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KEY POINTS

e Physical activity has beneficial effects on the health of subjects with asthma. Among
different sports swimming is the less asthmogenic.

e Although controversial, some authors suggested that regular chlorinated swimming pools
attendance favors the development of allergic diseases and asthma in infants, young
children, adolescents, and recreational swimmers.

e Lifeguards and competitive swimmers, who are frequently exposed to a chlorine environ-
ment, are particularly concerned by an increase in occupational asthma in the former, and
airway disorders, especially airway hyperresponsiveness, rhinitis, and allergies.

e Intense swimming training in a chlorinated swimming pool on a recurrent basis may pro-
mote the development of a specific phenotype of asthmatic airways.

e Simple hygienic measures could help reduce the quantity of chlorine by-products
released in the swimming pool environment, and possible airway disorders in swimmers.

INTRODUCTION

Swimming is a common physical activity worldwide for recreational and competitive
purposes. In western countries, swimming is often part of schools sports curricula,
especially for young children. Swimming is also recommended for those having a
body-weight limitation to physical activity, elderly subjects, or those with disabilities
or injury. The humid and warm atmosphere encountered in indoor pools is considered
particularly beneficial for patients affected by respiratory diseases, such as asthma,
and swimming is associated with less exercise-induced bronchoconstriction (EIB)
than other types of sport.™2
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Physical activities performed in the water are predominantly performed in indoor
swimming pools, partly for reasons related to the climate. Despite the high efficiency
of chlorine and its derivatives to control nearly all viral and bacterial water contamina-
tion, there is controversy regarding the possible deleterious effects of chlorine disin-
fection on the development of asthma and allergic diseases.®>* Indeed, increasing
evidence suggests a relationship between regular attendance at chlorinated swim-
ming pools and the development of airway injury, allergic diseases, and asthma.>°
Although it is generally accepted that elite swimmers and lifeguards are the most likely
to be affected by such exposure,’'" the possibility that young children or recrea-
tional swimmers frequently exposed to such an environment will develop airway dis-
orders remains controversial.>*

This article discusses the current benefits and risks of swimming in chlorine-
disinfected swimming pools for subjects with and without asthma, and provides an
overview of the current knowledge on the effects of indoor pool environments on
the airways of swimmers.

BENEFITS OF SWIMMING IN SUBJECTS WITH ASTHMA OR EIB

EIB and exercise-induced asthma, which is evidenced by a fall in forced expiratory
volume in 1 second (FEV,) after exercises, can be observed in up to 90% of subjects
with asthma.?22® However, regular physical activity improves global health of these
subjects, reduces exercise-induced asthma symptoms, and should be part of asthma
management.?* In subjects with asthma, swimming is associated with a lower fre-
quency of EIB compared with running or cycling, when exercise is performed at
same the level of intensity.’2® For this reason, swimming is often recommended
because of its lower asthmogenicity. The precise mechanism underlying this protec-
tive effect is still unclear but it is most likely related to the influence of high humidity and
warm temperature of the air inhaled during exercise.'?® Additional mechanisms have
been proposed. For example the hydrostatic pressure shifts blood volume from the
legs to the chest, possibly counteracting excessive respiratory heat and water
loss.2® Through chest compression, the immersion-related pressure may also help
to reduce the expiratory effort.2® Another mechanism is the bronchodilation induced
by the CO, retention associated with hypoventilation secondary to a controlled
breathing pattern during swimming.2”

Influence of Humid and Warm Environment on the Airways

The respiratory heat and water loss associated with high minute ventilation during ex-
ercise seems to be responsible for EIB in subjects who are hyperresponsive.’-2%28
Although a reduction of airway temperature may influence EIB,?? the osmotic conse-
quences of respiratory water loss are thought to be most important.2® The increase in
airway osmolarity induces a movement of water across the airway epithelium to the
airway surface, to replace the respiratory water loss. An increase in osmolarity in
the local environment favors the release of inflammatory mediators, such as histamine,
prostaglandins, and leukotrienes from inflammatory cells. It is these mediators that are
thought to cause bronchoconstriction. Both ventilation and degree of humidification of
air inhaled during exercise determine the degree of water loss from the airways and
thus the chance of having EIB. Reducing water loss from the airways decreases the
possibility of EIB. On average, air humidity of swimming pools is about 60% (and likely
close to full saturation at the surface of the water), whereas mean air temperature is
usually around 27°C."320 |nhaling such humid and warm air during swimming can pro-
tect against EIB or reduce its magnitude. Although this has been debated,?' swimming
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remains less asthmogenic compared with running when minute ventilation and the
water content of inspired air during exercise are similar.??2® At the same ventilatory
rate, when the air is dry and less than 10 mg/H,O per liter, treadmill running but not
swimming generally induces EIB in subjects with asthma.2®

Influence of Hydrostatic Pressure, Body Immersion, and Breathing Pattern

The hydrostatic pressure exerts compression on the chest, which facilitates expira-
tion,3? and suppresses the dependence on gravity, facilitating the return of venous
blood from the legs to the chest.3® The shift of blood volume is thought to play a
role in modulating heat exchange and EIB.2® This was demonstrated by Gilbert and
colleagues®® who studied the influence of wearing antishock trousers (which cause
blood to shift acutely from the legs to the thorax on the airway response) to 4-minute
hyperpnea challenge. Whereas no change in FEV; was observed in control subjects
after wearing or not wearing antishock trousers (mean posttest FEV, fall, 2 + 1%),
in subjects with asthma, a significant reduction of bronchoconstriction was observed
(the mean posttest FEV, fall was 21% without and 3% with antishock trousers). The
authors suggested that the shift of blood from the legs to the thorax attenuated
hyperpnea-induced bronchoconstriction because of a concomitant change in airway
blood supply, which increases airstream temperature and disrupts thermal gradient
that develops after hyperpnea. However, the recumbent position also increases the
thoracic venous return yet it provides no protective effect against EIB.3*

A controlled breathing pattern caused by the different types of swimming, the mouth
being frequently under the water surface except in backstroke, and characterized by a
prolonged expiration, a short duration of inspiration, and hypoventilation may induce
CO, retention.?” The resulting hypercapnia can then induce a bronchodilation pro-
tecting from development of EIB.2”

Swimming Programs in Subjects with Asthma

Few studies have been conducted on the influence of physical activity programs in
swimming pools on severity and frequency of asthma exacerbations. Generally, the
authors recommend a 2-month physical retraining with 2- or 3-weekly sessions lasting
30 to 45 minutes, preferentially as interval training.3%~%2 The intensity of exercise varies
from one study to another, but exercising at the load at which ventilation and carbon
dioxide increase disproportionately to oxygen uptake (first ventilatory threshold) com-
bined with high-intensity periods has been shown to be well-tolerated for rehabilitating
people with respiratory diseases.®”*® Swimming programs in subjects with asthma
lead to an improvement in aerobic capacity, with a concomitant increase in the work-
load required to provoke EIB, a decrease in the severity of asthma exacerbations, 3640
hospitalization rate or unscheduled physician visits,*? daily medication,3¢3® school
absenteeism,*® and improved quality of life.3%40 Airway responsiveness may be
slightly reduced after swimming programs*? or unchanged.3%*® The benefits are prob-
ably not caused by swimming itself, but rather by the effects of participation in an ex-
ercise program, as suggested by studies showing improvements with non-swimming—
related training activities.*® Moreover, there is a possible influence on the airways of an
increased cholinergic tone caused by the immersion of the face in cold water (diving
reflex).** A positive correlation has also been observed between the decrease in heart
rate caused by the diving reflex and the dose of methacholine inducing a 45% fall in
airway-specific conductance.** The increased cholinergic tone observed in asthma
may play a role in the bronchoconstriction during face immersion in cold water.4®
Subjects with asthma who would like to perform swimming activities are often
encouraged to do so in a warm and humid environment. Physical activities other
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than swimming, however, may also be beneficial and could be selected according to
subjects’ preference. The potential problem of exposure to airborne irritants resulting
from water chlorination has not yet been fully addressed and the long-term effects of
swimming training programs need to be better documented.3¢4%4" Subjects with
asthma often report respiratory symptoms and may develop airway hyperresponsive-
ness (AHR) after attendance at a chlorinated pool,*6-#8 but swimming is less potent
than other types of exercises in provoking bronchoconstriction. It should be stressed
that most sports are well tolerated when medication is taken for prevention of EIB
(although if asthma is well controlled, the athletes rarely need a short-term preventa-
tive medication, such as inhaled short-acting . agonists).

EFFECTS OF CHLORINE-DISINFECTED SWIMMING POOL ENVIRONMENT IN CHILDREN
AND RECREATIONAL SWIMMERS

The interaction of chlorine with organic material and ammonium introduced into the
pool water by bathers, such as sweat, urine, soap residues, and cosmetics, produces
a variety of disinfection by-products (DBPs).3%4° Some DBPs are irritating for the air-
ways, whereas others are suspected of having carcinogenic potential with repeated
exposure to high concentrations.*® The agents most often described as potential in-
ducers of respiratory disorders are gaseous trichloramines (NCl3). The aerosols of
these products, just above the pool water, may also be detrimental but there are
few data available on the effects of these compounds.*®=52 The levels of DBPs in
the air depend on several parameters, such as the quantity of organic matter brought
by bathers into the water, the efficiency of the ventilation, water renewal, and water
characteristics.*®

Chronic Effects

The acute toxicity from inhaling high concentrations of chlorine and its by-products
has been recognized for a long time.53%% Evidence that low-dose exposure to
chlorine products may chronically damage the respiratory tract of elite swimmers,
lifeguards, and pool workers is also increasing.'' 2! Whether these products affect
recreational swimmers and children regularly attending chlorinated pools is, how-
ever, still controversial. A few recent cross-sectional studies involving child and
adolescent recreational swimmers or adult swimmers have suggested a relation-
ship between chlorinated swimming pool attendance and the development of
asthma or allergic diseases.58-10.61-64 |n those attending swimming pools during in-
fancy, a higher risk of bronchiolitis, which increases the risk of asthma and allergic
sensitization, has also been suggested,”®® although not confirmed.®® These find-
ings, however, do not allow a conclusion to be made in favor of an association
between attendance at swimming pools by recreational swimmers and the develop-
ment of asthma or allergic diseases. To the contrary, a recent prospective longitu-
dinal study performed in 5738 British children suggested that swimming did not
increase the risk of asthma or allergic symptoms.®” Furthermore, in this last study,
swimming was associated with improved lung function and a lower risk of asthma
symptoms, especially among children with preexisting respiratory conditions.
These controversial data stress the need for further research on the role of
swimming pool attendance in the development of allergic diseases and asthma.
Importantly, studies should be comparable and use similar inclusion criteria, meth-
odology, and statistical models to avoid inconsistencies. For example, hygiene
measures for swimming pool management vary among the countries and can
lead to different results.
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The “Chlorine Asthma Hypothesis”

Carbonnelle and colleagues® described a transient epithelial injury after a 1-hour
swimming session in a chlorinated environment in recreational swimmers, children,
or passively exposed attendees. As proposed by Bernard,®® such epithelial injury
could allow allergens to easy access to antigen-presenting cells, and possibly pro-
mote allergen sensitization (Fig. 1). It is possible that the development of allergic dis-
eases and asthma could be facilitated by repeated attendance at chlorinated
swimming pools in association with allergen exposure. The time of recovery from
the epithelium injury is short (12-24 hours)® and it remains to be determined whether
recreational swimmers training twice a week or more are at risk of developing allergic
diseases or asthma. There is nevertheless a need to improve disinfection techniques
and the hygiene and ventilation in indoor swimming pools to minimize chlorine by-
product inhalation and allow bathers to swim without significant risk. Further studies
should also consider swimming-induced rhinitis in a chlorinated environment, a
frequent problem that remains insufficiently studied.

ELITE SWIMMERS’ AIRWAYS

Swimmers, including synchronized swimmers, may train more than 30 hours per
week, and, if so, they belong to the athletic population with the highest number of
annual training hours. Consequently, they are particularly exposed to by-products
of chlorine-disinfection, especially NCls, which they probably inhale in high concentra-
tions from the air just above the water. It has been suggested that the increased
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Fig. 1. Simplified hypothesis on the combined roles of inhalation of chlorine by-products
and exercise in allergic sensitization, airway hyperresponsiveness, and asthma development.
Bold lines represent the additional effect of chlorine by-products on exercise. (Data from
Bernard A. Chlorination products: emerging links with allergic diseases. Curr Med Chem
2007;14:1689-99.)
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prevalence of allergy, respiratory symptoms, and AHR in swimmers who compete is
caused by the combined effects of DBP inhalation and the many hours per week of
training.’"-13.15

Prevalence of Airway Disorders and EIB in Swimmers

Swimmers are affected by lower and upper respiratory symptoms. During the training
season, 74% of competitive swimmers complain of nasal obstruction, rhinorrhea,
sheezing, or itching.®8:% Screening of competitive swimmers has also demonstrated
that up to 76% may have AHR or EIB when measured in the laboratory.’'2 The
prevalence of asthma before starting a competitive career seems to be similar or
slightly increased in swimmers, compared with athletes performing other sports or
healthy subjects. This suggests that most commonly, swimmers do not begin swim-
ming because of asthma, but rather develop respiratory disorders associated with
asthma during their athletic career. It is the recreational swimmers or children, rather
than the swimmers in training, who complain most often of respiratory symptoms
attributed to a strong chemical odor of chlorine.’™>”® Asymptomatic AHR or EIB
seems to occur more frequently in swimmers compared with athletes performing
other sports,’® which raises the question of symptom perception in competitive
swimmers and the clinical significance of AHR or EIB as documented in a laboratory
environment.

Significance of AHR and EIB

Several tests may be performed to diagnose EIB: exercise itself; eucapnic voluntary
hyperpnea of dry air (EVH); and inhalation of hyperosmolar aerosols, or mannitol (dis-
cussed elsewhere in this issue). The choice of the bronchoprovocation test is often
made according to availability, specificity, and sensitivity to identify potential for
EIB. Castricum and colleagues”’ reported that among 55% of swimmers who had a
positive diagnosis for EIB in response to EVH, only 3% had EIB after swimming 8 mi-
nutes at 85% of maximal heart rate or more. The authors concluded that EVH chal-
lenge was a highly sensitive test for identifying potential for EIB in elite swimmers, in
contrast to the swimming challenge test. The positive response to EVH observed in
swimmers may be secondary to an incomplete recovery of the airway epithelium
from the injury provoked by the cumulative effects of intense training in a chlorinated
environment. Because swimmers are not likely to experience significant dehydration
of the airways during swimming, a positive EVH test may indicate an intermediary state
between health and asthma, possibly a preclinical stage of asthma.”? Further studies
are needed to clarify the mechanisms and the significance of a positive bronchial prov-
ocation test in swimmers.

Mechanisms for Airway Disorders in Swimmers

Why swimmers have a high prevalence of AHR, as measured by various bronchopro-
vocation tests, is poorly understood. This AHR may develop after combined effects of
inhaling by-products of chlorine and the mechanical stress caused by repeated high-
level ventilation sustained during several hours of training per day.”®

AIRWAY INFLAMMATION AND EPITHELIAL DAMAGE: IS CHLORINE GUILTY?

The recent chlorine hypothesis suggests a link between exposure to by-products of
chlorine and allergic diseases or asthma in industrialized countries.?? Inhaled by-
products of chlorine have the potential to interact with airway epithelium resulting in
oxidative stress and airway inflammation. When inhalation of these by-products
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occurs repeatedly in elite swimmers it may result in an impairment of antioxidant
activity in the airways,”* and contribute to the development of allergic diseases,®?
increased airway responsiveness,'’~'® or symptomatic asthma.'#757¢ Inflammatory
and remodeling processes have been observed in the bronchial mucosa of competi-
tive swimmers when compared with nonathletes with mild asthma.”® The structural
changes observed in the bronchi of swimmers were independent of the documenta-
tion of AHR.”® We consider from our observations and others that intense swim
training in a chlorinated swimming pool on a recurrent basis may promote the devel-
opment of a specific phenotype of asthmatic airways in elite swimmers.

Despite the evidence implicating inhalation of chlorine by-products in the develop-
ment of airway disorders, the observed structural changes and hyperresponsiveness
may simply reflect a normal adaptive response to intense training. Indeed, remodeling
and inflammation of the airways have also been observed in bronchial biopsies of elite
skiers.”” In elite skiers repeated dry air hyperpnea may cause structural changes, and
evidence favors a high minute ventilation for inducing epithelial damage as reflected
by markers of increased airway permeability.578

Upper and Lower Airways Interaction

Respiratory symptoms originating from the upper airways are very common in swim-
mers.”®8% In a recent study of nasal cytology, Gelardi and colleagues®® observed nasal
inflammation of a neutrophilic type in most symptomatic elite swimmers, and they
attributed this to the irritant effect of chlorine. After 30-days using a nose-clip during
swimming, nasal symptoms were significantly reduced, particularly in those with
neutrophilic inflammation. This finding highlights the role played by the by-products
of chlorine on the nasal mucosa, either by inhaled gases or by the chlorinated water
directly entering the nose. It is likely that the effects of these by-products are similar
on the upper and lower airway epithelium.®!

Clinical Consequences and Possible Effects on Performance

Rhinitis has been shown to affect the quality of life of swimmers during an intense
period of training, and may thus have an impact on performance.®® Elite swimmers
with a diagnosis of asthma perform as well as or even better than those without
asthma during competitions.®? Although the potential for EIB, as documented by
a positive response to EVH, is high among swimmers, most competitive swimmers
do not report respiratory symptoms to their physician.'® It has been suggested that
they consider symptoms a normal phenomenon caused by intense training or the
presence of chlorine, and do not report them because they do not occur during
swimming but rather at another time. A positive response to EVH reveals potential
for EIB, and EIB may not necessarily occur after a swimming test or session. Some
swimmers, however, may have EIB and be asymptomatic when exercising in
the pool environment. Observations from a French study showed a significant
reduction in airway responsiveness in eight competitive swimmers after the
annual swimming pool cleaning compared with before the cleaning.8® Moreover,
in swimmers AHR/EIB and rhinitis can be transient and a partial remission has
been observed after a period of rest as short as 2 weeks without swimming
(Fig. 2).5%84 During a 5-year follow-up study, a significant attenuation of airway
responsiveness was reported in 26 elite swimmers after cessation of training for
at least 3 months, whereas no change was found in those swimmers who were still
involved in competitive swimming.8® Whether inflammation and remodeling of the
airways observed during a swimmer’s career may be reversible remains to be
determined.

401



402

Bougault & Boulet

Period of Training P=.007
Intense Light
128 4
51 64 -
10 4 E 32 4
= £
€ 15 - =16 A
- < Y
2 g
T 20 g 8
= S
& 5 4
S 4
E 25 g
s 2 ]
30
1 4
35
0.5
40 - Intense Light
P =.008

Period of Training
Fig. 2. Individual changes in percentage fall in FEV, after eucapnic hyperpnea challenge
(left) and in methacholine PCyq (right) according to the training period in 19 competitive
swimmers. EVH, eucapnic voluntary hyperpnea of dry air. (Data from Bougault V, Turmel
J, Boulet LP. Airway hyperresponsiveness in elite swimmers: Is it a transient phenomenon?
J Allergy Clin Immunol 2011;127:892-8.)

SPECIFIC MANAGEMENT OF AIRWAY DISORDERS AND PREVENTION IN SWIMMERS

Management of asthma in athletes is mainly based on current guideline recommenda-
tions,®%87 and is the same for swimmers as for other athletes. However, whether one
should treat asymptomatic swimmers with increased airway responsiveness to a
bronchial provocation test as one would for a patient with asthma is still debated
and currently difficult to answer. Obviously, the best measure to reduce the potential
impact of swimming in chlorinated swimming pools on the airways should be to
reduce the release of chlorine by-products into the ambient air of the pool. Because
NClIs levels in the air above swimming pool water are influenced by the interaction be-
tween bathers’ hygiene and water chlorine by-products, a reduction of human protein
matter in the water may lessen respiratory health problems of swimmers. To do so,
simple hygienic measures should be taken by the bathers, such as to take a shower
and take off make-up and other cosmetics before entering the pool, to wear a swim
cap, not to urinate in the water, and to use a swimsuit reserved exclusively for swim-
ming.®® To reduce exposure to volatile chemical contaminants, the concentration in
water should be controlled and there should be adequate air flow across water surface
(from forced or natural ventilation) and adequate amounts of fresh air.

One may ask if chlorine disinfection should be replaced by another method. Indeed,
alternative chemical disinfectants, such as ozone, copper-silver, and bromine-based
products, are being used increasingly. Bromine-based disinfectants are an alternative
to chlorination,®® whereas ozone and ultraviolet irradiation may be useful to eliminate
chlorine by-products or reduce the quantity of chlorine required for disinfection.49:90-92
Copper-silver ionization is also used in some countries and seems to have less dele-
terious effects on the airways.®®® Each disinfectant, however, produces a variety of
by-products and has variable efficacy in eliminating microorganisms. The properties
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of each disinfectant should therefore be assessed more thoroughly to ensure sufficient
water disinfection, particularly in high-attendance pools, while avoiding untoward
consequences on the airways.

WHAT IS NEXT?

Further studies should be conducted on the specific effects of DBPs on the airways of
elite swimmers, and initiated in children and recreational swimmers. The impact of
airway disorders on athletic performance and on the health of swimmers during and
after their training career should be evaluated. The management of swimming pools
can be improved to ensure proper disinfection of the water while also reducing the
DBP released. Comparisons of the effects of chlorinated and nonchlorinated swim-
ming pools on the airways and the effects of chlorinated pools with or without the
use of strict rules of hygiene should also be promoted.

SUMMARY

Swimming is a healthy activity and is well tolerated by most subjects with asthma. This
is likely because of the high humidity of the ambient air that results in less heat and
water loss from the airways during exercise reducing the risk of experiencing EIB.
For this reason swimming is frequently recommended to subjects with asthma to
improve their aerobic capacity and quality of life. However, there is increasing evi-
dence of an impact from exposure to by-products of chlorine on the development
of airway disorders, including asthma, AHR, rhinitis, and allergic diseases. Elite swim-
mers are particularly concerned because the prevalence of airway disorders is the
highest among this group compared with other athletes. Both the high ventilation of
exercise and the inhalation of chlorine by-products are likely to contribute to the devel-
opment of these disorders. Further studies are needed to characterize more specif-
ically the role of by-products of chlorine on the airways and the development of the
structural changes in the airways that are observed in swimmers.
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