tightness, n (%) 16 (53.3%) 12 (37.5%) 4 (25.0%) 5 (45.5%) 8 (20.0%)

Doctor’s diagnosed asthma, n (%) 9 (30.0%) 22 (68.7%) 3 (18.7%) 4 (36.4%) 4 (10.0%)

Note: Results are provided as counts (percent) or mean and 95% CI. CI: Confidence intervals; BHR: Bronchial hyperresponsiveness, defined as the methacholine
dose causing 20% reduction in FEV1; ppb: parts per billion.
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and the type of sport. Only then can we understand if
there is a causal relationship between swim training –
or other types of training – and improved lung function.
We know that lung function normally increases through
childhood and adolescence, reach a peak in the mid-
twenties, and then gradually declines with age (Agusti
& Faner, 2019). This trajectory is modulated by genetic
mechanisms, antenatal factors, and multiple early-life
events and exposures (Bush, 2016). For most people,
the adult decline proceeds unrecognised as symptoms
only appear if lung function reaches very low levels
(approximately at 75% of reference FEV1) (Jakeways
et al., 2003). However, failure to reach the expected
peak in early adulthood is linked to development of
chronic obstructive pulmonary disease (COPD) (Belgrave
et al., 2018). If early life lung function growth can be
modulated by sports activities during childhood and/or
adolescence, this might represent a therapeutic oppor-
tunity for those at risk of early onset of COPD, for
example individuals exposed to antenatal or early life
adverse events or premature birth (Belgrave et al.,
2018; Bush, 2016).

The distribution of the athletes’ response to metha-
choline suggested large differences across sports. Bron-
chial hyperresponsiveness (BHR) was clearly most
prominent in the swimmers, with prevalence rates
ranging from 50% to 87% depending on which cut-off
level was used. Nevertheless, we also observed a high
prevalence in cross-country skiers (25–47%), speed
skaters (20–53%) and rowers/paddlers (18–36%). Lang-
deau et al. (2009) observed that BHR, assessed with
methacholine challenge, was significantly higher in
female athletes compared to male athletes. Despite
the apparent female disadvantage, the female ball
game athletes were the least affected in this present
study, with only 17.5% responders at a cumulative
dose of 8 µmol. Notably, despite low numbers with
BHR among ball game athletes, more than half reported
exercise-induced respiratory symptoms. The high preva-
lence of BHR in swimmers is consistent with most pre-
vious studies (Bougault et al., 2010; Stang et al., 2016).
Three studies examining athletes competing in the
Olympic Games or the World Championships reported
a high prevalence of documented BHR and asthma –
defined by the proportion applying for a therapeutic
use exemption (TUE) for SABA (Fitch, 2012; Mountjoy
et al., 2015) or a doctor’s diagnosed asthma (Burns
et al., 2015) – in both summer (Burns et al., 2015; Fitch,
2012; Mountjoy et al., 2015) and winter athletes (Fitch,
2012) participating in prolonged endurance sports.
Also in these studies, the highest prevalence of BHR
was observed in athletes engaged in endurance sports
combined with water sports, e.g. swimmers, artistic

swimmers, and triathletes (Burns et al., 2015; Fitch,
2012; Mountjoy et al., 2015). High minute ventilation
achieved during repeated high intensity endurance
exercise is believed to contribute to the development
of BHR in endurance athletes, as this causes significant
mechanical, thermic and osmotic stress to the airway
epithelium (Haahtela et al., 2008). This effect may be
aggravated by unfavorable environmental exposures,
such as chlorine subproducts in indoor swimming
pools, or cold and dry air in outdoor sports. Increased
sputum eosinophils and bronchial epithelial cells have
been found in swimmers, suggesting airway epithelial
damage, airway inflammatory and remodeling pro-
cesses. In addition, sputum neutrophil counts are
shown to correlate with training hours in both swimmers
and cold air athletes (Bougault et al., 2009).

In agreement with previous studies (Bougault et al.,
2010; Stang et al., 2016), our results also support that
a high proportion of athletes report exercise-induced
respiratory symptoms. The high prevalence of BHR and
exercise-induced respiratory symptoms, combined with
mean FENO within normal values (Dweik et al., 2011),
suggest that most of the athletes in the present study
may have developed the “sports asthma” phenotype,
as discussed by Couto et al. (2015). However, the confi-
dence intervals of the mean FENO-measurements were
wide among the cross-country skiers, speed skaters
and rowers/paddlers. Moreover, a slightly higher preva-
lence of allergy in the speed skaters and rowers/pad-
dlers compared to the average Norwegian adult
population (about 40%) (NAAF, 2021), suggests that
some of these athletes may have the phenotype
“atopic asthma”. Inevitably, there will of course be indi-
viduals also among these athletes who would have
developed asthma, BHR and respiratory symptoms irre-
spective of a career as athletes. We need long-term pro-
spective studies starting from young adolescence to
disentangle causal mechanisms behind the develop-
ment of BHR and exercise-induced respiratory symp-
toms across different sports; e.g. the role of atopy,
training environment, training intensity, and type of
activity.

Strengths and limitations

Major strengths of the present study were the objective
measures used to assess lung function and BHR in a total
population of athletes performing at the highest
national level in their respective sports, and the inclusion
of both summer and winter sports, as well as water and
non-water sports. Furthermore, the same trained test-
personnel performed all measurements in all athletes
across the different sports, which is likely to increase
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the reliability of the results. Nevertheless, the results
should be interpreted keeping some important con-
siderations in mind. The ball game athletes were only
females, which limits the generalizability of the results
to males.

In our study, BHR was assessed using a methacholine
provocation test. However, eucapnic voluntary hyperp-
noea (EVH) is now recommended by the International
Olympic Committee -Medical Commission (IOC-MC)
and is considered the most specific and sensitive provo-
cation test for BHR in athletes. EVH acts indirectly
through the release of inflammatory contractile
mediators, and thus suggested to better mimic the
trigger factors for EIB in athletes (Hull et al., 2016).
Methacholine on the other hand, acts directly on mus-
carine receptors on the airway smooth muscle cells
causing bronchoconstriction, and the test is considered
to be similarly sensitive, but less specific than EVH
(Boulet & O’Byrne, 2015). Even though EVH has a key
role in diagnosing EIB in athletes, the test is not yet rec-
ommended as the “gold standard test” due to poor
repeatability in mild asthmatic athletes (Hull et al.,
2016). Further, as Boulet and O’Byrne state in their
review (Boulet & O’Byrne, 2015), athletes may respond
differently to different provocation tests, and they there-
fore suggest that more than one diagnostic test for
asthma can be required.

Furthermore, the cross-sectional design of this study
limits our possibility to infer causality, and we emphasise
the importance and need for prospective studies to
examine the impact of type of sports on lung function
growth and development of respiratory disorders.
Although withheld a day prior to testing, the effects
from ICS were of course still present in those who
used them, which may have influenced the results,
especially in the cross-country skiers where the majority
of the athletes (72%) used this medication. Exercise-
induced respiratory symptoms were based on self-
reports, which is a strategy prone to error (Atchley &
Smith, 2020; Boulet & O’Byrne, 2015; Hull et al., 2016).

Conclusion

Mean FVC was higher or close to reference values in all
sports, and elite swimmers and ball game athletes had
higher mean FEV1 compared to reference values. Endur-
ance athletes, but not ball game athletes, demonstrated
low FEF25-75 and FEV1/FVC despite their high to normal
FEV1. The prevalence of severe BHR was particularly
high in swimmers (50%), but high also in cross-country
skiers (25%), speed skaters (20%), and rowers/paddlers
(18%), but not in ball game athletes (0%). More than
half of the elite athletes in all sports reported exercise-

induced respiratory symptoms, with highest prevalence
in swimmers, cross-country skiers and speed skaters.
Cough was the most frequent complaint. Respiratory
health might be influenced by years of training;
findings that raise speculations regarding pathophysiol-
ogy as well as novel treatment avenues. The study sub-
stantiates a need for systematic follow-up of endurance
athletes’ respiratory health, based on objective tests as
well as self-reported symptoms.
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