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Airway remodeling and inflammation in competitive
swimmers training in indoor chlorinated swimming pools

Valérie Bougault, PhD,** Lionel Loubaki, MSc,? Philippe Joubert, MD, PhD,? Julie Turmel, PhD,?
Christian Couture, MSc, MD, FRCPC,? Michel Laviolette, MD,? Jamila Chakir, PhD,? and

Louis-Philippe Boulet, MD, FRCPC, FCCP?

Background: Airway disorders are common in regular
chlorinated swimming pool attendees, particularly competitive
athletes, but the impact of intense swimming training on airway
function and structure remains unclear.

Objective: This study aimed to evaluate airway inflammation
and remodeling in elite swimmers.

Methods: Twenty-three elite swimmers were tested during
off-training season. All had exhaled nitric oxide measurement,
methacholine test, eucapnic voluntary hyperpnea challenge,
allergy skin prick tests, and bronchoscopy with bronchial
biopsies. Clinical data and tissues from 10 age-matched
mild-asthmatic and 10 healthy nonallergic subjects were used
for comparison.

Results: Swimmers had increased airway mucosa eosinophil and
mast cell counts than did controls (P < .05). They had more
goblet cell hyperplasia and higher mucin expression than did
healthy or asthmatic subjects (P <.05). A greater submucosal
type I and III collagen expression and tenascin deposition was
also observed in swimmers than in controls (P < .05). Neither
exhaled nitric oxide nor airway responsiveness to methacholine
or eucapnic voluntary hyperpnea challenge correlated with
these inflammatory and remodeling changes.

Conclusion: Intense, long-term swimming training in indoor
chlorinated swimming pools is associated with airway changes
similar to those seen in mild asthma, but with higher mucin
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expression. These changes were independent from airway
hyperresponsiveness. The long-term physiological and clinical
consequences of these changes remain to be clarified. (J Allergy
Clin Immunol 2011 ;uuN:NEE-NEN,)
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There is now indirect evidence showing a link between regular
strenuous training and the development of airway disorders in
endurance athletes." The high level of ventilation sustained by
athletes during repeated training sessions is believed to affect air-
way mucosa through dehydration and mechanical stress. >
Exercise-induced increased ventilation also favors the penetration
of pollutants, allergens, or irritants into the airways, and elite
swimmers’ airways seem to be particularly affected by the chlo-
rine by-products used to disinfect swimming pools.*” It is now
recognized that airway hyperresponsiveness (AHR) to various
bronchoprovocative challenges is highly prevalent in elite swim-
mers, with up to 76% being affected depending on the cutoff point
chosen. ®® Recent observations suggest that many swimmers do
not have or recognize asthma symptoms.® The significance of
such AHR, often transient and variable in swimmers, is uncer-
tain,” and the need to treat subjects who do not present symptoms
may be questioned.

In asthma, the exact mechanisms underlying airway remod-
eling are still unclear, but chronic airway inflammation is
considered a potential cause.'” A previous study suggests the de-
velopment of an airway inflammatory process in elite skiers that
differs from that observed in classical mild asthma but that may
lead to similar remodeling.“ In swimmers, whether chronic
airway inflammation persists in induced sputum after at least
12 hours without training is still debated,®'? and no data are cur-
rently available on airway remodeling. Whether or not elite
swimmers develop a classical form of asthma and the type of
changes occurring in the airways of these athletes remain to be
documented. Thus, we aimed to characterize the morphologic
changes in the bronchial mucosa of elite swimmers and to com-
pare these changes with those in nonathletic mild asthmatic and
healthy subjects.

METHODS
Subjects

Twenty-three competitive swimmers age 17 years and older were recruited.
They were nonsmokers, nonobese, and free of any other disease. All gave
written informed consent.
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Abbreviations used
AHR: Airway hyperresponsiveness
EVH: Eucapnic voluntary hyperpnea
PC, FEV;: Concentration of inhaled methacholine causing a 20%
fall in FEV,

Bronchial biopsies and the associated clinical data from 10 age-matched
mild-asthmatic and 10 healthy nonallergic subjects were obtained from the
Québec Respiratory Health Network Tissue Bank at the Institut Universitaire
de Cardiologie et de Pneumologie de Québec. These subjects had given their
consent for clinical evaluation, bronchoscopy with bronchial biopsies, and
keeping this information and their tissues at the tissue bank. Healthy subjects
were free of respiratory disease and had a methacholine PC,, FEV, (the con-
centration of inhaled methacholine causing a 20% fall in FEV,) of 16 mg/mL
or more. Asthmatic subjects had well-documented mild asthma and were
paired for atopic status with the swimmers. Control and asthmatic subjects
did not train strenuously nor took part in sports competitions.

The study protocol was approved by our institutional Ethics Committee and
was registered at www.clinicaltrials.gov (NCT00686452).

Study design

Swimmers were evaluated during a period of relative rest with no to low-
intensity exercise, at least 3 days after the last competition or strenuous
training, either at the end of summer 2008, mostly in September, or in March-
April 2009. For subjects with seasonal allergies, the tests were done outside
the symptomatic period. They underwent a physical examination, an exhaled
nitric oxide measurement (fraction of exhaled nitric oxide), allergy skin prick
tests, methacholine and eucapnic voluntary hyperpnea (EVH) challenges, and
a bronchoscopy with bronchial biopsies.

Subjects’ evaluation tests

Spirometry was carried out according to the American Thoracic Society
criteria."? Predicted spirometry values were defined according to Knudson etal.'*

Skin prick tests were performed with extracts of 26 common
aeroallergens.”

Exhaled nitric oxide was measured by using a NOA 280 analyzer (Siever
Instruments, Boulder, Colo), with a single-breath online technique that used a
target exhaled pressure of 20 cm H,0.'

TABLE I. Subjects’ characteristics
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Airway responsiveness to methacholine was measured by using the tidal-
breathing method according to the standards recommended by the American
Thoracic Society.%!'* The PC, FEV, was obtained by linear interpolation on
the log concentration response curve. AHR was defined as a PC,o FEV of less
than 16 mg/mL, and we also included a subanalysis with the cutoff of 4 mg/mL
as suggested by sports authorities.'®

AHR to EVH was measured in swimmers, according to the method
described by Anderson and Brannan.'” A swimmer was considered as having
AHR to EVH if he or she had a fall of more than 10% in FEV, from baseline
that was sustained for more than 5 minutes after EVH.

Bronchoscopy was performed by M.L., and 6 to 10 biopsies were
taken from subsegmental, segmental, or lobar divisions by using a
previously validated technique.'® Our institution’s tissue bank processed
the biopsies by using the same standardized methodology: tissues were
fixed in 4% paraformaldehyde and embedded in paraffin. Sections
(5 pm) were cut by using a microtome (Surgipath Medical Industries,
Richmond, III).

The slides were examined by experienced blinded evaluators (P.J. and
C.C.). Qualitative evaluation (score) of bronchial tissues was done for
the following criteria: general morphology, presence of smooth muscle
bundles, inflammation, cartilage, mucus glands, basement membrane, and
epithelial integrity.'® Biopsies of poor quality were not kept. For morpho-
logical evaluation, sections were cut and stained with hematoxylin and
eosin. Goblet cell hyperplasia, basement membrane denudation, and
presence of smooth muscle bundles were semiquantified by using a 0
to 3 score.

Inflammatory cells (neutrophils, T cells, eosinophils, and mast cells) were
identified by using the following mAbs: antihuman neutrophil elastase,
antihuman CD3, antihuman major basic protein (Biodesign, Cincinnati,
Ohio), and antihuman tryptase (Dako, Mississauga, Ontario, Canada). Mucin
5A was stained by using mouse antihuman mucin 5A (Biodesign).'®*° Sec-
tions were also stained with mouse antihuman type-I collagen, mouse antihu-
man type-III collagen (Calbiochem, Gibbstown, NJ), and mouse antihuman
tenascin-c (Leica Microsystems, Bannockburn, Ill). Positive cells were
counted in a blinded fashion at X400 magnification. For mucin 5A and extra-
cellular matrix proteins, submucosal areas were measured with a calibrated
image analysis system (Image Pro-Plus software, Media Cybernetics,
Bethesda, Md) as previously reported.'® The mean intraobserver variability
(3 repeated cell counts) was between 4% and 8% for all studied antibodies.
Mucin 5A was quantified by using Image Pro-plus software. Types I and III
collagen and tenascin layer thickness below the basement membrane were
measured by using the Image Pro-Plus software.'® These data were expressed
as the mean of 3 measurements.

Asthmatic Swimmers with Swimmers without
Controls Swimmers subjects AHR to methacholine AHR to methacholine
(n = 10) (n = 23) (n = 10) (n =12) (n=11)
Sex, male:female 2:8 12:11 2:8 5:7 74
Age (y) 21 =2 21 =2 23 £ 6 21 =2 20 = 2
Atopy (%) 0 (0) 18 (82) 8 (80) 11 (92) 7 (64)
Training (y) - 11 £3 - 114 11 £3
FEV, (% predicted) 99 =9 115 = 12%} 93 = 11 111 = 14 118 £ 9
FVC (% predicted) 106 £ 11 126 £ 12%F 100 = 8 128 £ 15 126 = 7
Methacholine PC,, FEV; (mg/mL), (range) 93.7 12.5%,F 1.3% 4.7 43.0
(33.4-128.0) (1.0-128.0) (0.3-19.7) (0.97-11.7) (17.3-128.0)
FENO (ppb) - 18.8 £ 11.3 - 23.4 = 13.2 13.1 £ 4.6
Post-EVH fall in FEV, - 11*6 - 14+6 7x3
Previous physician-diagnosed asthma (%) 0 (0) 3 (14)* 10 (100)% 3 (25) 0 (0)
Current use of inhaled B,-agonists when needed (%) 0 (0) 0 (0)* 9 (90)% 0 (0) 0 (0)
Current use of inhaled corticosteroids (%) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Prevalence is expressed as number of subjects (% of subjects), and other data are expressed as mean * SD. Methacholine PC,, FEV, is expressed as geometrical mean (range).

*#P <.005 swimmers versus asthmatic subjects.
TP <.05 swimmers versus controls.
1P <.005 asthmatic subjects versus controls.
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FIG 1. Quantification of inflammatory cells (number of cells per square millimeter of connective tissue)
in bronchial biopsy specimens from controls, swimmers, and asthmatic subjects. Horizontal bar repre-
sents median value. Subjects with methacholine AHR are represented with a full symbol, and those with-
out AHR are represented with an empty symbol. Subjects without allergies, either swimmers or
asthmatic subjects, are represented with a triangle in their respective group. *P < .05 entire swimmer
group versus controls. P < .05 asthmatic subjects versus controls. {P < .05 entire swimmer group versus

asthmatic subjects.

Data analysis

Nominal variables were analyzed by using the chi-square test. Results of
representative measures from continuous variables were expressed by using
mean * SEM or median (interquartile range) according to the data
distribution. One-way ANOVA was used to analyze data. Posteriori compar-
isons among groups were performed by using the Tukey’s technique. For
CD3 and neutrophil elastase markers, the logarithm was the estimate form
of the required transformation associated with these variables. Some values
were expressed with transformed values, and statistical results arise from
these transformations. The normality assumption was verified with the
Shapiro-Wilk test, and the Brown and Forsythe’s variation of Levene’s
test statistic was used to verify the homogeneity of variances. When needed,
some variables were log transformed. All assumptions were fulfilled except
for major basic protein. For this variable, 1-way ANOVA was performed on
its rank. Relationships between parameters were expressed with the Pear-
son’s correlation coefficients. The results were considered significant with
P values of .05 or less. The data were analyzed by our local statistician

by using the statistical package program SAS, version 9.2 (SAS Institute,
Inc, Cary, NC).

RESULTS
Subjects

Subjects’ characteristics are presented in Table I. Swimmers
competed at the provincial (n = 11) or national level (n = 12).
The mean rest period since the last strenuous training or compe-
tition was 45 = 55 days.

Twelve swimmers (52%) had a PC,o FEV| of less than 16 mg/
mL, and 5 of them (22%) had a PC,o FEV of less than 4 mg/mL.
The FEV and forced vital capacity were higher in swimmers than
in asthmatic and control groups (P <.05). Three swimmers had a
previous physician-diagnosed asthma but used no current medica-
tion. Two swimmers did not undergo the EVH test, because of the
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FIG 2. Representative bronchial tissue from a nonatopic swimmer without methacholine AHR. A, Tenascin
deposition under the basement membrane. B, Collagen Ill deposition C, Collagen | deposition. D, Mucin
5 immunostaining.

unavailability of the apparatus at the time of the visit. Among the
remaining 21 swimmers, 9 (43%) had AHR to EVH. Individual
data are shown in the Online Repository (see Table El in this
article’s Online Repository at www.jacionline.org).

The PC,y FEV, was lower in asthmatic subjects than in con-
trols or swimmers (P <.0001) and in swimmers than in controls
(P < .0001) (Table I). Swimmers with AHR to methacholine
had a higher fall in FEV, after EVH compared with those without
AHR to methacholine (P = .006).

Assessment of airway inflammation

Inflammatory cell counts on bronchial biopsies are represented
in Fig 1. Swimmers with and without AHR to methacholine had
similar inflammatory cell counts. There were no significant differ-
ences in neutrophil counts between swimmers and mild asthmatic
subjects and controls. Eosinophils were increased in both swim-
mers and asthmatic subjects compared with controls, 13.6

(4.5-47.8),9.1 (4.5-43.2), and 2.3 (0-4.5) cells/mm?, respectively
(P < .04); no significant difference was observed between
asthmatic subjects and swimmers. T lymphocytes were increased
in asthmatic subjects compared with swimmers, 215.9 (188.6-
244.3) and 115.9 (51.1-184.1) cells/mm?, respectively (P = .04),
and these groups were not different from controls: 147.7 (106.8-
2114) cells/mm? (P = .04). Mast cell counts were higher in
swimmers than in controls, 65.8 (52.8-75.9) and 37.4 (29.1-50.2)
cells/mm?, respectively (P =.02). No difference in mast cell counts
was observed between the 2 groups compared with asthmatic
subjects: 42.0 (27.5-64.8) cells/mm?.

No significant differences in inflammatory cell counts were
observed between swimmers with a PC,o FEV of less than 4 mg/
mL and those with a PC,y FEV, of more than 4 mg/mL, nor be-
tween those with a FEV, fall post-EVH of more than 10% and
those with a fall of less than 10% (data not shown).

Atopic and nonatopic swimmers, represented, respectively, by
circles and triangles, had similar inflammatory features.
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FIG 3. Mucin 5A (percentage staining intensity per square millimeter of connective tissue) staining in
controls, swimmers, and asthmatic subjects. Horizontal bar represents median value. Subjects with meth-
acholine AHR are represented with a full symbol, and those without AHR are represented with an empty
symbol. Subjects without allergies, either swimmers or asthmatic subjects, are represented with a triangle
in their respective group. *P < .01 entire swimmer group versus controls. P < .05 entire swimmer group

versus asthmatic subjects.

Assessment of airway remodeling

Fig 2 shows distinctive subepithelial fibrosis and mucin secre-
tion observed in swimmers. Semiquantitative analysis showed no
significant difference in the presence of smooth muscle and in
basement membrane denudation between the 3 groups (data not
shown). However, compared with the other groups, swimmers
had significant goblet cell hyperplasia, 0 (0-0) and 0 (0-1.8), re-
spectively (P <.005).

Swimmers with or without AHR had similar mucin 5A
staining. The swimmers’ mucin 5A expression was increased
by 1.8-fold compared with both controls (P =.01) and mild asth-
matic subjects (P = .04), respectively (Fig 3). Fig 4 shows colla-
gen I and III deposition and tenascin thickness underneath the
basement membrane; there were no significant difference
between swimmers and patients with mild asthma or between
swimmers with AHR to methacholine or EVH and swimmers
without AHR to methacholine or EVH. However, collagen
T and III were increased in swimmers compared with in controls,
9.3 + 0.7 wand 6.7 = 0.4 p for collagen I (P =.001) and 14.5 *
1.3 wand 5.7 = 0.6 . for collagen I1I (P = .02), respectively. Ten-
ascin deposition was also increased in swimmers (6.9 = 0.2 )
compared with controls (6.2 = 0.3 w) (P =.02).

Atopic and nonatopic swimmers, represented, respectively, by
circles and triangles, had similar remodeling features.

Correlation analyses

We found no significant correlation between years of training,
time between the last swimming training and the first evaluation
visit, degree of airway obstruction, fraction of exhaled nitric
oxide level, EVH and methacholine AHR, and inflammatory or
remodeling features.

The results remained unchanged when the 3 athletes with a
previous diagnosis of asthma were excluded.

DISCUSSION

We observed inflammatory and remodeling changes in bron-
chial biopsies of competing swimmers, with or without AHR,
similar to nonathletes with mild asthma. Interestingly, swimmers
showed greater goblet cell hyperplasia and increased mucin
expression than did asthmatic subjects. Therefore, our results
suggest that swimming training in chlorinated pools affects the
structure of the airway in elite swimmers.

In our study, a majority of swimmers had atopy (18 of 23),
which may have contributed to the changes in airway inflamma-
tion and remodeling, as previously reported in atopic asthmatic
subjects and controls.”' > In atopic controls, Djukanovic et al
showed that these changes are similar in nature but less marked
compared with those in atopic asthmatic subjects.23 In elite win-
ter athletes, increases in airways’ tenascin thickness or inflamma-
tory cell counts were observed, independently of atopy, having
significant airway remodeling and inflammation compared with
controls."" We and others previously underlined the high preva-
lence of atopy among elite swimmers when tested with 20 to
26 common aeroallergens.&24 This is an important point, as a
recent hypothesis stated that atopy may develop in swimmers
because of an increasing exposure to chlorination products.zs’26
Exposure to chlorine compounds in indoor swimming pools
has been shown to cause epithelial hyperpermeability and dam-
age,5 which, in turn, may facilitate mucosal penetration by aller-
gens and induce allergic sensitization.”> In our study, the high
prevalence of atopy in swimmers may be a consequence of re-
peated training in indoor chlorinated swimming pools. However,
when comparing nonatopic and atopic swimmers (Figs 1-4), the
presence of atopy did not seem to be associated with more
marked effects on airway inflammation or remodeling in our
swimmers.

High-level sport training may also induce airway changes
through the high ventilatory demand sustained during repeated
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FIG 4. Thickness of tenascin immunoreactive band and collagen | and collagen |l deposition in subep-
ithelial basement membrane zone in controls, swimmers, and asthmatic subjects. Horizontal bar repre-
sents median value. Subjects with allergies, either swimmers or asthmatic subjects, are represented
with a triangle in their respective group. Subjects with methacholine AHR are represented with a full sym-
bol, and those without AHR are represented with an empty symbol. Subjects without allergies, either
swimmers or asthmatic subjects, are represented with a triangle in their respective group. *P < .05 entire
swimmer group versus controls. **P < .005 entire swimmer group versus controls. 1P < .05 asthmatic sub-

jects versus controls.

strenuous period. This is in agreement with a previous study that
reported increased bronchial inflammation and tenascin expres-
sion in elite cross-country skiers."! Exercise-induced hyperpnea
may directly stimulate mucin secretion to counteract the drying
of the protective lining of the airways and possibly increase the
provision of water.?’ Moreover, we cannot exclude the role of me-
chanical stress induced by the repeated high ventilatory demand
on the bronchial epithelium.?® Increased airway movements and
increased airway pressure changes during intense breathing could
stimulate epithelial cells to release fibrogenic cytokines, as shown
in in vitro studies by Tschumperlin and Drazen.”® In this regard,
an increase in induced sputum mucin 5A and mast cells has
been shown following exercise in asthmatic subjects who devel-
oped exercise-induced bronchoconstriction.”” Remodeling of
the airway epithelium to a secretory phenotype, which would be
aresponse to injury, has been previously hypothesized to be impli-
cated in the physiopathology of asthma® and the development of
exercise-induced ~ bronchoconstriction.”” Chimenti et al’’

showed evidence that goblet cells were not affected by endurance
training at low to moderate intensity in mice without AHR. The
characteristics of inhaled air as well as the presence of asthma di-
agnosis probably explain the discrepancies in mucin-secreting cell
changes observed between these studies.

Repeated exposure to chlorine by-products may also have
played a role in airway changes observed in elite swimmers. As
previously mentioned, chlorine by-products’ exposure may pre-
dispose swimmers to develop epithelial damage and atopy.s’zs’26
While eosinophil infiltration was previously reported in athletes,
neutrophils and T cells seem more abundant in winter-sports ath-
letes” airways and mast cells seem more abundant in swimmers. "’
These differences are likely because winter-sport athletes breathe
high volumes of dry and cold air, whereas swimmers repeatedly
inhale hot and humid air. In addition, swimmers are exposed to
chlorine by-products that are significant airway irritants,>3?
which may induce airway inflammation, as well as epithelial
damage and changes in airway responsiveness.5’34‘35 As a
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consequence of repeated exposures, swimmers may develop air-
way mast cell and eosinophil infiltration, as previously observed
after repeated exposure to occupational agen‘[s.3 637 We cannot ex-
clude that mucin secretion may also be a defense mechanism
against repeated inhaled chlorine by-products. Consistent with
previous studies on athletes,®'""!? we found no correlation be-
tween the severity of AHR and inflammatory cell counts in the
airways.

Because of a lack of report of respiratory symptoms in many
swimmers with AHR,%*3® the clinical significance of our results
remains uncertain, and consequently it is unclear whether this
condition should be treated. It seems, however, reasonable to sug-
gest that preventive measures should be taken to reduce the im-
pact of the environment on athletes’ airways.39

In conclusion, we have demonstrated inflammatory and re-
modeling changes in airways of elite swimmers, which were not
associated with AHR. Atopy, strenuous training, and chlorine by-
product inhalation may have contributed to these features. These
changes could constitute a normal adaptation process to intense
training; furthermore, as demonstrated for AHR, these are
possibly reversible, at least in part, after the end of the swimming
career, although this remains to be demonstrated. Consequently,
the physiological and clinical consequences of these changes
remain indefinite and whether recreational swimmers and chil-
dren attending regularly indoor chlorinated swimming pools have
a higher risk to develop similar airway changes remains to be
determined. Although preventive measures such as reduction of
chloramines exposure in pool environments should be considered,
it is still uncertain whether we should offer preventative treat-
ments to swimmers, in order to try to reduce airways inflamma-
tion and structural changes.

We thank all of the swimmers for their participation in the study. We also
thank Mylene Bertrand for the immunohistochemistry staining and Sabrina
Biardel and Christine Racine from the Québec Respiratory Health Network
Tissue Bank at the Institut Universitaire de Cardiologie et de Pneumologie de
Québec for their pleasant collaboration and help in tissue processing. Finally,
we are grateful to Serge Simard for the statistical analysis.

Key message

o Regular intense swimming in a chlorinated environment
seems to induce airway inflammatory and remodeling
changes that are not always associated with AHR.

e A particular attention should be paid to the respiratory
health of competitive swimmers and further studies
should be conducted to dissociate the role of chlorine
by-products and intense training on the airways.

REFERENCES

1. Helenius 1J, Tikkanen HO, Sarna S, Haahtela T. Asthma and increased bronchial
responsiveness in elite athletes: atopy and sport event as risk factors. J Allergy
Clin Immunol 1998;101:646-52.

2. Anderson SD, Holzer K. Exercise-induced asthma: is it the right diagnosis in elite
athletes? J Allergy Clin Immunol 2000;106:419-28.

3. Tschumperlin DJ, Drazen JM. Chronic effects of mechanical force on airways.
Ann Rev Physiol 2006;68:563-83.

4. Langdeau JB, Turcotte H, Bowie DM, Jobin J, Desgagné P, Boulet LP. Airway
hyperresponsiveness in elite athletes. Am J Respir Crit Care Med 2000;161:
1479-84.

10.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

BOUGAULTET AL 7

. Carbonnelle S, Francaux M, Doyle I, Dumont X, De Burbure C, Morel G, et al.

Changes in serum pneumoproteins caused by short-term exposures to nitrogen
trichloride in indoor chlorinated swimming pools. Biomarkers 2002;7:464-78.

. Bougault V, Turmel J, Boulet LP. Bronchial challenges and respiratory symptoms

in elite swimmers and winter sport athletes. Chest 2010;138:31S-7S.

. Potts JE. Adverse Respiratory Health Effects of Competitive Swimming: The Prev-

alence of Symptoms, Illnesses, and Bronchial Responsiveness to Methacholine and
Exercise [dissertation]. Vancouver, BC, Canada: University of British Columbia;
1994.

. Helenius 1J, Rytila P, Metso T, Haahtela T, Venge P, Tikkanen HO. Respiratory

symptoms, bronchial responsiveness, and cellular characteristics of induced spu-
tum in elite swimmers. Allergy 1998;53:346-52.

. Bougault V, Turmel J, Boulet LP. Airway hyperresponsiveness in elite swimmers:

is it a transient phenomenon? J Allergy Clin Immunol 2011;127:892-8.

Bousquet J, Jeffery P, Busse W, Johnson M, Vignola AM. Asthma: from broncho-
constriction to airways inflammation and remodeling. Am J Respir Crit Care Med
2000;161:1720-45.

. Karjalainen EM, Laitinen A, Sue-Chu M, Altraja A, Bjermer L, Laitinen LA.

Evidence of airway inflammation and remodeling in ski athletes with and with-
out bronchial hyperresponsiveness. Am J Respir Crit Care Med 2000;161:
2086-91.

. Bougault V, Turmel J. St Laurent J, Bertrand M, Boulet LP. Asthma, airway inflam-

mation, and epithelial damage in elite swimmers and cold-air athletes. Eur Respir J
2009;33:740-6.

. Crapo RO, Casaburi R, Coates AL, Enright PL, Hankinson JL, Irvin CG, et al.

Guidelines for methacholine and exercise challenge testing-1999. Am J Respir
Crit Care Med 2000;161:309-29.

Knudson RJ, Lebowitz MD, Holberg CJ, Burrows B. Changes in the normal max-
imal expiratory flow-volume curve with growth and aging. Am Rev Respir Dis
1983;127:725-34.

American Thoracic Society. European Respiratory Society. ATS/ERS recommen-
dations for standardized procedures for the online and offline measurement of ex-
haled lower respiratory nitric oxide and nasal nitric oxide, 2005. Am J Respir Crit
Care Med 2005;171:912-30.

Fitch KD, Sue-Chu M, Anderson SD, Boulet LP, Hancox RJ, McKenzie DC, et al.
Asthma and the elite athlete: summary of the International Olympic Committee’s
consensus conference, Lausanne, Switzerland, January 22-24, 2008. J Allergy Clin
Immunol 2008;122:254-60.

. Anderson SD, Brannan JD. Methods for “indirect” challenge tests including exer-

cise, eucapnic voluntary hyperpnea, and hypertonic aerosols. Clin Rev Allergy
Immunol 2003;24:27-54.

Labonte I, Laviolette M, Olivenstein R, Chakir J, Boulet LP, Hamid Q. Quality of
bronchial biopsies for morphology study and cell sampling: comparison of asth-
matic healthy subjects. Can Respir J 2008;15:431-5.

Chakir J, Hamid Q, Bossé M, Boulet LP, Laviolette M. Bronchial inflammation in
corticosteroid-sensitive and corticosteroid-resistant asthma at baseline and on oral
corticosteroid treatment. Clin Exp Allergy 2002;32:578-82.

Chakir J, Loubaki L, Laviolette M, Milot J, Biardel S, Jayaram L, et al. Monitoring
sputum eosinophils in mucosal inflammation and remodelling: a pilot study. Eur
Respir J 2010;35:48-53.

Amin K, Ladviksdéttir D, Janson C, Nettelbladt O, Bjornsson E, Roomans GM,
et al. Inflammation and structural changes in the airways of patients with atopic
and nonatopic asthma. Am J Respir Crit Care Med 2000;162:2295-301.
Karjalainen EM, Lindqvist A, Laitinen LA, Kava T, Altraja A, Halme M, et al. Air-
way inflammation and basement membrane tenascin in newly diagnosed atopic and
nonatopic asthma. Respir Med 2003;97:1045-51.

Djukanovic R, Lai CK, Wilson JW, Britten KW, Roche WR, Howarth PH, et al.
Bronchial mucosal manifestations of atopy: a comparison of markers of inflamma-
tion between atopic asthmatics, atopic nonasthmatics and healthy controls. Eur Re-
spir J 1992;5:538-44.

Zwick H, Popp W, Budik G, Wanke T, Rauscher H. Increased sensitization to aero-
allergens in competitive swimmers. Lung 1990;168:111-5.

Bernard A. Chlorination products: emerging links with allergic diseases. Curr Med
Chem 2007;14:1771-82.

Bernard A, Carbonnelle S, Dumont X, Nickmilder M. Infant swimming practice,
pulmonary epithelium integrity, and the risk of allergic and respiratory diseases
later in childhood. Pediatrics 2007;119:1095-103.

Peatfield AC, Richardson PS, Wells UM. The effect of airflow on mucus secretion
into the trachea of the cat. J Physiol 1986;380:429-39.

Tschumperlin DJ, Drazen JM. Chronic effects of mechanical force on airways.
Annu Rev Physiol 2006;68:563-83.

Hallstrand TS, Debley JS, Farin FM, Henderson WR. Role of MUC5AC in the
pathogenesis of exercise-induced bronchoconstriction. J Allergy Clin Immunol
2007;119:1092-8.



8 BOUGAULT ET AL

31.

32.

. Chimenti L, Morici G, Paterno A, Bonanno A, Siena L, Licciardi A, et al. Endur-

ance training damages small airway epithelium in mice. Am J Respir Crit Care
Med 2007;175:442-9.

Fahy JV. Remodeling of the airway epithelium in asthma. Am J Respir Crit Care
Med 2001;164:S46-51.

World Health Organization. International Programme on Chemical Safety,
Environmental Health Criteria: 216: Disinfectants and Disinfectant By-products.
Geneva: World Health Organization; 2000.

. Levesque B, Duchesne JF, Gingras S, Lavoie R, Prud’Homme D, Bernard E, et al.

The determinants of prevalence of health complaints among young competitive
swimmers. Int Arch Occup Environ Health 2006;80:32-9.

. Lemiere C, Malo JL, Boutet M. Reactive airways dysfunction syndrome due to chlorine:

sequential bronchial biopsies and functional assessment. Eur Respir J 1997;10:241-4.

35.

36.

37.

38.

39.

J ALLERGY CLIN IMMUNOL
mmm 2011

Bonetto G, Corradi M, Carraro S, Zanconato S, Alinovi R, Folesani G, et al.
Longitudinal monitoring of lung injury in children after acute chlorine exposure
in a swimming pool. Am J Respir Crit Care Med 2006;174:545-9.

Lemiere C, Chaboilliez S, Trudeau C, Taha R, Maghni K, Martin JG, et al. Char-
acterization of airway inflammation after repeated exposures to occupational
agents. J Allergy Clin Immunol 2000;106:1163-70.

Di Stefano A, Saetta M, Maestrelli P, Milani G, Pivirotto F, Mapp CE, et al. Mast
cells in the airway mucosa and rapid development of occupational asthma induced
by toluene diisocyanate. Am Rev Respir Dis 1993;147:1005-9.

Turcotte H, Langdeau JB, Thibault G, Boulet LP. Prevalence of respiratory symp-
toms in an athlete population. Respir Med 2003;97:955-63.

Bougault V, Turmel J, Levesque B, Boulet LP. The respiratory health of swimmers.
Sports Med 2009;39:295-312.



J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER um

RESULTS

Individual data from the swimmers are presented in Table E1.

TABLE E1. Swimmers' individual data

BOUGAULT ET AL 8.e1

Rhinitis/nasal symp- Baseline
Atopies toms during the year spirometry (%) EVH MCh PC,, Blood
Years of Animal Mixed trees/ House During ENO (% fall in FEV, IgE Childhood
Swimmer training danders grass dust effort Allergic nPIF (ppb) FEV, FVC FEFx3;5 FEV, (mg/mL) (Ul/mg) asthma
A 14 No Yes Yes No Yes 280 26.5 101 120 105 16.0 3.2 1000 No
B 12 Yes No Yes No No 180 154 116 120 111 8.4 5.98 64 No
C 14 Yes Yes Yes No Yes 130 17.1 110 119 88 11.2 17.3 139 No
D 10 No No No Yes No 170 8.2 106 130 87 7.1 18.4 28 No
E 13 No Yes Yes Yes No 120 199 109 130 88 7.8 3.3 NA No
F 14 Yes Yes Yes No Yes 150 260 132 155 108 29.3 0.97 590 No
G 11 Yes No Yes No Yes 90 53.6 129 135 121 8.8 9.7 59 No
H 11 No No Yes Yes Yes 140 112 118 119 127 2.4 48.6 78 No
1 8 Yes Yes Yes Yes Yes 150 13.0 100 107 104 11.7 5.4 463 Yes
J 13 No No No No No 190 162 135 138 133 6.6 92.7 33 No
K 8 Yes Yes Yes No Yes 140 144 106 126 89 17.0 34 276 Yes
L 14 No No No NA NA NA NA 110 117 NA NA 3.5 NA No
M 12 Yes Yes Yes NA NA NA NA 116 117 NA NA 33.0 611 No
N 8 No No No No No NA 7.6 112 123 85 7.4 72.3 189 No
(@) 1 Yes Yes Yes No No NA 26.5 97 124 66 17.7 8.9 611 Yes
P 6 Yes Yes Yes No Yes NA 104 132 131 154 33 79.9 21 No
Q 13 Yes No Yes No No 235 213 117 122 113 4.8 53.2 65 No
R 10 No Yes Yes No No NA 9.7 98 112 93 11.9 5.2 31 No
S 14 Yes Yes Yes No No NA 135 99 130 82 13.9 11.7 32 No
T 8 No No No No No NA NA 122 125 112 8.7 28.0 16 No
U 10 Yes Yes Yes No No NA 39.0 133 156 117 9.7 5.1 244 No
\Y 13 No No No No No NA 153 117 124 91 11.9 128 16 No
w 14 Yes Yes Yes Yes No 190 103 116 137 116 7.5 17.8 244 No

Rhinitis was reported at the evaluation by the presence of nasal symptoms during the previous year. The biopsy and respiratory challenges were performed outside the upper
airways’ symptomatic period. The 3 swimmers with a diagnosis of asthma made during childhood by a clinician did not take inhaled corticosteroids or (3, agonists.

eNO, Exhaled nitric oxide; EVH % fall in FEV;, maximum percentage fall in FEV, after the eucapnic voluntary hyperpnea test; FVC, forced vital capacity; FEF,s. ;s forced
expiratory flow from 25% to 75% of FVC; NA, not available; nPIF, nasal peak inspiratory flow.
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