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     “Indirect challenges act by causing the release of 
endogenous mediators that cause the airway 

smooth muscle to contract, with or without inducing 
microvascular leakage. Because the responses to these 
challenges are modifi ed or even completely inhibited 

by inhaled steroids, the airway response to these chal-
lenges may be a closer refl ection of active airway 
infl ammation.”  1   The indirect challenges act on inter-
mediate pathways, such as via mediator release from 
infl ammatory cells and the release of neuropeptides 
from sensory nerves. The neurally mediated pathway 
has not been studied extensively because of lack of 
easy availability of specifi c antagonists for clinical trial. 
Both pathways are affected in asthma, and this may 
be the reason that tests using stimuli that act indi-
rectly are considered to be more specifi c for asthma 
than stimuli that act directly on smooth muscle. 

 The indirect challenges commonly available in 
pulmonary function laboratories include exercise, 
eucapnic voluntary hyperpnea (EVH), ultrasonically 
nebulized hypertonic saline, and dry-powder mannitol 

 Indirect challenges cause the release of endogenous mediators that cause the airway smooth mus-
cle to contract and the airways to narrow. Airway sensitivity to indirect challenges is reduced or 
even totally inhibited by treatment with inhaled corticosteroids (ICS), so a positive response to an 
indirect stimulus is believed to refl ect active airway infl ammation. The indirect challenges com-
monly used in pulmonary function laboratories include exercise, eucapnic voluntary hyperpnea, 
hypertonic (4.5%) saline, and mannitol. Exercise was the fi rst test to be standardized and was used 
to identify exercise-induced bronchoconstriction (EIB). The inhibition of EIB in young children by 
sodium cromoglycate led to the concept that mast cells were important very early in the onset of 
asthma. All of these indirect challenges are associated with the release of mast cell mediators (eg, 
prostaglandins, leukotrienes, and histamine). The hypertonic saline and mannitol challenges arose 
from the concept that EIB was caused by an increased osmolarity of the airway surface with 
release of mediators. These osmotic aerosols simplifi ed testing with indirect challenges in the 
laboratory, improving the potential to identify currently active asthma. Although hyperresponsive-
ness to indirect challenges is frequently associated with a sputum eosinophilia, it is not a prereq-
uisite because the mast cell is the most important source of mediators. The mechanism for ICS 
reducing hyperresponsiveness to indirect challenges likely involves both mast cells and eosino-
phils. Indirect challenges are appropriate to inform further on both the pathogenesis of asthma 
and the role of antiinfl ammatory agents in its treatment.   CHEST 2010; 138(2)(Suppl):25S–30S 

  Abbreviations:  BHR  5  bronchial hyperresponsiveness; EIB  5  exercise-induced bronchoconstriction; EVH  5  eucapnic 
voluntary hyperpnea; F e NO  5  fraction of exhaled nitric oxide; ICS  5  inhaled corticosteroids; LTE 4   5  leukotriene E 4 ; 
PD 15   5   provocative dose of saline or mannitol inducing a 15% fall in FEV 1 ; PD 20   5  provocative dose of saline inducing a 
20% fall in FEV 1 ; PGD 2   5  prostaglandin D 2 ; SCG  5  sodium cromoglycate 
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severity and control of asthma. EIB is usually identi-
fi ed as either a 10%  6   or 15%  7,8   fall in FEV 1  after 6 to 
8 min of vigorous exercise in a dry environment. 
Many pharmaceutic companies seek an indication for 
their drug to prevent EIB, so an exercise challenge 
test is likely to remain in demand. Exercise is the most 
common cause of an attack of asthma in children, and 
the severity of attack increases, with increasing num-
bers of attacks of wheezing per year.  8   EIB is an early 
sign of bronchial hyperresponsiveness (BHR) in chil-
dren  9   and EIB is one of the last signs to go with treat-
ment with inhaled corticosteroids (ICS).  10   

 EIB is associated with increased urinary excretion 
of mast cell mediators, including prostaglandin D 2  
(PGD 2 ), (measured as the metabolite 9 a ,11 b -prosta-
glandin F 2 ) leukotriene E 4  (LTE 4 ), and histamine.  11-13   
These same mediators have been identifi ed in spu-
tum, and the concentrations were reduced by acute 
premedication with a combination of montelukast 
and loratadine.  13   In addition to mast cells, EIB is 
associated with sputum eosinophilia, and EIB sever-
ity is reduced in concert with a reduction in eosino-
phils after chronic treatment with ICS.  14   However, a 
sputum eosinophilia is not a prerequisite for EIB.  14   
EIB was also inhibited in the majority of children fol-
lowing acute premedication with 1,000  m g fl uticasone 
4 h before exercise.  15   

 Although exercise is a natural stimulus for demon-
strating BHR, and EIB has a high positive predictive 
value for presence of asthma, it is often diffi cult to 
identify EIB in the laboratory. The type of exercise 
is usually limited, and neither cycling nor running 
exercise is relevant to the subject who complains of 
symptoms after swimming, rowing, skiing, or skating. 
The inspired air needs to be “dry” and delivered up to 
a very high fl ow rate ( .  100 L/min), and the intensity 
of exercise needs to be vigorous (85%-95% maximum 
heart rate). To overcome these problems, surrogate 
tests were developed to identify BHR consistent 
with EIB. 

 Surrogates for Identifying BHR to 
Inflammatory Mediators of EIB 

 The EVH test breathing dry air ( � 5% CO 2 , 
21% oxygen, balance nitrogen) for 6 min at a ventila-
tion target of 30  3  FEV 1  was initially standardized to 
evaluate army recruits for asthma  16   and later to iden-
tify EIB in elite athletes.  17   Field exercise at 2°C was 
compared with EVH in the laboratory at 19.4°C and 
responses were found to be equivalent for most win-
ter athletes.  18   EVH can provoke severe falls in FEV 1 , 
so its use is confi ned to evaluate those who regularly 
exercise at high intensities. The same mediators asso-
ciated with exercise and EIB were found after 6 min of 

( Fig 1  ).  2   Other indirect challenge tests not readily 
available for routine challenge testing include ade-
nosine monophosphate ( Fig 1 ), which acts via the 
mast cell, and agents such as sodium metabisulphite 
and sulfur dioxide, which are believed to act via a 
neural pathway.  1,3   Most stimuli that provoke an attack 
of asthma in daily life do so indirectly. Medications 
used to treat asthma and exercise-induced bronchoc-
onstriction (EIB) frequently normalize the response 
to an indirect challenge. In 2007, the indirect chal-
lenges of exercise and mannitol were included in the 
Global Initiative for Asthma (GINA) guidelines for 
establishing a diagnosis of asthma.  4   

 Exercise as a Test of Bronchial 
Hyperresponsiveness 

 Exercise was the fi rst indirect challenge test to be 
standardized.  5   It was developed because the mast 
cell-stabilizing drug sodium cromoglycate (SCG) 
could not be evaluated for asthma using either a his-
tamine or a methacholine challenge. Allergen, the 
indirect challenge being used at the time, was consid-
ered inappropriate because of its potential to cause a 
late asthmatic response. Exercise is a common stimu-
lus for provoking bronchoconstriction, and guidelines 
usually include exercise tolerance as an indicator of 

  Figure  1. The events leading to airway narrowing and a reduc-
tion in FEV 1  after indirect challenge tests. During exercise and 
eucapnic voluntary hyperpnea, airway dehydration occurs as a 
result of the need to condition large volumes of air in a short 
period of time. The loss of water by evaporation from the airway 
surface causes airway cooling and an increase in osmolarity of the 
airway surface liquid. The stimulus for mediator release is believed 
to involve the cell volume shrinkage and restoration. Airway cool-
ing may also contribute to the airway narrowing of hyperpnea by 
causing a reactive hyperemia. Hyperosmolar aerosols increase 
osmolarity of the ASL directly. AMP acts to release mediators 
through a specifi c receptor. Agents like methacholine act directly 
on the airway smooth muscle. AMP  5  adenosine monophosphate; 
ASL  5  airway surface liquid.   
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from human lung mast cells, and this release was 
enhanced in the presence of anti-IgE.  31   

 The mannitol dry powder is delivered in progres-
sively increasing doses (0, 5, 10, 20, 40, 80, 160, 160, 
160 mg), with FEV 1  measured 1 min after each dose. 
A positive response is a 15% fall in FEV 1  at a total 
cumulative dose of  �  635 mg or a 10% fall in FEV 1  
from baseline between doses. Sensitivity to man-
nitol is expressed as the PD 15  (mg) and reactivity as 
the response dose ratio (ie, the fi nal % fall in FEV 1  
divided by the total cumulative dose to induce that % 
fall in FEV 1 ). The mannitol test has regulatory 
approval in Australia and 18 countries in Europe 
and Asia and provides the opportunity for a global 
stan dard operating procedure for an indirect chal-
lenge.  32,33   Mannitol as a stimulus acts as a surrogate 
for exercise, eucapnic hyperpnea, and 4.5% saline.  30,34,35   
Mannitol shares many of the same characteristics of 
adenosine monophosphate challenge, and the profi le 
of mediators and the effect of pharmacologic agents is 
similar.  35,36   

 In the original phase 3 study on safety and effi cacy, 
there was also good concordance between respon-
siveness to 4.5% saline and mannitol in subjects with 
asthma and healthy subjects.  32   In people with signs 
and symptoms of asthma, but without a defi nite diag-
nosis, mannitol had a similar sensitivity and specifi c-
ity as methacholine (16 mg/mL) for identifying a 
physician diagnosis of asthma and EIB. However, 
concordance between different test results in these 
subjects was not as high as the groups with known 
asthma or healthy subjects. 

 Mannitol was shown to release PGD 2 , LTE 4 , and 
histamine from cord blood-derived human mast cells 
and leukotrienes from eosinophils in vitro.  37,38   Given 
by inhalation, mannitol is associated with release of 
PGD 2  and LTE 4  in subjects with asthma and to a 
lesser extent in healthy subjects.  39,40   The release of 
PGD 2 , but not LTE 4 , is inhibited by SCG and efor-
moterol ( Fig 2  ).  40   The consistent fi nding of mast cell 
mediators in response to an indirect challenge is in 
keeping with the current thinking that asthma is a 
mast cell myositis.  41   The release of mediators from 
infl ammatory cells in association with a measure of 
BHR gives more information than a test of fraction of 
exhaled nitric oxide (F e NO), which appears to be a 
refl ection of atopy and BHR independent of the diag-
nosis of asthma.  42   

 BHR to mannitol expressed as PD 15  is related to the 
percentage of sputum eosinophils in patients with 
asthma not taking ICS.  43   A positive response to man-
nitol can occur, however, in the absence of a signifi -
cant sputum eosinophilia.  43   The reason for this is that 
the primary mediator for mannitol response is PGD 2 , 
which is of mast cell origin. The resolution of BHR 
to mannitol over weeks is likely to be associated 

EVH.  19   The response to EVH is also reduced by treat-
ment with ICS.  20   The mediator release, particularly 
PGD 2 , and the airway response were both inhibited 
following 1,500  m g of beclomethasone given 4 h 
before EVH challenge.  19   

 The hypertonic (4.5%) saline test was developed to 
investigate the hypothesis that EIB was caused by a 
transient increase in osmolarity of the airway surface 
liquid as a consequence of humidifying large volumes 
of air during exercise.  21   The aerosol is generated using 
a high-output ultrasonic nebulizer and delivered for 
progressively increasing intervals (0.5, 1, 2, 4, 8 min).  22   
A positive response, originally defi ned as a 20% fall in 
FEV 1 , was reduced to 15% after large numbers of 
healthy subjects had been studied. Subjects with 
asthma were similarly sensitive to 4.5% saline and 
EVH.  23   Sensitivity to 4.5% saline was expressed as 
the provocative dose of saline inducing a 15% or 20% 
fall in FEV 1  (PD 15 , PD 20 , respectively). Children who 
had a positive response to 4.5% saline (PD 15 ) were 
4.26 times more likely to have EIB and 6.96 times 
more likely to have current wheeze than those who 
had a negative response.  24   The sensitivity (PD 20 ) to 
4.5% saline was reduced acutely after 40 mg SCG 
from PD 20  2.76 mL (control) to 22.2 mL and from 
2.76 mL to 16.7 mL after 24 to 56 days of treatment 
with budesonide 1,000  m g/d. There was a signifi cant 
correlation between the fold change in PD 20  for SCG 
and budesonide ( r   5  0.88,  P   ,  .01).  25   

 The hypertonic saline challenge had an advantage 
over exercise and EVH in that sputum could be col-
lected both in adults and children at the same time as 
measuring BHR.  26,27   The sensitivity to 4.5% saline 
(PD 20 ) after 6 weeks of ICS was related to the per-
centage of mast cells in the airway epithelium 
( r   5   2 0.71,  P   ,  .05) and to the percentage of sputum 
eosinophils refl ecting the airway lumen ( r   5   2 0.63, 
 P   ,  .05).  27   Asthma duration was related to the epithe-
lial mast cell count ( r   5  0.50).  27   The acute effect of 
2,400  m g of budesonide was investigated in another 
study by the same authors, and there was a 2.2-fold 
shift (95% CI, 1.45-3.33) in the PD 20  after 6 h.  28   Spu-
tum eosinophils, but not mast cells, were signifi cantly 
different after this acute treatment with ICS.  28   As 
with EVH, the same mediators associated with exer-
cise have been measured in response to hypertonic 
saline.  29   

 The mannitol challenge arose from the 4.5% saline 
challenge and was developed as a point-of-need test 
requiring no special preparation or clean-up time.  30   
Mannitol was selected as the osmotic agent as it was 
generally regarded as a safe molecule for use in both 
adults and children. Mannitol had suitable properties 
for encapsulation as a powder and could be delivered 
through a standard dry-powder inhaler. Mannitol had 
been shown in vitro to stimulate release of histamine 
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unresponsive to the endogenously released media-
tors, as may occur in nonasthmatic eosinophilic bron-
chitis, or insuffi cient numbers of infl ammatory cells, 
as may occur in a person treated with ICS).  32   Back-
titration of ICS dose is likely to reveal the lowest 
dose that controls BHR to the endogenous media-
tors. If no BHR returns, then the subject does not 
have currently active asthma and an exacerbation is 
unlikely.  47   

 A negative mannitol test result in a person not tak-
ing treatment can be interpreted as the person being 
unlikely to have currently active asthma or, if they do, 
it is only mild. For a person suspected of having 
asthma on the basis of symptoms, a negative test to 
mannitol may be a sign to investigate other possible 
causes of the symptoms, such as obesity and/or gas-
troesophageal refl ux. 

 For a person with symptoms but a negative test to 
mannitol, there may be an insufficient number of 
infl ammatory cells or insuffi cient concentration of 
mediators and/or the person does not have BHR to 
those mediators. Some 30% of subjects with mild 
EIB are not identifi ed with a mannitol test or a meth-
acholine test.  33   

 An athlete with a positive test result to methacho-
line but a negative test result to mannitol has BHR 
but may not have active airway infl ammation or sig-
nifi cant EIB. Cross-country skiers are good examples 
of this type of subject.  48   The BHR in this case may be 
a sign of airway injury due to conditioning excessive 

with a reduction in sputum eosinophils as with exer-
cise.  44   A longer time of treatment may be required for 
resolution of mast cells.  27   

 Interpretation of a Mannitol Test Result 

 Mannitol is used to assess BHR to aid in the diag-
nosis of asthma. A positive test result to mannitol is 
consistent with the presence of infl ammatory cells 
(eg, eosinophils and/or mast cells) and their media-
tors (eg, prostaglandins, leukotrienes, and histamine). 
Therefore, mannitol is most useful as a test to confi rm 
a diagnosis of currently active asthma in a treated or 
untreated subject.  32,33   This gives it an advantage over 
methacholine. Methacholine is also indicated for the 
diagnosis of BHR however, its usefulness in clinical 
practice is in a negative test result ruling out asthma 
rather than a positive result confi rming a diagnosis 
of asthma.  45   

 Although the majority of subjects with mannitol 
hyperresponsiveness have abnormal F e NO  .  22 ppb, 
sputum eosinophilia ( .  1%), atopy, and BHR to 
methacholine, this is not always the case. Hyperre-
sponsiveness to mannitol has been documented in 
those with a low F e NO, with low percentage of eosino-
phils in sputum, in those who are nonatopic, and in 
those without BHR to methacholine.  33,43,46   

 A negative mannitol test result indicates a “miss-
ing” component (ie, either a bronchial smooth muscle 

  Figure  2. Urinary concentration of 9 a ,11 b -PGF 2  (the major metabolite of the mast cell mediator pros-
taglandin D 2 ) ( A ) and LTE 4  ( B ) for 60 min before and 90 min after mannitol challenge in 14 subjects 
with asthma: in the presence of placebo, 2  3  20 mg of disodium cromoglycate, and 2  3  12 µg of formot-
erol administered as dry-powder aerosols 15 min before challenge with mannitol (252  6  213 mg). The 
mannitol and the drugs were delivered using an Inhalator (Boehringer Ingelheim; Ingelheim, Germany). 
There was a signifi cant increase in 9 a ,11 b -prostaglandin F 2  ( P   ,  .001) and LTE 4  following placebo 
( P   ,  .001). The values after challenge were signifi cantly lower at 90 min after cromoglycate ( P   ,  .035) 
and at 60 and 90 min after formoterol ( P   ,  .05). By contrast, for LTE 4 , the peak levels vs baseline were 
not signifi cantly different for the three study days. There was a 32%  6  10% fall in FEV 1  after mannitol 
after placebo, 11.6%  6  6% after cromoglycate, and 2%  6  3% after formoterol. 9 a ,11 b -PGF 2   5  9 a ,11 b -
prostaglandin F 2 ; LTE 4   5   leukotriene E 4 . (Adapted from Brannan et al.  40  )   



www.chestpubs.org CHEST / 138 / 2 / AUGUST, 2010 SUPPLEMENT  29S

    9 .  Ernst   P ,  Ghezzo   H ,  Becklake   MR .  Risk factors for bronchial 
hyperresponsiveness in late childhood and early adolescence . 
  Eur Respir J  .  2002 ; 20 ( 3 ): 635 - 639 .  

    10 .  Pedersen   S ,  Hansen   OR .  Budesonide treatment of moder-
ate and severe asthma in children: a dose-response study . 
  J Allergy Clin Immunol  .  1995 ; 95 ( 1 pt 1 ): 29 - 33 .  

    11 .  O’Sullivan   S ,  Roquet   A ,  Dahlén   B ,  et al .  Evidence for mast 
cell activation during exercise-induced bronchoconstriction . 
  Eur Respir J  .  1998 ; 12 ( 2 ): 345 - 350 .  

    12 .  Haverkamp   HC ,  Dempsey   JA ,  Miller   JD ,  et al .  Repeat exer-
cise normalizes the gas-exchange impairment induced by a 
previous exercise bout in asthmatic subjects .   J Appl Physiol  . 
 2005 ; 99 ( 5 ): 1843 - 1852 .  

    13 .  Hallstrand   TS ,  Moody   MW ,  Wurfel   MM ,  Schwartz   LB , 
 Henderson   WR   Jr ,  Aitken   ML .  Infl ammatory basis of exercise-
induced bronchoconstriction .   Am J Respir Crit Care Med  . 
 2005 ; 172 ( 6 ): 679 - 686 .  

    14 .  Duong   M ,  Subbarao   P ,  Adelroth   E ,  et al .  Sputum eosinophils 
and the response of exercise-induced bronchoconstriction to 
corticosteroid in asthma .   Chest  .  2008 ; 133 ( 2 ): 404 - 411 .  

    15 .  Thio   BJ ,  Slingerland   GLM ,  Nagelkerke   AF ,  Roord   JJ ,  Mulder  
 PG ,  Dankert-Roelse   JE .  Effects of single-dose fl uticasone on 
exercise-induced asthma in asthmatic children: a pilot study . 
  Pediatr Pulmonol  .  2001 ; 32 ( 2 ): 115 - 121 .  

    16 .  Argyros   GJ ,  Roach   JM ,  Hurwitz   KM ,  Eliasson   AH ,  Phillips  
 YY .  Eucapnic voluntary hyperventilation as a bronchoprovo-
cation technique: development of a standarized dosing sched-
ule in asthmatics .   Chest  .  1996 ; 109 ( 6 ): 1520 - 1524 .  

    17 .  Anderson   SD ,  Argyros   GJ ,  Magnussen   H ,  Holzer   K . 
 Provocation by eucapnic voluntary hyperpnoea to identify 
exercise induced bronchoconstriction .   Br J Sports Med  .  2001 ;
 35 ( 5 ): 344 - 347 .  

    18 .  Rundell   KW ,  Anderson   SD ,  Spiering   BA ,  Judelson   DA .  Field 
exercise vs laboratory eucapnic voluntary hyperventilation to 
identify airway hyperresponsiveness in elite cold weather ath-
letes .   Chest  .  2004 ; 125 ( 3 ): 909 - 915 .  

    19 .  Kippelen   P ,  Larsson   J ,  Anderson   SD ,  et al .  Acute effects of 
beclomethasone on hyperpnea-induced bronchoconstriction . 
  Med Sci Sports Exerc  .  2010 ; 42 ( 2 ): 273 - 280 .  

    20 .  Vathenen   AS ,  Knox   AJ ,  Wisniewski   A ,  Tattersfi eld   AE .  Effect 
of inhaled budesonide on bronchial reactivity to histamine, 
exercise, and eucapnic dry air hyperventilation in patients with 
asthma .   Thorax  .  1991 ; 46 ( 11 ): 811 - 816 .  

    21 .  Smith   CM ,  Anderson   SD .  Hyperosmolarity as the stimulus to 
asthma induced by hyperventilation?    J Allergy Clin Immunol  . 
 1986 ; 77 ( 5 ): 729 - 736 .  

    22 .  Smith   CM ,  Anderson   SD .  Inhalation provocation tests using non-
isotonic aerosols .   J Allergy Clin Immunol  .  1989 ; 84 ( 5 pt 1 ): 781 - 790 .  

    23 .  Smith   CM ,  Anderson   SD .  A comparison between the airway 
response to isocapnic hyperventilation and hypertonic saline 
in subjects with asthma .   Eur Respir J  .  1989 ; 2 ( 1 ): 36 - 43 .  

    24 .  Riedler   J ,  Reade   T ,  Dalton   M ,  Holst   D ,  Robertson   C .  Hypertonic 
saline challenge in an epidemiologic survey of asthma in chil-
dren .   Am J Respir Crit Care Med  .  1994 ; 150 ( 6 pt 1 ): 1632 - 1639 .  

    25 .  Anderson   SD ,  du Toit   JI ,  Rodwell   LT ,  Jenkins   CR .  Acute 
 effect of sodium cromoglycate on airway narrowing induced 
by 4.5 percent saline aerosol. Outcome before and during 
treatment with aerosol corticosteroids in patients with asthma . 
  Chest  .  1994 ; 105 ( 3 ): 673 - 680 .  

    26 .  Gibson   PG ,  Wlodarczyk   JW ,  Hensley   MJ ,  et al .  Epidemiological 
association of airway infl ammation with asthma symptoms and 
airway hyperresponsiveness in childhood .   Am J Respir Crit 
Care Med  .  1998 ; 158 ( 1 ): 36 - 41 .  

    27 .  Gibson   PG ,  Saltos   N ,  Borgas   T .  Airway mast cells and eosino-
phils correlate with clinical severity and airway hyperre-
sponsiveness in corticosteroid-treated asthma .   J Allergy Clin 
Immunol  .  2000 ; 105 ( 4 ): 752 - 759 .  

amounts of air in unfavorable environments.  49   The 
infl ammation may be a neutrophilia rather than an 
eosinophilia and refl ect airway dehydration. The BHR 
may not be responsive to treatment with steroids 
or leukotrienes and usually resolves with cessation of 
training.  49   

 In conclusion, indirect challenge tests have clinical 
usefulness in identifying BHR that is consistent with 
airway infl ammation responsive to treatment with ICS 
and with acute administration of mast cell-stabilizing 
agents. Agents such as mannitol are known to release 
mediators from both mast cells and eosinophils. In this 
respect, a mannitol challenge test provides the oppor-
tunity for both diagnosis and ongoing assessment of 
active airway infl ammation that may affect both. 
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