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Abstract

The evidence of exercise-induced bronchoconstriction (EIB) without asthma (EIBwA)

occurring in athletes led to speculate about different endotypes inducing respiratory

symptoms within athletes. Classical postulated mechanisms for bronchial obstruction

in this population include the osmotic and the thermal hypotheses. More recently,

the presence of epithelial injury and inflammation in the airways of athletes was

demonstrated. In addition, neuronal activation has been suggested as a potential

modulator of bronchoconstriction. Investigation of these emerging mechanisms is of

major importance as EIB is a significant problem for both recreational and competi-

tive athletes and is the most common chronic condition among Olympic athletes,

with obvious implications for their competing performance, health and quality of

life. Hereby, we summarize the latest achievements in this area and identify the cur-

rent gaps of knowledge so that future research heads toward better defining the

etiologic factors and mechanisms involved in development of EIB in elite athletes as

well as essential aspects to ultimately propose preventive and therapeutic measures.
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1 | INTRODUCTION

It has long been recognized that physical exercise may induce respi-

ratory symptoms in susceptible individuals.1 In fact, exercise has

been implicated as the most common trigger of an acute asthma

attack among elite athletes who have been clinically diagnosed with

asthma, and it has been documented that the airways of most indi-

viduals with asthma are hyper-responsive to exercise. Nevertheless,

the term exercise-induced asthma (EIA) only became popular in the

1960s and 1970s when several reports addressed the pattern of air-

way response to exercise and the influence of drugs on EIA, particu-

larly in children.1-3

In the 1970s, the prevalent impression was that there was no

evidence that EIA occurred in other patients rather than asthmatics,

and although sporadic cases had been reported where exercise

appeared to be the only precipitant of asthma, careful investigation

usually revealed other clinical and physiological manifestations of

asthma.4 Later, however, the concept that exercise may induce bron-

chial obstruction only in asthmatic patients has been questioned.5 In

fact, nowadays many experts advocate using the terminology “exer-

cise-induced bronchoconstriction” (EIB) instead of EIA as it does not

imply that the patient has underlying chronic asthma or that exercise

actually “causes” asthma.6 EIB that occurs in athletes without other

features of asthma has peculiar clinical and pathologic features.

Accordingly, some authors started to consider it as a distinct pheno-

type.7 Several elite athletes who are diagnosed with EIB have nei-

ther personal nor family history of asthma, suggesting that in such

cases environmental factors are more important than genetic
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inheritance. At rest, they seldom experience asthma symptoms,8

which rather occur during high-intensity exercise. So, accordingly,

we proposed designating EIB with asthma (EIBA) the occurrence of

bronchial obstruction after exercise in asthmatic athletes, and EIB

without asthma (EIBwA), the occurrence of bronchial obstruction

induced by exercise in athletes without other symptoms and signs of

clinical asthma.

Previously, the possibility of two different phenotypes among

athletes has been suggested: the pattern of “classical asthma” char-

acterized by early onset of asthma in childhood, bronchial hyper-

responsiveness (BHR) diagnosed by methacholine challenge, atopy

and signs of eosinophilic airway inflammation; and another pheno-

type with onset of respiratory symptoms during sports career, BHR

to eucapnic hyperventilation test (EVH) and a variable association

with atopic markers and eosinophilic airway inflammation.9 More

recently, using latent class analysis, Couto et al.10 identified two dis-

tinct phenotypes of EIB in athletes: “atopic asthma” defined by the

occurrence of allergic sensitization, increased levels of exhaled nitric

oxide, rhinitis and other allergic comorbidities; and “sports asthma”,

defined by the presence of exercise-induced respiratory symptoms

and BHR in the absence of allergic features. Of note, these two phe-

notypes match with the proposed definitions of EIBA and EIBwA.

Moreover, it has been revealed that athletes practicing water

and winter sports show an increased risk of “sports asthma”,10 corre-

sponding to EIBwA. These are among sports with a higher prevalence

of athletes with EIB,11 which is consistent with the hypothesis of

the sport practicing itself and the environmental conditions during

training and competition influencing the occurrence of EIB.

Hereby, we identify the latest evidences regarding EIB in athletes

so that future research in this area overcomes the current gaps of

knowledge, to better define the etiologic factors and mechanisms

involved in development of EIB in elite athletes.

2 | DEVELOPMENT AND RISK FACTORS
FOR EIB IN ATHLETES

EIBwA in athletes is thought to be the result of years of intensive

training.12 So far, only indirect evidence for this association has been

provided.13-15 Alternatively, some elite athletes, such as elite swim-

mers, started sports at young age, which might result in several years

of daily exercise with specific environmental exposure before

becoming a professional athlete. This increases their risk to develop

EIBwA at young age or during their adolescence. Eucapnic voluntary

ventilation (EVH) has been proposed as the gold standard to detect

EIB in athletes, but more studies are needed to recommend EVH for

screening of EIB in young athletes.16-19 The prevalence of EIB has

been evaluated in young (12-14 years) elite swimmers by EVH but

no significant increased prevalence in EIB was detected compared to

age-matched controls, although the magnitude of the reduction in

FEV1 was higher in swimmers than controls.20 A recent study com-

pared young (12-14 years) swimmers, basketball, and football players

and found the highest prevalence of EIB in swimmers, but only small

groups were analyzed.19

Longitudinal follow-up of young athletes is needed to unravel

the mechanisms behind the development of de novo EIB in athletes

throughout their sports career. Such studies might identify risk fac-

tors that are associated with EIBwA and provide biomarkers that can

early on predict occurrence of EIBwA. The different prevalence of

EIB between sports disciplines raises the possibility that exercise per

se, or even repeated increased ventilation, may not be the only

mechanism involved in the development of these conditions in ath-

letes. EIB may be modulated by the baseline condition of the subject

or by sport-specific characteristics. The level of exercise load is fun-

damental, and a kind of “biological gradient” may seem to occur, and

can be evaluated by examining exposure time in a sport or cumula-

tive hours of training and how this modifies the risk of airway dys-

function.21,22

Environmental factors, involving the “type” and “content” of the

ambient inhaled air, also play an important role,23 while immune and

neuronal influences could play a modulatory role. The quality of

inspired air is dependent on the type of exercise (e.g, indoor/out-

door)24 and sport-specific conditions (e.g, winter and water sports).1

Extrinsic factors, together with intrinsic factors, can affect athletic

performance.25 It has long been recognized that atopy is positively

associated with EIB and increased BHR in athletes.26,27 For instance,

with pre-existent airway inflammation or BHR, such as in a patient

with allergic asthma and consequent EIBA, an amplification of these

mechanisms should be expected; it has been proposed that exposure

to allergens in the presence of microvascular leak and exudation of

plasma, caused by epithelial injury induced by increased ventilation

during exercise, may induce airway “sensitization”.28 This “passive

sensitization” could occur in nonasthmatic athletes who are atopic

because they are likely to have more mast cells and more mediators,

and their microvasculature will probably be more permeable.28 How-

ever, uncertainty remains regarding the relative contributions of

these factors in explaining the high degree of bronchospasm seen in

various populations of athletes.

Both training in a cold air26 and swimming pool27 environment had

been previously identified as risk factors for EIBwA and were recently

confirmed.10 Another recent study evidenced that EIB was present in

60% of swimmers and 29% of cold-weather athletes compared to only

17% of nonathlete controls.29 For athletes practicing water and winter

sports, in addition to frequent episodes of prolonged hyperpnoea,

their sports performance demands exposure to potentially sport-speci-

fic environmental noxious stimuli.22,25 Increased neutrophil counts in

induced sputum from both swimmers and winter sports athletes have

been observed, and interestingly, they were correlated with the num-

ber of training hours per week in both groups.13

Hyperpnoea with cold dry air represents a significant environ-

mental stress to airways and it has been previously reported that

exposure to cold air cause parasympathetic stimulation of airways,

contributing to EIB.30 It has been observed that during one competi-

tive winter season, adolescent cross-country skiers develop signs of
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inflammation (lymphoid follicles and deposition of tenascin) in their

bronchial biopsies.31 Airway neutrophilia has been shown to be cor-

ticosteroid insensitive.32 In a placebo-controlled study, treatment

with inhaled corticosteroids did not show any beneficial effect in

cold air athletes.33 Alternative strategies are therefore needed for

treating EIB in these types of athletes.

The association between EIB in relation to indoor swimming

facilities is likely the result of the chemical disinfectants used in

pools and the poor air circulation in these indoor facilities. Competi-

tive swimmers with allergic asthma show a mixed type of airway

inflammation.34 It has been argued that an increase in neutrophils is

a consequence of endurance training and that increased eosinophils

and lymphocytes result from exposure to a chlorine-rich atmosphere

and microaspiration of water droplets related to the sport.20,35 It has

been shown that swimming has the highest prevalence of BHR in

comparison with the other aquatic disciplines and that endurance

aquatic disciplines have a higher prevalence than the aquatic non-

endurance disciplines.36 The high prevalence of EIB among

swimmers compared to the other aquatic disciplines points to other

etiologic factor than only environmental exposure, such as training

intensity, type, and/or duration.36 This finding emphasizes the need

for further research to determine the etiologic mechanism of EIBwA

in swimmers including long-term follow-up studies.

The prevalence of EIB is highest also in athletes who are

exposed to environments with high concentrations of particulate

matter and/or gaseous irritants37 (Table 1). The deposition of pollu-

tants is greater during high-ventilation exercise by allowing more irri-

tants to reach the distal airways. High levels of CO2, NO2, and

ultrafine particles are often present in indoor ice rinks,38 and a high

prevalence of respiratory symptoms in ice-hockey players has been

shown,39,40 as well as in speed skaters.41 Pollen, molds, and environ-

mental pollutants may influence performances and the presence of

EIBA in allergic athletes practicing outdoor sports.26 Pollution from

traffic may influence air quality in athletic fields.42

3 | MECHANISMS OF
BRONCHOCONSTRICTION IN ATHLETES

Exercise-induced bronchoconstriction was initially proposed to be

secondary to mediator release from mast cells.43 More recently,

however, it has been proposed that the refractory period observed

after a positive exercise challenge may not be associated with

decreased levels of the primary mediators of bronchoconstriction

released from mast cells, but probably with the release of a protec-

tive prostaglandins, presumably PGE2, and possibly the desensitiza-

tion of the cysteinyl leukotriene receptor.44 Injury to the airway

epithelium, overexpression of cysteinyl leukotrienes, relative low

protection of prostaglandin E2, and greater airway eosinophilia have

been found to be distinctive immunopathologic features of asthma

with EIB, demonstrating an inflammatory basis of EIB.45 A relation-

ship between columnar epithelial cells in induced sputum and sever-

ity of EIB was shown, as well as an association between the

concentration of columnar epithelial cells with the levels of his-

tamine and cysteinyl leukotrienes in the airways, confirming the role

of mediators’ release.46 Although mediator’s release does contribute

TABLE 1 Sports with different levels of EIB risk (adapted from
Del Giacco et al.21)

Risk Characteristics Examples of sports

Low-risk

sports

Sports in which the

athlete performs

a <5-8 min effort

Track and field:

Sprint (100, 200,

and 400 m)

Middle distance (800

and 1500 m)

Hurdles (100, 110,

and 400 m)

Jumps

Throws

Decathlon

Heptathlon

Tennis

Fencing

Gymnastics

Downhill skiing

Boxing

Golf

Body building

Weightlifting

Martial arts

Medium-risk

sports

Sports in which the

continuous effort

rarely lasts more

than 5-8 min

Soccer

Rugby

American football

Basketball

Volleyball

Handball

Baseball

Cricket

Field hockey

High-risk

sports

Sports in which the

athlete performs

a >5-8 min

effort and/or in a

dry/cold air

environment

and/or in

a noxious (chlorine

exposure, ultrafine

particles, traffic air

pollution) air

environment

Swimming

Water polo

Track and field:

Long distance (5000

and 10000 m)

3000 m steeplechase

Pentathlon (mixed)

Walks (20 and 50 km)

Marathon

Cycling

Cross-country skiing

Ice hockey

Ice skating

Biathlon

High-altitude sports
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to EIB, pathophysiologic changes induced by intense exercising are

definitely more complex. At present, it is widely accepted that it is

likely multifactorial and is probably caused by exercise-induced

increased ventilation and related changes in airway physiology. The

increased ventilatory rate needed to meet the higher muscular oxy-

gen requirements during exercise challenges the ability of the air-

ways to condition the inhaled air to the correct moisture and heat

levels before the air reaches the alveoli. Vigorous exercise results in

the inhalation of increased volumes of relatively cold and dry air,

resulting in key pathogenic events related to EIB: airway osmotic

changes, epithelial injury, airway inflammation, and neuronal activa-

tion. Figure 1 summarizes the players in the pathophysiology of EIB.

Classical postulated mechanisms behind EIB include the “os-

motic” and the “thermal” hypotheses. Both are based on the exer-

cise-induced increased ventilation, which seems to be the most

important factor inducing water loss and mucosal cooling and dehy-

dration.28 Due to the increased ventilation, the airway surface liquid

becomes hyperosmolar as water is evaporated. Using a time-depen-

dent mathematical model of the heat and water vapor transport in

the human respiratory tract for mouth breathing, Daviskas et al.47

concluded that contribution of each airway to the conditioning of

inspired air was found to depend on the inspired air conditions and

the pattern of breathing. The rate of water loss on the lower airways

during hyperpnea was calculated at a much faster rate than in the

resting state,47 providing an osmotic stimulus for water to move

from any cell nearby, which results in cell shrinkage and release of

inflammatory mediators that cause airway smooth muscle contrac-

tion and airway obstruction.28 Airway cooling stimulates cholinergic

receptors in the airways, increasing airway smooth muscle tone, and

airway secretions.48 During and mostly postexercise a rewarming

process begins, as a physiological consequence of the previous cool-

ing and cause secondary hyperemia, and by that increased perme-

ability in capillaries, which contributes to a leakage of fluid from the

capillaries to the submucosa.49

Studies of airway pathology in athletes are scarce, but various

investigators have documented increased levels of airway cellular

inflammatory markers,39,50-52 increased eosinophils,34,53 neu-

trophils,15,31,34,51 and/or epithelial cells.13 Recently, an increased

presence of damage-associated molecular patterns (DAMPs) in the

sputum of athletes was demonstrated,15 which may act as early

inducers of the pro-inflammatory cytokines. Interestingly, the inflam-

matory markers observed in athletes airways are not consistently

related to lung function, BHR, or disease exacerbations.52,54-56 Stud-

ies on the effects of anti-inflammatory drugs such as montelukast57

and inhaled corticosteroids33,58 in elite ice-hockey players and cross-

country skiers have reported no beneficial or only partial effect on

asthma-like symptoms, BHR, or airway cellular inflammation. Sue-

Chu et al.31 showed that during one competitive winter season, ado-

lescent cross-country skiers developed signs of inflammation in their

bronchial biopsies whether they were asthmatic or not. Airway

inflammatory cells are increased but not activated in athletes, both

at rest and after exercise.35 Therefore, it has recently been proposed

F IGURE 1 Emerging mechanisms of exercise-induced bronchoconstriction
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that the increased airway inflammatory cells in athletes represent

physical injury secondary to vigorous hyperpnoea that heals with

rest and may not be the initial factor implying detrimental effects on

respiratory health.35,51,54,56,59,60 In accordance, it has been shown

that although airway inflammation decreases after finishing competi-

tive swimming, the prevalence of asthma diagnosis and use of medi-

cation increase significantly in both active and past adolescent

swimmers, suggesting a relative independence of the two condi-

tions.61

Emerging evidence indicates that injury to the airway epithelium

caused by vigorous exercise is a key susceptibility factor for EIB28,45

(Figure 1). Injury of the distal airway epithelium was originally

demonstrated after endurance training in half-marathon runners.62

The small-airway epithelium seems to be the most affected by dam-

age and repair, as shown in mice studies.63 Strenuous exercise char-

acteristic of endurance sports is believed to have a detrimental

effect on the respiratory epithelium structure, inducing a cascade of

events that will favor bronchoconstriction.64 The evidence to sup-

port this proposal comes from markers of airway epithelial injury.

Clara cell secretory protein 16 (CC16) is a peripheral marker for

assessing the epithelial barrier injury in the lower airways. It has

been previously shown that acute exercise induces epithelial stress

by demonstrating that CC16 is increased after exercise in urine65,66

and in serum,15,62,67 as well as after eucapnic voluntary hyperventila-

tion68 in athletes. Whether the increase in airway osmolarity also

induces an increase of urinary CC16 levels is not clear, as two stud-

ies investigating the effect of mannitol challenge showed conflicting

results.66,69 In contrast to acute challenge, several studies revealed

that baseline levels of CC16 in serum are considerably low in Olym-

pic athletes70; this chronic reduced presence of CC16, an anti-

inflammatory factor, may additionally contribute to airway inflamma-

tion and hyper-responsiveness.70

Besides the repeated training activity with high ventilation, also

the environmental conditions could further contribute to increase

both airways epithelial damage and inflammation. Swimmers are

exposed to high levels of chlorine and chlorination by-products, such

as trichloramine. A sudden increase in airborne trichloramine levels

in an indoor swimming pool was associated with the presence of

BHR in 85% of competitive swimmers.71 In accordance, it has been

observed that acute exposure to these lung irritants produces an

increase in CC16.72 However, serum CC16 in trained swimmers peak

immediately after strenuous exercise, both in the copper/silver pool

and in the chlorinated pool,67 which raises the question about the

relative role of trichloramines vs the epithelial injury induced by high

ventilation.

It has also been shown that bronchial epithelial cells are released

in higher amounts into sputum (epithelial shedding) of cold air ath-

letes and swimmers13 highlighting the impact on epithelial layer. The

high degree of persistent epithelial cell shedding is not associated

with airway inflammation but suggested significant underlying airway

injury.13 Moreover, a damaged airway epithelium might result in

release of DAMPs in the airways of athletes15 as both bronchial

epithelial cells and alveolar macrophages release DAMPs.

Although signs of injury to the airway epithelium have been

observed at rest in swimmers13 and after half-marathon races in

nonasthmatic runners,62 no such evidence was obtained at rest in

cold air athletes13 or after a marathon in nonasthmatic runners.35

The phenomenon of epithelial injury might be restricted to those

athletes with proven EIB. Indeed, elite swimmers with a positive

EVH test showed significantly increased sputum uric acid levels after

EVH, while this was not seen in swimmers with a negative EVH

test.15 Damage of the airway epithelium therefore potentially con-

tributes to EIB in athletes, but additional research is needed. As pre-

viously shown, the distresses to the airway epithelial barrier induced

by hyperpnea seem to be transient.68 It is possible that periods with

heavy training and periods with frequent and repeated competitions

may maintain the epithelial damage as a stimulus for inflammation,

but in periods with less heavy training the epithelium is restituted

reducing the inflammatory stimulus.

One consequence of epithelial injury is replacement of ciliated

epithelial cells by mucin-secreting cells and primarily goblet cells and

athletes show more goblet cell hyperplasia and higher mucin expres-

sion than healthy or asthmatic subjects.14

An individual and exercise-specific etiologic factor for EIB in ath-

letes may be the autonomic dysregulation associated with high-

intensity and prolonged physical training. Cross-sectional studies

show that endurance-trained subjects have higher parasympathetic

activity than untrained subjects.73-75 The cholinergic-parasympa-

thetic nerves stimulate bronchoconstriction, and in humans this is

the predominant innervation at the bronchial level.48 Intensive

endurance training is believed to have an effect upon autonomic

regulation promoting vagal activity predominance as a compensatory

response to the sympathetic stimulation associated with frequent

and intense training. The vagal hegemony induces the well-known

resting bradycardia of athletes, but given that the parasympathetic

system modulates airway tone, it is hypothesized that hyperactivity

of that system would produce an increase in basal bronchomotor

tone and contribute to BHR. Increased parasympathetic activity has

previously been reported in endurance-trained athletes measured

both by the parasympathetic activity of the eye by pupillometry in

long distance runners74,75 and of the cardiovascular system by the

variation in the heart rate induced by an exercise test.76 Park et al.77

found a relationship between BHR and a diminished sweat secretion,

tearing and salivary flow rate in healthy athletes, indicating auto-

nomic dysfunction. Furthermore, a significant correlation between

heart rate variability indices and V’O2max was shown,78 which sug-

gests that endurance training and increased aerobic capacity are fol-

lowed by increased parasympathetic activity. Recently, it has been

shown significant correlations between parasympathetic parameters

and PD20 methacholine in elite swimmers with clinically relevant

BHR.79 However, although the estimated parasympathetic tone

seems to be higher in athletes, one study concluded that this param-

eter shows only a weak correlation with PC20 methacholine, suggest-

ing that parasympathetic activity may act as modulator of airway

responsiveness, but the increased prevalence of BHR in athletes may

be related to the type and possibly the content of inhaled air during
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training.80 Stang et al.81 have also recently shown that the type of

sport influences the relationship of BHR to parasympathetic activity.

The dysfunctional neuro-immune interface may also play a role

in the pathogenesis of EIB due to a neurogenic inflammation path-

way.82 Increased circulating levels of substance P, one of the major

initiators of neurogenic inflammation, has been found after strenu-

ous exercise.83 Crimi et al.84 demonstrated that bronchoconstriction

induced by substance P may be due to cholinergic activation. Fur-

thermore, it has been shown that acetylcholine released from the

respiratory epithelium may have a stimulant effect upon airways

inflammation.85 Also, intense and prolonged physical exercise is

associated with increased nerve growth factor serum levels in ath-

letes.86 It was recently showed, in a mouse model, that BHR can be

induced by a single hypochlorite-ovalbumin instillation, indepen-

dently of bronchial influx of inflammatory cell,87 highlighting the role

of transient receptor potential ankyrin 1 channel on nociceptive air-

way sensory nerves in nonallergic BHR.87 These chemoreceptors are

expressed on substance P-producing airway sensory nerve fibers and

are involved in irritant-induced airway disease, and the activation of

substance P receptor leads to bronchoconstriction.

In a broad and integrative perspective, the final model probably

results from the interplay of all mentioned factors. The repeated

heavy ventilation during endurance training acts as an early local res-

piratory injury inducing and maintaining airway inflammation and

delaying epithelial repair. Inflammation is a nonspecific response of

tissues to injury, which usually leads to repair and restoration of the

normal structure and function. The restorative process after injury

involves plasma exudation and movement of cells into the airways, a

process repeated many times during a season of training.28 This pro-

cess has the potential to expose smooth muscle to a wide variety of

plasma- and cell-derived substances. The exposure to these sub-

stances over time can lead to an alteration in the contractile proper-

ties of the smooth muscle and turn it more prone to

bronchoconstriction. BHR is likely a result of both those structural

airway changes, the so-called airway remodeling, and increased bron-

chial tonus related to higher parasympathetic activity. Research

should follow this hypothesis and investigate whether drugs inhibit-

ing bronchial parasympathetic activity, such as anticholinergics, are

more effective for bronchodilation in athletes. These changes may

be self-perpetuating by the frequent repetitive training sessions, but

also stimulated by ambient environmental exposure where the sport

is being performed.

4 | LONG-TERM EFFECTS OF SPORTS ON
THE AIRWAYS OF ATHLETES

The development of BHR is known to increase with age.20,88,89 Of

the 193 athletes competing at the 2006 Winter Olympics who met

the IOC’s criteria for approval of use of anti-asthmatic drugs in

sports, only 32.1% had childhood asthma and 48.7% of athletes

reported onset of EIBwA at age 20 years or older.90 Increased num-

bers of both eosinophils and mast cells were observed in bronchial

biopsies of competitive adult swimmers.14 These findings lead to the

hypothesis that the relatively late onset of EIBwA in many older ath-

letes is related to the years of endurance training.11 This hypothesis

is supported by a recent study: Kn€opfli et al.91 studied a small sam-

ple of seven athletes from the Swiss national triathlon team, who at

baseline were characterized as nonasthmatic and who had performed

at international level for at least three consecutive years. Three of

seven developed EIB over a 2-year period. Additional longitudinal

studies on bigger sample sizes are, however, required to confirm

these data.

Two studies prospectively assessed long-term BHR and airway

inflammation in swimmers.54,61 Helenius et al.54 showed that BHR is

reduced 5 years after finishing intensive swimming. In addition, both

Couto et al. and Helenius et al.54,61 found that after follow-up, eosi-

nophilic airway inflammation was aggravated among those swimmers

who remained at high-level training and tended to attenuate in

swimmers who finished their sports careers. In contrast to the effect

of quitting sports for a long term, no significant change for swim-

mers’ airway inflammatory cell counts was observed when comparing

time points after intensive training or after training cessation for at

least 2 weeks.92

Our current knowledge of the natural history of EIBwA in elite

athletes is incomplete, and further studies are clearly needed to

determine how many athletes will continue to experience EIB in the

years after they cease intensive endurance training.11

5 | FUTURE PERSPECTIVES

Genetic susceptibility, epithelial sensitivity, and neurogenic mecha-

nisms should all be taken in account when explaining the athlete’s

individual risk of bronchoconstriction.82 Why some, but not all, ath-

letes develop EIBwA should be the main focus of research in this

field in the future, and it is crucial that athletes with this specific

endotype are separated from those with EIBA in upcoming studies,

because the underlying mechanisms of these conditions probably dif-

fers. Forthcoming research should head toward these hypotheses.

Genetic susceptibility to EIB is a possible cause that should be

explored in the future. There are several genetic alterations that may

predispose to or protect athletes from EIBwA, of which some have

already been pointed out and need further exploration: (i) the upregu-

lation of PPT-1 gene, from which substance P is derived from, and

the over-expression of NK-1 receptors82; (ii) functional polymor-

phisms of the aqueous water channel aquaporin (Aqp) 5 that may

contribute to protecting the airways reactivity to nonspecific stimu-

lus77; (iii) a tendency toward increased epithelial damage and suscepti-

bility to oxidative stress.93 Genetic alterations that account for

intrinsic antioxidants and inflammatory mediators in bronchial tissue

may indicate whether inhalant irritants will initiate the development

of EIB. It has been claimed that acute physical exercise performed at

high intensity may result in oxidative stress, due to reactive oxygen

species being generated excessively by enhanced oxygen consump-

tion. This phenomenon, usually defined as exercise-induced oxidative
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stress, has been implicated in the damage of cellular membranes,

increased cellular swelling, and decreased cell membrane fluidity. It is

noteworthy that CC16 is produced to protect the respiratory tract

against inflammation, but also against oxidative stress.72 Interestingly,

CC16 gene polymorphism has been associated with BHR.94 It has

been recently evidenced that levels of 8-isoprostane in exhaled

breath condensate increase after training in swimmers, suggesting

that exercise-induced hyperpnoea in a chlorinated pool environment

increases airways oxidative stress.95 The evidence in a mouse model

that BHR can be induced by a single hypochlorite-ovalbumin instilla-

tion, independently of bronchial influx of inflammatory cell, high-

lighted the role of transient receptor potential ankyrin 1 (TRPA1)

channel on nociceptive airway sensory nerves in nonallergic BHR.87

Question remains if a similar mechanism could occur in the athlete

exposed to irritants such as disinfection by-products in swimming

pool or ozone and others when training outdoor, independent of their

atopic and asthmatic status.82 Currently, there is no published

research relating genotype to EIB specifically in regard to swimmers

and chloramine exposure and that is a pertinent hypothesis to pursue.

As mentioned, current views on the EIB pathogenesis go well

beyond initial osmotic and thermal hypotheses. New cytokines are

being investigated in the context of their potential contribution to

exercise-associated respiratory symptoms.96 A promising research

field that remains unexplored pertains to cytokine imbalance in the

pathogenesis of EIB. Studies are scarce regarding Th1/Th2 response

in EIB-affected subjects.97 Thus, there are still many open questions

and further studies are needed with respect to various aspects of

the pathogenesis of EIB.

Epithelial injury is induced upon repeated and sustained exposure

of the airways to high volumes of air during intensive exercise.

These effects are even stronger when exercise is performed in an

irritant environment (chlorine for swimmers or cold air for winter

sports). The Clara Cell secretory protein 16 is present at the luminal

side of the epithelium and may diffuse to the blood vessels when

the epithelium is damaged. As such, it can be used as a serum bio-

marker of airway epithelial injury. Activation or injury of the epithe-

lium may cause release of damage-associated molecular patterns

(DAMPs), such as uric acid or high mobility group box 1 (HMGB-1).

These molecules can directly stimulate cells of the innate immune

system (e.g, macrophages), with the induction of pro-inflammatory

cytokines (TNF, IL-1b, or IL-6). These cytokines are involved in dif-

ferentiation of Th17 cells or type 3 innate lymphoid cells. Inter-

leukin-17A (IL-17A) induces IL-8 production by the airway epithelial

and structural cells, which is a well-known chemokine for neu-

trophils. On the other hand, irritants such as hypochlorite might also

directly activate transient receptor potential channels A1 (TRPA1) on

afferent nerves and cause release of substance P or neurokinin A.

These neuromediators activate mast cells, which release histamine,

prostaglandins, and leukotrienes (LT) such as Cys LT and LTB4 that

might cause bronchoconstriction. Lastly, increased ventilation also

leads to airway dehydration, increased airway osmolarity, and

thereby cell shrinkage followed by mediator release and bronchocon-

striction.

Despite the increased risk of EIB in elite sports, the physical,

mental health, and lifestyle benefits of participation in the sport are

numerous and with attention to the current findings and future

research, healthy participation in sports at the elite level can be

improved and enjoyed.
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