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Abstract
Exercise-induced bronchoconstriction (EIB) is a
very common disorder that may have consider-
able impact on the lives of those who suffer from
its symptoms. Often, we contrast the significance
of EIB on recreational versus competitive
(or elite) athletes. Any athlete with EIB, from
recreational to elite, Olympic, or competitive
athletes, may have a comparable decrease in
quality of life as a direct consequence of impaired
overall exercise performance. EIB is an indicator
of active and treatable airway pathophysiology
consistent with asthma, identifying the presence
of airway inflammation and sensitive airway
smooth muscle. It also identifies airways that
are treatable by pharmacotherapies that are suc-
cessful in the treatment of asthma. It is important
to identify objectively EIB in the athlete using
standardized bronchial provocation tests as
symptoms are not a useful diagnostic predictor
of the presence or severity of EIB. It is important
to treat EIB in a similar manner as treating
asthma. Optimal treatment should not just
decrease daily symptoms of asthma, but signifi-
cantly attenuate or even abolish EIB. To achieve
this, the health-care providermust understand the
prevalence, pathophysiology, diagnostic modali-
ties, and underlying mechanisms of EIB.

Keywords
Exercise-induced bronchoconstriction ·
Asthma · Athlete · Bronchial provocation
testing

17.1 Introduction

The presence of active asthma in either a recrea-
tional or elite level athlete can manifest as
exercise-induced bronchoconstriction (EIB). The
presence of EIB can impact an individual’s opti-
mal exercise performance at best and at worst can
put an individual at risk of a severe and possibly
life-threatening attack of asthma. It is essential
that the presence and severity of EIB be
documented and treated optimally, with the goal
to attenuate or abolish EIB.

EIB is the term used to describe the transient
narrowing of the airways or bronchial hyper-
responsiveness (BHR) that occurs either during
exercise, although most commonly following,
vigorous exercise. EIB can occur in persons
with active asthma; however, it can also occur
alone in the absence of daily asthma symptoms.
Thus, EIB can commonly be seen in the elite or
recreational athlete. Pharmacotherapy in the
treatment of asthma is efficacious in the treat-
ment of EIB, and there appear to be similarities
in the airway pathophysiology. As EIB can be
frequently documented in those with active
asthma, it is thought to reflect insufficient con-
trol of the pathophysiology of underlying
asthma. The prevalence of EIB can be difficult
to determine in different populations and in dif-
ferent regions. However, in elite athletes the
prevalence can be higher than observed in the
general population. Further, the prevalence can
also vary based on the intensity of the exercise
or the environment (e.g., ambient conditions)
where the exercise is performed.

Over the past two decades, significant
advances in the understanding of the pathophys-
iology of EIB have been made. The increased
hyperpnea caused by strenuous exercise is
known to create a hyperosmolar airway surface
via dehydration, resulting in compensatory water
loss. This leads to a movement of water from
the airway tissue into the lumen which is essen-
tial for heat loss. This leads to a hyperosmolar
environment of the airway surface and likely to
the submucosa, causing the release of
bronchoconstricting mediators from inflamma-
tory cells. Thus, the water content of the inspired
air and the level of ventilation achieved and
maintained during exercise are the major deter-
minants of EIB. As a result of water loss, there
are also alterations in airway temperature that
can develop during exercise, but thermal factors
are thought to have only a minor impact on the
amount of bronchoconstriction that occurs.
Thus, exercise per se is not needed to cause
bronchoconstriction. Dry air hyperpnea in the
absence of exercise, as well as the inhalation of
an osmotic aerosol, can mimic the BHR that is
observed with exercise.
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Making the correct diagnosis of EIB is both
challenging and essential. Overcoming these
challenges is possible with a sound understanding
of the advantages and limitations of diagnostic
methods, combined with a good understanding
of the pathophysiology of EIB. It is clear that
symptoms alone are not sufficiently accurate to
diagnose EIB. For example, dyspnea, a primary
symptom of EIB, may exist due to poor exercise
conditioning. Thus, objective testing of EIB
has been recommended in order to document the
presence and severity of BHR. These tests, also
known as bronchial provocation tests (BPTs),
include laboratory exercise testing using either
treadmill running or a cycle ergometer, a surro-
gate hyperpnea test known as eucapnic voluntary
hyperpnea (EVH), or challenging the airways in a
dose-response manner with an osmotic aerosol
(e.g., dry powder mannitol).

Therapeutic interventions for EIB have to
consider both the acute protection and long-
term treatment. Short-acting beta2-agonists
(SABAs) are essential for reversal of bronchocon-
striction and bronchoprotection. Additionally,
anti-inflammatory medications including inhaled
corticosteroids, leukotriene receptor antagonists
(LTRAs), or combination therapy (with inhaled
corticosteroids and long-acting beta2-agonists
[LABAs]) are recommended for managing both
BHR and airway inflammation. Unfortunately,
the regular use of beta2-agonists can cause toler-
ance, limiting ability to provide optimal
bronchoprotection, as well as complete and rapid
rescue bronchodilation. A variety of alternative
methods to prevent EIB have also been explored
from exercise warm-up, use of face masks for
minimizing airway water loss, and dietary modi-
fication. Alternative methods have shown differ-
ent degrees of efficacy.

This review aims to be a guide for the successful
identification and treatment of EIB. This chapter
will focus on the athlete with asthma, but with
relevance also regarding the athlete who does not
have daily symptoms of asthma. It is both possible
and essential for the correct diagnosis and treat-
ment to be employed so that an athlete’s perfor-
mance is minimally impacted by the presence of
BHR.

17.2 Prevalence of Exercise-Induced
Bronchoconstriction

EIB is seen in either the presence or absence of
chronic asthma in athletes or in individuals who
are not otherwise competitive athletes. In most
cases, exercise is the trigger for EIB so that
many patients who otherwise have chronic asthma
also have EIB when they exercise.

Often the criteria for the diagnosis of asthma
also determine howmany patients have EIB when
tested. Thus, fall in FEV1 with exercise, workload
of exercise, and environmental conditions deter-
mine the percentage of patients diagnosed as
having EIB. However, we must also take into
consideration whether the subject being tested
might have either a false-positive or false-
negative diagnosis for EIB, which can be seen
especially when symptoms rather than objective
tests are used to make the diagnosis of EIB
(Parsons et al. 2007, 2013; Rundell et al. 2001;
Weiler et al. 2007). For these reasons, it has been
recommended that indirect challenges such as
exercise, EVH, or mannitol be performed to rule
in or rule out EIB (Parsons et al. 2007, 2013;
Rundell et al. 2001; Hallstrand et al. 2002; Weiler
et al. 2016).

17.2.1 Prevalence in Nonathletes

When performing studies to estimate the preva-
lence of EIB in a nonathlete population, we must
take into consideration the age, gender, and eth-
nicity of the subjects as well as their level of
exercise performance (elite, competitive, or recre-
ational). Season may also play a role in whether
the challenge is positive (e.g., caused by exposure
to ragweed or mountain cedar pollen) as well as
environmental conditions (e.g., ambient tempera-
ture and humidity) (Parsons et al. 2013; Weiler
et al. 2007; Mountjoy et al. 2015; Rundell et al.
2015).

In a study of 15,241 children that examined a
6-min free running test, participants recorded a
fall in peak expiratory flow to diagnose EIB and
a positive test was one in which the fall was at
least 15%. It was observed that girls (8.5%) were
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more likely than boys (6.4%) to have EIB and EIB
was more prevalent in urban locations (8.9%)
compared to rural settings (7.0%) (De Baets
et al. 2005). Importantly, in all populations, symp-
toms alone poorly predicted a positive challenge.
It is uncommon from other studies to observe
gender differences in those having EIB, but, it
has been shown that the frequency of EIB can
decrease with increasing age (Bardagi et al. 1993).

It is unclear whether there are racial and ethnic
differences in EIB prevalence. In one study using
a standardized free running test and recording
peak expiratory flow measurements, a higher
prevalence of EIB was seen in African American
(13%) compared with Caucasians (2%) (Kukafka
et al. 1998). Using cycle ergometry, a study from
Great Britain demonstrated that in 9-year-old chil-
dren, those Asian children originating from the
Indian subcontinent were 3.6 times more likely
to have EIB than Caucasian inner-city children
(Jones et al. 1996). A systematic review of 66 stud-
ies comprised of 55,696 participants assessing the
prevalence of EIB in children confirmed findings
of a high prevalence of EIB globally, with a 15%
prevalence of EIB in children and adolescent ath-
letes and 46% in children and adolescents with
asthma (de Aguiar et al. 2018).

It has been reported that EIB in children may
be the earliest symptom in the development of
asthma (Sano et al. 1998; Cabral et al. 1999). In
addition, the prevalence of EIB in school chil-
dren may be 10–20% (Randolph 2013). EIB is
significantly greater in children who are over-
weight and obese compared to non-overweight
asthmatic children (Baek et al. 2011; van Veen
et al. 2017). Further, BMI is a predictor of the
severity of EIB in asthmatic boys (van Veen et al.
2017). Longitudinal studies have been
performed that demonstrate increasing preva-
lence of asthma in children with EIB (Frank
et al. 2008; Stern et al. 2008). Of interest are
reports that parental observation of a history of
exercise-induced wheezing and a presence of
atopy are very strong predictors of asthma
observed over 6 years of follow-up (Frank et al.
2008). In addition, a longitudinal birth cohort
study reported that BHR to cold dry air in early
childhood associated with an increased risk of

chronic asthma was seen at 22 years of age (Stern
et al. 2008).

An EVH challenge in adults may be a more
potent test to identify EIB than a laboratory exer-
cise challenge. A high prevalence of EIB in those
who recreationally exercise (19% in 212 adults
without a history of asthma) has been observed
(Mannix et al. 2003), with another study finding a
prevalence of 13% using EVH in 136 recreational
athletes (Molphy et al. 2014). Further, a higher
prevalence of EIB may be found in individuals
with a family history of asthma (Godfrey and
Konig 1975a). EIB is also more frequently
documented in atopic individuals (Helenius et al.
1998; Sallaoui et al. 2009), including those who
have allergic rhinitis (Brutsche et al. 1995). This
was supported by studies showing EIB also
occurs more frequently during and after respira-
tory viral infections and other respiratory diseases
such as allergic rhinitis (Tilles 2003). Symptoms
of EIB in some individuals vary depending on the
time of year or season (Choi et al. 2012; Goldberg
et al. 2005, 2012).

Microenvironments may play a role in the
development of EIB so that exercise at an athletic
field that has high air pollution or pollen counts
may cause EIB (Mickleborough et al. 2007;
Haverkamp et al. 2005). In one study, significant
decreases in lung function in soccer players were
related to months of daily measurements of air
pollutants (Rundell et al. 2006). Emissions and
particulate matter from vehicular traffic, as well
as high levels of ambient ozone, can increase the
airway responsiveness of EIB in asthmatics
(McCreanor et al. 2007).

17.2.2 Prevalence in Athletes

EIB is commonly reported in athletes, especially
in athletes who have asthma. The overall preva-
lence of EIB is reported to be from 30% to 60%
(Cabral et al. 1999; Lazo-Velasquez et al. 2005;
Benarab-Boucherit et al. 2011; Park et al. 2014).
In patients with asthma, EIB in itself indicates
lack of control of asthma and suggests the need
to initiate or increase therapy or alternatively to
encourage treatment adherence (Global Initiative
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for Asthma 2007a). Depending on the sport and
environment, the prevalence of asthma symptoms
in elite athletes has been shown to vary from none
to 61% (Rundell et al. 2000, 2001, 2004a; Parsons
and Mastronarde 2005; Mannix et al. 1996;
Rundell 2003; Wilber et al. 2000; Weiler et al.
1998; Weiler and Ryan 2000; Fitch and Morton
1971; Sue-Chu et al. 1999a; b; Pohjantahti et al.
2005; Randolph et al. 2006).

Both summer and winter elite endurance
athletes have considerably more symptoms than
athletes participating in non-endurance sports
(Weiler et al. 1998; Weiler and Ryan 2000). How-
ever, it is difficult to determine if EIB is more
common in winter compared to summer sporting
activity. History forms required by the US
Olympic Committee and completed by athletes
participating in the 1996 Summer Olympic
Games showed as many as 45% of summer ath-
letes, depending on sport, answered questions
compatible with having EIB (Weiler et al. 1998).
Different sports showed varied prevalence, with
endurance sports having higher prevalence rates
and non-endurance sports having minimal levels.
The same researchers found that as many as 61%
of athletes participating in Nordic skiing events
responded to questions that suggested they had
EIB (Weiler and Ryan 2000).

17.2.2.1 Winter Athletes
High prevalence of EIB is reported in elite
endurance athletes who perform exercise in cold
environments such as competitive skaters and
cross-country skiers (Pohjantahti et al. 2005;
Anderson et al. 2003; Fitch et al. 2008). A similar
high prevalence of EIB in Winter Olympic ath-
letes has been reported based on objectively
assessing EIB using an exercise BPT (Wilber
et al. 2000). Ice skaters have a reported prevalence
of EIB of 20–35%, which may be attributed to
regular exposure of high emission pollution from
ice cleaning equipment and cold dry air (Rundell
2003; Rundell et al. 2004a, 2007; Rundell and
Caviston 2008). However, in cross-country skiers,
the prevalence of EIB has been shown to be as
high as 30–50% (Rundell et al. 2003). Others
have found as many as 78% of elite cross-country
skiers have symptoms of EIB and/or BHR

(Larsson et al. 1993). The prevalence of both
asthma and EIB may vary by gender in winter
sport elite athletes. Frequency of EIB in females
appears to exceed that of males. The prevalence of
EIB by exercise challenge test was 26% in female
and 18% in male athletes with a combined per-
centage of 23% in US Olympic winter sports
(Wilber et al. 2000).

17.2.2.2 Summer Athletes
There also may be a high prevalence of EIB in
summer athletes, dependent upon the type of
sporting activity performed. In athletes who par-
ticipated in the 1996 Summer Olympic Games,
long-distance runners were found to have a prev-
alence of 17%, whereas speed runners had a prev-
alence of 8% (Helenius et al. 1997). For athletes
who expend a similar amount of work, however,
these differences may depend on how the test was
performed rather than on a difference in the sports.
None of the US Olympic divers and weightlifters
had symptoms (by survey), while 45% of moun-
tain bikers experienced symptoms. This differ-
ence in prevalence is consistent with the
hypothesis that a higher prevalence of associated
EIB during sport participation is found with
endurance sports (Weiler et al. 1998). There is
limited evidence to show differences in gender
in athletes when using EVH as a surrogate
challenge for EIB (Parsons et al. 2007; Couillard
et al. 2014).

A high prevalence of EIB in summer athletes
may also be associated with poor air quality
(Helenius and Haahtela 2000). For swimmers,
the chloramines used in swimming pools, which
may be in high concentration in the air above the
water, may trigger EIB. Swimmers with greater
than 100 h of chlorinated pool exposure showed a
higher prevalence of EIB (Bernard et al. 2009).
Decreased incidence of EIB resulted from discon-
tinuation of swimming (Helenius et al. 2002).

Seasonal variation of EIB is also described in
Olympic summer athletes (Helenius et al. 1998).
When using a reduced cutoff value for EIB of
6.5% fall in FEV1 with running, 28% of runners
had probable EIB. Of these athletes, 22% had EIB
that happened only in the winter, and 7% reported
EIB only during the pollen season (Helenius et al.

17 Asthma in Athletes 405



1998). It has also been shown that 35% of runners
training in the cold reported a greater prevalence
of EIB compared with a lower prevalence during
the summer season (Ucok et al. 2004).

17.3 Mechanisms of Exercise-
Induced Bronchoconstriction

The mechanisms of EIB have been elucidated
over the last 55 years with significant controversy
over the primary mechanisms of airway drying.
Specifically, the controversy is between the “air-
way drying” or osmotic theory of EIB and
the “airway cooling” or thermal theory of EIB
(Godfrey and Fitch 2013). Currently it is thought
that a period of high ventilation causes respiratory
water loss along with cooling of the airways
(Fig. 1). The result is a transient increase in the
osmolarity of the airway surface liquid that occurs
with a loss in volume of this liquid. These

transient changes in osmolarity are rapidly
resolved by the movement of water from the lumi-
nal side of the osmotically sensitive epithelium.
The subsequent water loss from cells is thought to
cause reduction in cell volume and the resulting
regulatory volume increase, which includes
increases in intracellular concentrations of cal-
cium and inositol triphosphate, and is a require-
ment for the release of intracellular mediators
(Eveloff and Warnock 1987). Cooling could pro-
vide a different stimulus which could induce reac-
tive hyperemia of the bronchial vasculature
(McFadden and Pichurko 1985). The response of
the epithelium and other cells to the changes in
airway surface liquid volume and the subsequent
changes in osmolarity is the most likely trigger for
the bronchoconstricting mediator release. Further,
this mediator release is likely the primary stimulus
for sustained bronchoconstriction following vig-
orous exercise (Hallstrand et al. 2012). Thus, it is
important to consider that there may be some

Cell shrinkage
Followed by release of mediators 

WATER LOSS FROM HUMIDIFYING INSPIRED AIR

Dehydration of the airway surface liquid (ASL)

Increase in [Na+] [Cl+] [Ca++] [K+]

Increased in osmolarity of ASL

Water moves from all cells to restore ASL

Airway Smooth Muscle contraction ±

±

oedema 

Exercise-induced bronchoconstriction

Heat Loss

Airway Cooling

Glandular Secretion

Mucus

Symptoms

Cough ±
breathlessness

Sensory 
Nerves

Recruitment of small 
airways (<1 mm) into 
humidifying process

Epithelial ‘damage’, 
loss of protective 
mediator PGE2 

AHR to
pharmacological

agents

‘sensitisation’ of
airway smooth muscle    

e.g. Histamine, Prostaglandins, 
Leukotrienes Peptides

Microvascular leak & 
exudation of plasma

Repeated exposure to plasma 
products alters properties 
of airway smooth muscle

increased response to 
acute increase of 

Leukotrienes, prostaglandins etc 

Exercise-induced bronchoconstriction

Amplification of 
normal FEV1
response to 

exercise

Cells

Fig. 1 Flow chart describing the acute events leading to
EIB in the subject with classic asthma (left) and the events
leading to the development of EIB in the athlete (right).

(Reproduced with permission from (Anderson and
Kippelen 2005))
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contribution in certain extreme conditions of both
the thermal and the osmotic theories of EIB.
Under conditions of breathing cold dry air, vascu-
lar effects may result in airway edema and amplify
the contractile effect of mediator release. Thus,
the osmotic and vascular theories of EIB may
operate together. It should be recognized that
osmotic effects of water loss are more important
than cooling, particularly as the temperature of the
inspired air increases toward body temperature
(Aitken and Marini 1985; Eschenbacher and
Sheppard 1985; Tabka et al. 1988).

The thermal theory of EIB may be more
relevant when subfreezing air is inspired during
exercise. Then, airway cooling could induce vaso-
constriction of the bronchial vasculature (McFad-
den and Pichurko 1985). When exercise ceases
and ventilation falls, the airways rewarm, and
reactive hyperemia with vascular engorgement
and edema of the airway may occur
(McFadden et al. 1986). The thermal theory of
EIB is not sufficient to explain many of the events
that occur in the airways following exercise chal-
lenge, in particular the sustained airway response
and prolonged recovery of bronchoconstriction
(Freed et al. 1995; Anderson and Daviskas
1992). Studies in canine models demonstrate
that ligation of the bronchial circulation does
not attenuate hyperpnea-induced bronchocon-
striction, bringing into question the role of the
bronchial vasculature (Freed et al. 1995). Studies
in humans demonstrated that inspiring warm air
following a BPT with cold air only had a modest
effect on the degree of bronchoconstriction over
15 min after exercise (McFadden et al. 1986).

Because it was demonstrated that cooling of
the airways was not a prerequisite for EIB, the
osmotic theory of EIB was developed (Anderson
1992). Changes in airway surface osmolarity, with
direct delivery of dry air (Freed and Davis 1999)
or inhalation of osmotically active aerosols, were
sufficient to cause BHR (Argyros et al. 1993;
Freed et al. 1994; Brannan et al. 2003). Airway
surface dehydration causes a temporary increase
in ion content and osmolarity when water from the
airway surface liquid is evaporated faster than it is
returned by either condensation or via the epithe-
lium or submucosa (Daviskas et al. 1991; Davis

et al. 2003a). The exact mechanism by which the
loss of water and resulting transient osmotic gra-
dients lead to activation of inflammatory cells and
mediator release is unclear. Mast cells (bound
with cross-linked IgE) and eosinophils release
mediators in response to changes in osmolarity
(Gulliksson et al. 2006; Eggleston et al. 1987;
Moloney et al. 2003). However, it is also now
appreciated that changes in both airway surface
volume and osmolarity also activate cellular
signaling events in epithelial cells (Hallstrand
et al. 2012). The release of regulatory epithelial
proteins could lead to direct activation of other
cells.

Voluntary hyperpnea of dry air induces
bronchoconstriction similar to exercise in suscep-
tible individuals; thus, exercise itself is not neces-
sary to cause bronchoconstriction (Eliasson et al.
1992; Phillips et al. 1985). For athletes, EVH of
dry air containing approximately 5% carbon diox-
ide can be used as a surrogate for exercise in the
diagnosis of EIB in athletes (Parsons et al. 2007;
Dickinson 2006; Stadelmann et al. 2011).
Osmotic aerosols of hypertonic saline and manni-
tol can also cause bronchospasm in both asthmatic
and athletic individuals and also can be used to aid
in the EIB diagnosis. The relationship of the air-
way responses to these “surrogate” stimuli for
EIB, and to an exercise provocation challenge
test, is good in both asthmatic and athletic indi-
viduals with EIB (Brannan et al. 1998; Holzer
et al. 2003; Munoz et al. 2008).

Many studies indicate that subjects with
increased cellular inflammation are susceptible
to EIB, supporting the concept that mediator
release is important for EIB to occur.
Inflammatory lipid mediators that have the capac-
ity to cause bronchoconstriction via specific
receptors on the airway smooth muscle are impli-
cated in EIB. The induced sputum of adults and
exhaled breath condensate (EBC) of children
show the concentration of cysteinyl leukotrienes
(CysLTs) C4, D4, and E4 is increased with EIB
(Hallstrand et al. 2005a; Carraro et al. 2005).
CysLTs are elevated in EBC following exercise
challenge (Bikov et al. 2010). Urinary LTE4 has
been demonstrated to be released, and this release
is sustained after exercise (Reiss et al. 1997;
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Hallstrand et al. 2005b) (Fig. 2). Prostaglandins
also play a significant role; specifically, prosta-
glandin D2 (PGD2) has been shown to be excreted
in the urine after exercise (O’Sullivan et al. 1998a)
and in association with the presence of leukotri-
enes in the airway response to dry air hyperpnea
(Kippelen et al. 2010a) (Fig. 3). In contrast, pros-
taglandin E2 (PGE2) inhibits EIB when adminis-
tered by inhalation (Melillo et al. 1994). The
balance of these mediators may be important, as

there is a possible reduction in the production of
PGE2 relative to CysLTs in patients with EIB
(Hallstrand and Henderson 2010). Other media-
tors that may have a role in EIB but are not well
understood are the nonenzymatic products of
phospholipid oxidation, 8-isoprostanes, which
are increased in EBC of individuals who have
asthma with EIB (Barreto et al. 2009). Reduction
in the formation of lipoxin A4, which is known to
be a protective lipid mediator that may also play
some role in the mechanism of EIB (Tahan et al.
2008). Individuals who have asthma who are sus-
ceptible to EIB, especially patients with atopy,
often have elevated fraction of exhaled nitric
oxide levels (Scollo et al. 2000; Malmberg et al.
2009).

The formation of inflammatory eicosanoids
such as CysLTs and PGD2 is largely restricted to
the myeloid cells; thus suggesting the intensity of
airway inflammation in the airways may be an
important factor in both EIB susceptibility and
severity. There is an association with the degree
of sputum eosinophilia and the severity of EIB
(Duong et al. 2008). The severity of EIB is
reduced after treatment with inhaled corticoste-
roid (ICS), which occurs with a reduction in per-
centage of eosinophils in sputum (Duong et al.
2008). Using genome-wide methods in patients
with asthma has identified increased expression of
mast cell genes in patients with EIB based on
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induced sputum and epithelial brushings (Lai
et al. 2014). Increased expression of tryptase
and carboxypeptidase A3, in the presence of rela-
tively low chymase expression from epithelial
brushings, indicates EIB is associated with Th2
high asthma (Woodruff et al. 2007; Dougherty
et al. 2010). In patients who are susceptible to
EIB, the density of intraepithelial mast cells per
volume of the airway epithelium in endobronchial
tissue of asthmatics is markedly elevated,
suggesting a defining feature of EIB is mast cell
infiltration of the airways (Lai et al. 2014). These
more recent findings support a hypothesis that was
developed in the early study of inhaled asthma
drugs, where these drugs were thought to inhibit
EIB acutely by inhibiting mast cells (Anderson
et al. 1976). The rapid action of these drugs
suggested to the investigators that the mast cell
must have been located close to the airway
surface.

Mast cells and eosinophils are well established
as the major source of mediators in EIB (Reiss
et al. 1997; Hallstrand et al. 2005b; O’Sullivan
et al. 1998a). Mast cells generate de novo prosta-
glandin D2 and leukotrienes and release stored
histamine. Eosinophils are also a major source of
leukotrienes and if present in high number may
contribute to the increased severity of EIB (Duong
et al. 2008). The immediate effect of these medi-
ators is to constrict airway smooth muscle; how-
ever, they play other roles in activating sensory
nerves, mucus secretion, and increasing microvas-
cular permeability leading to airway edema
(Hallstrand and Henderson 2010). It is not clear
that they play a role in worsening airway inflam-
mation acutely as there are no known late phase
responses to exercise (Gauvreau et al. 2000). The
first observations suggested small increases in
arterial histamine in response to exercise (Hartley
et al. 1981; Anderson et al. 1981). More recent
studies using modern sampling methodology that
allow more direct sampling of the airway using
induced sputum found mast cell degranulation
occurs with the release of histamine and tryptase
during EIB (Hallstrand et al. 2005b; Haverkamp
et al. 2007; Anderson and Brannan 2002).

Pharmacological treatments have played an
important role in elucidating the mechanism of

EIB and the role of bronchoconstricting media-
tors. Histamine antagonists have incomplete
protection against EIB, suggesting histamine is a
relatively weak mediator (Hallstrand et al. 2005b;
Patel 1984; Baki and Orhan 2002; Dahlén et al.
2002). The development of leukotriene receptor
antagonists revealed that leukotrienes play an
important role in EIB, particularly in sustaining
the airway response after exercise (Reiss et al.
1997; Leff et al. 1998). Thus, the response of a
CysLT1 receptor antagonist in EIB is to reduce
both the maximum fall in FEV1 and the time
of recovery to baseline lung function after EIB
(Leff et al. 1998; Pearlman et al. 2006). The
5-lipoxygenase inhibitor, zileuton, when adminis-
tered four times daily over 2 days, also reduced
the fall in FEV1 after exercise challenge by
approximately 50% (Meltzer et al. 1996). A role
for CysLTs in the pathogenesis of EIB is clearly
demonstrated by these results, but they also indi-
cate the protection from EIB is incomplete. This
again suggests that other mediators may play a
role (e.g., PGD2) (Brannan et al. 2006; Simpson
et al. 2016). The cromolyn drugs are thought
to protect primarily via stabilizing mast cells
and preventing mediator release (Kippelen et al.
2010a; Brannan et al. 2006). Following EVH
challenge, the metabolite of PGD2, 9α, 11beta-
PGF2 is increased in the urine, and the release of
PGD2 can be inhibited by either pretreatment with
a high dose of inhaled steroid or with a cromone
(Kippelen et al. 2010a, b).

Sensory nerves also are thought to play a role,
but there is less direct evidence for effects on EIB.
Sensory nerve endings within the epithelium may
be activated directly by a variety of mechanisms
such as changes in osmolarity, the mechanical
effects of bronchospasm, or in response to other
mediators in the airways that could cause the
release of neurokinins. Sensory nerves could
send signals from the airways to the central ner-
vous system, but they can also act locally via
retrograde axonal transmission that could lead
to bronchoconstriction and the production of
mucus. Sensory nerves can either be directly acti-
vated or have the activation threshold altered by
eicosanoids such as CysLTs (Taylor-Clark et al.
2008). Animal models of hyperpnea-induced

17 Asthma in Athletes 409



bronchoconstriction (HIB) have shown leukotri-
ene antagonists inhibit both the release of
neurokinins and HIB. Neurokinin receptor antag-
onists inhibit the development of HIB without
changing neurokinin levels consistent with
leukotriene-mediated bronchoconstriction that
occurs via sensory nerve activation (Freed et al.
2003; Lai and Lee 1999). Human studies of
neurokinin 1 antagonists have given varied results
in the presence of BPTs using exercise and hyper-
tonic saline (Fahy et al. 1995; Ichinose et al.
1996), which may be due to the predominance
of the neurokinin 2 receptor (Naline et al. 1989).
Release of the major gel-forming mucin
MUC5AC following exercise challenge is associ-
ated with the levels of CysLTs in the airways and
the levels of CysLTs and neurokinin A are corre-
lated after exercise (Hallstrand et al. 2007).

Following exercise there is an interval of
refractoriness lasting approximately 1–3 h
during which additional exercise produces less
bronchoconstriction in approximately half of
patients who have EIB (Mickleborough et al.
2007; Haverkamp et al. 2005; Edmunds et al.
1978). This protection has been shown to be
additive to the protective effect of pretreatment
with a SABA (Mickleborough et al. 2007). Thus,
warm-up exercise prior to competition may be
useful to further attenuate EIB (Elkins and
Brannan 2013). The mechanism of the refractory
period is not well understood, and there could be
multiple pathways and explanations. An early
explanation for the refractory period was that it
induces the generation of protective prostaglan-
dins (e.g., release of PGE2). It was found that
when nonsteroidal anti-inflammatory drugs were
administered that inhibit the cyclooxygenase
pathway, the refractoriness to both exercise and
leukotriene D4 challenge was reduced (Manning
et al. 1993; Wilson et al. 1994). There is now
evidence for PGE2 being released in the urine
during the refractory period to EVH challenge
that supports these earlier observations (Bood
et al. 2015). However, two separate studies
using mannitol or EVH found that the protective
effect to a repeat challenge could be explained by
possible tolerance at the site of the airway smooth
muscle (Bood et al. 2015; Larsson et al. 2011).

17.3.1 The Regular Effect of Vigorous
Exercise: The Potential Role
of Airway Damage

Athletes engaged in swimming, mountain biking,
rowing, biathlon, cross-country skiing, and
skating events (i.e., either winter or summer sports
with high ventilation rates) may develop respira-
tory symptoms compatible with EIB alone. These
athletes also may or may not demonstrate a posi-
tive exercise, EVH, or mannitol challenge test
result indicative of EIB or asthma (Sue-Chu
et al. 2010). Changes in the contractile properties
of the bronchial smooth muscle as a result of
exposure to plasma-derived products from exuda-
tion may result from the repetitive epithelial injury
repair cycle that arises in response to breathing
high volumes of unconditioned air over long
periods (Sue-Chu et al. 1999a; Anderson and
Kippelen 2008; Karjalainen et al. 2000) (Fig. 1).
In contrast to EIB, which results from airway
smooth muscle constriction from the osmotic
release of bronchoconstricting mediators from
resident inflammatory cells (e.g., mast cells,
eosinophils), this may be representative of an
“airway injury” resulting in a form of “overuse
syndrome.” With winter athletes, it is common to
see a low prevalence of BHR to indirect tests but
high prevalence of BHR to direct challenge tests
such as methacholine, which in this situation sug-
gests the presence of airway damage (Sue-Chu
et al. 2002, 2010; Stensrud et al. 2007). Treatment
recommendations for suspected airway injury in
an athlete may include the limitation of activity,
rather than the introduction of the pharmacologi-
cal agents used in the treatment of asthma and EIB
(Bougault et al. 2010; Hull et al. 2009).

For summer athletes with allergic sensitization,
the conditioning of large volumes of air may lead
to airway inflammatory cell recruitment as well
the consequences of plasma exudation leading to
passive sensitization of the bronchial smooth
muscle, possibly due to higher levels of seasonal
airborne allergen (Anderson and Kippelen 2008).
In contrast to the winter athlete, summer athletes
generally demonstrate lower rates of BHR to
direct tests (Holzer et al. 2002; Pedersen et al.
2008) and higher rates of BHR to indirect tests,
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which has led to suggestions that elite level exer-
cise in these environments may promote EIB in
susceptible individuals (Kippelen and Anderson
2013).

17.4 Diagnosis of Exercised-Induced
Bronchoconstriction

Wheeze, chest tightness, shortness of breath (dys-
pnea), and cough are the primary symptoms of
EIB. Symptoms can also include chest pain in
children as well as excessive mucous production.
Some patients will report feeling unfit despite
being in good physical condition (Parsons et al.
2007; Rundell et al. 2001; Weiler et al. 2007;
Carlsen et al. 2000; Weinberger and Abu-Hasan
2009). A diagnosis of EIB based on symptoms is
not reliable to predict a positive exercise challenge
in either adults or children, because these symp-
toms also occur with other conditions (Rundell
et al. 2001; De Baets et al. 2005; Anderson et al.
2010; van Leeuwen et al. 2013; Simpson et al.
2015). Given the lack of diagnostic sensitivity
and specificity, symptom-based diagnosis alone
should be avoided, and it is preferable that it be
accompanied by data from an objective exercise
or surrogate BPT such as EVH or mannitol
(Parsons et al. 2007; Rundell et al. 2001; Weiler
et al. 2007; Carlsen et al. 2000; Rundell and Slee
2008; Crapo et al. 2000; Cockcroft and Davis
2009) (Figs. 4 and 5).

There are two types of BPTs used to identify
airway hyperresponsiveness based on mecha-
nism of action: direct and indirect challenges.
Direct challenges involve the exogenous admin-
istration of a single pharmacological agent as a
provoking substance (such as methacholine),
which acts directly via receptors on airway
smooth muscle to cause contraction. For indirect
challenges, the provoking agent causes the
endogenous release of bronchoconstricting
mediators that target specific receptors to cause
the airway smooth muscle to contract. Indirect
challenges include exercise or a surrogate, such
as EVH, or an inhaled osmotic agent such as
mannitol or hypertonic saline. It is now clear
that a variety of mediators are released with

indirect stimuli, such as leukotrienes, prosta-
glandins, and histamine (Anderson et al. 2018).
BHR that is caused by the presence of airway
inflammation is reflected more specifically in
indirect challenges; thus indirect challenges are
preferred as a way to confirm underlying asthma
and potentially the need for regular inhaled cor-
ticosteroids (Parsons et al. 2007; Rundell et al.
2001; Weiler et al. 2007; Carlsen et al. 2000;
Rundell and Slee 2008; Crapo et al. 2000; Cock-
croft and Davis 2009). Indirect challenges addi-
tionally are recommended for monitoring
asthma therapy because BHR is caused by air-
way inflammation (Parsons et al. 2007; Rundell
et al. 2001; Carlsen et al. 2000; Rundell and Slee
2008; Crapo et al. 2000; Cockcroft and Davis
2009) which is diminished by ICS therapy
(Weiler et al. 2007; Cockcroft and Davis 2009;
Koh et al. 2007; Subbarao et al. 2006; Lipworth
et al. 2012). In contrast, direct challenges are
used as a screening test for chronic asthma,
especially to rule out asthma. Direct challenges
reflect the effect of only a single agonist or
mediator and can have a low sensitivity and
specificity to detect EIB, thus limiting their use
(Weiler et al. 2007; Rundell and Slee 2008;
Crapo et al. 2000; Cockcroft and Davis 2009;
Anderson et al. 2009; Holley et al. 2012). An
individual who has a positive direct BPT, current
active symptoms of asthma, demonstrated air-
way reversibility with spirometry, and/or has
other markers of airway inflammation (e.g.,
raised exhaled nitric oxide, sputum eosinophils)
will likely have EIB. While there is an associa-
tion with FeNO and percent fall in FEV1 to
exercise in atopic patients (Rouhos et al. 2005),
FeNO should be used with caution to predict
EIB when considering FeNO as a substitute
for an indirect challenge. FeNO is a weak pre-
dictor of a positive EVH challenge in athletes
(Voutilainen et al. 2013). Further, some ICS-
naïve asthmatics with BHR to mannitol can
have normal FeNO values (Porsbjerg et al.
2008). It is for this reason that guidelines rec-
ommend the use of physiological tests to assess
BHR, in particular indirect tests to document
both the presence and severity of EIB (Weiler
et al. 2016).
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17.4.1 Exercise Challenge Testing

Exercise challenge testing should be conducted
only by trained personnel and using standardized
protocols, which also often require the presence of
trained medical personnel. Exercise BPTs in a
laboratory should be performed as described
in the consensus statement published by the
American Thoracic Society (ATS) and American
Academy of Allergy, Asthma, and Immunology
(AAAAI) (Parsons et al. 2013; Weiler et al. 2016;
Crapo et al. 2000). For all BPTs, in order to avoid
influencing the airway response, treatments that

are effective at attenuating or inhibiting BHR
should be withheld for an appropriate time prior
to testing to ensure sufficient washout of the drug.
Withholding times have been reviewed in recent
guidelines (Weiler et al. 2016).

It is essential that adequate exercise laboratory
challenges control minute ventilation and water
content of inhaled air (Parsons et al. 2013; Weiler
et al. 2007; Rundell and Slee 2008; Crapo et al.
2000). If this is not achieved, it will lead to a
decreased sensitivity of the testing procedure.
Exercise ramp-up should be rapid, within
2–3 min, to reach quickly a heart rate of 85% of
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Indirect Bronchial Provocation Testing

Exercise
EVH#

Mannitol^
No AHR Yes AHR

FEV1<70%

Differential Diagnosis for EIB**

Grade Severity of AHR

*Beta2 agonist 
reversibility

No Beta2 agonist 
reversibility

Reversible airway obstruction
consistent with asthma

and high risk of EIB

Reversible airway obstruction
consistent with asthma

and high risk of EIB

*Beta2 agonist 
reversibility

No Beta2 agonist 
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FEV1 – Forced expiratory volume in 1 second, AHR – Airway hyperresponsiveness, EVH – Eucapnic Voluntary Hyperpnea , PD15 – the provoking dose of 
mannitol to cause a 15% fall in FEV1, PD10 – the provoking dose of mannitol to cause a 10% fall in FEV1. * Demonstrating reversibility in FEV1 of 12% and 
200mL or greater., # FEV1³75% for EVH challenge, ^Subject to availability in the USA, **Very mild AHR may cause variable responses to all tests and
if EIB is still strongly suspect a repeat test may be warranted. 

Legend:
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Fig. 4 An algorithm for the decision to perform an
indirect bronchial provocation test in persons with symp-
toms suggestive of EIB, including the test options and test
outcomes, which include the cutoff values for a positive
test and the classification of the airway response to grade
severity of AHR. (Adapted from (Weiler et al. 2016)
and taken from (Brannan and Porsbjerg 2018)) (FEV1
Forced expiratory volume in 1 s, AHR Airway hyper-
responsiveness, EVH Eucapnic Voluntary Hyperpnea,

PD15 the provoking dose of mannitol to cause a 15%
fall in FEV1, PD10 the provoking dose of mannitol to
cause a 10% fall in FEV1. * Demonstrating reversibility
in FEV1 of 12% and 200 mL or greater, # FEV1 � 75%
for EVH challenge, ^Subject to availability in the USA,
**Very mild AHR may cause variable responses to all
tests and if EIB is still strongly suspect a repeat test may
be warranted)
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maximum for adults and up to 95% for children.
Exercise should continue at this rate for an addi-
tional 6 min, at 20–25 �C, while breathing dry
(medical grade) air to provide a surrogate for
at least 40% of maximum voluntary ventilation
(MVV) (Parsons et al. 2013; Weiler et al. 2007;
Rundell and Slee 2008; Crapo et al. 2000).
However, the exercise ventilation ideally should
be above 60% of predicted maximum (i.e., greater
than 21 times FEV1) (Parsons et al. 2013; Rundell
and Slee 2008; Crapo et al. 2000). Medical air
can be supplied to a balloon reservoir bag
(e.g., Douglas bag) fitted with a two-way

non-rebreathing valve before being attached to a
mouthpiece or face mask. Alternatively it can be
supplied directly from a compressed air tank with
a demand valve that delivers air at high flow rates
(Anderson et al. 2001; Weiler et al. 2005). The
level of ventilation reached and sustained is key to
providing a maximal stimulus, and thus the mea-
surement of ventilation should be encouraged
(Anderson and Kippelen 2013). Minute ventila-
tion of expired air may be measured in real time
by using a high flow spirometer or metabolic
cart. Maximal heart rate (HR) may be used
alternatively and is estimated using the formula

Laboratory Exercise Eucapnic voluntary 
hyperpnea Dry powder mannitol

A

B

C

D

E

F

Fig. 5 An example of equipment required to perform
laboratory exercise, eucapnic voluntary hyperpnea or
inhaled mannitol challenge testing. Exercise challenge
testing; (a) cycling exercise using a cycle ergometer; (b)
running exercise using a treadmill, eucapnic voluntary
hyperpnea; (c) noncommercial system using sourced

equipment; (d) commercial device known as the hyper-
ventilometer; (e) commercial device known as the
EucapSys system; (f) mannitol challenge test kit and
supporting equipment. (Adapted from (Brannan and
Porsbjerg 2018))
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220 – age (in years). A more accurate equation to
predict HRmax (208 – 0.7 � age) was recently
recommended (Weiler et al. 2016). The exercise
intensity may be required to be above a 90%
HRmax for very well-conditioned individuals.
Adolescent children may need to reach a higher
target HRmax of 95% as one study in 9–17-year-
olds demonstrated the fall in FEV1 was 25.1% at
95% HRmax but 8.8% when only 85% HRmax
was reached (Carlsen et al. 2000).

Spirometry should be obtained at baseline,
before exercise challenge, and at predetermined
times after exercise, usually at 5, 10, 15, 30, and
occasionally 45–60 min after exercise. Spirome-
try should be performed seated. For reasons of
safety, a measurement at 1 and/or 3 min post
exercise may be warranted in persons who may
be suspected of having large falls in FEV1. To
avoid causing the patient to become tired by
the spirometry efforts and thus limiting the quality
of subsequent measurements, FEV1 measures
are often performed by the patient without full
forced vital capacity (FVC) maneuvers at the
post-exercise time points. FEV1 should be
recorded beginning as soon as 3 min after com-
pletion of the exercise challenge to overcome the
problem of posttest respiratory fatigue. To obtain
a pre-exercise value, a full FVC maneuver is
performed at baseline (Parsons et al. 2013; Weiler
et al. 2007; Rundell and Slee 2008; Crapo et al.
2000). EIB may be diagnosed with a 10% or
greater fall in FEV1 from the pre-exercise value
at any two consecutive time points within 30 min
of ceasing exercise (Parsons et al. 2013; Weiler
et al. 2007; Rundell and Slee 2008; Crapo et al.
2000; Anderson and Kippelen 2013). A fall at
only one time point may be considered diagnostic
of EIB if a greater fall in FEV1 is required (such as
an FEV1 fall of 20% as in some pharmaceutical
studies) (Anderson et al. 2001).

To determine whether the fall is sustained and
not the product of a single measurement that may
represent an artifact due to inadequate spirometry
effort at one or more time points, the profile of the
fall in FEV1 following an exercise or EVH chal-
lenge should be carefully examined. In those with
milder BHR, it is important to note that there may
be variability in the airway response to exercise

when more than one test is performed. Thus, in
some cases where EIB is strongly suspected or
when the patient is treated optimally and evidence
of the abolition of EIB is required, repeat testing
may need to be considered (Weiler et al. 2016;
Anderson et al. 2010; Anderson and Kippelen
2013; Price et al. 2015).

All individuals who have EIB cannot be iden-
tified with any single test (Weiler et al. 2007).
Individuals who are subsequently found to have
other conditions may show falls in FEV1 that are
consistent with EIB (Weiler et al. 2007). For
example, an upper airway dysfunction may be
suggested by a flat or “truncated” inspiratory
flow volume loop on the flow volume curve rather
than EIB (Weiler et al. 2007). EIB may occur
independently or coexist with exercise-induced
laryngeal dysfunction. It may be important to
document changes in FVC in some cases to iden-
tify if a fall in FEV1 is due to upper airway
dysfunction limiting the patient’s inhalation to
total lung capacity (TLC). Protocols to identify
potential exercise-induced laryngeal dysfunction
may need to be followed and this condition to be
investigated separately (Weiler et al. 2016).

Exercise challenge by treadmill is easily
standardized for office practice, though more
commonly performed in a hospital laboratory.
Alternative exercise challenges using cycle
ergometry or rowing machine may be performed.
Compared to the treadmill challenge, cycle exer-
cise may provide a suboptimal exercise stimulus
(Anderson and Kippelen 2013). Further, field and
free running challenge tests are an option and have
been used to screen larger numbers of patients.
These protocols are more difficult to standardize
and present difficulties in both documenting
and guaranteeing an optimal exercise intensity
and airway dehydration stimulus (Parsons et al.
2013;Weiler et al. 2007; van Leeuwen et al. 2013;
Rundell and Slee 2008; Crapo et al. 2000).

In spite of sport governing bodies requiring
specific cutoff values to diagnose EIB, there is
no single absolute cutoff for a fall in FEV1 or
change in some other spirometry measure that
clearly and unequivocally distinguishes between
the presence of EIB and the absence of EIB
(Weiler et al. 2007). The ATS criteria suggest the
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post-exercise fall in FEV1 required to make the
diagnosis must be at least 10%, whereas other
groups have suggested a fall of 13–15% is neces-
sary to make the diagnosis (Parsons et al. 2013;
Rundell and Slee 2008; Crapo et al. 2000). Other
recommendations also include a fall in FEV1 of
15% after a “field” challenge and a fall of 6–10%
in the laboratory (Parsons et al. 2013; Weiler et al.
2007; Rundell and Slee 2008; Crapo et al. 2000).

17.4.2 Surrogate Tests for EIB

Organizations that regulate drug use by elite ath-
letes or professional bodies needing to assess the
presence of EIB by occupation are increasingly
recommending the use of surrogate challenges for
exercise such as EVH (ungraded challenge) or an
inhaled hyperosmolar agent such as mannitol
(graded challenge). While EVH is a challenge
test that should be used for the investigation of
EIB alone, inhaled mannitol may be useful in
identifying both EIB and the presence of active
asthma (Anderson 2010, 2016) (Fig. 6). Inhaled
mannitol, commercially available as a disposable
kit (Aridol™ or Osmohale™) (Aridol™ 2017),
has undergone extensive phase 3 testing

(Anderson et al. 2009; Brannan et al. 2005)
establishing safety and has been recognized by
regulatory authorities in Australia, the United
States, European Union, Korea, and other regions.
At the time of writing, Aridol™ will be
reintroduced into the wider US market in late
2018.

17.4.3 Eucapnic Voluntary Hyperpnea

The EVH challenge was developed based on the
understanding that the ventilation reached and
sustained and the water content of the air inspired
are the most important determinants of EIB
(Anderson and Daviskas 2000). The EVH test
was developed initially to evaluate military
recruits for EIB (Argyros et al. 1996). The
European Respiratory Society/European Acad-
emy of Allergy and Clinical Immunology Task
Force (Carlsen et al. 2008a) recommend EVH to
identify EIB in athletes, and EVH is included in
the World Anti-Doping Agency assessment of
asthma.

All safety precautions should be observed
during an EVH test and should only be performed
by highly trained specialists. For those with
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Fig. 6 In steroid-naïve asthmatics, the relationship dem-
onstrating satisfactory agreement between the percent fall
in FEV1 after a cycle exercise challenge and the airway
sensitivity to inhaled mannitol (PD15) in two separate
studies (Brannan et al., n = 13, rp 0.68, p <0.01 and

Munoz et al., n = 11 rp = 0.86, p <0.001). These studies
highlighted further the safety of mannitol challenge testing,
only requiring a 15% fall in FEV1 compared to significant
falls in FEV1 to exercise in some of these asthmatic subjects.
(Reproduced with permission from (Brannan et al. 1998))
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established asthma who are experiencing frequent
symptoms and require beta2-agonists to alleviate
those symptoms, the EVH test should be
performed with caution knowing that the stimulus
may cause significant bronchospasm in these sus-
ceptible patients. The EVH test should not be
performed on patients in whom the FEV1 is less
than 75% of predicted (Parsons et al. 2013; Weiler
et al. 2007, 2016; Rundell and Slee 2008; Crapo
et al. 2000).

When performing the EVH test, the patient
voluntarily hyperventilates a source of dry air
containing approximately 5% carbon dioxide to
maintain eucapnia, with the remainder of the gas
mixture containing 21% oxygen and the balance
nitrogen (Phillips et al. 1985). The characteristics
of the airway response to EVH are very similar to
exercise. The patient’s maximum level of ventila-
tion can be reached more rapidly with voluntary
hyperventilation, reducing the required time for
the EVH test in comparison to the exercise
challenge.

An EVH challenge requires less space
and equipment than an exercise challenge. Non-
commercial or homemade systems similar to
those that were first developed for EVH are still
in use (Anderson and Kippelen 2013). The
required apparatus can be easily sourced, and the
initial setup is relatively inexpensive compared
with exercise challenge equipment. Real-time
measurement of ventilation is recommended, and
a pre-prepared gas mixture is required which adds
to the cost of the test. This system requires a large
meteorological balloon as a gas reservoir, and the
balloon is filled with at least 90 L of the dry air
mixture containing 5% CO2. The patient inhales
the air via a two-way valve and is encouraged to
hyperventilate sufficiently to keep the balloon at a
constant volume, while the gas from the cylinder
refills the balloon via a rotameter at the target
ventilation. This system provides constant feed-
back to patient on their ventilation rate, while the
investigator can encourage “deeper” or “faster”
breathing if required. This mixture keeps
end-tidal CO2 levels within the normal or
eucapnic range between 40 and 105 L/min
in patients with FEV1 values greater than 1.5 L
(Phillips et al. 1985). If a subject, such as an elite

athlete, has a level of ventilation value beyond
this range, then a mixing device can be used to
adjust and monitor the CO2 concentration to
maintain eucapnia. It is important that eucapnia
(38–42 mmHg) is maintained during an EVH
challenge as hypocapnia has long been known as
a stimulus for bronchoconstriction (O’Cain et al.
1979). Commercial systems now exist that also
require gas mixtures that use a demand valve
directly attached to the source of gas, with incen-
tive devices on computer screens to help the
subject achieve the target ventilation. Another
commercial system permits the breath-by-breath
delivery of dry air with the addition of CO2

(SMTEC 2014). These systems may be cheaper
to run in the long term as separate sources of dry
air and CO2 are cheaper than a pre-prepared gas
mixture.

While there are a number of different protocols
for EVH, the most accepted standardized protocol
uses a pre-prepared gas mixture inhaled at room
temperature for 6 min (Parsons et al. 2013; Weiler
et al. 2016). The target ventilation is 30 times the
baseline FEV1, and it has been demonstrated that
the majority of patients are able to achieve this
target. The minimum level for a valid test may be
set as low as 17.5 times the FEV1 for 6 min to be
consistent with exercise ventilation. If the mini-
mum ventilation is not reached, however, the test
may be invalid and need repeating. Cooling the air
can reduce the time of the challenge, but it is an
expensive addition that is unnecessary for most
assessments. At the end of the period of ventila-
tion, FEV1 is measured in duplicate immediately
post-challenge and at 3, 5, 10, 15, and 20 min.

In susceptible patients, in particular those with
known asthma, more severe falls in FEV1 could
be achieved with this 6-min protocol, and it is for
this reason these patients are recommended to be
excluded from performing EVH (Weiler et al.
2016). For known asthmatics a 4-min protocol at
21 times the FEV1 has been used as well as a
multistage protocol requiring 3-min periods of
ventilation at 10.5, 21, and 31 times FEV1

(Brannan et al. 1998). If using a multistage proto-
col in known asthmatic patients, measurements of
FEV1 are made following each EVH stage at 1, 3,
5, and 7 min. If there is no further fall at 7 min, the
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subject proceeds to the next level of ventilation.
Progressive protocols can induce refractoriness,
which leads to an attenuated response at the next
ventilation level in some patients. For this reason
progressive protocols should not be used rou-
tinely. BHR may occur during ventilation, and
any sudden falls in ventilation rate could be an
indication of bronchoconstriction. In such cases
the test may need to cease and FEV1 be measured
immediately, followed by the administration of
rescue bronchodilator.

A fall in FEV1 �10% from the pre-challenge
value is defined as a positive test, and the severity
of the fall in FEV1 defines the severity of the
BHR. It is recommended that the fall in FEV1

should be sustained, with the subject having at
least a 10% fall in FEV1 recorded at two consec-
utive time points after the challenge (Parsons et al.
2013; Weiler et al. 2016). A fall of 15% has been
suggested a more appropriate cutoff value to iden-
tify athletes and minimize potential false positives
who have a single 10% in FEV1 post exercise
(Price et al. 2016).

EVH has been observed to identify more cases
of EIB than laboratory exercise tests, and it is as
sensitive as field exercise testing for athletes
(Dickinson 2006; Mannix et al. 1999; Rundell
et al. 2004b). This is likely due to the higher levels
of ventilation that can be rapidly achieved and
sustained using EVH compared with laboratory
exercise on a bicycle or treadmill. Thus, persons
with mild EIB with a negative response to an
exercise protocol may have a positive response
to the 6-min dry air EVH protocol. Assessments
of the reproducibility of the airway response to
EVH are limited to small populations of either
athletes or nonathletes (Stadelmann et al. 2011;
Price et al. 2015; Argyros et al. 1996; Williams
et al. 2015). Variations around the diagnostic cut-
off value of 10% with mild BHR occur, similar to
the observed variations with exercise (Anderson
et al. 2010), suggesting the possible need for
two tests in borderline responses if EIB is still
suspected (Weiler et al. 2016; Price et al. 2016).
Those with moderate falls in FEV1 to EVH appear
to have adequate reproducible airway responses
over 3 and 6 weeks (Argyros et al. 1996; Williams
et al. 2015).

17.4.4 Inhaled Mannitol

The mannitol challenge test was developed in an
attempt to make an indirect BPT more clinically
accessible, so the test could move beyond the
clinical laboratory to be performed safely in a
clinical office setting (Anderson et al. 2018).
Prior to development of mannitol, osmotic chal-
lenge testing was performed using aerosols of
hypertonic saline generated by large volume ultra-
sonic nebulizers that were confined to clinical
laboratories (Anderson and Brannan 2003).
There were additional disadvantages with nebuli-
zation, such as variation in the delivered dose of
aerosol, hygienic problems related to the patient
expiration of the wet aerosols and exposure of
technical staff, as well as the requirement to reg-
ularly clean and maintain equipment. Mannitol
dry powder produced using spray drying in order
to provide a uniform particle size was found to be
stable and suitable for encapsulation (Anderson
et al. 1997). The pre-prepared package of manni-
tol provides a common operating standard for
BPTs with potential to compare results in different
laboratories.

Following the establishment of reproducible
baseline spirometry, the mannitol test requires
the patient to inhale increasing doses of dry pow-
der mannitol and has the FEV1 measured in dupli-
cate 60 s after each dose. The FEV1 at each dose
step should be within repeatable values within
5%. The test protocol consists of 0 mg (empty
capsule), 5, 10, 20, 40, 80 mg (2 � 40 mg cap-
sules), and three doses of 160 mg (4 � 40 mg
capsules) of mannitol. The maximum cumulative
dose of mannitol that is administered is 635 mg
(Brannan et al. 2005).

A positive test result is defined as either a fall in
FEV1 of 15% from baseline (i.e., post 0-mg capsule)
or a 10% fall in FEV1 from baseline between two
consecutive doses (Brannan et al. 2005). If a patient
presenting with symptoms suggestive of EIB has a
fall of greater than 10% but less than 15% following
the maximum cumulative dose of 635 mg (i.e., only
documenting a PD10), then mild EIB could be con-
sidered (Holzer et al. 2003) (Fig. 7).

The mannitol test needs to be performed in a
timely manner so that the osmotic gradient is
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increased with each dose. The repeatability of the
PD15 to mannitol is one doubling dose using a
low-resistance dry powder inhaler (Anderson
et al. 1997; Brannan et al. 2001). The time to
complete a positive test as observed in a large
phase 3 trial was 17 min (�7 min) for a positive
test and 26 min (�6 min) for a negative test
(Anderson et al. 2009).

It was also found that a test taking more than
35 min may lead to a false-negative result. Exces-
sive cough may be a reason for delaying the
duration of the challenge test; however, it has
been demonstrated excessive cough to mannitol
may indicate cough hypersensitivity syndrome
(Koskela et al. 2018).

Inhaled mannitol has demonstrated adequate
safety both in established phase 3 trials and in
the field in epidemiology studies (Anderson
et al. 2009; Brannan et al. 2005; de Menezes

et al. 2018). Airway responses are reversed rap-
idly with a standard dose of bronchodilator
(Brannan et al. 2005; Anderson et al. 1997).
Not unlike that observed with other BPTs,
prolonged recovery to a standard dose of bron-
chodilator can be observed in patients who use
beta2-agonists regularly, which may be indicative
of tolerance to beta2-agonist use (Haney and
Hancox 2006). It is also becoming clearer that
BHR to mannitol may be more sensitive than a
laboratory exercise challenge. Mannitol has also
been shown to identify BHR 1.4 times more than a
10% fall in FEV1 to laboratory running exercise
and 1.65 times more if a 15% fall to exercise is
considered as an abnormal response in persons
with newly diagnosed asthma (Anderson et al.
2009). Mannitol is also more sensitive at identify-
ing BHR compared to a laboratory cycle exercise
in known asthmatic individuals (Seccombe et al.
2018).

17.5 Therapy for Exercised-Induced
Bronchoconstriction

EIB in those with asthma, even in the presence of
minimal daily symptoms, may represent inade-
quacy of control of asthma (National Asthma
Education and Prevention Program 2007; Global
Initiative for Asthma 2007b). The goal of therapy
for EIB in a person with asthma is to prevent
symptoms induced by exercise while enhancing
overall control of asthma. Pharmacotherapeutic
agents that are useful in controlling chronic
asthma usually have bronchoprotective activity
for EIB as well. If asthma is otherwise well con-
trolled, bronchoprotective therapy for EIB is
administered only as needed, or in cases of opti-
mal anti-inflammatory, bronchoprotective therapy
for EIB may not be required. Considering this it
should be noted that exercise symptoms may
be one of the last manifestations of asthma that
will resolve with routine longer-term treatment
strategies.

Therapy for EIB may be delivered by inhala-
tion or by oral administration minutes to hours
before exercise, respectively. However, in gen-
eral, acute treatments via the inhaled route provide
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more rapid bronchoprotective effects. When used
alone or in combination with pharmacotherapy,
nonpharmacological therapies can also be helpful
in preventing EIB. Pharmacological agents act to
prevent or attenuate EIB often by different mech-
anisms and different degrees of protection among
different individuals. No therapies when given
acutely can be guaranteed to completely eliminate
EIB. However, the attenuation of EIB minimizes
bronchospasm during exercise and reduces the
severity of the response following exercise
(Rossing et al. 1982; Latimer et al. 1983).

Changes in airway responsiveness over time,
environmental conditions, intensity of the exer-
cise stimulus, and the frequency of use of existing
asthma therapies may lead to the variability of
effectiveness of treatments within an individual
(Guidance for Industry 2002). The variability
observed with different treatments may also result
from differences in baseline airway responsive-
ness and susceptibility of tolerance to a specific
treatment (Anderson et al. 2006). The most com-
mon and standardized primary end point for
assessing the efficacy of a drug in the treatment
of EIB either in a clinical trial or in clinical prac-
tice is the maximum percentage fall in FEV1

(Guidance for Industry 2002). In addition to this
maximum absolute fall in FEV1, expressed as a
percentage of baseline, the results may indicate a
change in the percent fall in FEV1 before and after
either acute or long-term therapy. The percent
protection for a drug on EIB can be determined
permitting a comparison of efficacy between treat-
ments (Kemp et al. 1998).

17.5.1 Pharmacological Therapy

The most effective therapeutic class for acute pre-
vention of intermittent EIB are beta2-adrenergic
receptor agonists (Spooner et al. 2003). For most
patients they provide the best protection against
EIB (Anderson et al. 1991, 2001; Spooner et al.
2003; Hendrickson et al. 1994; Ferrari et al. 2000,
2002; Bisgaard 2000). Alternatively, when
administered following bronchoconstriction to
exercise, they enhance recovery of FEV1 to base-
line values (Anderson et al. 1979; Godfrey and

Konig 1975b). When inhaled between 5 and
20 min before exercise, SABA drugs which
were initially developed for asthma were highly
effective in protecting against EIB, as shown
in early investigations (Anderson et al. 1976;
Hendrickson et al. 1994; Godfrey and Konig
1976; McFadden and Gilbert 1994). This
protection, however, does not occur when beta2-
agonists are given in an oral formulation
suggesting they must be administered topically
to the airway surface (Anderson et al. 1976). The
bronchoprotective effect lasts 2–4 h after inhala-
tion, and there are no significant differences
among the different SABAs currently in use,
such as albuterol and terbutaline (Anderson et al.
1991; Woolley et al. 1990). The cromolyn drugs
that are mast cell stabilizers have been used as
add-on therapy to enhance SABAs in increasing
bronchoprotection; however, it is important to
recognize that part of the superior action of
beta2-agonists is to also stabilize mast cells
(Spooner et al. 2003; Tan and Spector 2002).

There are now a number of long-acting beta2-
agonists (LABAs) in use. Many of the new
LABAs (but none of the ultra-LABAs) have cur-
rently been formally assessed for their efficacy to
inhibit EIB. LABAs differ in their actions, mainly
in their onsets of effect. Salmeterol requires up to
30 min for its optimal action to take effect. In
contrast, formoterol has a rapid onset of broncho-
dilator and bronchoprotective action similar to
SABAs (Ferrari et al. 2000, 2002). In beta2-ago-
nist-naïve patients, prolonged (up to 12 h) dura-
tion of bronchoprotective effect has been shown
for these drugs after the first dose (Anderson et al.
1991; Bisgaard 2000; Kemp et al. 1994; Nelson
et al. 1998; Carlsen et al. 1995; Newnham et al.
1993). Many patients are not protected for this
entire dosing interval. The optimal dosing interval
for EIB bronchoprotection may be closer to 6 h on
average (Anderson et al. 1991; Kemp et al. 1994;
Nelson et al. 1998; Newnham et al. 1993).

LABAs provide prolonged, sustained protec-
tion with intermittent use (Kemp et al. 1994;
Newnham et al. 1993; Boner et al. 1994; Vilsvik
et al. 2001; Bronsky et al. 2002), but daily main-
tenance use of LABAs (and SABAs) can result in
“tolerance,” i.e., some loss of bronchoprotection,
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with cross-tolerance to other beta2-agonists
(Nelson et al. 1998; Ramage et al. 1994; Simons
et al. 1997; Haney and Hancox 2005; Villaran
et al. 1999; Edelman et al. 2000; Hancox et al.
2002; Inman and O’Byrne 1996). Moreover, the
severity of EIB may actually increase with daily
use of LABAs and SABAs (Hancox et al. 2002;
Inman and O’Byrne 1996). It is well established
that regular beta2-agonists can increase BHR to
both direct and indirect stimuli, suggesting regular
beta2 stimulation can increase airway smooth
muscle sensitivity (Haney and Hancox 2006).
Further, the degree of tolerance may increase
with increasing bronchoconstriction which
could potentially put patients with severe asthma
attacks at risk of experiencing even less broncho-
dilator responsiveness (Wraight et al. 2003).
Therefore, adrenergic agonists are recommended
for only intermittent use for bronchoprotection
(Parsons et al. 2013;Weiler et al. 2007). Tolerance
occurs in most patients who demonstrate EIB
(Haney and Hancox 2005; Hancox et al. 2002;
Inman and O’Byrne 1996; Wraight et al. 2003;
Hancox et al. 1999, 2000; Haney and Hancox
2007); however, some individuals may have a
greater propensity than others to develop toler-
ance. To assess if there was a genetic basis to
beta2-agonist tolerance, patients with and without
the Arg16Gly beta2-receptor polymorphism,
which previously suggested a susceptibility to
beta2-agonist tolerance, demonstrated that these
polymorphisms do not influence tolerance to loss
of bronchoprotection to beta2-agonists with EIB
(Bonini et al. 2013). Notably, tolerance occurs
even when patients are also receiving ICS
suggesting attenuating airway inflammation is
independent of the mechanism of beta2-receptor
tolerance (Weiler et al. 2005; Simons et al. 1997).

Tolerance is demonstrated most noticeably by
a decrease in protective effect of both SABA
(Storms et al. 2004) and LABA (Weiler et al.
2005; Bisgaard 2000; Nelson et al. 1998; Boner
et al. 1994; Simons et al. 1997) (Fig. 8). This
tolerance has been demonstrated in one study to
occur in less than 3 h (Garcia et al. 2001). In
addition, tolerance manifests by prolongation of
recovery from bronchoconstriction with a stan-
dard dose of rescue beta2-agonist (Haney and

Hancox 2005; Hancox et al. 2002). It is possible
that the presence of tolerance is often missed in a
clinical setting because a patient rarely is evalu-
ated for responsiveness to bronchodilator follow-
ing bronchospasm. Thus, the shorter duration of
bronchoprotection and prolonged recovery time
can go unreported without objective measure-
ment. Prescribing additional doses of SABA
before exercise in an asthmatic patient taking
intermittent to regular beta2-agonists for daily
symptom control may unintentionally contribute
to potential worsening of beta2-agonist tolerance.

The mechanisms by which regular long-term
beta2-agonist use causes tolerance to acute use of
beta2-agonist are not completely understood, but
beta2-agonists can increase smooth muscle sensi-
tivity (Haney and Hancox 2006; Anderson et al.
2006). Another possible explanation is that the
long-term exposure of beta-receptors to beta2-
agonists results in uncoupling and internalization
or sequestration in the cells (Johnson 2006).
“Downregulation” of receptors and decreasing
responsiveness to beta2-agonists result from the
net loss in the number of available functional
beta2-receptors (Hayes et al. 1996) which mani-
fests as an absence of optimal clinical protection
to bronchoconstrictive stimuli. Thus, resynthesis
of the receptor to the active state is required for
restoration of sensitivity. Within 72 h of cessation
of exposure to beta2-agonist, the restoration of
sensitivity is observed clinically (Haney and
Hancox 2005; Davis et al. 2003b).

Mediator release from mast cells is inhibited
using beta2-agonists by stimulation by beta-
receptors on the cell surface. The process of
beta2-receptor desensitization varies between
bronchial mast cells, which appear to be more
readily desensitized when compared to bronchial
smooth muscle cells, which have larger numbers
of beta2-receptors (Johnson 2006; McGraw and
Liggett 1997; Chong et al. 2003; Scola et al.
2004). The clinical effects of downregulation on
mast cells are related more to bronchoprotection,
than to smooth muscle and bronchodilation
(O’Connor et al. 1992). It is also possible
the downregulation of mast cell beta2-receptors
could have a dual effect, boosting mediator
release and increasing bronchoconstriction
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(Hancox et al. 2002; Chong et al. 2003; Scola
et al. 2004; Swystun et al. 2000; Peachell 2006).

Beta2-receptor downregulation, or tolerance, is
exhibited clinically as a decrease in duration of
beta2-agonist bronchoprotection to stimuli such as
exercise, which depends on mast cell mediator
release for bronchoconstriction (Anderson et al.
2006). Tolerance to bronchodilation following
EIB is shown by protraction of the time of recov-
ery from bronchoconstriction in response to usual
doses of beta2-agonists (Haney and Hancox 2005;
Hancox et al. 2002; Inman and O’Byrne 1996).

Daily monotherapy use of LABAs to provide
overall asthma control is not recommended
(National Asthma Education and Prevention Pro-
gram 2007). LABAs are often combined with ICS
to provide effective maintenance therapy when
ICS alone are not satisfactory in controlling
chronic asthma; however, there is no persuasive
clinical evidence that this combination reduces
tolerance to the bronchoprotective effect of
LABAs in asthma or EIB with asthma (Weiler
et al. 2005; Simons et al. 1997; Kalra et al.
1996). LABAs alone, used intermittently up to
three times a week, do not appear to be connected
with tolerance (Davis et al. 2003b; FDA drug
safety communication 2010).

Although their role appears to vary
significantly among patients, leukotrienes in EIB
sustain the bronchoconstrictive and inflammatory
response. Inhibitors of the leukotriene pathway
(leukotriene receptor antagonists or LTRAs and
lipoxygenase inhibitors) are not only effective in
enhancing recovery of airway narrowing but
also reducing the severity of the fall in FEV1.
However, a limitation may be the variability in
the effectiveness of LTRAs, from completely
blocking EIB in some asthmatic individuals to
little or no bronchoprotection at all in some indi-
viduals. However, most patients do not experi-
ence comprehensive protection (Raissy et al.
2008). Approximately 50% of patients can
respond to these treatments, with a 30–80% pro-
tection of EIB (Kemp et al. 1998; Stelmach et al.
2008; Vidal et al. 2001). These percentages may
differ, contingent in part on the FEV1 fall required
to make a diagnosis of EIB (>10%, >15%,
or > 20%). Given that other mediators (e.g.,
PGD2, histamine) (Hallstrand et al. 2005b;
Finnerty and Holgate 1990) are involved in EIB,
this incomplete protection is perhaps not
surprising.

Several LTRAs have been found to be effective
in reducing EIB (Leff et al. 1998; O’Byrne 2000;
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Pearlman et al. 1999; Manning et al. 1990;
Finnerty et al. 1992) (Fig. 9). Most studies have
examined the CystLT1 receptor antagonist, partic-
ularly montelukast, and zafirlukast and pranlukast
can be used as well. Montelukast is approved by
the FDA and many other health-care regulatory
authorities worldwide for treatment of EIB in
children, adolescents, and adults. As it is an oral
formulation, its onset of action is not as fast as an
inhaled treatment that can acutely protect against
EIB. Montelukast has an onset of action
within 1–2 h of oral administration (Pearlman
et al. 2006; Finnerty et al. 1992; Philip et al.
2007a; Wasfi et al. 2011) but provides a duration
of bronchoprotection for at least 24 h (Leff et al.
1998; Pearlman et al. 2006; Kemp et al. 1998;
Wasfi et al. 2011; Philip et al. 2007b; Bronsky
et al. 1997). It should be noted that maximum
protection may not be maintained in some patients
(Peroni et al. 2002a). LTRAs also speed the time
to recovery to baseline lung function following
EIB (Leff et al. 1998; Storms et al. 2004). While
LTRAs do not have the same effectiveness overall
in attenuating EIB as rapidly as beta2-agonists
(Raissy et al. 2008), tolerance has not been
observed with CystLT1 antagonists with long-
term use (Leff et al. 1998; Villaran et al. 1999;

Edelman et al. 2000; de Benedictis et al. 2006).
Populations of responders and nonresponders
of leukotriene antagonists to EIB have been
observed similar to that observed for these drugs
on asthma control to daily symptoms (Drazen
et al. 2000; Kang et al. 2008; Kim et al. 2008).

Lipoxygenase inhibitors, a second group
of agents that affect the leukotriene pathway
by inhibiting synthesis, are less widely used
in the treatment of EIB and are not currently
recommended for this indication. While
lipoxygenase inhibitors have been shown to
attenuate EIB when given orally (Meltzer et al.
1996; Coreno et al. 2000; Lehnigk et al. 1998; van
Schoor et al. 1997), the duration of inhibition of
these compounds is relatively short (Meltzer et al.
1996; Coreno et al. 2000). Early stage develop-
ment studies suggest a 5-lipoxygenase activating
protein (FLAP) inhibitor that can target different
stages of the leukotriene synthesis pathway and
can inhibit EIB (Kent et al. 2014).

Mast cell stabilizers such as cromolyn sodium
and nedocromil sodium (not currently available as
an MDI or DPI in the United States), two struc-
turally unrelated compounds, have no bronchodi-
lator action but have similar bronchoprotective
action against EIB when inhaled (Spooner et al.
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2003; Kelly et al. 2001). A number of mecha-
nisms have been suggested for these agents,
including inhibition of mast cell mediator release
of PGD2 (Kippelen et al. 2010a; Brannan et al.
2006). The bronchoprotective effect is of short
duration (1–2 h) (Woolley et al. 1990; Comis
et al. 1993), but bronchoprotection is immediate,
suggesting activity occurs on or close to the air-
way epithelium (Silverman and Andrea 1972).
Further, these agents may be effective and may
increase overall inhibition of EIB when combined
with other drugs used to diminish EIB (Spooner
et al. 2003; McFadden and Gilbert 1994; Comis
et al. 1993; de Benedictis et al. 1998). Similar
to other treatments for EIB, there is significant
intersubject and between-study variability on
bronchoprotection (Tullett et al. 1985; Patel
and Wall 1986). The effectiveness of cromolyn
appears to be dose related; however, while these
drugs have few side effects, they may have been
administered in insufficient doses (Patel and Wall
1986; Schoeffel et al. 1983; Patel et al. 1986).
There is no evidence of tolerance with the
cromolyn drugs. Due to observed safety profiles
and rapid onset of action, these agents have been
regularly used to attenuate EIB (Spooner et al.
2003; Kuzemko 1989).

In asthmatic patients EIB is best controlled by
maintenance anti-inflammatory treatment using
ICS (Subbarao et al. 2006; Hofstra et al. 2000;
Jonasson et al. 2000) or in combination with
other short-term preventive treatment (National
Asthma Education and Prevention Program
2007; Stelmach et al. 2008; National Institutes of
Health NH, Lung and Blood Institute 2007). ICS
are the mainstay therapy for the improvement in
asthma control in the majority of patients with
persistent asthma symptoms; however, it is also
effective at attenuating BHR to both direct and
indirect stimuli, including exercise (Anderson and
Holzer 2000; Brannan 2010). Adherence to ICS
should be encouraged for the treatment of EIB, as
it should be encouraged for the routine manage-
ment of asthma. The dose-dependent effect of
ICS has been noted shortly following the initial
3–4 weeks of treatment (Subbarao et al. 2006;
Pedersen and Hansen 1995). The effects of ICS
are time dependent, however, with longer

treatment periods (12 weeks) showing no differ-
ence between different doses of ICS inhibiting
EIB (Jonasson et al. 2000). There is no relation-
ship between control of persistent asthma and
severity of EIB (Madhuban et al. 2011). Never-
theless, the presence of EIB in the presence of
regular ICS can be considered a reflection of the
lack of pathophysiological control of asthma,
even in the presence of good clinical control. In
this case, if moderate to severe EIB is present with
minimal symptoms suggestive of adequate
asthma control, this should suggest a need to
maintain therapy.

The mechanism of regular ICS may be differ-
ent when administered acutely. Bronchoprotection
against EIB with acute high-dose ICS has been
documented as early as 4 h after the first dose in
adults (Kippelen et al. 2010c; Thio et al. 2001;
Driessen et al. 2011). In children, however, it has
been demonstrated that lower doses consistent
with the daily treatment of asthma can have a
more immediate bronchoprotective effect on EIB
(Visser et al. 2014). The mechanisms are unclear
but possibly similar to other inhaled treatments by
impacting epithelial function. After 1 week of ICS
treatment, efficacy appears to plateau in studies of
short treatment duration (Duong et al. 2008; Sub-
barao et al. 2006; Pedersen and Hansen 1995).
However, bronchoprotection may increase further
over weeks or even months until it reaches its final
plateau, which may exist in the form of complete
bronchoprotection (Koh et al. 2007; Hofstra et al.
2000; Henriksen and Wenzel 1984; Henriksen
1985) (Fig. 10). Bronchoprotection with regular
ICS has been demonstrated to occur in 30–60% of
asthmatic patients with EIB, with marked individ-
ual variability that can range from complete inhi-
bition of EIB to minimal protection (Koh et al.
2007). It has yet to be determined if an individual
who does not benefit from attenuated EIB with
regular ICS is corticosteroid insensitive or poorly
adherent to treatment. Without studies under-
standing the duration of effect of ICS on EIB
and accounting for adherence to ICS, it will
remain unclear whether this variability reflects
distinct subpopulations of ICS responders and
nonresponders (e.g., a reflection of genetic differ-
ences) or if this is a feature of the severity of EIB.
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Allergic rhinitis can be common in atopic asth-
matic patients, and some evidence suggests that
effective treatment of nasal congestion and
obstruction by nasal ICS is related to at least
mild protection of EIB (Henriksen and Wenzel
1984; Kersten et al. 2012; Shturman-Ellstein
et al. 1978). These findings appear to validate
the “unified airway” theory that considers allergic
rhinitis and atopic airway inflammation in asthma
are demonstrations of similar pathologic pro-
cesses throughout the respiratory tract (Brozek
et al. 2010). This suggests that treating EIB with
both intranasal corticosteroids and ICS could lead
to more effective attenuation of EIB in allergic
asthmatics compared to ICS alone, however, as
yet there is no evidence to support this conclusion.

As daily treatment with ICS may not
completely inhibit EIB, this does not remove the
need for acute bronchoprotection for EIB to aid
for more complete protection. Beta2-agonists can
be added when the need is required for additional
short-term protection of EIB (Anderson et al.
1979; Godfrey and Konig 1975b). As an alterna-
tive, and considering beta2-agonist tolerance
could be an issue, when maintenance ICS are
not effective enough, LTRAs can be used to
obtain added protection with low- and medium-

dose ICS (Stelmach et al. 2008; Duong et al.
2012) while also using beta2-agonists for acute
bronchoprotection if necessary (Fitch et al. 2008;
Global Initiative for Asthma 2007b; Grzelewski
and Stelmach 2009; Carlsen et al. 2008b).

The evidence shows little improvement by ICS
of tolerance to beta2-agonist bronchoprotection,
and a shortened duration of bronchoprotection
remains when ICS and LABAs are given together
(Weiler et al. 2005; Simons et al. 1997; Storms
et al. 2004; Kalra et al. 1996; Yates et al. 1996).
Nonetheless, one study that evaluated the combi-
nation of an ICS and LABA (fluticasone and
salmeterol) for four weeks of maintenance therapy
in adult patients showed better bronchoprotection
at 1 and 8.5 h after dosing compared with the same
dose of monotherapy fluticasone (Weiler et al.
2005). In that study, most patients taking the com-
bined therapy also exhibited greater complete
protection (<10% fall of FEV1) and better
overall asthma control. A similar study with the
same agents in children and adolescents also
demonstrated a small persistent effect of
bronchoprotection when the combination was
used compared with the monotherapy ICS
(Pearlman et al. 2009). EIB is reduced by a similar
magnitude over 6 weeks when comparing LABAs
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Fig. 10 Individual data of the effect of 12 weeks of
treatment with low doses of inhaled corticosteroid (ICS)
budesonide (100 mcg or 200 mcg, once daily) on the
percentage fall in FEV1 in children with asthma who
have EIB. The majority of children were observed to
have a negative exercise challenge test (<10% fall in

FEV1) with 71% (10 of 14) and 64% (9 of 14) following
100 mcg or 200 mcg, respectively. The data demonstrates
that it is possible to treat with regular ICS over a longer
time period and see resolution in airway sensitivity to
an exercise challenge, independent of dose of ICS.
(Reproduced with permission from (Jonasson et al. 1998))
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in combination with ICS versus a low dose of ICS
daily (Lazarinis et al. 2014).

Anticholinergic agents act to cause
bronchodilation by blocking vagally mediated
tone and have been used alone and in combination
with SABAs with some success in treating acute
exacerbations of asthma (Knopfli et al. 2005;
Blake 2006). In double-blind trials, especially
with placebo controls, the ability of anticholiner-
gic agents to prevent EIB has not been consistent
(Boulet et al. 1989). Not all patients seem to
respond to anticholinergic agents (Spooner et al.
2003; de Benedictis et al. 1998; Poppius et al.
1986; Magnussen et al. 1992), and responsiveness
may be variable within the same patient (Boner
et al. 1989). There is no evidence to suggest these
drugs would be useful in combination, and there is
no study to date assessing any of the longer acting
anticholinergics in EIB.

The methylxanthines theophylline and ami-
nophylline have been used for long-term main-
tenance therapy in the treatment of asthma,
and these agents have been used as adjunct
therapy to ICS when an additional agent is
required to improve asthma control (Global
Initiative for Asthma 2007b; National Insti-
tutes of Health NH, Lung and Blood Institute
2007). The methylxanthines are nonselective
phosphodiesterase inhibitors of the cyclic
AMP and cyclic guanine monophosphate path-
ways active in the pathophysiology of asthma.
Methylxanthines have been shown to modify
EIB in only a subset of patients with EIB (Ellis
1984; Iikura et al. 1996; Seale et al. 1977).
Selective phosphodiesterase inhibitors have a
better safety profile than methylxanthines with
one study using the phosphodiesterase 4 inhib-
itor, roflumilast, showing attenuation of EIB
(Timmer et al. 2002).

The methylxanthine drug class also includes
caffeine. Ingestion of caffeine can attenuate EIB
in a dose response manner, with evidence of high
doses of caffeine (6–10 mg/kg) inhibiting EIB
(Duffy and Phillips 1991; Kivity et al. 1990;
VanHaitsma et al. 2010). The recommendation
to abstain from caffeine prior to performing
BPTs to identify EIB is based on these studies
(Weiler et al. 2016).

Antihistamines or H1 antagonists can provide
incomplete attenuation of EIB (Patel 1984; Baki
and Orhan 2002; Finnerty and Holgate 1990; Clee
et al. 1984; Magnussen et al. 1988; Wiebicke et al.
1988; Zielinski and Chodosowska 1977), but
results have been inconsistent (Dahlén et al.
2002; Peroni et al. 2002b). This variability may
relate to variances in the intensity and duration of
the exercise stimulus, the severity of the EIB in
the population studied, or the specific dose of the
antihistamine. The antihistamine class is pharma-
codynamically diverse as well. Greater intensity
or more severe EIB may be required for participa-
tion of histamine in the pathogenesis of EIB
(Anderson and Brannan 2002). Histamine is also
less potent than the other two main mediators
(leukotrienes and prostaglandins) that contribute
to EIB (O’Byrne 1997). Antihistamines may have
other actions such as an ability to inhibit mediator
activation and release (Passalacqua et al. 2002).
Dissimilar routes of administration and dosages of
antihistamines may also be confounding factors in
previous studies (Ghosh et al. 1991). The evi-
dence to date suggests the effectiveness of oral
antihistamines should not be considered a treat-
ment to aid in the effective inhibition of EIB.
Considering this, it will likely remain as a treat-
ment option in allergic rhinitis in the hope that
there will be some additional benefits in those
with comorbid asthma and EIB.

Additional considerations to the management
of EIB in elite athletes should include moderating
relevant environmental exposures as much as
possible (such as methods to reduce home or
occupational allergen exposures, minimizing air
pollution exposure), treating comorbid conditions
that may have additional impacts on dyspnea, and
patient education (Fitch et al. 2008; Boulet and
O’Byrne 2015). The athlete and the specialist may
need to consider an exercise prescription that has
additional considerations such as the athlete’s rou-
tine and exercise environment in order to provide
adequate control of EIB (e.g., swimmers, ice
hockey players).

It should be noted that similar to observations
in asthmatic patients with EIB, the few studies in
athletes with EIB alone have shown the same
results for the acute protective effect of a beta2-
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agonist, the mast cell stabilizer cromoglycate, the
LTRA montelukast, and the inhibitory effect of
high-dose ICS when given acutely (Kippelen
et al. 2010a, c; Simpson et al. 2013; Rundell et al.
2005). These findings reinforce the concept that
similar pathophysiological mechanisms occur in
EIB with or without the daily symptoms of asthma.

17.5.2 Nonpharmacological Therapy
and Dietary Modification

For some athletes, continuous warm-up before
exercise has been shown to cause significant
decrease in post-exercise bronchoconstriction
(Stickland et al. 2012). The precise mechanisms
for an about 50% reduction in airway responsive-
ness in 50% of persons with EIB with repeated
exercise following an initial exercise stimulus are
not well understood. Pre-exercise warm-up is not a
useful treatment option in all patients, and there are
currently no predictors of the response other than to
objectively measure attenuated EIB after repeated
exercise separated by 60–90 min. Pre-exercise
warm-up at 60–80% maximum heart rate can be
performed to provide partial attenuation of EIB for
up to 4 h (Edmunds et al. 1978; Schoeffel et al.
1980; Anderson and Schoeffel 1982). Due to the
incomplete protection, pre-exercise warm-up does
not prevent the need for pharmacotherapy. Combi-
nation of pharmacotherapy and warm-up should be
considered as it has been shown that SABA plus a
warm-up gives better protection than the warm-up
or SABA alone (Mickleborough et al. 2007;
McKenzie et al. 1994).

Dietary modification as a treatment for EIB has
generally been used as evidence of significant yet
partial inhibition of the percent fall in FEV1 fol-
lowing exercise with low-salt diets, omega-3 fatty
acids, and ascorbic acid (vitamin C) with up to
3 weeks of modification (Mickleborough et al.
2001, 2003, 2005, 2006; Tecklenburg et al.
2007). If dietary supplementations are to be pre-
scribed, they should not be seen as a substitute for
established pharmacotherapies but should be used
in association with maintenance therapy in the
asthmatic athlete.

17.6 Conclusion

Asthma in athletes can have significant implica-
tions for exercise performance by causing EIB.
For optimal treatment of EIB, it is important to
have the presence and severity of EIB character-
ized using a standardized BPT that causes BHR
via the release of bronchoconstricting mediators.
Indirect tests are useful not only for identifying
an airway that is sensitive to the treatments used
in asthma, in particular ICS, but also to assess the
efficacy of therapy after treatment. Understand-
ing the advantages and disadvantages of the
treatments and strategies for EIB can help dimin-
ish EIB while also aiding in the treatment of
asthma. The optimal point to treatment in the
asthmatic athlete is the significant attenuation
and, if possible, the abolition of EIB. Based on
the evidence of clinical trials, this attenuation
and/or abolition would lead to improvements in
exercise performance while significantly mini-
mizing the likelihood for an attack of asthma
with exercise.
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