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Abstract 

Purpose:  Swimmers show high prevalence of bronchial hyperresponsiveness (BHR) 

and respiratory symptoms. From Winter Olympics 2002 measurements of BHR or 

bronchodilator reversibility are required for the approved use of β2-agonists in sports.  

Aims of the study: To evaluate the relationship between respiratory symptoms in 

young elite swimmers, eucapnic voluntary hyperventilation (EVH) and the inhaled 

dose of methacholine causing 20% decrease in FEV1 (PD20methacholine). Secondly, to 

assess repeatability of the EVH test. 

Methods: 15 male, 9 female adolescent elite swimmers, 15 to 25 years, performed 

one PD20methacholine test and two EVH tests in randomised order. Dry air containing 5% 

CO2 was inhaled for 6 minutes with a target ventilation of ≥ 85 % MVV (minimum 

65%). PD20methacholine ≤2μmol and EVH with FEV1-reduction ≥10% were considered 

positive. Respiratory symptoms,  medication were reported in the modified AQUA2008 

questionnaire. 

Results: Twenty swimmers (83%) reported respiratory symptoms, 13 of these (65%) 

had a positive provocation test. Fourteen (58%) had at least one positive test to 

either EVH or PD20 methacholine, three had only one positive EVH test. One athlete had 

BHR without symptoms. The sensitivity of PD20 methacholine ≤2μmol for respiratory 

symptoms was 50% versus 60% and 47.37% for the two EVH tests, respectively, and 

75% for PD20 methacholine ≤4μmol. Bland-Altman plot of the two EVH tests showed a 

consistent distribution with only one subject outside limits of agreement. 

Conclusions: Respiratory symptoms and BHR were very frequent among adolescent 

competitive swimmers. PD20 methacholine ≤2μmol and EVH ≥ 10% agreed, but PD20 methacholine 

≤4μmol showed highest sensitivity for respiratory symptoms. The EVH test has high 

repeatability, but is very expensive and uncomfortable to perform.
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Introduction 

Paragraph Number 1: The prevalence of exercise induced asthma (EIA), 

other respiratory symptoms and bronchial hyperresponsiveness (BHR) is 

especially high amongst elite endurance athletes and has been reported to 

markedly increase over the last three decades (13, 15, 18, 26). This high 

prevalence is found in both summer and winter athletes. Whereas cross 

country skiers develop BHR with increasing age (25), this relationship to age 

has not been reported in swimmers. From 2002 and on  the international 

Olympic Committee-Medical Commission (IOC-MC) has required a positive 

bronchial provocation test for the approval of the use of β2-agonists or 

alternatively a positive reversibility to inhaled bronchodilators (12) as 

consequence of the increased use among athletes in and outside the Olympic 

Games (4).  

 

Paragraph Number 2: The optimisation of laboratory provocation tests in the 

diagnosis of BHR and EIA in relationship to reported respiratory symptoms is 

therefore important. Eucapnic voluntary hyperventilation (EVH) is an indirect 

test for BHR and has its effect through the dehydrating effect on extra cellular 

fluid of the respiratory mucous membranes causing mediator or transmitter 

release effecting on bronchial smooth muscle, bronchial vessels and glands 

(3). EVH has been recommended by IOC-MC to diagnose BHR among 

athletes (4). Reported for the first time in 1984 (23) EVH became well 

standardized and has been shown to be sensitive to identify BHR among 

athletes (4, 10, 24). Methacholine bronchial provocation measuring PD20 
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methacholine is a direct method with the inhaled transmitter substance, 

methacholine, acting directly on the effector cells (bronchial smooth muscle, 

vessels and glands). Direct provocation tests are generally reported to be 

more sensitive in asthmatic patients than indirect provocation tests (8), except 

for EVH which has been used preferably in athletes (17).  

Several studies assessed PD20 methacholine as compared to other indirect tests in 

athletes, but only two direct comparisons of PD20 methacholine and EVH exist, 

both concluding that EVH was more often positive using the IOC-MC limits 

(16, 20). 

 

Paragraph Number 3: However, the relationship between EVH and PD20 

methacholine and especially as compared to subjective respiratory symptoms in 

competitive athletes needs further exploration. The main aims of the present 

study were therefore to determine the relationship between reported 

respiratory symptoms and the airway responses to EVH and PD20 methacholine in 

a group of adolescent elite swimmers. The secondary aim was to assess the 

repeatability of the EVH test.
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Subjects and methods 

Design 

Paragraph Number 4: The present study is a cross-sectional study comparing 

indirect bronchial responsiveness, as measured by eucapnic voluntary 

hyperventilation (EVH) with direct bronchial responsiveness (PD20 methacholine). 

By measuring EVH twice on separate days, we assessed the repeatability of 

the EVH-test.  

 

Paragraph Number 5: The athletes attended two visits for the two EVH tests 

including maximum voluntary ventilation measurement (MVV) and one visit for 

measuring PD20 methacholine and performing skin prick test (SPT). Lung function 

and NO in exhaled air (FeNO) were measured at all three visits. At their first 

visit the subjects filled in the Aqua questionnaire modified for the Olympic 

study (mAQ) (6). The three visits were in randomized order at least 24 hours 

apart. The subjects were randomised consecutively to one of the three test 

blocks according to random order generated by a computer programme. Six 

swimmers performed PD20 methacholine as first, seven as second and eleven as 

third test. The study could not be blinded because the two test procedures are 

completely different.  

 

Subjects 

Paragraph Number 6: Twenty-four elite competitive swimmers were included 

in the study, 15 male and 9 female swimmers, 15 to 25 years of age, from two 
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swimming clubs (Asker and Bærum). All were competing on high national 

and/or international level and trained 2-3 hours daily. Demographic data are 

given in Table 1. All 24 swimmers were non smokers and did not consume 

snuff, 20 used food supplements (vitamins, amino acids, creatine). Four 

subjects had a diagnosis of asthma and five a diagnosis of allergy. Nine 

swimmers used anti-allergic or anti-asthma drugs before the study. (Two used 

anti histamines, two used allergy vaccination (immunotherapy), four used 

bronchodilators, two of them in combination with a leukotriene antagonist).  

One swimmer performed PD20 methacholine and one EVH test, only, due to 

intercurrent illness. 

 

Paragraph Number 7: The study was performed according to the principles 

stated in the Declaration of Helsinki and approved by the Regional Medical 

Ethics committee. The swimmers signed an informed consent form after being 

given oral and written information about the study objectives and methods. In 

addition for subjects below 18 years of age, one of their parents gave the 

written consent. 

 

Methods 

Paragraph Number 8: For the conduct of the study anti-asthmatic medication 

was withheld according to European Respiratory Society (ERS) guidelines 

(19). Inhaled short-acting β2-agonists were withheld for 8 hours prior to 

testing; inhaled long-acting β2-agonists, theophylline and leukotriene 

antagonists for the last 72 hours, anti histamines for the last seven days and 
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orally administered glucocorticosteroids for the last month. Inhaled steroids 

were not to be used on the day of testing. 

Lung function measurements 

Paragraph Number 9: Lung function was measured by maximum expiratory 

flow-volume loops by use of Masterscreen Pneumo Jaeger® (Würzburg, 

Germany). The predicted values used are according to the European 

Respiratory Society (22). The following variables were recorded; forced vital 

capacity (FVC), forced expiratory volume in one second (FEV1) and forced 

expiratory flow at 50% of vital capacity (FEF50).  

Maximal voluntary Ventilation (MVV) 

Paragraph Number 10: MVV was measured by voluntarily breathing as rapidly 

and deeply as possible over a time period of 10 seconds by use of 

Masterscreen Pneumo Jaeger® (Würzburg, Germany). The value was 

multiplied by six to get the maximal voluntary ventilation per minute. The best 

of 3 trials was used to assess maximum minute ventilation. 

Eucapnic voluntary hyperventilation (EVH) 

Paragraph Number 11: The subjects hyperventilated voluntarily a dry gas 

mixture consisting of dry air at room temperature containing 5% carbon 

dioxide (CO2), 20.93% oxygen (O2), balanced with nitrogen (N2) by use of 

Aiolos Asthma test [AIOLOS medical AB (Karlstad, Sweden)] using Hans 

Rudolph valves (Hans Rudolph Inc. 2700 series, large 2-way NRBV). The 

target ventilation rate was 85% of the maximum voluntary ventilation (MVV) 

which is said to be equivalent to 30×FEV1, over a time period of 6 minutes. 
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The equipment was connected to a Douglas bag system to collect the expired 

air for measuring ventilation. The exhaled air was sampled every minute for 

30 seconds, starting with the first measurement after half a minute. The 6 

bags were analysed by a Flow Transducer (“Ventilation measuring system”, 

model K-520, KL-Engineering, Northridge, CA, USA). Lung function was 

measured before and 1, 3, 5, 10 and 15 minutes after the EVH challenge. A 

reduction in FEV1 of 10% or more from before to after EVH was considered as 

a positive test. The procedure was according to Anderson et al. (2).  

Methacholine challenge (PD20 methacholine) 

Paragraph Number 12: The methacholine challenge was performed with an 

inspiration triggered nebuliser Aerosol Provocation System Jäger® (Würzburg, 

Germany). Methacholine was inhaled in doubling doses from a starting dose 

of 0.51 μmol (0.1 mg). Lung function measurements were performed one 

minute after every delivered dose until FEV1 decreased 20% from baseline. 

Baseline lung function was set after inhaled nebulised isotonic saline (0.9%). 

The maximum cumulative dose was 24.48 μmol (4.8 mg). A positive response 

to PD20 methacholine was defined as a 20% fall in FEV1 at a cumulative dose of 2 

μmol methacholine or less, calculated by linear interpolation of the dose-

response curve. All tests were performed according to current guidelines from 

American Thoracic Society (9). After the methacholine provocation all 

subjects were given salbutamol inhalations (0.1 mg/ml×10 kg bodymass-1) to 

reverse bronchial obstruction. Clinical bronchial hyperresponsiveness (BHR) 

was defined as PD20 methacholine ≤ 8 µmol (1.6 mg) and a positive bronchial 

provocation test PD20 methacholine ≤ 2 µmol (0.4 mg) according to the IOC-MC 

(12).  
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Skin prick test (SPT) 

Paragraph Number 13: The Skin Prick test (SPT) was performed with 10 

allergens (cladosporium herbarum, dermatophagoides pteronyssinus, dog 

dander, cat dander, birch, timothy, mug worth, pollen, cow’s milk, shrimp and 

egg) (Soluprick, ALK, Copenhagen, Denmark) according to the European 

guidelines (11). A positive SPT was defined as a wheal of at least 3 mm in 

diameter as reaction to one or more allergens. The size was recorded by 

measuring [maximum + minimum diameter (mm)] × 2-1. 

Fractured exhaled Nitric Oxide (FeNO) 

Paragraph Number 14: Fractured exhaled NO was measured with a 

EcoMedics Exhalyzer® CLD 88sp with DENOX 88 (ECO ME DICS AG, 

Duernten, Switzerland) according to published guidelines (1). Deep inhalation 

through the mouthpiece provides NO-free air, followed by full exhalation for 10 

seconds with a constant flow of 50 ml×min-1 against resistance of 5 cm H2O. 

The mean of three technically acceptable measurements was used. 

Modified AQUA2008 questionnaire (mAQ) 

Paragraph Number 15: The questionnaire developed for the assessment of 

asthma, allergy and other respiratory symptoms was used in the athletes 

participating in the summer Olympic Games in Beijing August 2008 (6). 

 

Statistical analysis 

Paragraph Number 16: Demographic data are expressed as mean values with 
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standard deviation (SD) and results as means with 95% confidence intervals 

(CI). Correlation was calculated by Pearson’s correlation coefficient (rp) for 

normally distributed and by Spearman’s correlation coefficient (rs) for not 

normally distributed data. The agreement between the two EVH tests was 

assessed by Bland-Altman Plot through determination of limits of agreement. 

Differences were analyzed by standard paired sampled t-tests when normally 

distributed. The response to the EVH tests was recorded as the maximum 

percent fall in FEV1 from before to after the test, in accordance with the rules 

given by IOC-MC and were used in the Olympic Games after 2002 for 

obtaining approval for therapeutic use of the use of inhaled β2-agonists. P-

values of p ≤ 0.05 were considered statistically significant. Statistical analyses 

were performed with Statistical Package for Social Sciences (SPSS) version 

15.0 and MedCalc statistical system version 10.4.6.0.
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Results 

Paragraph Number 17: Twenty swimmers (83%) reported lower respiratory 

symptoms in the mAQ (cough, heavy breathing, wheeze, phlegm and 

expectoration) (Table 2). Fifteen of these swimmers (75%) had at least one 

positive provocation test, and 10 (50%) felt that these symptoms had an 

impact on their sports performance. The sensitivity, specificity, positive and 

negative predictive values are given in Table 3. The highest sensitivity in 

relation to respiratory symptoms was achieved with PD20 methacholine ≤ 4 μmol. 

The specificity was similar for all tests, most probably due to the high 

frequency of reported symptoms, leaving out erroneously diagnosed subjects 

when the tests were compared to reported symptoms. 

 

Paragraph Number 18: Fourteen of the 24 swimmers (58%) had at least one 

positive test result to either one of the EVH tests or to PD20 methacholine ≤ 2 µmol. 

Of the 14 BHR-positive subjects, 8 (57%) had a positive reaction to all three 

tests including 4 of the 5 subjects with a previous asthma diagnosis. Three 

swimmers (21%) had a negative response to PD20 methacholine and were only 

identified by at least one positive EVH test. One subject had only a positive 

response to PD20 methacholine and not to either of the EVH tests (Figure 1a and 

b, Table 4). We found a statistically significant correlation between the 

maximal reduction in FEV1 in both EVH tests and the cumulative dose of 

methacholine causing 20% reduction of FEV1 [Dose response slope (rs = 

0.542 and 0.453, p = 0.01 and 0.05, respectively)]. 
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Paragraph Number 19: The two EVH tests also correlated significantly (rp = 

0.873, p = 0.01). The repeatability as assessed by Bland-Altman plot (Figure 

2) was acceptable and only one subject was outside the limits of agreement. 

The limits of agreement were found to be 6%, and the distribution of 

agreement was not dependent upon reduction in FEV1 (Fig. 2). Only two 

EVH-positive subjects in the first EVH test and three EVH-positive subjects in 

the second EVH test had a reduction in FEV1 ≥ 10% in only one of the five 

lung function measurement after EVH.  

 

Paragraph Number 20: Baseline lung function (FEV1, FEF50, MVV) did not 

differ significantly between the three test days. Measured MVV and FEV1 

were significantly higher than their predicted values (p < 0.001)(table 1). 

There was no significant correlation between the achieved ventilation (% 

target ventilation) and the maximal reduction in FEV1 from before to after the 

EVH tests. 

 

Paragraph Number 21: The target ventilation of 30×FEV1 was in both tests 

significantly lower than 85% MVV (p = 0.04 and 0.002, respectively) (Table 1). 

In the first EVH test 10 of 24 swimmers (41%) had a ventilation rate ≥ 85% 

MVV and 13 of 24 swimmers (54%) obtained a ventilation rate higher than 

30×FEV1 ≥ 100%. In the second EVH test 8 of 23 swimmers (35%) obtained a 

ventilation rate ≥ 85% MVV and 13 of 23 swimmers (57%) a ventilation rate 

higher than 30×FEV1 ≥ 100%. When using the EVH test with the greatest 

reduction in FEV1, 11 of 24 swimmers (46%) had a ventilation rate ≥ 85% 

MVV and 18 of 24 (75%) a ventilation rate of 30×FEV1 ≥ 100%. 
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Paragraph Number 22: Eight swimmers (33%) had allergic sensitization as 

assessed by the skin prick test. Six of the subjects with allergic sensitization 

(75%) were also positive to one of the tests for BHR, four of them (67%) to all 

three provocation tests (Table 2).  
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Discussion 

Paragraph Number 23: In the present open randomised study in adolescent 

elite swimmers we found a surprisingly high prevalence of BHR with 58% of 

the subjects having at least one positive response to either PD20 methacholine or 

one of two EVH tests. The prevalence of reported lower respiratory symptoms 

(83%) was even higher, and PD20 methacholine ≤ 4 μmol had the highest 

sensitivity (75%), specificity (75%), positive predictive value (93.75%) and 

negative predictive value (37.5%) of all tests. All tests had low negative 

predictive values (37.5% - 23.08%) indicating that several subjects with 

respiratory symptoms still had negative tests, reflecting the high frequency of 

reported symptoms in this group of subjects.  

 

Paragraph Number 24: The results of EVH and PD20 methacholine agreed mostly 

very well. The repeatability of the EVH tests was found to be very satisfying, 

well within limits of agreement.  

 

Paragraph Number 25: The high prevalence of BHR among swimmers has 

already been reported in other studies and supports the hypothesis that 

swimmers are at great risk to develop BHR rapidly during their swimming 

careers, possibly enhanced through their exposure to chlorine and chlorine 

products while swimming (5). This underlines the importance of the 

environment and environmental control where sports activities are being 

performed. The high ventilation of swimmers while performing their sport 

activity and their high baseline lung function (Table 1) most probably increase 

their exposure to these provoking environmental factors (14).  
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In the present study 20 swimmers (83%) reported lower respiratory symptoms 

in the mAQ, 13 (65%) also had at least one positive provocation test. Both 

tests had satisfactory sensitivity and specificity, also positive predictive 

values, whereas all had low negative predictive values, reflecting the frequent 

report of respiratory symptoms. This demonstrates that positive tests well 

identifies subjects with lower respiratory symptoms, whereas subjects with 

symptoms may still have negative tests. This may infer that the symptoms 

occurring in swimmers may to some extent be unspecific and not always 

related to BHR, alternatively that the requirements set up by IOC-MC may be 

too strict. However, the combination of high sensitivity and high specificity of 

these tests support their usefulness, and supports the continuous use of these 

tests in competitive sports. This also demonstrates that the frequent 

symptoms reported by these athletes, cannot alone identify bronchial 

hyperresponsiveness. The present study confirms that the presence of 

respiratory symptoms needs verification by objective measures of bronchial 

hyperresponsiveness or reversibility to bronchodilators. However, as 

recommended by the combined taskforce on asthma and allergy in sports set 

up by European Academy of Allergy and Clinical Immunology, and by 

European Respiratory Society (33), to use a cut-off of PD20 methacholine  of 4 

μmol is supported by the present study with the highest sensitivity and the 

highest negative predictive value found by using a PD20 methacholine ≤ 4 μmol. 

Eleven subjects (55%) would have been diagnosed by PD20 methacholine ≤ 

2μmol, only, and 13 (65%) by EVH only. If 4 μmol was used as limit for 

positive results in PD20 methacholine instead of 2 μmol, we would have diagnosed 

17 subjects (85%) and five more subjects with respiratory symptoms would 
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have been tested positive, while only one of these subjects was positive to 

EVH (Figure 1a and b, Table 4).  

 

Paragraph Number 26: The concordance between EVH and PD20 methacholine in 

defining BHR-positive subjects in the present study is higher than reported 

previously (16, 21). Two other studies have been performed comparing the 

efficacy of EVH against PD20 methacholine in athletes both showing a much higher 

number of positive provocation tests results to EVH. Holzer et al. (16) found 

50% of the summer sport athletes positive to EVH and only 18% positive to 

PD20 methacholine, and in Pedersen’s study on swimmers, 31% had a positive 

response to EVH and none reacted to PD20 methacholine  (21). However, these 

studies did not compare the test results to the presence of respiratory 

symptoms. In determining which test to use, it should also be considered that 

the athletes in the present study felt that the EVH test is much more 

uncomfortable to do, and also that the gas-mixture used during the EVH test 

is extremely expensive.  

 

Paragraph Number 27: We found a very high repeatability for EVH (Figure 2). 

In Bland-Altman Plot only one subject was outside the limits of agreement 

between the two tests. This subject had only one positive EVH test (reduction 

in FEV1 of 17.8% and 7.6%), but was also positive to PD20 methacholine (1.71 

μmol). Although a sample size of 50 subjects was calculated necessary to 

assess the reproducibility of EVH, the repeatability is remarkable. This 

supports the reliability of the EVH test (16).  
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Paragraph Number 28: Furthermore, we found that using 85% MVVmeasured for 

the target ventilation during the EVH test was not equal 30×FEV1 in these 

swimmers. To perform an EVH test using 30xFEV1 as target ventilation, will 

reduce the needed ventilation and reduce the uncomfortable condition caused 

by the test. A quality characteristic of the present study is that in comparison 

with the study of Pedersen et al (20) none was excluded due to low ventilation 

rate (Table 1). Like Brummel et al. (7), we found that females are less likely to 

achieve 85% MVVmeasured (Table 1), as also was demonstrated by the low 

ventilation rate in Pedersen’s female swimmers (20). The variation in the 

ventilation rate between subjects on the different test days was, however, not 

related to the level of reduction in FEV1 after EVH, suggesting that the 

recommended high ventilation rate may not be decisive for obtaining positive 

results, also agreeing with the high number of positive responders despite 

inadequate ventilation rates in other studies (7, 20). Also the finding that 77% 

of the girls tested positive, compared to 47% of the boys supports the 

assumption that the achieved ventilation rate is not quite needed to obtain a 

positive test result.  

 

Paragraph Number 29: In conclusion, the present study demonstrates a very 

high prevalence of both lower respiratory symptoms and BHR as measured 

both by methacholine bronchial provocation and by EVH. Furthermore, the 

high specificity and sensitivity  of both methacholine bronchial provocation test 

and EVH test related to respiratory symptoms demonstrates the usefulness of 

both test methods, although a cut off level of 4 μmol for PD20 methacholine seems 

the most optimal when also the negative predictive value is considered. The 
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EVH test demonstrated a high reproducibility, but was expensive and 

uncomfortable to perform. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 19

 

Acknowledgment: The authors thank Petter Mowinckel for good support and 

eminent statistical advice. 

No funding is received for the present work and the results do not constitute 

endorsement by ACSM.



 20

 

Paragraph Number 30: References 

1.  ATS/ERS Recommendations for Standardized Procedures for the Online and 

Offline Measurement of Exhaled Lower Respiratory Nitric Oxide and Nasal Nitric 

Oxide, 2005. Am.J.Respir.Crit Care Med. 2005;171(8):912-30. 

2.  Anderson SD, Argyros GJ, Magnussen H, and Holzer K. Provocation by eucapnic 

voluntary hyperpnoea to identify exercise induced bronchoconstriction. Br.J.Sports 

Med. 2001;35(5):344-7. 

3.  Anderson SD, and Daviskas E. The airway microvasculature and exercise induced 

asthma. Thorax. 1992;47:748-52. 

4.  Anderson SD, Sue-Chu M, Perry CP, Gratziou C, Kippelen P, McKenzie DC, 

Beck KC, and Fitch KD. Bronchial challenges in athletes applying to inhale a beta2-

agonist at the 2004 Summer Olympics. J.Allergy Clin.Immunol. 2006;117(4):767-73. 

5.  Bernard A, Carbonnelle S, de BC, Michel O, and Nickmilder M. Chlorinated pool 

attendance, atopy, and the risk of asthma during childhood. Environmental Health 

Perspectives. 2006;114(10):1567-73. 

6.  Bonini M, Braido F, Baiardini I, Del Giacco S, Gramiccioni C, Manara M, 

Tagliapietra G, Scardigno A, Sargentini V, Brozzi M, Rasi G, and Bonini S. AQUA: 

Allergy Questionnaire for Athletes. Development and validation. Med Sci Sports 

Exerc. 2009;41(5):1034-41. 

7.  Brummel NE, Mastronarde JG, Rittinger D, Philips G, and Parsons JP. The clinical 

utility of eucapnic voluntary hyperventilation testing for the diagnosis of exercise-

induced bronchospasm. J. Asthma. 2009;46(7):683-6. 

8.  Carlsen KH, Engh G, Mork M, and Schroder E. Cold air inhalation and exercise-

induced bronchoconstriction in relationship to methacholine bronchial 



 21

responsiveness: different patterns in asthmatic children and children with other 

chronic lung diseases. Respir Med. 1998;92(2):308-15. 

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

MacIntyre NR, McKay RT, Wanger JS, Anderson SD, Cockcroft DW, Fish JE, and 

Sterk PJ. Guidelines for methacholine and exercise challenge testing-1999. This 

official statement of the American Thoracic Society was adopted by the ATS Board 

of Directors, July 1999. Am.J.Respir.Crit Care Med. 2000;161(1):309-29. 

10.  Dickinson JW, Whyte GP, McConnell AK, and Harries MG. Screening elite 

winter athletes for exercise induced asthma: a comparison of three challenge methods. 

Br.J.Sports Med. 2006;40(2):179-82. 

11.  Dreborg S, and Frew A. Position paper. Allergen standardization and skin tests. 

Allergy. 1993;48(Suppl. 14):48S-82S. 

12.  Fitch KD, Sue-Chu M, Anderson SD, Boulet LP, Hancox RJ, McKenzie DC, 

Backer V, Rundell KW, Alonso JM, Kippelen P, Cummiskey JM, Garnier A, and 

Ljungqvist A. Asthma and the elite athlete: summary of the International Olympic 

Committee's consensus conference, Lausanne, Switzerland, January 22-24, 2008. J 

Allergy Clin Immunol. 2008;122(2):254-60, 60 e1-7. 

13.  Heir T, and Oseid S. Self-reported asthma and exercise-induced asthma 

symptoms in high-level competetive cross-country skiers. Scand. J, Med. Sci. Sports. 

1994;4:128-33. 

14.  Helenius IJ, Rytila P, Metso T, Haahtela T, Venge P, and Tikkanen HO. 

Respiratory symptoms, bronchial responsiveness, and cellular characteristics of 

induced sputum in elite swimmers. Allergy. 1998;53(4):346-52. 

15.  Helenius IJ, Tikkanen HO, and Haahtela T. Association between type of training 

and risk of asthma in elithe athletes. Thorax. 1997;52:157-60. 



 22

16.  Holzer K, Anderson SD, and Douglass J. Exercise in elite summer athletes: 

Challenges for diagnosis. J.Allergy Clin.Immunol. 2002;110(3):374-80. 

17.  Hurwitz KM, Argyros GJ, Roach JM, Eliasson AH, and Phillips YY. 

Interpretation of eucapnic voluntary hyperventilation in the diagnosis of asthma. 

Chest. 1995;108(5):1240-5. 

18.  Larsson K, Ohlsen P, Larsson L, Malmberg P, Rydstrom PO, and Ulriksen H. 

High prevalence of asthma in cross country skiers. BMJ. 1993;307(6915):1326-9. 

19.  Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A, Crapo R, 

Enright P, van der Grinten CP, Gustafsson P, Jensen R, Johnson DC, MacIntyre N, 

McKay R, Navajas D, Pedersen OF, Pellegrino R, Viegi G, and Wanger J. 

Standardisation of spirometry. European Respiratory Journal. 2005;26(2):319-38. 

20.  Pedersen L, Lund TK, Barnes PJ, Kharitonov SA, and Backer V. Airway 

responsiveness and inflammation in adolescent elite swimmers. J Allergy Clin 

Immunol. 2008;122(2):322-7, 7 e1. 

21.  Pedersen L, Winther S, Backer V, Anderson SD, and Larsen KR. Airway 

Responses to Eucapnic Hyperpnea, Exercise, and Methacholine in Elite Swimmers. 

Med Sci Sports Exerc. 2008;40(9):1567-72. 

22.  Quanjer PH, Tammeling GJ, Cotes JE, Pedersen OF, Peslin R, and Yernault JC. 

Lung volumes and forced ventilatory flows. Report Working Party Standardization of 

Lung Function Tests, European Community for Steel and Coal. Official Statement of 

the European Respiratory Society. Eur.Respir.J.Suppl. 1993;16:5-40. 

23.  Rosenthal RR. Simplified eucapnic voluntary hyperventilation challenge. J 

Allergy Clin Immunol. 1984;73(5 Pt 2):676-9. 



 23

24.  Rundell KW, Anderson SD, Spiering BA, and Judelson DA. Field exercise vs 

laboratory eucapnic voluntary hyperventilation to identify airway 

hyperresponsiveness in elite cold weather athletes. Chest. 2004;125(3):909-15. 

25.  Stensrud T, Mykland KV, Gabrielsen K, and Carlsen KH. Bronchial 

hyperresponsiveness in skiers: field test versus methacholine provocation? Med Sci 

Sports Exerc. 2007;39(10):1681-6. 

26.  Weiler JM, Layton T, and Hunt M. Asthma in United States Olympic athletes 

who participated in the 1996 Summer Games. J. Allergy Clin. Immunol. 

1998;102(5):722-6. 

 



 24

Figure 1a Results of EVH and PD20 methacholine. Positive result definition: ≥ 10% 

reduction in FEV1 after EVH1 and ≤ 2 μmol PD20 methacholine (n=24)  

 

FEV1: Forced expiratory volume in one second; EVH: Eucapnic voluntary 

hyperventilation; PD20 methacholine: The dose of inhaled methacholine causing 

20% reduction in FEV1 

 

 

Figure 1b Results of EVH and PD20 methacholine. Positive result definition: ≥ 10% 

reduction in FEV1 after EVH2 and PD20 methacholine ≤ 2 μmol (n=23) 

 

FEV1: Forced expiratory volume in one second; EVH: Eucapnic voluntary 

hyperventilation; PD20 methacholine: The dose of inhaled methacholine causing 

20% reduction in FEV1 

 

 

Figure 2 Bland-Altman Plot of the maximal reduction in FEV1 from before to 

after EVH1 and EVH2 including 23 subjects. 

 

FEV1: Forced expiratory volume in one second; EVH: Eucapnic voluntary 

hyperventilation  
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