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Introduction

Asthma is a common chronic disease in which airway inflammation is associated with airway 

hyperresponsiveness (AHR) leading to recurrent episodes of wheezing, breathlessness, chest 

tightness and coughing1. Worldwide there are approximately 300 million individuals affected 

with the disease, and the prevalence ranges from 1 to 18% of the population2,3.

Exercise is a common trigger of AHR and can cause cough, wheezing and chest tightness4,5. 

Exercise induced airway obstruction (EIAO) is highly specific for childhood asthma as it reflects 

asthmatics airway inflammation6,7 and can be seen as a sign of not well controlled asthma1.

EIAO occurs in up to 23% of school children7 and has serious repercussions on the qual-

ity of life of these children8. EIAO reduces the participation in sports and play9 and 79% of 

children experience EIAO as the worst component of their asthma10.

Sports and play are of great importance for a child as it develops both social and motor 

skills. Symptomatic history is neither a sensitive nor a specific tool to diagnose EIAO11-13. EIAO 

may induce a reluctance to exercise and a sedentary lifestyle leading to a low cardiovascular 

fitness and an increased BMI. A lower cardiovascular fitness leads to a higher ventilation at a 

relatively low work load which is the trigger for EIAO. Furthermore, a high ventilation causes 

a feeling of dyspnea which may be misinterpreted by children and their parents as EIAO. An 

increased BMI has been associated with bronchial hyperresponsiveness for both exercise and 

metacholine14-16. In conclusion, asthmatic children with a low cardiovascular fitness and/or 

a high BMI compared to peers, will encounter a relatively high ventilation during play and 

sports. Thus increasing the trigger for EIAO and compromising their athletic performance 

and quality of life (figure 1).

The mechanism through which exercise causes airway obstruction has been the subject of 

intensive investigation the last decades and is still not fully understood. Most of the stud-

ies analyzing the patho-physiology of EIAO have been done in adults, and have shown that 

airway obstruction occurs after and only occasionally during exercise. Apparently during 

exercise there is a balance between bronchoconstrictor and bronchodilator influences that 

Figure 1, a schematic overview of the interaction between body mass, cardiovascular fitness and EIAO.
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↑ EIAO 
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↑ BHR 
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prevent EIAO during exercise17. However, after exercise the balance shifts toward broncho-

constriction causing airway narrowing. The two determining factors in EIAO are the level of 

ventilation and the humidity of the inspired air.

PAthO-FysIOlOgy OF EIAO

There are two theories regarding the patho-physiological basis of EIAO.

The osmotic hypothesis states that the loss of water due to evaporation causes osmotic 

changes of the epithelium. After the initial insensible loss of water, the airway lining is replen-

ished with water present in the epithelium (figure 2a). The consequential hyperosmolarity 

is resolved through influx of water, causing a quick fall in osmolarity (figure 2b). This fast 

reduction in osmolarity of the epithelium is the trigger for mast cells residing in the airway 

wall to release mediators (figure 2c)18. Kippelen et al. have analyzed the release of mediators 

through urinary secretion and found that in asthmatic adults prostaglandin E2 was released 

after EIAO19. These mediators interact with effector cells and cause airway smooth muscle 

contraction, mucus hypersecretion and micro vascular leakage20,21. This may happen simulta-

neously in different parts of the airways.

The vascular hypothesis states that exercise induced hyperventilation leads to evaporation 

of the airway lining. As a consequence the heat loss of the epithelium causes the vascular bed 

to constrict during exercise, increasing the patency of the airways. After exercise, as hyper-

pnea ceases the airways rewarm, and the vascular bed congests and leaks fluids, engorging 

the epithelium and reducing the patency of the airways22.

Figure 2a, after the initial insensible loss of water, the airway lining is replenished with water present in 
the epithelium.
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Hyperventilation during and immediately after exercise causes evaporation of the water of 

the airway lining. The level of ventilation is determined by the intensity of exercise and a heart 

rate of 95% of predicted increases the occurrence and severity of EIAO when compared to 

exercise at a heart rate of 85%23. The humidity of the inspired air is an important factor of EIAO 

Figure 2b, the consequential hyperosmolarity is resolved through influx of water, causing a quick fall in 
osmolarity.
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Figure 2c, This fast reduction in osmolarity of the epithelium is the trigger for mast cells residing in the 
airway wall to release mediators.
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as a reduction in the absolute humidity of the inspired air increases both the occurrence and 

severity24. Although the temperature of the inspired air also seems to effect the EIAO, the oc-

currence and severity of EIAO does not seem to be influenced by temperature significantly24.

To analyze exercise induced airway obstruction spirometry is routinely used. A drop in the 

forced expiratory volume in first second (FEV1) of 15% is used as the cut-off for EIAO25, al-

though other cut-offs have been suggested for use in children (13%)26 and research (10%)25. 

The use of forced breathing to evaluate EIAO however, may in itself influence the obstruction 

as deep breathing may lead to bronchodilation27 or bronchoconstriction28. The forced oscilla-

tion technique (FOT) does not rely on forced breathing maneuvers and is an elegant method 

to analyze the patency of the airways. The FOT analyzes the resistance and reactance of the 

airways using acoustical impedance29. The resistive component of respiratory impedance 

(Rrs) depends on the airway caliber. The reactive component of respiratory impedance (Xrs) 

incorporates the mass inertive forces of the air column in the conducting airways and the 

elastic properties of lung periphery30 i.e. lung stiffness, intra-parenchymal airway mechanics 

and airway-parenchyma interdependence.

Exercise alone is a powerful bronchodilator and EIAO characteristically develops after and 

not during exercise as can be seen in figure 3a. However studies with asthmatic adults have 

shown that during prolonged submaximal exercise of 30 minutes EIAO can occur during 

exercise as can be seen in figure 3b, creating a ‘breakthrough’ EIAO31-33. This indicates that the 

balance between dilating and constricting factors in EIAO can be disturbed during prolonged 

exercise and that constricting factors can prevail. Children show different dynamics of lung 

function after exercise than adults. Children develop, sometimes severe, airway obstruction 

immediately after exercise34, and recover faster than adults, suggesting that EIAO can also 

occur during exercise in children. In chapter 2 we will analyze the patency of the airways 

during exercise in asthmatic children by measuring lung function during exercise.

The dynamics of change of the FEV1 after exercise, corresponding with the patency of the 

larger, conducting airways35 is well known31. Other spirometric indices such as FEF25 and FEF75 

Figure 3a, The ‘non-breakthrough’ asthmatic airways response to exercise and 3b the ‘breakthrough’ 
asthmatic airway response to exercise (adopted from Gotshall17).

A B 
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have been linked with the patency of respectively larger and smaller airways36, but have not 

been used to evaluate the dynamics of EIAO. Although the FOT has been used to evaluate 

EIAO using change in lower frequency resistance and reactance27,37-39, the change in time 

after exercise has not been studied before. A single high dose of inhaled corticosteroid, such 

as fluticasone propionate (FP), protects against airway obstruction caused by various indirect 

challenges such as, exercise, eucapnic voluntary hyperventilation and hypertonic saline40-43. 

In chapter 3 we analyze the dynamics of spirometry and FOT measurements in EIAO and 

study the effect of a single dose of fluticasone propionate on the dynamics of EIAO.

The lower and upper airways are connected through neural, immunological and anatomical 

pathways. Indeed, it has been demonstrated that a stimulus to the upper airway can provoke 

a response in the lower airways44. Direct airway stimuli, such as metacholine, directly interact 

with receptors in airway smooth muscle, narrowing the airways. Indirect airway triggers, such 

as exercise and other real life triggers, provoke inflammatory cells, resident in the asthmatic 

airway wall, to release mediators45. These mediators interact with effector cells such as airway 

smooth muscle, bronchial endothelial cells and mucus producing cells to cause EIAO46. A 

schematic of the pathways of direct and indirect challenges can be seen in figure 4.

Chronic upper airway inflammation such as allergic rhinitis, frequently prevalent in 

asthmatic children, may lead to an inflammatory remodeling of the upper airways47. The 

inflammed upper airway tissue can respond to direct stimuli with an inspiratory airflow limi-

tation in asthmatic children and adults48,49. Airflow limitation showed 4 distinct patterns after 

histamine challenge in asthmatic children as can be seen in figure 5. We speculate that an 

Figure 4, schematic overview of the pathways of direct and indirect challenges (adopted from Joos et 
al.45).
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indirect airway challenge, such as exercise, may lead to inspiratory flow limitation, similar to 

that after direct airway challenge. In chapter 4 we analyze inspiratory and expiratory airflow 

limitation after exercise challenge in dry cold air by measuring the expiratory and inspiratory 

limb of full flow volume loops.

DIAgnOsIng EIAO

ATS-ERS guidelines state that, in order to increase the sensitivity of testing, an exercise chal-

lenge should commence with an air temperature of maximal 25°C and a relative humidity 

of maximal 50%26. However, in a large part of the world, including the Netherlands, real life 

outdoor situations represent colder and more dry air quality conditions. It is of importance 

that an exercise challenge test reflects real life circumstances to prevent false negative results 

and an underdiagnosis and undertreatment of EIAO. The low sensitivity of the exercise chal-

lenges performed in accordance with ATS criteria leads to a search for other lung function 

techniques that can accurately diagnose EIAO in room air conditions. In chapter 5 we will 

describe the addition of the FOT to enhance the sensitivity of exercise challenge tests to 

detect EIAO.

In the current guidelines, the control of asthma is advocated to be the target of treatment1. 

In the Global initiative for asthma (GINA) guidelines, both the occurrence of EIAO as well as 

Figure 5, flow patterns after histamine challenge in asthmatic children, a) no flow limitation, b) isolated 
inspiratory flow limitation, c) isolated expiratory flow limitation and d) both inspiratory and expiratory 
flow limitation (adopted from Turktas et al.48).
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the asthma control questionnaire (ACQ)50 are proposed as tools for measuring the control 

of asthma. However in children of all ages, there is a poor correlation between question-

naire scores and bronchial hyperresponsiveness after both direct and indirect testing51,52. In 

chapter 6 we will analyze the relationship between the ACQ and the occurrence of EIAO.

In asthmatic children a higher body mass index (BMI) has been associated with an increased 

report of exercise induced cough and wheeze53. This may be caused by the high BMI and/

or a decreased cardiovascular fitness, as both amplify exercise induced ventilation, which 

is the trigger for EIAO. However, the report of exercise induced cough and wheeze does not 

predict the occurrence of EIAO11,12. An increased BMI has been associated with bronchial 

hyperresponsiveness for both exercise and metacholine53-55. In obese adults with asthma adi-

pose tissue leads to a low grade systemic inflammation through the release of adipokines56. 

These adipokines may also induce inflammation in the airway wall and lead to bronchial 

hyperresponsiveness. On the other hand, the high BMI asthma child may also be a distinct 

phenotype featured by enhanced bronchial hyperresponsiveness to exercise57. In chapter 7 

we will analyze the relation of body weight and the occurrence and severity of EIAO.

MAIn gOAls:

1. Analyze the patency of the airways during exercise in asthmatic children. (Chapter 2)

2. Analyze the effect of a single high dose of inhaled corticosteroids on the dynamics of 

EIAO. (Chapter 3)

3. Analyze the effect of exercise on the inspiratory flow in asthmatic children. (Chapter 4)

4. Analyze the effect the addition of FOT measurements on the sensitivity and specificity of 

exercise challenges in warm air to detect EIAO. (Chapter 5)

5. Analyze the association between the ACQ and EIAO. (Chapter 6)

6. Analyze the association between spirometric and anthropometric measurements on the 

occurrence of EIAO. (Chapter 7)
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AbstrACt

rationale

Exercise-induced bronchoconstriction (EIB) is defined as an acute, reversible bronchocon-

striction induced by physical exercise. There is a widely held belief that EIB occurs after exer-

cise. However, in asthmatic children the time to maximal bronchoconstriction after exercise 

is short. This suggests that the onset of EIB in children occurs during exercise. In this study we 

investigated pulmonary function during exercise in cold air in asthmatic children.

Methods

33 Asthmatic children with a mean age of 12.3 years and a clinical history of exercise induced 

symptoms, underwent a prolonged, submaximal, exercise test of 12 minutes duration at ap-

proximately 80% of the predicted maximum heart rate. Pulmonary function was measured 

before and every minute during exercise. If EIB occurred (fall in FEV1 >15% from baseline), 

exercise was terminated and salbutamol was administered.

results

19 children showed EIB; in 12 of these children bronchoconstriction occurred during exercise 

(breakthrough EIB), 7 children showed bronchoconstriction immediately after exercise (non-

breakthrough EIB). Breakthrough EIB occurred between 6 and 10 minutes of exercise (mean 

7.75 minutes).

Conclusion

In the majority of children with EIB we studied (i.e. 12 out of 19), bronchoconstriction started 

during, and not after, a submaximal exercise test.
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IntrODUCtIOn

Exercise-induced bronchoconstriction (EIB) is a common manifestation in children and ado-

lescents with asthma and is associated with an impaired quality of life1.

EIB is defined as an acute, reversible bronchoconstriction occurring 5-15 minutes after 

cessation of physical exercise2,3. EIB is suggested to be caused by exercise induced drying of 

the respiratory mucosa, leading to degranulation of mast cells and the subsequent release 

of inflammatory mediators. These mediators interact with effector cells such as smooth 

muscle cells and lead to bronchoconstriction4. Another proposed mechanism for EIB is that 

exercise induced hyperpnea causes airway cooling. After exercise, when hyperpnea ceases, 

the airways rapidly rewarm, leading to engorgement of the hyperplastic vascular bed in the 

asthmatic airway wall and subsequent bronchoconstriction (thermal hypothesis)5. Exercise 

also induces the release of several bronchodilating mediators, such as prostaglandin PGE2 

and nitric oxide, protecting against bronchoconstriction. In addition, exercise induced deep 

inspirations lead to an increased mechanical stretch of the airway smooth muscle, broncho-

dilating the lower airways6. Indeed exercise is a potent bronchodilator once bronchoconstric-

tion has set in3,7. Thus a balance between bronchoconstrictor and bronchodilator influences 

exists, preventing EIB during exercise. However, several studies in asthmatic adults demon-

strated that prolonged exercise (>15 minutes) can trigger EIB during exercise2,8-11. Previous 

studies have shown that the time to maximal bronchoconstriction after exercise is shorter 

in asthmatic children than in asthmatic adults12,13. This rapid fall of FEV1 after exercise leads 

us to hypothesize that EIB in asthmatic children starts during exercise, contrary to the widely 

held belief that EIB occurs after exercise. The aim of the present study was to investigate 

pulmonary function during exercise in cold air in asthmatic children.

MEthODs

subjects

Thirty three children (23 male, 10 female) with a mean age of 12.3 years (range 8-15) and with 

a clinical history of exercise induced symptoms were investigated in this study. Exercise tests 

were performed as a part of the routine clinical evaluation, though with addition of spirom-

etry during exercise. No short- and long acting bronchodilators were used respectively 8 and 

24 hours before testing. None of the children used oral steroids at least 3 weeks before the 

study. Inhaled corticosteroids and leukotriene antagonists were not withheld before testing. 

All of the children were informed and the local Ethics Committee was consulted, who filed no 

objection to perform the study.
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Pulmonary function measurements

The children underwent an extensive evaluation of their asthma, which consisted of an 

exercise provocation challenge, the Asthma Control Questionnaire by Juniper (ACQ) and 

measurement of the Fraction of the exhaled Nitric Oxide (FeNO), using the miniNIOX®.

Standard lung function tests were performed before, during and after exercise, using a 

Microloop MK8 Spirometer (ML3535). Before exercise, spirometry consisted of a duplicated 

full flow volume curve, using standard ERS protocol14. The best value for FEV1 was used for 

analysis. During and after exercise spirometry was limited to a single flow volume curve. Only 

technically correct flow volume curves were used for statistical analysis.

Exercise provocation challenge

After baseline spirometry, a prolonged exercise test was performed by running with nose 

clipped on a treadmill with an incline of 10% (Horizon® fitness Ti22). Cold, dry air with a tem-

perature of 9.5-10.0°C and humidity of 57-59% (5.5-6.0 mg H2O/l) was obtained while testing 

in the local skating rink, IJsbaan Twente, Enschede, Netherlands. Resurfacing of the ice was 

done with electric driven resurfacing machines. During the test, heart rate was continuously 

monitored by a radiographic device (Inventum SH 40). The children performed a constant-

load exercise test at approximately 80% of the predicted maximum heart rate (210-age)15. 

During the exercise challenge single flow volume curves were recorded every minute. The 

maximum duration of the exercise test was 12 minutes or until a fall in FEV1>15% from 

baseline value had occurred. In this case the challenge was terminated, one flow volume 

curve was measured 1 minute after cessation and salbutamol 100 µg was administered im-

mediately after spirometry or at request. In children who completed 12 minutes of exercise, 

spirometry was obtained at t=1, 3 and 5 minutes after exercise. If EIB (fall in FEV1>15%13) 

occurred in this period, salbutamol 100 µg was administered immediately after this measure-

ment. To establish recovery, one flow volume curve was measured approximately 10 minutes 

after administration of salbutamol.

statistical analysis

Results were expressed as mean values ± standard deviation (SD) for normally distributed 

data, as median (minimum;maximum) for not normally distributed data or as numbers with 

corresponding percentages if nominal or ordinal. The level of significance was set at 0.05 (95% 

confidence intervals (CI)). Between-group comparison of continuous data was performed by 

ANOVA or Kruskal Wallis tests as appropriate, post hoc test for statistically significant differ-

ences was performed with the Tukey’s HSD test. Comparison of nominal or ordinal variables 

were performed by Chi-square tests. SPSS® for Windows® version 15 (IBM, Chicago, IL, USA) 

was used to perform all analysis.
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rEsUlts

Thirty three children participated in the study. Two children were not able to complete the 

test because of incompatibility with test instructions and one child was excluded because 

of technical problems during the test (heart rate monitor malfunction). Thirty children were 

included in the analysis. All children were able to perform spirometry during exercise. Flow 

volume curves were technically acceptable and no signs of fatigue or spirometry-induced 

bronchoconstriction were observed.

Nineteen children (11 male, 8 female) showed EIB (fall in FEV1 >15% from baseline value). In 

12 of these children (6 male, 6 female) EIB occurred during exercise (breakthrough EIB). Seven 

children showed EIB immediately after exercise (non-breakthrough EIB). Eleven children did 

not show EIB.

Baseline characteristics of the children are shown in table 1. Body Mass Index (BMI) was ad-

justed for age and gender and calculated as SD from the mean (BMI z-score)16. No significant 

differences were seen between the baseline characteristics of the breakthrough EIB group, 

the non-breakthrough EIB group and the non EIB group.

table 1, Baseline characteristics of breakthrough EIB, non-breakthrough EIB and non EIB.

Characteristics Breakthrough EIB Non-Breakthrough EIB Non-EIB

p-value(n=12) (n=7) (n=11)

Age (years) 11.6 (8.2;15.3) 12.5 (11.5;14.2) 12.6 (9.3;15.0) 0.51

Male 6 (50) 5 (71) 9 (82) 0.62

BMI z-score 0.8 (−0.4;2.4) 0.6 (−1.4;2.2) 0.7 (−0.8;1.3) 0.65

ICS 12 (100) 6 (86) 8 (73)

fluticasone 250 µg 2dd 3 2 0

beclomethasone 100 µg 2dd 1 1 1

budesonide 200 µg 2dd 0 0 1

ciclesonide 160 µg 1dd 0 0 2

LABA * 8 (67) 3 (43) 4 (36) 0.32

budesonide/formoterol 200/6 µg 2dd 4 3 2

fluticasone/salmeterol 250/50 µg 2dd 4 0 2

LTRA 4 (33) 3 (43) 5 (46) 0.83

FeNO (ppb) 28 (11;84) 31 (14;119) 30 (11;48) 0.66

ACQ 1.3 (0.3;3.2) 2.0 (1.0;3.2) 1.2 (0.0;1.8) 0.31

FEV1 (% predicted) 83.3 ± 9.2 86.7 ± 11.7 89.7 ± 12.9 0.40

Mean HR during exercise 75.7 ± 2.8 78.5 ±1.6 79.5 ± 2.9 <0.01

BMI, Body Mass Index; ICS, inhaled corticosteroid; LABA, Long acting bronchodilator agent (*; combination therapy); 
LTRA, Leukotriene antagonist (montelukast 1 dd 5 mg); FeNO, Fraction exhaled Nitric Oxide; ACQ, Asthma Control 
Questionnaire; FEV1, Forced expiratory volume in 1 s; HR, Heart rate (% of maximum). Results expressed as median 
(minimum;maximum), mean values ± SD or as numbers (percentages).
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Individual characteristics of the breakthrough EIB group are shown in table 2. In this group, 

EIB occurred between 6 and 10 minutes of exercise (mean 7.75 minutes). Mean fall in FEV1 1 

minute after cessation of exercise was 34% from baseline (range 17-54%). Mean heart rate 

during exercise (calculated from the second minute of exercise) is shown in table 1. There is 

a significant difference in mean heart rate between the breakthrough EIB group and non EIB 

group (75.7% ± 2.8 vs 79.5% ± 2.9, p<0.01; CI:1.0-6.5%).

The pattern observed in most of the subjects of the breakthrough EIB group was an initial 

increase in FEV1 during the first minutes of exercise. After a short plateau, FEV1 progressively 

decreased, followed by a steeper fall of FEV1 after exercise, as shown in figure 1. Figure 2 

shows the response of FEV1 during exercise in the non-breakthrough EIB group. After an initial 

increase in FEV1, most children showed a slow decline in FEV1 during the exercise challenge. 

Mean fall in FEV1 1 minute after cessation of exercise was 21% from baseline (range 17-34%).

DIsCUssIOn

The main result of this study is that in the majority of children with EIB (i.e. 12 out of 19) the 

onset of bronchoconstriction is during submaximal exercise in cold air.

To our knowledge this study is the first to evaluate pulmonary function, as measured by 

FEV1, during an exercise challenge in cold air in asthmatic children. Several studies have 

table 2, Individual characteristics of the breakthrough EIB group.

Sub Sex Age 
(years)

Height 
(cm)

BMI 
z-score

ICS LABA LTRA Baseline 
FEV1 (% 
of pred)

Time to 
↓FEV1 
>15% 
(minutes)

↓FEV1 at 
cessation 
(% from 
baseline)

↓FEV1 t=1 
(% from 
baseline)

1 F 11 156 1.3 + − + 81 7 −15 −47

2 F 8 137 1.2 + − + 91 6 −24 −28

3 F 9 141 0.1 + + − 84 6 −23 −54

4 F 8 132 2.0 + + − 74 6 −35 −45

5 M 15 168 1.9 + + − 89 8 −16 −32

6 M 12 155 −0.1 + + − 67 10 −18 −27

7 F 10 140 1.7 + + + 96 10 −17 −34

8 F 14 165 −0.4 + − + 84 8 −15 −34

9 M 11 138 0.4 + + − 85 9 −15 −45

10 M 11 162 0.1 + + − 69 10 −17 −17

11 M 13 163 2.4 + − − 94 6 −15 −21

12 M 13 175 −0.2 + + − 85 7 −19 −26

Sub, subject; F, female; M, male; BMI, Body Mass Index; ICS, inhaled corticosteroid; LABA, Long acting bronchodilator 
agent; LTRA, Leukotriene antagonist; FEV1, Forced expiratory volume in 1 s; Time to ↓FEV1 >15%, time to EIB during 
exercise; ↓FEV1 at cessation, fall in FEV1 at cessation of exercise; ↓FEV1 t=1, fall in FEV1 1 minute after exercise.
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described bronchoconstriction in asthmatic adults during and after exercise. Rundell et al 

investigated EIB during exercise in cold air. They found that bronchoconstriction (defined 

as a fall >10% in FEV1) occurs in adult athletes during prolonged exercise (~42 minutes) at 

90-100% of maximum heart rate10. Beck and Suman et al studied pulmonary function (FEV1) 

in asthmatic adults during different prolonged exercise protocols in laboratory settings and 

Figure 1, Response of FEV1 during exercise in the breakthrough EIB group. Dotted line; FEV1 after exercise

40 

50 

60 

70 

80 

90 

100 

110 

0 1 2 3 4 5 6 7 8 9 10   

Time (minutes) 

FE
V 1

 (%
 o

f b
as

el
in

e)
 

40 

50 

60 

70 

80 

90 

100 

110 

0 1 2 3 4 5 6 7 8 9 10   

Time (minutes) 

FE
V 1

 (%
 o

f b
as

el
in

e)
 

Figure 2, Response of FEV1 during exercise in the non-breakthrough EIB group. Dotted line; FEV1 after 
exercise.
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both observed bronchoconstriction during exercise after about 15 minutes of exercise2,6,8,9. 

Few studies measured peak expiratory flow rate (PEFR) during exercise in asthmatic children 

and described that in up to 51.7% of asthmatic children PEFR falls below prechallenge value 

at the end of a 6-8 minutes exercise challenge, suggesting that EIB occurs frequently during 

exercise17-19.

The mechanism of bronchoconstriction during exercise could be an imbalance between 

bronchodilator and bronchoconstrictor influences. During exercise, hyperpnea causes drying 

and hyperosmolarity of the respiratory mucosa, leading to the release of inflammatory me-

diators and subsequent bronchoconstriction4. Simultaneously exercise has a bronchodilating 

potential, caused by the release of Nitric Oxide and prostaglandin PGE2 and the increased 

mechanical stretch of the airway smooth muscle through deep inspirations6. Studies in adult 

asthmatics describe a pattern of an initial bronchodilatation during exercise. After achiev-

ing a steady state of about 15 minutes, the constrictor stimulus prevails, with an additional 

constriction post-exercise2,6,7,9,11. In asthmatic children we observed the same pattern, how-

ever the timing of the events is markedly faster than in adults. The bronchodilator effect of 

exercise is transient in children and rapidly followed by bronchoconstriction within minutes. 

This fast pattern may be due to the twitchiness of young airways. The contribution of muscle 

spasm in the mechanism of EIB in asthmatic children may be relatively high compared to 

adults. This can also explain their quick recovery of pulmonary function after maximal bron-

choconstriction12. Another explanation for EIB during exercise in children may be a failure of 

bronchodilator influences to counterbalance the bronchoconstrictor influences. Indeed only 

2 children were able to fully maintain their FEV1 during exercise.

Our observation that EIB starts during a relatively short period of exercise in the majority 

of asthmatic children implies that the thermal hypothesis about the patho-physiology of EIB 

cannot be sustained in asthmatic children. According to this hypothesis EIB is caused by rapid 

rewarming of the airways at the cessation of exercise induced hyperpnea5. Anderson et al 

questioned this hypothesis in 1989, as they observed a fall in PEFR in asthmatic children 

during exercise18.

Several remarks can be made about this study. Subjects performed an exercise challenge 

at approximately 80% of their maximum heart rate. According to the ATS guidelines for 

diagnosing EIB, the intensity of exercise should be set at a heart rate of 80-90% of maximum. 

Testing at a relatively low exercise intensity probably underestimates the prevalence and 

severity of EIB13,20. We purposely chose an exercise intensity of 80% of maximum heart rate, 

since spirometry is easier to perform and a prolonged test easier to sustain during submaxi-

mal exercise. Retrospectively mean heart rate during exercise was significantly lower in the 

breakthrough EIB group compared to the non EIB group (75.7% vs 79.5%). We considered this 

difference was clinically not relevant and did not cause breakthrough EIB (heart rate was even 

slightly lower in the breakthrough EIB group). Although we successfully titrated the intensity 

of exercise to approximately 80% of the predicted maximum heart rate in all children, the 
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duration of exercise in the non EIB group was longer and heart rate increased steadily during 

exercise, explaining the difference in mean heart rate.

Another comment can be made about the duration of the exercise test, which differs from 

regular exercise tests. Given that there is an initial bronchodilatation during the first few 

minutes of exercise, a standardised protocol of 6 minutes could be too short to document a 

significant fall FEV1 during exercise3,7. Therefore, we chose a 12 minutes exercise protocol, as 

most children show a rapid fall in FEV1 directly after a regular exercise challenge of 6-8 min-

utes. Also, a submaximal prolonged test mimics real life exercise in play and sports. Indeed 

we observed EIB in the majority of children during these 12 minutes. Moreover, the average 

time for EIB to occur was 7.75 minutes of exercise. Defining EIB as a fall in FEV1 >10% from 

baseline, instead of >15%, 5 more children would have had a positive breakthrough test (i.e. 

17 out of 19)21.

One could argue that the observed fall in FEV1 during exercise is a result of submaximal 

effort or respiratory muscle fatigue. However, all children performed technically adequate 

flow volume curves during exercise, whether or not there was a fall in FEV1.

Eleven children did not show EIB. This might be due to the fact that self reported exercise 

induced symptoms are not always caused by EIB22,23. Furthermore, we measured FEV1 to a 

maximum of 5 minutes post-exercise, which may underestimate the incidence of EIB as the 

time to maximal bronchoconstriction after exercise is between 2 and 12 minutes. However the 

majority of children reach maximal bronchoconstriction in the first 5 minutes post-exercise12.

The fact that bronchoconstriction can occur early during exercise in asthmatic children is 

of clinical importance. Not only can it compromise the athletic performance of the child but 

it can also influence a childs attitude to exercising. Dropping out during exercise lowers self 

esteem and leads to avoidance of exercise and consequently deterioration of cardiovascular 

condition24.

Monitoring pulmonary function in asthmatic children during exercise was feasible in our 

study and has benefits. It prevents severe and uncontrolled falls in FEV1 that can occur during 

and after a regular exercise challenge to measure EIB. Furthermore a breakthrough test could 

potentially be used as a dose response test, in which time to the occurrence of EIB can be 

considered as the degree of airway hyperresponsiveness.

In conclusion, measuring pulmonary function during exercise in asthmatic children shows 

that the bronchoprotective effect of exercise is short-lived in children and that EIB frequently 

starts during, and not after, submaximal exercise. Moreover it may provide complementary 

clinical information, as breakthrough EIB leads to serious compromise of participation in 

active play and sports and indicates uncontrolled asthma, for which appropriate therapy 

measures are needed. More research needs to be done to characterise asthmatic children 

susceptible to airway obstruction.
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AbstrACt

rationale

Exercise-induced bronchoconstriction (EIB) is defined as a transient narrowing of the airways 

induced by exercise. Repetitive measurements of spirometric parameters, such as FEV1 and 

expiratory flows, and FOT measurements can be used to analyze the dynamics of EIB. A single 

high dose of fluticasone propionate (FP) protects against EIB. The aim of the study was to 

analyze the effect of FP on the dynamics of exercise induced airway narrowing as measured 

with FOT and spirometry.

Methods

12 children performed an exercise challenge on 2 separate days, 4 hours after inhalation of 

1 mg FP (pressurized metered dose inhaler) or a placebo. Before and after the exercise flow-

volume loops as well as the FOT (frequency range: 4-32 Hz) were measured.

results

The FEV1, and FEF50 fell significantly after exercise within groups; the peak fall in FEV1 after 

FP was significantly smaller than after placebo (respectively 19.3 ± 14.6% and 29.2 ± 14.8%, 

p=0.03, 95% CI:0.9%-18.8%). The fall in FEV1 and FEF50 peaked 3 minutes after exercise and 

showed a subsequent partial recovery. The fall in the FEV1/FVC ratio showed a later peak fall 

(12 minutes after exercise).The resistance increased while the reactance decreased signifi-

cantly after exercise. FP significantly decreased the maximal increase in Rrs6 when compared 

to the placebo (respectively 176.5 ± 59.1% and 201.0 ± 63.8% (p=0.05, 95% CI:0.5%-48.7%). 

The maximal decrease in Xrs6 was not significantly affected by FP (p=0.06).

Conclusion

Repetitive spirometric and FOT measurements after exercise show a rapid narrowing and 

steady recovery of the patency of the conducting airways, and indicate a delayed and pro-

longed recovery of the smaller airways. A single high dose of inhaled FP seems to employ its 

effect mainly in the conducting airways.
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IntrODUCtIOn

Childhood asthma is a common disease, which is frequently complicated by exercise induced 

bronchoconstriction (EIB)1. EIB is defined as a transient narrowing of the airways induced 

by exercise. The dynamics of airway narrowing and recovery in EIB are largely unknown. To 

evaluate EIB the forced expiratory volume in the first second (FEV1) is routinely used2, cor-

responding with the patency of the larger, conducting airways3. Other spirometric indices 

such as FEF25, FEF50 and FEF75 have been linked with the patency of respectively larger and 

smaller airways4. The forced oscillation technique (FOT) is a sensitive and effort independent 

technique and can determine airway resistance and reactance5. The FOT has been used 

to evaluate EIB using change in lower frequency resistance and reactance6-9. The lower 

frequency resistance reflects the patency of the conducting airways5. The lower frequency 

reactance reflects the capacitive properties of the respiratory system10 i.e. lung stiffness, 

intra-parenchymal airway mechanics and airway-parenchyma interdependence. A single 

high dose of inhaled corticosteroid, such as fluticasone propionate (FP), protects against air-

way obstruction caused by various indirect challenges such as, exercise, eucapnic voluntary 

hyperventilation and hypertonic saline11-14. It is unclear where inhaled steroids employ their 

effects.

The aim of the study was to analyze the effect of fluticasone propionate on the severity 

and dynamics of exercise induced airway narrowing as measured with FOT and spirometry.

MAtErIAls AnD MEthODs

study design

The study had a prospective, randomized, double-blind, cross-over, placebo-controlled de-

sign. All subjects performed an exercise challenge on 2 separate days receiving either FP or a 

placebo in a randomized order. Tests were performed within a time interval of at least 6 days 

and a maximum of 14 days to allow wash-out and minimize periodic effects. Before and after 

exercise, lung function was measured using FOT followed by flow-volume loops. After the last 

flow-volume performance, or on patient request, salbutamol was inhaled. Fifteen minutes 

after inhalation of salbutamol all measurements were repeated as before the exercise chal-

lenge.

subjects

Asthmatic children with a mean age of 14.0 ± 1.2 years were selected from the outpatient 

clinic of the pediatric department of the Medisch Spectrum Twente  and included in the study. 

All children had self-reported exercise induced dyspnea and 11/12 (92%) children had a posi-

tive radioallergosorbent test (RAST). All patients had stable mild to moderate asthma with 
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no asthma exacerbations or need for oral corticosteroids in the last year before the test. All 

children were free of oral and inhaled corticosteroids and leukotriene receptor antagonists 

for at least 4 weeks before the challenges. FEV1 values before the second exercise challenge 

had to be within 12% compared to baseline FEV1 to ensure controlled asthma. The study 

protocol was evaluated and approved by the medical ethics board of the Medisch Spectrum 

Twente, Enschede, the Netherlands. All patients and parents signed the written informed 

consent. The trial has been registered under ISRCTN number: ISRCTN61380683

Interventions

Study medication consisted of FP or placebo. Four hours before the exercise challenge, chil-

dren inhaled 4 actuations of 250 µg FP (Flixotide®, GlaxoWellcome®) using a pressurized me-

tered dose inhaler device in conjunction with a Volumatic® spacer device (GlaxoWellcome®). 

In all children, inhalation of the study medication occurred under supervision. Patients were 

instructed to refrain from strenuous activity 4 hours before the exercise challenges. For 

randomization a linear congruential algorithm of Park and Miller with Bays-Durham shuffling 

was employed, using block sizes of 2, 4, and 8 children. Exercise challenges were performed 

in the local skating rink, to obtain cold, dry air (1-5°C; 1.7 mg∙l−1 to 4.8 mg∙l−1). The challenges 

were performed on a treadmill with a 10 degree slope. Children ran for a total of 6 minutes 

with a 2 minutes period to reach the targeted heart rate of 90 percent of predicted maximum 

(210-age)2,15. The nose was clipped to accommodate equal testing circumstances for all 

subjects. Thirty minutes after the exercise challenge, or earlier on a patient’s request, 400 μg 

Salbutamol metered dose inhaler was given in conjunction with a spacer device.

spirometric measurements

A Masterscope® Jaeger®, (Hoechberg, Germany) was used to measure spirometry. Flow-

volume loops were recorded using standard ERS protocol and a fall in FEV1 of more than 

10% was the cut-off value for EIB. Before exercise, flow-volume loops were duplicated. After 

exercise flow volume loop measurements were repeated in duplex at 1, 3, 6, 9, 12, 15, 20, 

25 and 30 minutes. The best values for FEV1, FEF25, FEF50 and FEF75 were used to analyze the 

expiratory loop and Zapletal reference values were used to calculate the predicted value of 

the FEV1
16.

Oscillometric measurements

Measurements using FOT (R.O.S., Oscilink®, Sensormedics®) were repeated 3 times with the 

nose clipped and with hands supporting the cheeks and mouth floor. FOT measurements 

were repeated before exercise and at 5, 14, and 24 minutes after exercise. We calculated the 

FOT values using 3 measurements. The measurements were performed before flow-volume 

loops and at least two minutes after previous flow volume loops to ensure a sufficient interval 

after forced breathing and to minimize the bronchodilating effect of a deep inspiration5,6.
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The characteristics most widely used to analyze FOT measurements are the lower fre-

quency resistance and reactance and the resonance frequency5. Since Rrs0 is, per definition, 

extrapolated, we used the resistance at 6 Hertz (Rrs6). We found that in some children the 

resonance frequency exceeded the measuring range of the device (4-32 Hz); therefore we 

chose a derivative of this measurement in the reactance at 6 Hz (Xrs6).

statistical analysis

Best values of spirometric measurements and mean values of FOT measurements were used 

for statistical calculations. Results are expressed as mean values ± standard deviation (SD) 

for normally distributed data, as median (range) for non-parametric data or as numbers with 

corresponding percentages if nominal or ordinal. Comparison between values after admin-

istration of fluticasone propionate and placebo were performed after testing for Normality 

using a Shapiro-Wilk test. A paired samples t-test was used for normally distributed data and 

a Wilcoxon signed Rank test for not Normally distributed data. Correlations were calculated 

using Pearson or Spearman correlations as appropriate. In this cross-over design the SD of 

the difference in FEV1 between FP and placebo was set at 4.5%. With a power of 90% the 

detectable difference would have been 4.6%17. The level of significance was set at 0.05 with 

95% confidence intervals (CI). Statistical calculations were made using SPSS® version 15.0 

for Windows®, power calculation were made using PS: Power and Sample Size calculation 

version 3.0 for Windows.

rEsUlts

Fifteen patients were selected and performed both tests. One patient did not meet the 

criteria of EIB, and two patients did not adhere to the protocol (strenuous activity prior to 

exercise provocation). This resulted in twelve children who finished the complete study 

protocol. Baseline measurements were comparable on both test days, and mean values of 

baseline spirometric, FOT, and patient characteristics are shown in table 1. In 6 out of 116 

measurements (5%), the mean FOT value was calculated using only 2 instead of 3 acceptable 

measurements.

After placebo, exercise induced a fall in all spirometric indices. The time course of the fall 

of the FEV1, the FEV1/FVC ratio and the FEF25, FEF50 and FEF75 can be found in figures 1a, 1b, 

1c, 1d and 1e respectively. As can be seen in figures 1a, 1c and 1d the fall in FEV1 and FEF50 

peaked 3 minutes after exercise and showed a subsequent partial recovery. The fall in the 

FEV1/FVC ratio and FEF75 showed a later peak fall (12 minutes after exercise). FP significantly 

reduced the fall in FEV1 at 3, 6, 9, 12, 15 and 25 minutes after exercise; the FEV1/FVC ratio was 

similarly affected. The fall in FEF50 however showed a significant difference between FP and 

placebo only 3, 6 and 9 minutes after exercise. FP significantly reduced the peak fall in FEV1 
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table 1, Patient characteristics and lung function values before both exercise provocation challenges.

Patient Characteristics Value

Age (years) 14.0 ± 1.1

Male gender (% of total) 9 (75)

Height (cm) 168 ± 9

Allergy (% of total) 11 (92)

FP Placebo

FEV1 (% of pred) 95.7 ± 10.8 92.0 ± 10.2

FEV1/FVC-ratio (%) 82.4 ± 8.2 79.8 ± 7.7

Xrs6 (kPa∙s∙l−1) −0.98 ± 0.68 −0.96 ± 0.72

Rrs6 (kPa∙s∙l−1) 0.37 ± 0.12 0.36 ± 0.13

Figure 1, Time-course of change in A) FEV1 B) FEV1/FVC ratio C) FEF25 D) FEF50 and E) FEF75 after exercise 
in % of baseline with standard error from the mean. * indicate p<0.05 The dashed lines represent placebo 
and the solid lines represent Fluticasone propionate.
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after exercise, compared to placebo, respectively 19.3 ± 14.6% and 29.2 ± 14.8% (p=0.03, 95% 

CI: 0.9%-18.8%, power: 99.99%). After administration of FP, the peak fall in FEF25 and FEF50 

were significantly smaller than after placebo: 28.6 ± 14.8% vs. 43.7 ± 20.4% (p=0.03, 95% CI: 

1.4%-24.9%) and 32.5 ± 18.9% vs. 45.7 ± 13.6% (p=0.02, 95% CI: 3.2%-23.2%) respectively. 

The peak fall in FEV1/FVC ratio and FEF75 were not significantly different after FP compared to 

placebo: 10.9 ± 7.9% vs. 16.0 ± 8.1% (p=0.12, 95% CI: −11.8-1.5%), and 38.3 ± 18.8% vs. 43.4 ± 

13.2% (p=0.48, 95% CI: −10.3-20.6%) respectively.

After placebo, exercise induced a significant increase in Rrs6 and a significant decrease in 

Xrs6. The change up to 24 minutes after exercise of the Rrs6 and Xrs6 can be found in figures 

2a and 2b respectively. The increase in Rrs6 peaked 5 minutes after exercise and did not show 

a significant recovery 24 minutes after exercise. In contrast, the decrease in Xrs6 peaked 5 

minutes after exercise and showed a continuous recovery thereafter. FP significantly affected 

the Rrs6 24 minutes after exercise (p=0.02), while FP significantly affected the Xrs6 5 minutes 

after exercise (p=0.02). FP significantly reduced the maximum increase of Rrs6 compared to 

the placebo, respectively 176.5 ± 59.1% and 201.0 ± 63.8% (p=0.05, 95% CI: 0.5-48.7%, power 

99.5%). The maximum decrease in Xrs6 was not significantly different after FP compared to 

the placebo, 286.7 (105.6-769.7)% and 349.0 (100.0-1960.0)% respectively (p=0.06).

The correlation between pre-exercise spirometric and FOT measurements can be found in 

table 2.

table 2, The Spearman association between FOT and spirometry measurements before exercise

After FP

FEV1 FEF25 FEF50 FEF75

Rrs6 −0.48 −0.62* −0.75** −0.70*

Xrs6 −0.53 −0.46 −0.59* −0.65*

After Placebo

FEV1 FEF25 FEF50 FEF75

Rrs6 −0.48 −0.50 −0.60* −0.75**

Xrs6 −0.62* −0.25 −0.27 −0.48

* marks statistically significant difference with p<0.01
* marks statistically significant difference with p<0.05
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Figure 2, Boxplots of A) resistance at 6 Hz and B) reactance at 6 Hz at 5, 14 and 24 minutes after exercise. 
Open circles represent outliers.

 1 

A

B
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DIsCUssIOn

All spirometric measurements, as well as FOT measurements, changed significantly after ex-

ercise. The effect of FP on FEV1 was significant 3 to 25 minutes after exercise, while the effect 

on FEF50 was only significant over the first 9 minutes after exercise. The effect of FP peaked 

5 minutes after exercise for Xrs6 and 24 minutes after exercise for Rrs6. These results suggest 

that the effect of FP on EIB was more marked in the conducting airways.

To our knowledge this is the first study to analyze the dynamics of the airway obstruction 

in EIB using both spirometry and FOT simultaneously in children with asthma. Hyperpnea 

during and immediately after exercise dehydrates the airway wall lining. The subsequent os-

motic change of the airway wall lining causes the release of mediators through degranulation 

of mast cells18. These mediators cause contraction of airway smooth muscle, microvascular 

leakage resulting in congestion of the airway mucosa, and mucus hypersecretion obstructing 

the airways19. We observed a rapid fall in FEV1, FEF25, FEF50 and Xrs6, peaking immediately after 

exercise, that showed a steady recovery thereafter. We speculate that this recovery may be 

compatible with a reduction in airway tone, which may be caused by relaxation of airway 

smooth muscle.

The mean fall in the FEF75, FEV1/FVC ratio and the Rrs6, had a different time course, show-

ing a delayed and prolonged fall 15 minutes after exercise. The fall in FEV1 we observed, 

accompanied by a smaller fall in FEV1/FVC ratio, indicates a simultaneous fall in FVC, possibly 

suggesting airway closure20. We speculate that the observed prolonged changes in the FEF75, 

FEV1/FVC ratio and the Rrs6 are compatible with a decreased airway lumen, which may be 

largely caused by congestion of the airway wall and/or mucus.

The congestion of the airway wall and secretion of mucus take longer to build up than 

airway smooth muscle contraction, recede slower, and have less impact on the conducting 

airways, which may explain the observed discrepancy in dynamics of different spirometric 

and FOT measurements. Furthermore, the repetitive forced breathing maneuvers performed 

after exercise might have enhanced the recovery of the patency of the conducting airways 

which we observed as several studies have shown that deep inspiration primarily bronchodi-

lates the conducting airways6,21-23.

Tvagelkos et al. studied adult asthmatic patients using low frequency FOT measurements 

and PET scanning and stated that a bronchoprovocation led to a simultaneous constriction 

of small and large airways, but not just large airways alone24. Campana et al. made a similar 

analysis and also stated that both the larger and smaller airways contribute to airway ob-

struction after bronchoprovocation with metacholine in adult asthmatics25.

Most of the studies measuring resistance, reactance, and spirometry were performed in 

adult asthmatics. We realize that measurements of spirometry and FOT in children indeed 

represent different lung mechanical properties than measurements of these parameters in 

adults as lung physiology changes during growth26. The discrepancy of the dynamics of the 
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change in Rrs6 and Xrs6 are of interest. The prolonged increase in Rrs6, compared to the de-

crease in Xrs6 may be caused by a sustained obstruction of the smallest conducting airways, 

in line with the prolonged fall in FEF75. However, the observed discrepancy between Rrs6 and 

Xrs6 may be also due to the recovery of inhomogeneous ventilation and/or a shunting effect 

of bronchial wall compliance immediately after exercise.

The effect of a single dose of inhaled steroids on bronchial hyperresponsiveness to indirect 

challenges has been well documented11-14 and confirmed in our study with both FOT and spi-

rometry. We hypothesize that this effect was due to a direct non-genomic effect of the inhaled 

FP on inflammatory cells, inhibiting the release of mediators. A direct effect of a single high 

dose of corticosteroid on inflammatory cells has been found previously in vitro and in vivo. 

Llewellyn-Jones et al. analyzed the direct in vitro effect of FP on inflammatory markers and 

found that FP decreases the release of these markers27. More recently, Zhou et al. analyzed the 

effect of budesonide on mast cell stability through the IgE mediated release of Histamine and 

Ca2+ 28. They found a stabilizing effect after a single high dose of budesonide in guinea pigs. 

Kippelen et al. found that a single high dose of beclomethasone significantly reduced the 

airway obstruction and the excretion of urinary mediators in response to eucapnic voluntary 

hyperventilation in asthmatic adults and elite athletes, hypothesizing that beclomethasone 

blunted mast cell activation12. The impact of the effect of FP on EIB in our study seemed to 

be greater in the conducting airways. This could be due to the relatively large particle size of 

fluticasone29 mainly depositing in the conducting airways. Particle size is of importance for 

penetration of the aerosol as well as the effect of the medication30. Therefore it would be of 

interest to study the effect of a small particle inhaled corticosteroid on EIB.

Several remarks can be made about our study. Interpretation of FOT measurements is 

difficult and still controversial, as different parameters have been linked with several patho-

physiological changes5,10. There is evidence however that changes in Rrs6 and Xrs6 can be 

linked to changes in the smaller airways24,31-33.

As FOT measurements require regular calm breathing, measurements in the first few min-

utes after exercise are not technically feasible. We measured FOT 5 minutes after exercise as 

EIB as measured with the FEV1 peaks between 3 to 6 minutes after exercise34. A pressurized 

head gear reduces upper airway shunt and would yield the best result. In light of the strenu-

ous exercise and the cumbersome nature of such devices we chose not to use this device. 

Therefore, the FOT measurements suffered from an expected upper airway shunt as observed 

in previous studies35,36. The upper airways shunt causes energy from the oscillating air to be 

absorbed by the relative high compliant upper airways (cheeks and the base of the mouth). 

These studies used the same data set and concerned children up to 9 and 13 years of age, re-

spectively, while our study population concerns older children with a mean age of 14.0 years. 

Furthermore, the upper airway shunt has the biggest impact on higher frequencies; therefore 

we only analyzed lower frequency measurements. FP did not reduce the decrease in Xrs6 
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significantly (p=0.06). However, the measurements of the Xrs6 showed a large spread which, 

together with the relative small sample size, probably affected the statistical significance.

Deep inspiration can have a bronchodilating effect which is especially strong after exercise6. 

The time period of 2 minutes between forced breathing maneuvers and FOT measurements 

as we used, as advised by the current ERS recommendations5, may have been too short to 

completely negate the effect of deep inspiration.

One individual showed a substantially greater fall in FEV1 after FP. A large drop in FEV1 and 

the perceived dyspnea caused the patient to request a bronchodilator shortly after exercise 

on both occasions. This was probably before the peak fall in FEV1, making accurate analysis of 

both FOT and spirometric data of this individual impossible.

In conclusion, repetitive spirometric and FOT measurements after exercise show a rapid 

narrowing and steady recovery of the patency of the conducting airways, and indicate a 

delayed and prolonged recovery of the smaller airways. A single high dose of inhaled FP 

reduces EIB and seems to employ its effect mainly in the conducting airways.
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AbstrACt

rationale

Methacholine and histamine can lead to inspiratory flow limitation in asthmatic children and 

adults. This has not been analyzed after indirect airway stimuli, such as exercise. The aim of 

the study was to analyze airflow limitation after exercise in cold, dry air.

Methods

72 asthmatic children with mild to moderate asthma (mean age 13.2 ± 2.2 yrs) performed 

a treadmill exercise challenge. A fall of >10% in FEV1 was the threshold for expiratory flow 

limitation and a fall of >25% of MIF50 was the threshold for inspiratory flow limitation. The 

occurrence of wheeze, stridor and cough were quantified before and after exercise.

results

After exercise, the mean fall in FEV1 was 17.7 ± 14.6%, while the mean fall in MIF50 was 25.4 ± 

15.8%; no correlation was found between fall in FEV1 and MIF50 (R2: 0.04; p=0.717). 53 of the 

72 children showed an inspiratory and/or expiratory airflow limitation. 38% (20/53) of these 

children showed an isolated expiratory flow limitation, 45% (24/53) showed both expiratory 

and inspiratory flow limitation and 17% (9/53) showed an isolated inspiratory flow limitation. 

The fall in FEV1 peaked 9 minutes after exercise and correlated to expiratory wheeze. The fall 

in MIF50 peaked 15 minutes after exercise and correlated to inspiratory stridor. The time dif-

ference in peak fall between FEV1 and MIF50 was statistically significant (5.9 minutes; p<0.001, 

99% CI: 2.3 - 9.5 minutes).

Conclusion

This study shows that an exercise challenge in asthmatic children can give rise to inspiratory 

airflow limitation, which may give rise to asthma like symptoms.
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IntrODUCtIOn

Asthma is a common, chronic disease in which indirect stimuli such as exercise may lead to 

transient narrowing of the lower airways resulting in an expiratory flow limitation (EIB)1. A 

direct stimulus such as methacholine may lead to inspiratory as well as expiratory flow limita-

tion in asthmatic children and adults2-4. It has been hypothesized that this inspiratory flow 

limitation is the result of chronic inflammation of the upper airways, a frequent co-morbidity 

in childhood asthma5.

In asthmatic children, exercise may also lead to symptoms mimicking EIB6,7. Vocal cord 

dysfunction (VCD) may lead to many exercise induced symptoms and can easily be mistaken 

for EIB8. In most cases of VCD exercise induced symptoms, such as stridor and acute ‘choking’ 

occur during exercise9. In field observations however, inspiratory stridor and dyspnoea may 

be present in asthmatic children well after exercise. We propose that an indirect challenge 

such as exercise may cause inspiratory airway obstruction like methacholine and histamine, 

mimicking asthma like symptoms.

The aim of the study was to analyze airflow limitation after exercise in cold, dry air.

MAtErIAls AnD MEthODs

study design

Open, cross sectional design. All exercise challenge tests were performed between January 

1st 2005 and April 1st 2008.

subjects

Seventy-two children (mean age 13.2 ± 2.2 yrs) with mild to moderate asthma with exercise 

induced dyspnoea were selected from the paediatric outpatient clinic of Medisch Spectrum 

Twente Hospital. Most patients had a history of allergy and 65 completed a radioallergosor-

bent test (RAST). Subjects were required to withhold the use of long acting bronchodilators 

for 24 hours and the use of short acting bronchodilators for 8 hours prior to the tests. No 

vigorous exercise was permitted for 4 hours prior to the exercise challenge. The internal 

review board (Medisch Ethische Toetsings Commissie of the Medisch Spectrum Twente) filed 

no complaint to perform the study.

Exercise challenge

Exercise testing was performed on a treadmill (Reebok®, TR1 premium run, Canton, MA, USA) 

according to ATS/ERS recommendations10. The exercise challenges were performed in the 

local ice skating rink, to obtain cold air (2-5°C, 1-5 mg∙l−1 H2O). Children ran, nose clipped, on 

a treadmill with a 10 degree slope, for a 4 minute period with a heart rate at 90 percent of 
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predicted maximum (210-age) after an acclimatization period of 2 minutes10,11. The total ex-

ercise time was 6 minutes. Heart rate was monitored with a Polar Sport tester (Polar Electro®, 

Finland). A single observer (JD) quantified respiratory wheeze, inspiratory stridor and cough 

using auscultation12.

Asthma Control Questionnaire

The asthma control questionnaire (ACQ) developed by Juniper and colleagues is a reliable 

and validated instrument to measure asthma control13. All children completed the original 

Dutch version of the ACQ before exercise. Responses were given on a 7-point scale and the 

overall score is the mean of 6 questions, with the question of the FEV1 omitted. Well-controlled 

asthma was defined by an ACQ of less than 0.75 and uncontrolled asthma by an ACQ of more 

than 1.50; an ACQ between 0.75 and 1.49 was seen as an indifferent control of asthma14.

Pulmonary Function Measurements

A Masterscope® Jaeger®, (IBM PS 235X; Jaeger, Würzburg, Germany) was used to measure 

lung volumes and flow-volume loops. This spirometer was calibrated on the morning of each 

study day. The flow-volume loop was recorded using ATS/ERS guidelines. After exercise flow 

volume loop measurements were repeated in duplex at 1, 3, 6, 9, 12, 15, 20 and 25 minutes. 

Pulmonary function was calculated from the best curve.

The best forced expiratory volume in the first second (FEV1
   ) value was used for analysis 

of the expiratory airflow limitation and Zapletal reference values were used to calculate the 

predicted value of the FEV1
15. A fall of more than 10% in FEV1 was considered positive for 

expiratory flow limitation, as recommended by the ATS-ERS guidelines when evaluating EIB 

in a research setting10.

The best maximal mid inspiratory flows (MIF50), reaching a plateau and accompanied by a 

forced inspiratory vital capacity of more than 80% of baseline, were used to evaluate inspira-

tory flow limitation. A fall of more than 25% of MIF50 was considered positive for inspiratory 

flow limitation4,5. Tomalek reference values were used to calculate the predicted value of the 

MIF50
16.

statistical analysis

Results were expressed as mean values ± standard deviation (SD) for normally distributed 

data, as median (range) for non-normal data or as numbers with corresponding percentages 

if nominal or ordinal. Because of the large number of tests, we chose to set the level of signifi-

cance at 0.01 (99% confidence intervals (CI)). To identify variables that were associated with 

inspiratory and expiratory flow limitation, unpaired t-tests or Mann-Whitney U tests were 

performed as appropriate. Between-group comparisons of nominal or ordinal variables were 

performed by Chi-square tests. SPSS® for Windows® version 15 (IBM, Chicago, IL, USA) was 

used to perform all analyses.

Jean BW.indd   50 05-Feb-13   11:44:05 AM



51

Inspiratory flow limitation after exercise

rEsUlts

Seventy-two children with mild to moderate asthma performed an exercise challenge test in 

cold air. Baseline characteristics of the patients are shown in table 1.

After exercise, the mean fall in FEV1 was 17.1 ± 14.7%, while the mean fall in MIF50 was 25.8 

± 16.1%. When plotting the fall in FEV1 against the fall in MIF50, no correlation was found (R2: 

0.04; p=0.717), as can be seen in figure 1.

Using the cut-off points as stated before (fall in FEV1 of more than 10% and fall in MIF50 of more 

than 25%) patients were divided into 4 subgroups, as can be seen in table 2. It is remarkable 

that of the children without a significant fall in FEV1, almost half (9/19) showed a significant 

fall in MIF50; additionally, of the children without a significant fall in MIF50, almost half (20/39) 

showed a significant fall in FEV1.

After exercise, 74% of the patients showed a flow limitation (53/72). Of these, 38% (20/53) 

showed an isolated expiratory flow limitation, 45% (24/53) an expiratory and inspiratory flow 

limitation, and 17% (9/53) showed an isolated inspiratory flow limitation. The mean time to 

maximum fall in FEV1 was 9.2 ± 7.6 minutes after exercise, while the mean time to maximum 

table 1. Baseline characteristics. Data are given in mean ± SD or numbers (percentage)

Patient Characteristics Value

Age (years) 13.2 ± 2.2

Male Gender 48 (67)

Height (cm) 168 ± 9

FEV1 (% of predicted) 101.4 ± 9.5

FEV1/FVC ratio 83.4 ± 16.5

MIF50 (% of predicted) 129.7 ± 28.6

ICS 57 (79)

ICS + LABA 44 (61)

NCS 19 (26)

ACQ ≤ 0.75 38 (54)

0.75 < ACQ < 1.50 20 (29)

ACQ ≥ 1.50 12 (17)

House Dustmite Allergy 43 (60)

Grass - Tree pollen Allergy 38 (53)

Food Allergy 14(19)

FEV1: Forced expiratory volume in one second. FVC: Forced Vital Capacity, MIF50: Maximal Mid Inspiratory Flow, ICS: 
Inhaled corticosteroid, LABA: Long acting bronchodilating agent, NCS: Nasal Corticosteroid, ACQ: Asthma Control 
Questionnaire.
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fall in MIF50 was 15.1 ± 7.9 minutes after exercise (Difference 5.9 minutes; p<0.001, 99% CI: 

2.3 - 9.5 minutes). The inspiratory and expiratory airflow in time for each group can be seen 

in figure 2.

The use of inhaled corticosteroids was not related to the occurrence of EIB (chi-square 

p=0.573) or inspiratory flow limitation (chisquare p=0.367). Similarly, the use of nasal corti-

costeroids was not related to the occurrence of EIB (chi-square p=0.528 or inspiratory flow 

limitation (chisquare p=0.457), suggesting that the use of inhaled or nasal corticosteroids 

did not significantly effect the likelihood for EIB or inspiratory flow limitation in asthmatic 

children.

The correlation between the overall ACQ and fall in FEV1 after exercise was 0.12 (p=0.864) 

and the correlation with the fall in MIF50 was 0.18 (p=0.810). When dividing the patients into 

groups by the asthma control cut-offs provided by Juniper et al., omitting the last question. 

There was no correlation with fall in FEV1 (p=0.077) nor with fall in MIF50 (p=0.126) as can be 

seen in table 3.

Figure 1. Expiratory flow limitation plotted against Inspiratory flow limitation for each individual patient; 
no correlation was found (R2: 0.04; p=0.72). FEV1: Forced expiratory volume in one second; MIF50: Mid 
inspiratory Flow.
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table 2. Subdivision of patients for fall in FEV1 and MIF50.

↓FEV1 < 10% ↓FEV1 ≥ 10%

↓MIF50 < 25% 19 20 39

↓MIF50 ≥ 25% 9 24 33

28 44 72

FEV1: Forced expiratory volume in one second; MIF50: Mid inspiratory Flow (p=0.063).
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Figure 2. Expiratory flow limitation and Inspiratory flow limitation over time for each group of patients: 1) 
No flow limitation; 2) Isolated expiratory flow limitation; 3) Isolated inspiratory flow limitation and 4) Both 
expiratory and inspiratory flow limitation.
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FEV1: Forced expiratory volume in one second; MIF50: Mid inspiratory Flow.

table 4. The occurrence of wheeze, stridor and cough compared to the maximum fall in FEV1 and MIF50.

Fall in FEV1 (% of baseline) Fall in MIF50 (% of baseline)

Yes No p-value 99% CI Yes No p-value 99% CI

Wheeze 22.6 ± 17.1 11.0 ±  6.0 <0.001  2.8 - 18.4 26.9 ± 16.6 22.6 ± 15.3 0.080 −6.5 - 15.0

Stridor 19.4 ± 15.7 13.0 ± 11.7  0.048 −3.0 - 15.7 28.8 ± 16.2 17.0 ± 12.8 <0.001  1.8 - 21.8

Cough 19.0 ± 15.8 10.4 ±  4.7  0.001  1.9 - 15.3 26.2 ± 16.6 20.6 ± 13.5 0.158 −8.0 - 19.3

table 3. Subdivision of patients for control of asthma as measured with the ACQ versus fall in FEV1 and 
MIF50.

Well-controlled Indifferent Uncontrolled

ACQ < 0.75 ACQ 0.75-1.49 ACQ ≥ 1.50

n = 38 n = 20 n = 12

Fall in FEV1 greater than 10% 14 (37) 5 (25) 8 (67)

Fall in FEV1 after exercise 17.2 ± 15.8 12.2 ± 5.9 24.4 ± 19.9

Fall in MIF50 greater than 25% 16 (42) 10 (50) 5 (42)

Fall in MIF50 after exercise 22.1 ± 17.7 30.9 ± 19.1 28.7 ± 14.5

FEV1: Forced expiratory volume in one second; MIF50: Mid inspiratory Flow. ACQ: Asthma Control Questionnaire.
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Figure 3. FEV1 and MIF50 in % fall over time, for children with and without wheeze.
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FEV1: Forced expiratory volume in one second; MIF50: Mid inspiratory Flow.
* Marks significant differences (p≤0.01)

Figure 4. FEV1 and MIF50 in % fall in time, for children with and without stridor.
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FEV1: Forced expiratory volume in one second; MIF50: Mid inspiratory Flow.
* Marks significant differences (p≤0.01)
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The occurrence of expiratory wheeze and cough were linked with a fall in FEV1, while the 

occurrence of inspiratory stridor was linked with a fall in MIF50, as can be seen in table 4.

The relation over time between spirometry and wheeze, stridor and cough can be seen in 

figure 3, 4 and 5 respectively.

DIsCUssIOn

This study shows that exercise can induce inspiratory flow limitation as well as expiratory 

flow limitation in asthmatic children. Inspiratory flow limitation was related to an inspiratory 

stridor but unrelated to the occurrence or severity of expiratory flow limitation.

Exercise induced inspiratory stridor and flow limitation is most commonly attributed to 

VCD. VCD is a heterogeneous entity and as such the inspiratory flow limitation we observed 

might have been attributed to VCD8,9. Laryngoscopy during and immediately after exercise 

and not lung-function is considered to be the gold standard to diagnose VCD17,18. However 

the inspiratory flow limitation we observed peaked well after ceasing exercise and was not 

accompanied by acute ‘choking’, both of which are not compatible with a diagnosis of VCD 

and suggest another cause8,9,17,18.

Figure 5. FEV1 and MIF50 in % fall in time, for children with and without cough.
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Methacholine and histamine have also been known to cause inspiratory flow limitation, 

mimicking asthma like symptoms, in both children2 and adults3,4. Rolla et al. found inflam-

mation of the laryngeal mucosa in patients with methacholine induced inspiratory flow 

limitation and hypothesized that this was due to chronic mouth breathing as a result of 

chronic upper airway inflammation19. Turktas et al. observed that the responsiveness to 

methacholine measured with the MIF50 subsided after appropriate treatment of upper airway 

co-morbidity2. Although the majority of asthmatic children have an upper airway inflamma-

tion5, we did not find a lower prevalence of inspiratory airflow limitation in children using 

nasal corticosteroids. We propose this is due to a limited medication adherence.

Several remarks should be made about this study. Analysis of the inspiratory flow limb is 

difficult, especially in children. The MIF50 can be used to analyze inspiratory flow limitation 

in children16,20 and Tomalak and co-workers have calculated reference values for children16. 

The observed mean pre-exercise MIF50 was approximately 1 standard deviation above 

predicted, which indicates that the children in our study were capable of performing 

technically acceptable flow volume loops. To accurately analyze the inspiratory limb, three 

repeated inspiratory limbs are required for analysis21. Although feasible before exercise, the 

time schedule after exercise forced the use of duplex flow volume loops. A reduction of 

the inspiratory vital capacity could be accompanied by a higher peak and mid inspiratory 

flow and a reduction of the plateau phase of the curve. To avoid artificially deviant MIF50 

values, and to increase the accuracy of the analysis, the maximal MIF50 was chosen when ac-

companied by a forced inspiratory vital capacity of more than 80% of baseline and reaching 

a plateau phase16.

We choose to use the fall in MIF50 to analyze the inspiratory flow limitation similar to stud-

ies using direct challenges. One cannot copy the rate of decline in flow limitation used in 

direct provocation to indirect provocation. As the cut-off for expiratory flow limitation used 

is typically higher in direct challenges than in indirect challenges, we believe using the same 

cut-offs for inspiratory flow-limitation in indirect challenges is sensible. We did not use the 

fall in the MIF50/MEF50 ratio, as MEF50 fell considerably in most children.

We compared the changes in inspiratory airflow limitation in the different groups with 

the group of asthmatic children without exercise induced airflow limitation. The pattern of 

inspiratory airflow limitation is unknown in healthy children. However, in the group in which 

we did not observe airflow limitation, airway inflammation was apparently well controlled. 

Allowing comparison between the groups with different flow patterns.

Clinical signs, i.e. cough, wheeze and stridor, were analyzed by a single observer (JD), which 

might have given rise to observer bias. However the strong association between wheezing 

and expiratory flow limitation and stridor and inspiratory flow limitation warrents the use of 

these symptoms for diagnosis.
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The ACQ can be used to assess control of asthma and exercise induced symptoms (question 

3)13. We did not find a relation between either expiratory or inspiratory flow limitation after 

exercise and the outcome of the ACQ. This is in line with previous studies that analyzed the 

outcome of an exercise challenge of children with exercise induced symptoms22. Seear et 

al. and Abu-Hassan et al. found that persistent exercise induced symptoms can be due to 

other causes than expiratory flow limitation6,7. In these studies a definitive diagnosis for the 

cause of the exercise induced dyspnoea could not be found in a sizable group (21-63%)6,7. 

We speculate that these cases can be due to an inspiratory flow limitation. Inspiratory flow 

restriction is closely related to overall perceived dyspnea23. Furthermore, inspiratory flow 

limitation can compromise effective inhalation of rescue dry powder beta-2-agonists24. The 

inhalation of dry powder, commonly used by children for EIB in this age group, is dependent 

on peak inspiratory flow and the ability to sustain inspiratory flow, which are both reduced 

by inspiratory flow limitation25.

This study shows that an exercise challenge in asthmatic children can give rise to inspiratory 

as well as expiratory airflow limitation in asthmatic children. Inspiratory airflow limitation 

is not related to expiratory flow limitation and may give rise to asthma like symptoms after 

exercise and hamper the effect of inhaled rescue medication. More research should be done 

to analyze the pathological basis of the observed inspiratory flow limitation.
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AbstrACt

Aim

The aim of this study was to analyze the addition of the forced oscillation technique to spi-

rometry to identify EIB in temperate air, in children with EIB.

Methods

Ten children (age 11.2 ± 1.5 years) with mild-moderate asthma performed exercise challenges 

on 2 separate days in cold and in temperate air.

results

All children showed a fall in FEV1 > 10% after exercise in cold air, whereas only 6 of 10 showed 

a fall in FEV1 > 10% after exercise in temperate air. All children showed an increase in Rrs5 > 

20% after exercise in cold air, 8 of 10 children showed an increase in Rrs5 > 20% after exercise 

in temperate air. Combining spirometry and the FOT allowed detection of 9 out of 10 children 

with EIB.

Conclusion

This study shows that the addition of the forced oscillation technique is helpful in detecting 

EIB in asthmatic children when testing in temperate air.
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Detecting EIAO in warm and cold air with FOT

IntrODUCtIOn

Exercise induced bronchoconstriction (EIB) is considered to be an index of bronchial 

hyperresponsiveness and is highly specific for asthma1. EIB is characterized by a fall in the 

forced expiratory volume in one second (FEV 1) of more than 10% after exercise compared 

to baseline2. Analyzing EIB with FEV1 requires repetitive, effort dependent, forced breathing 

maneuvers that may influence airway mechanics3. The forced oscillation technique (FOT) is 

an effort independent technique that measures airway resistance and reactance and has 

been used to analyze EIB4,5.

It is well known that the humidity and temperature of the inspired air influences the out-

come of exercise challenges2. Therefore, guidelines for exercise challenges limit the humidity 

of he inspired air to 10 mg∙l−1 H2O.[2] In most moderate climates however the outdoor air 

humidity is significantly lower than 10 mg∙l−1 H2O for most of the year, reducing real life sen-

sitivity for exercise tests in temperate air, measured with spirometry. Recent studies suggest 

that FOT measurements are relatively unaffected by difference in air quality5.

The aim of this study was to analyze the addition of the FOT to spirometry to identify EIB in 

temperate air, in children with EIB.

MAtErIAls AnD MEthODs

study design

The study had an open cross-sectional design. Asthmatic children performed two exercise 

challenges on 2 separate days with a time interval of 2 to 6 weeks. Exercise challenges were 

performed in cold and in temperate air.

subjects

Asthmatic children with exercise induced symptoms were selected from the outpatient clinic 

of the pediatric department of the Medisch Spectrum Twente  . All of the children were informed 

and the local Ethics Committee was consulted, who filed no objection to perform the study.

Interventions

Exercise challenges were performed in the local skating rink, to obtain cold air (1-5°C; water 

content: 1.7 mg∙l−1 to 4.8 mg∙l−1), and in the exercise challenge lab to obtain temperate air 

(22-25°C; water content: 7.7 mg∙l−1 to 9.1 mg∙l−1). Exercise challenges were performed on a 

treadmill with a 10 degree slope. Children ran for a total of 6 minutes with a 2 minutes period 

to reach the targeted heart rate of 90 percent of predicted maximum (210-age).[2] The nose 

was clipped to accommodate equal testing circumstances for all subjects. All exercise tests 

were performed by JD and EP.
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spirometric measurements

A Masterscope® Jaeger® (Hoechberg, Germany) was used to measure spirometry. Flow-volume 

loops were recorded using standard ERS protocol, in temperate air. Before exercise, flow volume 

loops were duplicated. After exercise flow volume loop measurements were repeated in duplex 

at 1, 3, 6, 9, 12, 15, 20, 25 and 30 minutes. The highest value for FEV1 was used for analysis.

Oscillometric measurements

Measurements using FOT (R.O.S., Oscilink®, Sensormedics®) were performed 3 times with 

nose clipped and with hands supporting cheeks and mouth floor, measuring range 4-32 Hz. 

FOT measurements were repeated before exercise and at 5, 14 and 24 minutes after exercise. 

The average of three resistance at 5 Hz (Rrs5) measurements were used for analysis.[4]

statistical analysis

Best values of spirometric measurements and average FOT measurements were used for 

statistical calculations. Results were expressed as mean values ± standard deviation (SD) for 

normally distributed data, as median (minimum; maximum) for not normally distributed data 

or as numbers with corresponding percentages if nominal or ordinal.

rEsUlts

Ten children (age 11.2 ± 1.5 years) with pediatrician diagnosed mild-moderate asthma per-

formed an exercise challenge test in cold air and in temperate air in February 2005 to April 

2005. No adverse events were observed.

Characteristics and baseline lung function are shown in table 1; body mass index (BMI z-

score) was adjusted for age and gender and calculated as standard deviation from the mean.

Before exercise, baseline lung function between tests in cold and temperate air were sta-

tistically similar. All children showed a fall in FEV1 of more than 10% after exercise in cold air 

table 1, patients’ characteristics and lung function measurements values before exercise.

Characteristics

Male (%) 8 (80)

Age (years) 11.2 ± 1.5

Height (cm) 147.6 ± 9.8

BMI z-score 0.8 ± 1.1

FEV1 (% of pred) 92.4 ± 9.8

Rrs5 (% of pred) 96.8 ± 28.6

BMI z-score: age and gender corrected body mass index; FEV1: Forced expiratory volume in the first second; Rrs5: 
Resistance at 5Hz.
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(mean fall 35.4 ± 16.2%), whereas only 6 of 10 showed a fall in FEV1 of more than 10% after 

exercise in temperate air (mean fall 15.1 ± 12.1%).

All children showed an increase in Rrs5 of more than 20% after exercise in cold air (mean 

increase 191.1 (23.3; 261.5) %), 8 of 10 children showed an increase in Rrs5 of more than 20% 

after exercise in temperate air (mean increase 96.2 (9.4; 146.5) %). Individual data for the 

children are shown in table 2.

DIsCUssIOn

This study shows that the addition of the FOT increases the detection of EIB in temperate air 

exercise challenge, for children with EIB in cold air. Combining spirometry and the FOT allows 

detection of 9 of 10 children with EIB in cold air compared to 6 of 10 for spirometry alone.

To our knowledge, this is the first study that analyzes changes in lung function after exer-

cise using both spirometry and the FOT in both cold, and temperate air. As expected the fall 

in FEV1 was more profound in cold air. Two children (ID 7 and ID 10) showed a fall in FEV1 of 

less than 10% in temperate air but a fall of more than 40% in cold air. The fact that the fall in 

FEV1 can be severe in real life, outdoor situations in moderate climates when compared to 

testing conditions using ATS protocol, leads to a search for other lung function parameters 

that can accurately diagnose EIB in temperate air conditions.

Repeated deep inspiration, needed for spirometric measurements, influences airway 

mechanics and may cause bronchodilation3. The observed diminished response to exercise 

in temperate air may be further reduced by this phenomenon as we measured forced expira-

table 2, Individual response of asthmatic children to exercise.

ID

Sex Height
(cm)

BMI
z-score

Age
(years)

Change in FEV1

(%)
Change in Rrs5

(%)
Change in FEV1

(%)
Change in Rrs5

(%)

Cold Air Temperate Air

1 M 135.00 −0.45 8.7 −13.7 24.3 −0.6 26.3

2 M 149.00 −0.70 10.9 −17.1 87.0 0.5 33.8

3 M 153.00 0.45 11.4 −58.5 261.5 −43.1 146.5

4 F 157.00 1.30 11.7 −60.5 176.9 −23.9 138.1

5 M 169.00 1.80 14.6 −34.5 168.7 −18.2 102.8

6 M 143.00 1.55 11.2 −16.9 23.3 −16.4 39.5

7 F 149.00 1.30 10.6 −40.6 226.6 −9.5 65.9

8 M 137.00 −0.65 12.0 −38.6 72.0 −17.0 9.4

9 M 145.00 2.80 11.4 −40.8 56.3 −24.7 62.4

10 M 139.00 0.70 9.8 −50.3 66.2 −4.7 16.2

BMI z-score: age and gender corrected body mass index; FEV1: Forced expiratory volume in the first second; Rrs5: 
Resistance at 5Hz. M: Male, F: Female.

Jean BW.indd   65 05-Feb-13   11:44:06 AM



Chapter 5

66

tions. However, as FOT measurements preceded the forced deep inspiration we may have 

partly prevented this phenomenon which may explain the sensitivity of the FOT measure-

ments. This idea is further enhanced by the work of Malmberg et al. who found a weak rela-

tion (r2=0.25) between change in Rrs5 and temperature but did not measure forced expiration 

in wheezing pre-school children5.

Some remarks should be made about this study. The time interval (2-6 weeks) between 

cold air and temperate air tests may have influenced the outcome of the exercise challenge. 

However there were no changes in medication regimen in that period and lung function 

measurements were comparable before exercise tests.

We chose a relatively mild cut-off value for EIB in cold air, 10%. This cut-off however has 

been used previously and is advised when analyzing EIB in a trial set-up3.

Due to the intensity of exercise and the cumbersome nature of head gear we chose not 

to use head gear when measuring forced oscillations, leading to an expected upper airway 

shunt3. The upper airways shunt causes energy from the oscillating air to be absorbed by the 

relative high compliant upper airways (cheeks and the base of the mouth). We therefore used 

only lower frequency measurements for analysis (5 Hertz), which are least affected by the 

upper airway shunt3.

We tested in the ice rink with electric driven ice resurfacing machines, providing a child 

friendly environment allowing a reduction in temperature and humidity of the inspired air. 

However, water content was not fully controllable.

In conclusion, this study shows that the addition of FOT measurements to spirometry when 

testing EIB in temperate air is helpful to identify the response to exercise in real life, outdoor 

situations. In the future, more research needs to be done to further outline the use of the FOT 

in analyzing EIB in temperate air.
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AbstrACt

Introduction

Asthma is a common chronic disease in childhood and featured by bronchial hyperrespon-

siveness to exercise (EIB). In daily clinical practice the report of EIB is used to assess the level 

of control of asthma. The asthma control questionnaire (ACQ) is a tool to evaluate control of 

asthma in children. The aim of this study was to evaluate the relationship between the ACQ 

and EIB.

Methods

Two hundred children aged 12.5 ± 2.5 years with a pediatrician diagnosed mild to moderate 

asthma filled out an ACQ and performed an exercise provocation test in cold air. EIB was 

defined as a fall in FEV1 of 15%.

results

86 Of the 200 children had a positive exercise challenge. There was no relationship between 

the categorical ACQ and the occurrence of EIB (p=0.39). There was no difference in the oc-

currence of EIB between genders (p=0.12). The positive predictive value of the ACQ for EIB 

was 51% and the negative predictive value for EIB was 59%. In comparison to girls the male 

gender carried an odds ratio (OR) of 0.48 for having an indifferent control of asthma (p=0.04; 

CI: 0.23-0.96), and an OR of 0.46 for having a not well controlled asthma (p=0.03; CI: 0.23-0.93).

Conclusion

This study shows that the ACQ is not related to EIB in children with asthma. Remarkable is 

the percentage (41%) of children that, despite well controlled asthma according to the ACQ, 

had EIB, which implies a not well controlled asthma. Boys were more likely to report well 

controlled asthma, although boys and girls were equally likely to have EIB.
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IntrODUCtIOn

Asthma is a common chronic disease in childhood characterized by episodic airway narrow-

ing1. Exercise frequently causes airway narrowing in asthmatic children and bronchial hyper-

responsiveness to exercise (EIB) is highly specific for asthma2,3. Bronchial hyperreactivity can 

be assessed with indirect tests such as exercise or direct challenge tests such as metacholine. 

Direct triggers induce airway narrowing through direct stimulation of the effector cells, 

such as airway smooth muscle. Indirect triggers stimulate inflammatory cells, resident in 

the asthmatic airway wall, to release mediators, inducing airway narrowing4.EIB may have a 

detrimental effect on the quality of life and the majority of asthmatic children consider EIB 

to be the worst aspect of their asthma5,6. In daily clinical practice the report of EIB is used to 

assess the level of control of asthma and may alter the therapeutic regimen1,4. However, self 

reported exercise induced symptoms do not correlate well with the occurrence of EIB7-9.

The asthma control questionnaire (ACQ) is a widespread used tool to evaluate control of 

asthma in clinical trials, clinical practice and surveys in children10-12. In the recent update 

of the global initiative for asthma guidelines (GINA), the ACQ is recommended as a tool to 

measure asthma control1. In the ACQ, exercise limitation is addressed in one of the questions. 

We hypothesized that the ACQ could be used as a predictor of EIB. The aim of this study was 

to evaluate the relationship between the ACQ and EIB.

MAtErIAls AnD MEthODs

From the outpatient clinic of the pediatric department of the Medisch Spectrum Twente, 

200 children, aged 12.5 ± 2.5 years, with a pediatrician diagnosed mild to moderate asthma 

performed an exercise provocation test. Immediately prior to the exercise provocation test, 

all children filled out the ACQ. Children preformed an exercise provocation test between Feb-

ruary 2005 and March 2010. The majority of the children used inhaled corticosteroids (ICS), 

108/200 (54%) received ICS in combination with long acting beta-agonists (LABA) and 50/200 

(25%) children received ICS monotherapy. Leukotrienereceptorantagonists (LTRA) were used 

by 40/200 (20%) children, the majority in combination with ICS 39/40 (98%). 41 Patients only 

used short acting beta agonists as required. Subjects were required to withhold the use of 

long acting or short acting bronchodilators for 24 hours before testing. No vigorous exercise 

was permitted for 4 hours prior to the exercise provocation test.

Exercise testing was performed on a treadmill (Ti22 Horizon Fitness®, Cottage Grove, WI, 

USA) according to ATS/ERS recommendations13. Baseline spirometry was performed and the 

prechallenge FEV1 was documented as the best FEV1 of three comparable measurements. 

Exercise challenges were performed in the local skating rink, to obtain cold and dry air (2-

5°C, 1-5 mg∙l−1 H2O). Children ran, nose clipped, on a treadmill with a 10 degree slope, for 
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a 4 minute period with a heart rate at 90 percent of predicted maximum (210-age) after an 

acclimatization period of 2 minutes13-14. Heart rate was monitored with a Polar Sport tester 

(Polar®, Kempele, Finland).

A Masterscope® (Jaeger®, Hoechberg, Germany) was used to measure spirometry. Flow-vol-

ume loops were recorded using standard ERS protocol15. Before exercise, flow volume loops 

were duplicated. After exercise flow volume loop measurements were repeated in duplex 

at 1, 3, 6, 9, 12, 15, 20, 25 and 30 minutes. The best values for FEV1 were used to analyze the 

expiratory loop and Zapletal reference values were used to calculate the predicted values16. 

A fall of more than 15% of FEV1 was considered positive for EIB13.

The ACQ developed by Juniper and colleagues is a reliable and validated instrument to 

measure asthma control. All children completed the original Dutch version of the ACQ im-

mediately before exercise. Responses were given on a 7-point scale and the overall score is 

the mean of 6 questions, with the question of the FEV1 omitted11. Well controlled asthma was 

defined by an ACQ of less than 0.75 and uncontrolled asthma by an ACQ of more than 1.50, 

an ACQ between 0.75 and 1.49 was seen as an indifferent control of asthma11.

Results were expressed as mean values ± standard deviation (SD) for normally distributed 

data, as median (range) for not normally distributed data or as numbers with corresponding 

percentages if nominal or ordinal. The level of significance was set at 0.05 (95% confidence 

intervals (CI)).

First, the crude association between ACQ and EIB was analyzed by univariate logistic 

regression. After this, unpaired t-tests, Mann-Whitney U or Chi-square tests, as appropriate, 

were performed to identify a subset of independent variables that were associated with ACQ. 

The a priori list of potential confounding variables is displayed in table 1. Only those variables 

table 1, patients’ characteristics, outcome of the exercise provocation challenge and spirometric values 
before exercise by outcome of the ACQ. Data were expressed as numbers (% of group), mean ± standard 
deviation or median (range).

Well-controlled Indifferent Uncontrolled

ACQ < 0.75 ACQ 0.75-1.49 ACQ ≥ 1.50

n = 98 n = 49 n = 53

Age (years) 12.7 ± 2.4 12.6 ± 2.5 12.1 ± 2.6

Male (%) 71 (72) 27 (55)* 29 (55)*

BMI 19.1 ± 2.9 19.8 ± 3.5 20.2 ± 3.9

FEV1 (% predicted) 94.7 ± 15.3 96.0 ± 17.7 92.8 ± 16.2

ICS monotherapy (%) 29 (30) 6 (12) 12 (23)

ICS+LABA (%) 49 (50) 33 (67) 26 (49)

LTRA (%) 13 (13) 12 (25) 15 (28)

EIB (%) 40 (41) 19 (38) 27 (51)

Fall in FEV1 after exercise (range) 17.2 (−1.8;64.2) 16.1 (−2.5;63.3) 22.3 (−2.9;64.3)

* p < 0.05 when compared to indifferent control and well-controlled groups.
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associated with the ACQ with a significance at or below p=0.15 were tested for an association 

with EIB. Variables also associated with EIB with a significance at or below p=0.15 were con-

sidered as potential confounders in the relationship between ACQ and EIB and were entered 

into multivariate logistic regression analysis. Correlations were calculated using Pearson or 

Spearman correlations as appropriate.

Receiver operating characteristics analyses were performed using a drop in FEV1 of more 

than 15% as spirometric cut-off, missing values were excluded from analysis. SPSS® for Win-

dows® version 15 (IBM, Chicago, IL, USA) was used to perform all analysis.

rEsUlts

Two hundred children performed an exercise challenge test in cold air. When setting the 

threshold for exercise induced bronchoconstriction at a fall in FEV1 of 15%, 86 of the 200 

children had a positive exercise challenge. Of the girls, 27/73 (37%) showed EIB, compared to 

59/127 (47%) of the boys (p=0.12).

When dividing children into 3 groups according to asthma control as suggested by Juniper 

et al.11, 98 children showed well controlled asthma (ACQ <0.75), 49 children showed an indif-

ferent control of their asthma (ACQ 0.75-1.49) and 53 children showed uncontrolled asthma 

(ACQ ≥1.50). Characteristics of these groups can be seen in table 1.

There was no correlation between the categorical ACQ and the occurence of EIB (p=0.39) or 

between question 3 of the ACQ (exercise limitation) and the occurrence of EIB (p=0.73). The 

correlation between the overall ACQ and fall in FEV1 after exercise was −0.12 (p=0.09). Fall in 

FEV1 after exercise is plotted against categorical ACQ in figure 1.

Using the receiver operating characteristics (ROC) curve for uncontrolled asthma, defined 

as an ACQ ≥ 1.50, we found an area under the curve (AUC) for fall in FEV1 after exercise of 0.58 

(p=0.07; CI: 0.49-0.68), see figure 2.

Of the list of potential confounders found in table 1, only gender was related with the 

categorical ACQ (p=0.04). In the univariate model, when compared to well controlled asthma, 

the male gender carried an odds ratio (OR) of 0.48 for having an indifferent control of asthma 

(p=0.04; CI: 0.23-0.96), and an OR of 0.46 for having a not well controlled asthma (p=0.03; CI: 

0.23-0.93).

In the multivariate model, the gender corrected relationship between the categorical ACQ 

and EIB was still not significant. In this model the ACQ carried an OR of 1.26 for EIB (p=0.19; CI: 

0.89-1.77) and male gender carried an OR of 1.59 for EIB (p=0.13; CI: 0.87-2.90).

Jean BW.indd   73 05-Feb-13   11:44:07 AM



Chapter 6

74

Figure 1. Fall in FEV1 after exercise plotted against asthma control.

No EIB 

EIB 

FEV1: Forced expiratory volume in the first second. EIB: Exercise Induced Bronchocontriction.

Figure 2, Receiver operating characteristic curve of fall in FEV1 after exercise in differentiating asthma 
control as measured with the ACQ (ACQ ≥ 1.50 vs. ACQ <1.50) The area under the curve for fall in FEV1 
after exercise was 0.58 (p=0.07; CI: 0.49-0.68).
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DIsCUssIOn

This study shows that the ACQ is not related to the occurrence of EIB in children with asthma. 

Most striking is the percentage (41%) of children that, despite well controlled asthma ac-

cording to the ACQ, had bronchial hyperresponsiveness to exercise, implicating a not well 

controlled asthma. Boys were more likely to report well controlled asthma, with boys and 

girls equally likely to have EIB.

To our knowledge this is the first study to investigate asthma control in children as measured 

with the ACQ and the occurrence and severity of EIB. In our study, the predictive value of 

the ACQ for the occurrence of EIB was limited. When using the cut-off points from Juniper 

et al. we found that the positive predictive value of the ACQ was 51% while the negative 

predictive value of the ACQ was 59%11. 41% Of the children with well controlled asthma, 

regardless of medication regimen, showed EIB, some of which were severe. Hagmolen of ten 

Have et al. found that 18% of children with well controlled asthma had a moderate to severe 

bronchial hyperresponsiveness to metacholine17. They used a standard questionnaire for as-

sessing control of asthma in children treated by general practitioners. The high percentage 

of children that had bronchial hyperresponsiveness to exercise in our study could be due to 

the severity of asthma as we studied hospital-based children treated by a pediatrician. Rupp 

et al. screened high-school children with both a questionnaire and an exercise provocation 

test and found an overall prevalence of EIB of 12%18. Of the children showing EIB, 64% (14 

of 22) did not have deviant questionnaires. Weinberger et al. studied asthmatic children in 

a tertiarry referral centre and found similar results19. In asthmatic adults Quaedvlieg et al. 

analyzed the association between asthma control measured with the ACQ and metacholine 

induced bronchial hyperresponsiveness19. They found that a provocative concentration of 

3.4 mg∙ml−1 metacholine differentiated uncontrolled asthma from controlled and indifferent 

controlled asthma with a sensitivity and specificity of 70% (AUC 0.72; p<0.01). We found that 

the fall in FEV1 after exercise could not make that differentiation (AUC 0.58; p=0.07). Appar-

ently children are less capable of self assessment of asthma control as measured with the 

ACQ. In a recent review, Randolph states this is also true for adolescent athletes9. Aaron et al. 

studied a large cohort of physician diagnosed asthmatic adults using metacholine provoca-

tion challenges and found that 29-32% did not have asthma21. The main difference between 

this study and ours is that we analyzed (asthmatic) children with an indirect challenge test 

which is more specific than a direct challenge test such as metacholine to assess asthmatic 

airway inflammation4.

The positive predictive value of the ACQ for bronchial hyperresponsiveness was poor 

(51%), and there was no relationship between question 3 (exercise limitation) and EIB. Abu-

Hassan et al. and Seear et al. observed that self-reported exercise induced symptoms are in 

the minority of cases caused by EIB7,8. The exercise related question in the ACQ seems to be 
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no exception to that find. Boys and girls were equally likely to have EIB, but boys reported 

well controlled asthma on the ACQ significantly more than girls and had an OR of between 

0.46-0.48 to have well controlled asthma. This was also observed in the study by van Dellen 

et al. who analyzed the ACQ in a multi-ethnic group in Amsterdam and found that the male 

gender carried an OR of 0.5 for well controlled asthma12.

Several remarks can be made about this study. The ACQ is mainly developed as a tool to 

longitudinally evaluate control of asthma in a research set-up. In this study the ACQ was used 

as a device to evaluate asthma control cross-sectionally in comparison with another modality 

of asthma control, i.e. EIB. Defining EIB with a drop in FEV1 of more than 15% is generally 

accepted in the clinical setting, however, 10% can also be used in a research setting13. Choos-

ing the less stringent cut-off of 10% would reduce the negative predictive value of the ACQ 

for EIB even further (Data not shown). Treating asthma relies on two modalities, disease 

control and disease severity, in the GINA guideline disease control has been advocated as 

the mainstay of treatment. Discerning control from severity can be difficult in asthma22 but 

the occurrence of EIB rather than the depth of the fall in FEV1 after exercise can be seen as a 

poor control of asthma1,3. In this study we found no relationship between the ACQ and the 

occurrence or the severity of EIB.

In conclusion, the ACQ does not provide conclusive information about the level of control 

regarding the occurrence and severity of EIB. This indicates that both tools should be used 

and are not interchangeable. Pediatricians should regard the ACQ as a tool which provides 

complementary information about the control of asthma in children, rather than a defining 

tool for assessing the control of asthma in daily practice. Individual clinical decisions based 

on the outcome of the ACQ should be made with caution.
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AbstrACt

rationale

Exercise induced bronchoconstriction (EIB) is a transient airway obstruction following exer-

cise and is diagnosed with an exercise provocation challenge. In children bronchial hyper-

responsiveness has been related to body mass index (BMI) and pre-exercise lung function. 

The aim of the study was to identify independent predictors for EIB in children with mild 

to moderate asthma using anthropometric, spirometric and forced oscillation technique 

measurements.

Methods

Allergic asthmatic children performed an exercise challenge in cold air. Pre-exercise anthro-

pometric, spirometric and FOT measurements were collected. After exercise spirometric and 

FOT measurements were collected up till 30 minutes after exercise. EIB was defined as a fall 

in FEV1 of more than 15%.

results

59 children (age 13.4 ± 2.3 years) completed the protocol. In a multivariate logistic regression 

analysis we found that age and gender corrected BMI z-scores and MEF50 (% of pred) before 

exercise predicted the occurrence of EIB best, with respectively odds ratios of 2.7 (p<0.01; 

CI:1.4-5.1) and 0.96 (p=0.02; CI: 0.93-0.99). There was no correlation between pre-exercise 

FEV1 or FOT measurements and EIB, although the pre-exercise resonance frequency of the 

FOT showed a trend towards a lower resonance frequency in children without EIB (p=0.10).

Conclusions

Our study shows that the BMI z-score and the pre-exercise MEF50 are independent predictors 

of EIB in asthmatic children.
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IntrODUCtIOn

Exercise induced bronchoconstriction (EIB) is defined as a transient airway obstruction fol-

lowing exercise and is highly specific for asthma1. EIB is classically diagnosed with a fall in FEV1 

of more than 15% after an exercise challenge2. A normal spirometry before exercise cannot 

predict the occurrence of EIB. However, an obstructive pre-exercise flow volume curve, on 

visual inspection, has been associated with the occurrence of EIB3. Repetitive forced breath-

ing, as required by spirometry can influence bronchial tone. The forced oscillation technique 

(FOT) is a sensitive effort independent lung function measurement technique which does not 

require repetitive forced breathing and can asses airway resistance and reactance4. The lower 

frequency resistance reflects the patency of the conducting airways4. The lower frequency 

reactance reflects the capacitive properties of the respiratory system i.e. lung stiffness, intra-

parenchymal airway mechanics and airway-parenchyma interdependence5. Therefore, FOT 

measurements may be able to predict the occurrence of EIB.

A high body mass index (BMI) has been associated with the report of exercise induced 

cough, wheeze and bronchial hyperresponsiveness to metacholine in asthmatic children6. 

Children previously not diagnosed with asthma, that were obese had an increased risk for 

EIB7, while children with a relatively low BMI had a reduced risk for EIB8. We hypothesize that 

BMI is a predictor of the occurrence of EIB in asthmatic children.

The aim of the study was to identify independent predictors for EIB in children with mild to 

moderate asthma using anthropometric, spirometric and FOT measurements.

MAtErIAls AnD MEthODs

study design

The study had a cross-sectional, observational design. All children performed an exercise 

challenge. Before and after exercise, lung function was measured using FOT and flow-volume 

loops. EIB was defined as a fall in FEV1 of more than 15%2. Thirty minutes after the exercise 

challenge, or earlier on a patient’s request, 400 µg Salbutamol pressurized meterdose inhaler 

was given in conjunction with a spacer device. Fifteen minutes after inhalation of salbutamol, 

measurements were repeated to ensure that lung function had returned to pre-exercise level.

subjects

Children (range 8-17 years) with a mild to moderate asthma from the pediatric outpatient 

clinic of Medisch Spectrum Twente were selected, with 73% of the children having an allergy 

as defined by a positive radioallergosorbant test. BMI was corrected for age and gender and 

calculated as standard deviation score (z-score)9. One unit in BMI-z-score represents 1 SD 

from the mean. Criteria from Cole et al. were used to determine if children were overweight 
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or obese9. Children were asked to withhold the use of long acting bronchodilators for 24 

hours and the use of short acting bronchodilators for 8 hours before the tests. No vigorous 

exercise was permitted for 4 hours before the exercise challenge.

Exercise challenge

Exercise challenges were performed in the local skating rink, to obtain standardized cold, dry 

air conditions (2-5°C, 1-5mg∙l−1 H2O). Exercise challenges were performed on a treadmill (Ti22 

Horizon Fitness®, Cottage Grove, WI, USA) with a 10 degree slope, on which children ran for 

a 4 minute period with a heart rate at 90 percent of predicted maximum (210-age). This was 

preceded by a run in period of 2 minutes2,10. The nose was clipped to accommodate equal 

testing circumstances for all children. Heart rate was monitored with a Polar Sport tester 

(Polar®, Kempele, Finland).

spirometric measurements

A Masterscope® (Jaeger®, Hoechberg, Germany) was used to measure spirometry. Flow-

volume loops were recorded using the standard ERS protocol11. Before exercise, flow volume 

loops were duplicated. After exercise flow volume loop measurements were collected in 

duplex at 1, 3, 6, 9, 12, 15, 20, 25 and 30 minutes. The best values for the forced vital capac-

ity (FVC), the forced expiratory volume in the first second (FEV1) and mid expiratory flow 

(MEF50) were used to analyze the expiratory loop and Zapletal reference values were used to 

calculate the predicted values12.

Oscillometric measurements

FOT measurements were performed before flow-volume loops and at least 2 minutes after 

previous flow volume loops to ensure a sufficient interval after forced breathing4. Measure-

ments using FOT (IOS, Jaeger®, Hoechberg, Germany) were performed for 30 seconds with 

nose clipped and with hands supporting cheeks and mouth floor. After exercise FOT mea-

surements were performed at 5, 14 and 24 minutes. We analyzed low frequency resistance 

(Rrs5) and reactance (Xrs5) as well as the resonance frequency (Fn).

statistical analysis

Best values of spirometric measurements and full time analysis of FOT measurements were 

used for statistical calculations. Results were expressed as mean values ± standard deviation 

(SD) for normally distributed data, as median (range) for non-parametric data or as numbers 

with corresponding percentages if nominal or ordinal. The level of significance was set at 

0.05 (95% confidence intervals (CI)). To identify a subset of variables (Gender, BMI z-score, 

FEV1, MEF50, FEV1/FVC ratio, Rrs5, Xrs5 and Fn) that were associated with EIB, unpaired T-tests 

or Mann-Whitney U tests were performed as appropriate. Between-group comparisons of 

nominal or ordinal variables were performed by Chi-square tests. Variables that were associ-
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ated with EIB with a significance at or below p=0.15 were considered candidate variables for 

multivariate logistic regression analysis and were all entered. Subsequently, variables with 

the highest p-value were eliminated step by step until the fit of the model decreased sig-

nificantly (based on likelihood-ratio tests). Receiver operating characteristics analyses were 

performed using a fall in FEV1 of more than 15% as spirometric cut-off. SPSS® for Windows® 

version 15 (IBM, Chicago, IL, USA) was used to perform all analyses.

rEsUlts

Sixty-one children (age 13.4 ± 2.3 years) with a history of mild-moderate asthma performed 

an exercise challenge in cold air. A vital capacity of less than 80% of predicted before exercise 

was regarded as a possible sign of a restricted lung function and these patients were ex-

cluded from the study (2 children). In total 59 children completed the protocol. When setting 

the threshold for exercise induced bronchoconstriction at a drop in FEV1 of 15%, 28 of the 59 

children showed EIB.

Characteristics for each group are shown in table 1. Twelve children (20.3%) were over-

weight, of which 2 (3.4%) were obese (chi-square p=0.12; OR 2.70; CI: 0.71-10.23; p=0.14). The 

FEV1 dropped 29.9 ± 13.9% for children with EIB and 8.4 ± 3.8% for children without EIB, while 

the MEF50 dropped 43.0 ± 14.6% for children with EIB and 14.4 ± 8.5% for children without EIB.

Using a multivariate logistic regression model for baseline characteristics (Gender, BMI 

z-score, FEV1, MEF50, FEV1/FVC ratio, Rrs5, Xrs5 and Fn) and outcome of the exercise challenge 

we found that BMI z-score and MEF50 (% of predicted) before exercise were the best indepen-

dent predictors of occurrence of EIB. An increase in BMI z-score of 1 SD leads to an 2.7-fold 

table 1, patients’ characteristics and spirometric values before exercise. Data were expressed as numbers 
(%) or mean ± standard deviation.

EIB no-EIB

p-value 95% CIn=28 n=31

Male (%) 20 (71%) 20 (65%) 0.39

Age (years) 13.2 ± 2.1 13.6 ± 2.5 0.37 −0.8 - 1.6

Length (cm) 159.0 ± 15.4 159.7 ± 13.7 0.85 −6.8 - 8.3

BMI z-score 0.59 ± 1.11 −0.14 ± 1.20 0.02 0.13 - 1.34

Overweight (%) 8 (29) 4 (13) 0.12

FEV1 (% predicted) 101.6 ± 16.7 105.6 ± 14.7 0.33 −4.2 - 12.2

MEF50 (% predicted) 72.0 ± 23.8 83.9 ± 20.5 0.04 0.3 - 23.4

FEV1/FVC-ratio 79.3 ± 10.0 84.2 ± 6.5 0.03 0.5 - 9.2

EIB: Exercise Induced Bronchoconstriction; CI: Confidence Interval; BMI z-score: age and gender corrected body mass 
index; FEV1: Forced Expiratory Volume in the first second; MEF50: Mid Expiratory Flow; FEV1/FVC-ratio: Forced Expiratory 
Volume in the first second as percentage of the Forced Vital Capacity.
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increased risk of experiencing EIB (OR: 2.7; 95% CI:1.4-5.1; p<0.01) while an increase in MEF50 

(% of predicted) before exercise of 1% leads to a reduced risk of experiencing EIB of 4.2% 

(OR: 1.04; 95% CI: 1.01-1.08;p=0.02), implicating that an increase in MEF50 of predicted of 10% 

leads to a 42% decrease in the likelihood to experience EIB. We did not find an association 

between pre exercise MEF50 and BMI z-score (OR: 2.1; 95% CI: −1.4 - 5.5; p=0.23) as can be 

seen in figure 1.

After exercise, 4 Fn measurements exceeded the measurement range of the device (3-35 

Hz) and were therefore excluded from the analysis. In these patients the median increase in 

Fn was 19.9 Hz with a range from 5.2 to 28.8 Hz while the median fall in FEV1 was 43.1% with 

a range from 7 to 64%. Values of FOT measurements before and change after exercise can 

be seen in table 2. We did not find a correlation between FOT measurements and BMI or EIB.

We used receiver operating characteristics (ROC) of change in low frequency FOT measure-

ments to differentiate children with EIB from children without EIB. ROC-curves can be seen 

in figure 2.

Figure 1, BMI z-score plotted against pre-exercise MEF50 (% of predicted) for children with and without 
EIB. There was no relation between BMI z-score and pre-exercise MEF50 (p=0.23).
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table 2, FOT measurements before and change after exercise. Data was expressed as median (range).

Before exercise

EIB no-EIB

p-valuen=28 n=31

Rrs5 (kPa∙s∙l−1) 0.45 (0.26;0.92) 0.43 (0.24;0.84) 0.26

Xrs5 (kPa∙s∙l−1) −0.14 (−0.48;−0.05) −0.13 (−0.35;−0.05) 0.20

Fn (Hz) 17.8 (8.6;28.0) 13.6 (8.4;33.7) 0.10

Change after exercise

Rrs5 (kPa∙s∙l−1) 0.27 (−0.06;0.76) 0.10 (−0.06;0.57) <0.01

Xrs5 (kPa∙s∙l−1) −0.17 (−0.74;−0.50) −0.04 (−0.65;0.13) <0.01

Fn (Hz) 7.3 (−8.7;20.0) 3.6 (−2.3;14.8) 0.10

EIB: Exercise Induced Bronchoconstriction; Rrs5: Resistance at 5 Hertz; Xrs5: Reactance at 5 Hertz; Fn: Resonance frequency.
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For Rrs5 the area under the curve (AUC) was 0.75 (p<0.01; CI: 0.62-0.89) and for Xrs5 the AUC 

was also 0.75 (p<0.01; CI: 0.62-0.88). The change in Fn was not able to differentiate children 

with EIB from children without EIB with an AUC of 0.59 (p=0.27; CI: 0.43-0.74) Threshold 

parameters can be found in table 3.

DIsCUssIOn

Our study shows that the BMI z-score and the pre-exercise MEF50 are independent predictors 

of EIB in asthmatic children. Pre-exercise FOT and FEV1 measurements were not related to the 

Figure 2, ROC curves for change in low frequency FOT measurements and resonance frequency using 
exercise induced bronchoconstriction as defined by a fall in FEV1 of more than 15% as the golden 
standard.

table 3, change in low frequency measurements and their specificity and sensitivity when compared with 
a fall in FEV1 of 15%.

Cut-off Sensitivity Specificity

Rrs5 (kPa∙s∙l−1; %) 0.16; 33 71% 74%

Xrs5 (kPa∙s∙l−1; %) −0.07; 38 68% 71%

Rrs5: Resistance at 5 Hertz; Xrs5: Reactance at 5 Hertz.
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occurrence of EIB, although the pre-exercise resonance frequency of the FOT showed a trend 

towards a lower resonance frequency in children without EIB in univariate analysis (p=0.10).

To our knowledge this is the first study that investigates the predictive value of anthropo-

metric, spirometric and FOT measurements for EIB in children with mild to moderate asthma. 

The association between BMI and EIB we observed was found in children with a BMI z-score 

that ranged from low (−2.6) to high (+2.9). Tantisira et al. found an association in asthmatic 

children between BMI and bronchial hyperresponsiveness to metacholine, although the pre-

challenge FEV1 was a confounder6. Calvert et al. analyzed a large group of children with a 

relatively low weight (average BMI z-score lower than 0), who were not previously diagnosed 

with asthma, and found that children with EIB had higher BMI z-scores than children without 

EIB8. The causality of the relation between BMI and the occurrence of EIB in non obese chil-

dren, as observed in our study and in the study of Calvert et al. is subject of debate.

Since there is evidence that the BMI is related to the development of asthma in both chil-

dren and adults, direct causality has been proposed as the main contributor of the relation-

ship between BMI and EIB13-16. The observations that leaner asthmatic children have a smaller 

chance for the occurrence of EIB strengthens this hypothesis.

A reluctance to participate in physical exercise in children with EIB, leading to a more sed-

entary lifestyle and obesity, may also explain the association between BMI and EIB (reverse 

causality)17,18. However we studied asthmatic children with an average weight, making it 

unlikely that reverse causality is the main contributor of the relationship between BMI and 

the occurrence of EIB.

Obesity influences EIB on a lung mechanical level. Exercise induced deep inspiration leads 

to mechanical stretch of smooth muscle in the airway wall, reducing smooth muscle tone, 

which can reduce bronchoconstriction19. Obesity may limit this stretch and consequently 

enhance EIB, Boulet et al. showed that obese adults avoid deep inspiration in metacholine 

challenges20. However as there were only 2 obese children in our study group it is unlikely 

that a mechanical phenomenon contributed substantially to the observed relation between 

BMI and the occurrence of EIB.

We found that a low pre-exercise MEF50, but not a low pre-exercise FEV1, was associated 

with the occurrence of EIB. Linna analyzed pre-exercise flow volume loops and found that 

an obstructive expiratory loop on visual assessment predicted the occurrence of EIB3. This 

is in line with our observation as MEF50 can be regarded as an index of an obstructive flow 

volume loop21. The pre-exercise FOT measurements did not predict for the occurrence of EIB, 

although a trend could be seen in resonance frequency (p=0.10). The large spread of the 

resonance frequency could be the reason why the difference was not statistically significant.

Lower frequency resistance measurements can be used to analyze EIB. We found an in-

crease in the Rrs5 of 33% and a decrease in the Xrs5 of 38% corresponded with a fall in FEV1 of 

15%. This is in line with Malmberg et al. who found that in preschool children an increase of 

35% of the Rrs5 was diagnostic for EIB22.
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Several remarks can be made about this study. The MEF50 as a measure for airway obstruc-

tion should be used with caution due to the large spread in children21. However, we found 

that an increase of 10% of MEF50 in % of predicted reduced the risk of the occurrence of EIB 

by 42% emphasizing the need to evaluate the pre-exercise MEF50 in children with asthma.

Due to the intensity of exercise and the cumbersome nature of head gear we chose not 

to use head gear, leading to an expected upper airway shunt23. The lower frequencies are 

least affected by the upper airway shunt, hence we used lower frequency measurements 

for analysis (5 Hertz)24. The resonance frequency however, may have suffered from this lack 

of head gear, especially because this study evaluated children, who suffer a stronger upper 

airway shunt than adults4.

This study shows that the pre-exercise MEF50 is an independent predictor for the occur-

rence of EIB, emphasizing the importance of close examination of the expiratory flow volume 

loop. Furthermore, we showed that there is a strong association between BMI and EIB in 

children with mild to moderate asthma over the full range of BMI. These observations are of 

clinical relevance since they may provide the clinician with new therapeutic modalities to 

reduce EIB and improve asthma control.
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Summary

Asthma is a common chronic disease which is characterized by episodic airway narrowing 

and inflammation of the airways and can compromise social and psychomotor development. 

Exercise, especially in dry and cold air, may induce a transient airway obstructions (EIAO). 

In this thesis we have investigated this patho-physiological entity and evaluated diagnostic 

tools to analyze EIAO in children with asthma. A brief introduction of the current standings 

is given in chapter 1.

nEw FInDIngs In thE PAthO-PhysIOlOgy OF ExErCIsE InDUCED 
AIrwAy ObstrUCtIOn.

Heavy exercise induces an acute metabolic acidosis which is compensated by a physiological 

hyperventilation. Nasal breathing facilitates humidification and warming of the inhaled air at 

the start of exercise however, if the inhaled airflow reaches a threshold larger than the maximal 

nasal airflow, mouth breathing is necessary to accommodate the increased airflow. As a result, 

the upper airway is no longer capable to fully humidify and warm the airways. Consequently, 

intra-thoracic airways become involved in this process, resulting in cooling and drying of the 

intra-thoracic airways which is believed to be the trigger for airway narrowing1. The osmotic 

hypothesis states that drying of the airway wall is the basic trigger for airway narrowing. As 

this process starts during exercise, the onset EIAO may be during exercise if counterbalancing 

bronchodilating forces are insufficient2. According to the vascular hypothesis re-warming of 

the airway wall after exercise is the basic trigger for airway narrowing, by engorgement of the 

bronchial wall. Re-warming starts as soon as exercise induced hyperventilation ceases and, 

as a result, occurs after exercise3. In chapter 2 we analyzed the patency of the airways during 

a prolonged, sub-maximal exercise challenge using flow volume loops. In 33 children with 

asthma we observed 19 cases of EIAO, defined as a fall in FEV1 of more than 15%. Twelve of 

these children showed EIAO during exercise (breakthrough EIAO), while 7 showed EIAO after 

exercise (non-breakthrough EIAO). These findings suggest that in the majority of asthmatic 

children with EIAO airway narrowing starts during and not after exercise. The consequence 

of these findings is that in asthmatic children dehydration and not heat loss of the airway 

seems to be the driving force of EIAO. The clinical implication of this find is that asthmatic 

children who complain of dyspnea during exercise may indeed have EIAO during exercise. 

Breakthrough EIAO reduces athletic performance, which may result in a low self esteem and 

quality of life and may also hamper improvement of cardiovascular fitness.

In chapter 3 we evaluated the effect of a single high dose of inhaled corticosteroids on the 

dynamics of airway narrowing and recovery in EIAO. The protective effect of a single high dose 

of inhaled corticosteroids has been subject of investigation in recent years4,5. To evaluate EIAO 

the FEV1 is routinely used, corresponding with the patency of the larger, conducting airways. 

Other spirometric indices such as FEF25, FEF50 and FEF75 have been linked with the patency of 
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respectively larger, conductive and smaller airways. The forced oscillation technique (FOT) is a 

sensitive and effort independent technique and can determine resistance and reactance of the 

larger and smaller airways6. We found that in 12 children with asthma the patency of both the 

larger and smaller airways fell shortly after exercise followed by a steady recovery of the con-

ducting airways as measured with FEV1 and FEF25. The smaller airways, as measured with low 

frequency resistance measurements, FEF50 and FEF75, showed a delayed recovery compared to 

the larger airways. Inhalation of a single high dose of FP significantly diminished the obstruc-

tion of the conducting airways, while the protective effect of FP on the smaller airways was 

less outspoken. This study implicates that after a rapid airway narrowing following exercise, 

the recovery of the smaller airways is slower than the recovery of the conducting airways. 

Fluticasone propionate seems to employ its bronchoprotective effects mainly on the larger, 

conducting airways. This might be due to the presence of receptors for the used steroid or that 

the steroid reaches only high enough concentration to trigger the effect in the larger airways.

In asthmatic children, exercise may lead to symptoms suggestive of both lower and upper 

airway narrowing. Exercise is an indirect trigger of the airways as it induces airway narrowing 

by the release of mediators from inflammatory cells. A direct stimulus to the airways such 

as Methacholine may lead to inspiratory as well as expiratory flow limitation in asthmatic 

children and adults7-9. It has been hypothesized that this inspiratory flow limitation is the 

result of chronic inflammation of the upper airways, a frequent co-morbidity in childhood 

asthma10. Vocal cord dysfunction (VCD) has also been suggested to cause exercise induced 

inspiratory flow limitation and can easily be mistaken for EIAO11. In chapter 4 we analyzed 

flow limitation following exercise in asthmatic children. 53 of 72 children tested showed an 

inspiratory and/or expiratory airflow limitation. After exercise, the average fall in FEV1 was 

17.7 ± 14.6%, while the average fall in MIF50 was 25.4 ± 15.8%; no correlation was found be-

tween fall in FEV1 and MIF50 (R2: 0.04; p=0.717). The fall in FEV1 peaked 9 minutes and the fall in 

MIF50 peaked 15 minutes after exercise (5.9 minutes; p<0.001, 99% CI: 2.3 - 9.5 minutes). The 

inspiratory flow limitation was related to an observed inspiratory stridor while the expiratory 

flow limitation was related to an observed expiratory wheeze. Of the children showing a flow 

limitation, 38% (20/53) showed an isolated expiratory flow limitation, 45% (24/53) showed an 

expiratory and inspiratory flow limitation and 17% (9/53) showed an isolated inspiratory flow 

limitation. The inspiratory flow limitation we observed peaked well after ceasing exercise and 

was not accompanied by acute ‘choking’, which both make a diagnosis of VCD unlikely and 

suggest another cause. More research should be done to analyze the pathological basis of 

the observed inspiratory flow limitation. This study shows that an exercise challenge can give 

rise to not only expiratory flow limitation but also inspiratory airflow limitation in asthmatic 

children. The inspiratory airflow limitation may give rise to persistent asthma like symptoms 

after exercise and hamper the inhalation of rescue medication.

When analyzing the results of these studies a balance between dilating and constricting 

forces of the airways before, during and after exercise seems to exist. In rest the parasympatic 
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nervous system causes minor smooth muscle cell contraction. Periodic sighs (cyclic deep 

breaths) reduce the airway wall tone through mechanical stretch and counteract smooth 

muscle cell contraction.

At the start of exercise there is an increase of the patency of the airways, as sympatic 

nervous activation downregulates the parasympatic induced contraction of the airways. 

Rapid, deep and cyclic breathing stretch the airways, further reducing airway wall tone and 

enhancing bronchodilation. Cold air induced vasoconstriction may also contribute to the 

initial increase in patency, especially in the conducting and upper airways.

In asthmatic children, activated mast cells release both bronchoconstricting and 

bronchodilating mediators during exercise. Prostaglandin E2, released by mast cells, has a 

stabilizing effect on the airways and the mast cell, causing bronchodilation. Mast-cells also 

release histamine, prostaglandine D2 and leukotrienes causing bronchoconstriction. If the 

bronchoconstricting forces (histamine, prostaglandine D2 and leukotrienes) outweigh the 

bronchodilating forces (prostaglandine E2 deep and cyclic breathing induced stretch and the 

reduced para-sympatic activity) the patency of the airways is reduced.

After exercise, as most bronchodilating forces cease, bronchoconstricting forces prevail, 

further compromising airway patency. A steep fall in airway patency occurs, which peaks im-

mediately after exercise. The congestion of the airways, a consequence of rapid re-warming 

of the airways takes longer to built up and peaks later after exercise and may be the cause of 

inspiratory flow limitation.

nEw FInDIngs In thE DIAgnOstICs OF ExErCIsE InDUCED 
AIrwAy ObstrUCtIOn.

A definite diagnosis of EIAO is made with an exercise challenge test in which spirometry be-

fore and up to 30 minutes after exercise is measured. Guidelines for exercise challenges limit 

the humidity of the inspired air to 10 mg∙l−1 H2O and a temperature of less than 25°C. A fall in 

FEV1 of more than 10% can be used as cut-off for EIAO in the research setting. Analyzing EIAO 

with FEV1 requires repetitive, effort dependent, forced breathing manoeuvres which may 

influence airway mechanics. The forced oscillation technique (FOT) is an effort independent 

technique which may eliminate the need for repeated forced airway manoeuvres. In chapter 

5 we evaluated the addition of the FOT in the analysis of EIAO in warm and cold air in 10 asth-

matic children. All children performed 2 exercise challenges on 2 separate days in cold and in 

temperate air. In cold air the FEV1 dropped 35.4 ± 16.2% and the resistance at 5 Hz increased 

191.1 (23.3; 261.5) %, in temperate air the FEV1 dropped 15.1 ± 12.1% and resistance at 5 Hz 

increased 96.2 (9.4; 146.5) %. Using only spirometry, 6 out of 10 cases of EIAO would have 

been detected, the addiction of the FOT allowed detection of 9 of the 10 cases of EIAO in cold 

air, when testing in temperate air. This study showed that the addition of FOT measurements 
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to spirometry when testing EIB in temperate air seems to be helpful to identify the response 

to exercise in real life, outdoor situations.

In daily clinical practice the report of EIAO is used to assess the level of control of asthma 

and may alter the therapeutic regimen12,13. However, self reported exercise induced symp-

toms do not correspond well with the occurrence of EIAO14-16. In the recent update of the 

global initiative for asthma guidelines (GINA), the asthma control questionnaire (ACQ) is 

recommended as a tool to measure asthma control12. In chapter 6 we evaluated the relation-

ship between the ACQ and EIAO as both are parameters for control of asthma. Two hundred 

asthmatic children filled out an ACQ and performed an exercise provocation test in cold air. 

EIAO was defined as a drop in FEV1 of more than 15%. Well controlled asthma according to 

the ACQ was defined by a score of less than 0.75; while poor control of asthma was defined 

as a score of at least 1.5017,18. The positive predictive value of the ACQ for EIAO was 51% and 

the negative predictive value of the ACQ for EIAO was 59%. Boys are known to report a more 

well controlled asthma than girls, which also was true in our analysis. There was no difference 

in the occurrence of EIAO between genders (p=0.12). The ACQ does not provide conclusive 

information about the level of control regarding the occurrence and severity of EIAO. It was 

striking that 41% of children had EIAO despite the fact that according to their ACQ, they 

were well controlled. This indicates that both tools to assess control of asthma are not inter-

changeable. Pediatricians should regard the ACQ as a tool which provides complementary 

information about the control of asthma in children, rather than a defining tool for assessing 

the control of asthma in daily practice.

In chapter 7 we analyzed the predictive value of several anthropometric, spirometric and 

oscillometric measurements for EIAO. A high body mass index (BMI) has been associated 

with the report of exercise induced cough, wheeze and bronchial hyperresponsiveness to 

metacholine in asthmatic children19. Obese children previously not diagnosed with asthma 

have an increased risk for EIAO, while children with a relatively low BMI have a reduced risk 

for EIAO20,21. A normal spirometry before exercise cannot predict the occurrence of EIAO. 

However, an obstructive pre-exercise flow volume curve, on visual inspection, has been as-

sociated with the occurrence of EIB22. FOT is a sensitive tool to measure airway resistance and 

reactance and may also be able to predict the occurrence of EIAO. In 59 children we found that 

age and gender corrected BMI z-scores and MEF50 (% of pred) before exercise predicted the 

occurrence of EIAO, with respectively odds ratios of 2.7 (p<0.01; CI:1.4-5.1) and 0.96 (p=0.02; 

CI: 0.93-0.99). There was no correlation between pre-exercise FEV1 or FOT measurements and 

EIAO. This study shows that the pre-exercise MEF50 is an independent predictor for the occur-

rence of EIB, emphasizing the importance of close examination of the expiratory flow volume 

loop. Furthermore, we showed that there is a strong association between BMI and EIAO in 

children with mild to moderate asthma over the full range of BMI’s. These observations are of 

clinical relevance since they may provide the clinician with new relevant clinical observations 

to reduce EIAO and improve asthma control.
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MAIn COnClUsIOns

1. In asthmatic children change in the osmolarity of the mucosa and not re-warming of the 

mucosa is the driving force of exercise induced airway obstruction.

2. Asthmatic children with respiratory symptoms during exercise may indeed have, some-

times severe, airway narrowing during exercise.

3. Pediatricians should regard the ACQ as a tool which provides complementary informa-

tion about the control of asthma in children, rather than a defining tool for assessing the 

control of asthma in daily practice.

4. Both the larger, conducting, and the smaller airways contribute to exercise induced 

airway obstruction.

5. The patency of the larger, conducting airways recover faster than the patency of the 

smaller airways.

6. A single high dose of fluticasone propionate reduces exercise induced airway obstruction 

and employs its effect mainly on the conducting airways.

7. Exercise can give rise to inspiratory as well as expiratory airflow limitation in asthmatic 

children, inspiratory flow limitation peaks later, and is not related to expiratory flow 

limitation.

8. The forced oscillation technique may be helpful to identify the pulmonary response to 

exercise in real life, outdoor situations while testing in temperate air conditions.

9. A low MEF50 and a high BMI are independent predictors of EIAO in asthmatic children.
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Astma is een veelvoorkomende chronische ziekte die wordt gekarakteriseerd door onsteking 

en passagère vernauwing van de luchtwegen. Inspanning, met name in koude, droge lucht, 

kan daarbij een tijdelijke vernauwing van de luchtwegen veroorzaken (EIAO). Hierdoor kan de 

sociale en de psychomotore ontwikkeling van kinderen in het gedrang komen. In dit proef-

schrift hebben we de patho-fysiologie en de diagnostiek van EIAO bij kinderen met astma 

onderzocht. Een introductie van de huidige stand van zaken is te vinden in hoofdstuk 1.

nIEUwE bEVInDIngEn In DE PAthO-FysIOlOgIE VAn 
InsPAnnIngsgEïnDUCEErDE lUChtwEgObstrUCtIE.

Zware inspanning leidt tot een acute metabole acidose, deze acidose wordt gecom-

penseerd door een fysiologische hyperventilatie. Bij aanvang van inspanning wordt de 

inademingslucht verwarmt en bevochtigd door de neus. Bij toenemende inspanning is de 

noodzakelijke ademhaling groter dan de maximale neusademhaling waardoor de ventilatie 

wordt overgenomen door mondademhaling. Hierdoor zijn de bovenste luchtwegen niet 

meer in staat om de ingeademde lucht volledig te verwarmen en te bevochtigen. Om de 

lucht toch te bevochtigen en te verwarmen worden de intra-thoracale luchtwegen betrok-

ken bij dit proces, waardoor deze luchtwegen afkoelen en uitdrogen. Deze prikkel wordt 

verantwoordelijk gehouden voor EIAO1. De osmotische hypothese stelt dat het uitdrogen 

van de luchtwegwand de prikkel is voor EIAO. Omdat uitdroging al start tijdens inspanning, 

kan EIAO optreden tijdens inspanning indien de couperende bronchodilaterende krachten 

ontoereikend zijn2. De vasculaire hypothese daarentegen stelt dat opwarming van de 

luchtwegwand na inspanning zwelling van de bronchiaalwand veroorzaakt en de prikkel 

is voor EIAO. Opwarming van de luchtwegen start zodra de, door inspanning veroorzaakte, 

hyperventilatie stopt. Luchtwegvernauwing treedt hierdoor op na inspanning3. In hoofd-

stuk 2 analyseerden wij de doorgankelijkheid van de luchtwegen tijdens een verlengde, 

submaximale inspanningstest. De doorgankelijkheid werd geanalyseerd door middel van 

flow volume curves. Bij 33 kinderen met astma zagen wij 19 gevallen van EIAO, gedefinieerd 

door een daling in de FEV1 van meer dan 15%. Twaalf van deze kinderen lieten EIAO zien 

tijdens inspanning (doorbraak EIAO), terwijl 7 EIAO lieten zien na inspanning (klassiek 

EIAO). Deze bevindingen suggereren dat een meerderheid van astmatische kinderen met 

EIAO de luchtwegvernauwing tijdens en niet na inspanning laten zien. De consequentie 

van dit onderzoek is dat bij astmatische kinderen de uitdroging en niet de afkoeling de 

drijvende kracht lijkt te zijn van EIAO. De klinische implicatie van deze bevinding is dat 

benauwdheidsklachten tijdens inspanning bij astmatische kinderen het gevolg kunnen zijn 

van EIAO. Doorbraak EIAO vermindert de sportprestatie, wat kan resulteren in een vermin-

derd zelfbeeld, slechtere kwaliteit van leven en kan schadelijk zijn voor de cardiovasculaire 

fitheid.
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In hoofdstuk 3 analyseerden wij het effect van een eenmalige hoge dosis van een inhala-

tiecorticosteroïd op de dynamiek van EIAO en het herstel daarvan. Het beschermende effect 

van een eenmalige hoge dosis van inhalatiecorticosteroïden is de laatste jaren regelmatig 

onderzocht4,5. Om EIAO te evalueren is de FEV1 gebruikelijk, de FEV1 komt overeen met de 

doorgankelijkheid van de grotere luchtwegen. Andere spirometrische waarden zoals de FEF25, 

FEF50 en de FEF75 zijn gelieerd met, respectievelijk, de grotere en de kleinere luchtwegen. De 

geforceerde oscillatie techniek (FOT) is een sensitieve en inspanningsonafhankelijke tech-

niek en kan de weerstand en de reactantie van de grotere en kleinere luchtwegen bepalen6. 

Bij 12 kinderen met astma zagen wij, direct na inspanning een vernauwing in de grotere en 

kleinere luchtwegen, gevolgd door een gestaag herstel van de grotere luchtwegen, gemeten 

met de FEV1 en de FEF25. De kleinere luchtwegen, gemeten met laagfrequente weerstands-

metingen, de FEF50 en de FEF75 lieten een trage herstel zien in vergelijking tot de grotere 

luchtwegen. Inhalatie van een eenmalige hoog dosis fluticason propionaat laat een duidelijk 

verminderde obstructie zien van de grotere luchtwegen, terwijl het effect op de kleinere 

luchtwegen minder uitgesproken was. Deze studie impliceert dat na een snelle vernauwing 

van de luchtwegen na inspanning, de kleinere luchtwegen minder snel openen dan de gro-

tere luchtwegen. Het beschermende effect van Fluticason propionaat lijkt zich voornamelijk 

te manifesteren in de grotere luchtwegen. Dit zou kunnen komen door de afwezigheid van 

receptoren of het niet bereiken van therapeutische concentraties in de kleinere luchtwegen.

Inspanning kan bij astmatische kinderen leiden tot symptomen die suggestief zijn voor bo-

venste en ook onderste luchtwegvernauwing. Inspanning is een indirecte prikkel omdat het 

luchtwegvernauwing induceert door het vrijkomen van mediatoren uit ontstekingscellen. 

Een directe prikkel voor de luchtwegen, zoals methacholine, kan zowel inspiratoire- als expi-

ratoire flow beperking veroorzaken bij astmatische kinderen en volwassenen7-9. Inspiratoire 

flow beperking na inspanning zou het gevolg kunnen zijn van een chronische ontsteking van 

de bovenste luchtwegen, een veelvoorkomende comorbiditeit van astma op de kinderleef-

tijd10. Inspanning geïnduceerde laryngeale obstructie (VCD) kan echter ook inspiratoire flow 

beperking veroorzaken en makkelijk worden miskent als EIAO11. In hoofdstuk 4 beschrijven 

we flow beperking na inspanning bij astmatische kinderen. Van de 72 kinderen lieten 53 

een beperking zien in de inspiratoire en/of expiratoire flow. Na inspanning daalde de FEV1 

gemiddeld met 17,7 ± 14,6% en de MIF50 gemiddeld met 25,4 ± 15,8%; wij zagen geen re-

latie tussen de daling in FEV1 en MIF50 (R2: 0,04; p=0,717). De maximale daling in FEV1 was 9 

minuten na inspanning en de maximale daling in MIF50 was 15 minuten na inspanning (5,9 

minuten; p<0,001, 99% CI: 2,3 – 9,5 minuten). De inspiratoire flow beperking was gerelateerd 

aan stridoreuze ademhaling, terwijl de expiratoire flow beperking was gerelateerd aan een 

piepende ademhaling. Van de kinderen met een flow beperking liet 38% (20/53) een geïso-

leerde expiratoire flow beperking, 45% (24/53) een gecombineerde flow beperking en 17% 

(9/53) een geïsoleerde inspiratoire flow beperking zien. De geobserveerde inspiratoire flow 

beperking bereikte zijn maximum ruim na het staken van inspanning en werd niet vergezeld 
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door een acuut gevoel van stikken. Hierdoor is een diagnose als VCD onwaarschijnlijk en 

is een andere oorzaak de basis van de flow beperking. Naar de patho-fysiologische basis 

van de geobserveerde inspiratoire flow beperking dient nader onderzoek te volgen. Deze 

studie laat zien dat inspanning niet alleen kan leiden tot expiratoire flow beperking maar 

ook tot inspiratoire flow beperking bij astmatische kinderen. Inspiratoire flow beperking na 

inspanning kan astma-achtige symptomen geven of in stand houden en zou de inhalatie van 

noodmedicatie kunnen compliceren.

De resultaten van deze studies laten zien dat er een balans lijkt te bestaan tussen de di-

laterende en de vernauwende krachten van de luchtwegen voor, tijdens en na inspanning. 

Activiteit van de parasympathische zenuwbanen in rust zorgen voor een subtiele contractie 

van het glad spierweefsel. Diep doorzuchten vermindert de tonus van de luchtwegwand 

door mechanische rek, en gaat de contractie van het glad spierweefsel tegen.

Aan het begin van inspanning is er een toename van de doorgankelijkheid van de lucht-

wegen. Dit wordt veroorzaakt door activering van de sympathische zenuwbanen, welke de 

contractie van het glad spierweefsel door activiteit van de para-sympathische zenuwbanen 

tegengaat. Daarnaast zorgen snelle diepe ademteugen voor een rek op de luchtwegen welke 

de tonus op de luchtwegwand verder verminderd en dilatatie van de luchtwegen versterkt. 

Vasoconstrictie van het broncho-pulmonale vaatbed door de koude lucht zou de dilatatie 

van de luchtwegen ook kunnen versterken, met name in de grotere en bovenste luchtwegen.

Geactiveerde mestcellen zorgen voor het vrijkomen van zowel luchtwegvernauwende als 

dilaterende mediatoren tijdens inspanning van astmatische kinderen. Zo zorgt prostaglan-

dine E2 voor een stabiliserend effect van de luchtwegen en de mestcellen en draagt zo bij aan 

dilatatie van de luchtwegen. Geprikkelde mestcellen laten ook histamine, prostaglandine 

D2 en leukotriënen vrij welke zorgen voor vernauwing van de luchtwegen. Als de luchtweg 

vernauwende krachten (histamine, prostaglandine D2 en leukotriënen) groter zijn dan de 

luchtweg dilaterende krachten (prostaglandine E2, rek door snelle diepe ademteugen en een 

verminderde activiteit van de parasympathische zenuwbanen) zal de doorgankelijkheid van 

de luchtwegen verminderen.

Na inspanning, als de meeste luchtweg dilaterende krachten stoppen, zijn de luchtweg 

vernauwende krachten groter en zal de doorgankelijkheid van de luchtwegen verder in 

het nauw komen. Een scherpe daling van de doorgankelijkheid van de luchtwegen treedt 

onmiddellijk na inspanning op. Congestie van de luchtwegwand, een gevolg van snelle op-

warming van de luchtwegen, bouwt zich na inspanning langzaam op en zou een inspiratoire 

flow beperking tot gevolg kunnen hebben.
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nIEUwE bEVInDIngEn In DE DIAgnOstIEk nAAr 
InsPAnnIngsgEïnDUCEErDE lUChtwEgObstrUCtIE.

De diagnose EIAO wordt uiteindelijk gesteld met een inspanningstest waarbij voor, en tot 

30 minuten na inspanning, spirometrie wordt verricht. Richtlijnen voor inspanningstesten 

vereisen een maximale luchtvochtigheid van 10 mg∙l−1 H2O en een temperatuur van ten 

hoogste 25°C. Een daling in de FEV1 van meer dan 10% wordt, in een onderzoeksopzet, 

gezien als grens voor EIAO. Spirometrische analyse van EIAO vereist herhaalde, inspannings-

afhankelijke geforceerde ademhalingsmanoeuvres welke de dynamiek van de luchtwegen 

kunnen beïnvloeden. De FOT elimineert de noodzaak van herhaalde geforceerde ademha-

lingsmanoeuvres. In hoofdstuk 5 analyseerden wij de toevoeging van FOT metingen aan 

spirometrie metingen bij de analyse van EIAO in warme en koude lucht bij 10 astmatische 

kinderen. Alle kinderen werden 2 maal getest op 2 verschillende dagen, eenmaal in koude, 

en eenmaal in warme lucht. In koude lucht daalde de FEV1 met 35,4 ± 16,2% en steeg de 

weerstand (5 Hz) met 191,1 (23,3; 261,5) %, in warme lucht daalde de FEV1 met 15.1 ± 12.1% 

en steeg de weerstand (5 Hz) met 96,2 (9,4; 146,5) %. Met alleen spirometrie zouden slechts 

6 van de 10 gevallen van EIAO zijn opgemerkt, de toevoeging van de FOT detecteerde EIAO 

in 9 van de 10 kinderen in warme lucht. Deze studie laat zien een meerwaarde zien van het 

toevoegen van FOT metingen aan spirometrie metingen wanneer men test in de wame lucht. 

Met toevoeging van de FOT zou men de respons in koude lucht evalueren bij metingen in 

de warme lucht kunnen evalueren. De koude testomstandigheden zijn vergelijkbaar met de 

standaard situatie in de Nederlandse buitenlucht.

In de dagelijkse praktijk wordt de rapportage van EIAO gebruikt om de controle van astma 

te beoordelen en het medische regime te evalueren12,13. Zelfgerapporteerde inspannings-

klachten komen echter niet goed overeen met het voorkomen van EIAO14-16. In de recente 

herziening van de wereldwijde astma richtlijnen (GINA) wordt de astma controle vragenlijst 

(ACQ) aangewezen als een adequaat middel om astma controle te beoordelen12. In hoofd-

stuk 6 evaluerden wij de relatie tussen de ACQ en het voorkomen van EIAO, omdat beide 

parameters zijn voor de controle van astma. Tweehonderd astmatische kinderen vulden een 

ACQ in en ondergingen een inspanningstest in de koude lucht. EIAO werd gedefinieerd als 

een daling in de FEV1 van 15%. Controle van astma gemeten met de ACQ werd gedefinieerd 

als goed bij een score van minder dan 0,75 en slecht bij een score van 1,50 of meer17,18. De 

positief voorspellende waarde van de ACQ voor EIAO was 51% en de negatief voorspellende 

waarde van de ACQ voor EIAO was 59%. Jongens rapporteerden vaker dan meisjes een goed 

gecontroleerd astma hoewel er evenveel EIAO voorkwam (p=0,12). De ACQ bleek niet in staat 

om eenduidige informatie te leveren over de het voorkomen en de ernst van EIAO. Opval-

lend was dat 41% van de kinderen met een goed gecontroleerd astma volgens de ACQ toch 

EIAO lieten zien. Deze bevindingen impliceren dat beide meetmethoden om de controle van 

astma te beoordelen niet gelijk zijn. De ACQ is geen harde maat voor de controle van astma 
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in de dagelijkse praktijk, en kinderartsen dienen de ACQ te zien als een hulpmiddel dat extra 

informatie kan geven.

In hoofdstuk 7 hebben wij de voorspellende waarde van antrhopometrische, spiro-

metrische en oscillometrische metingen ten opzicht van EIAO geanalyseerd. Bij kinderen 

met astma is een hoge body mass index (BMI) geassocieerd met inspanningsgeïnduceerd 

hoesten, piepen en bronchiale hyperreactiviteit voor methacholine19. Obese kinderen zon-

der astma hebben een verhoogd risico op EIAO terwijl kinderen met een relatief lage BMI 

daarvoor een verlaagd risico hebben20,21. Hoewel een normale longfunctie EIAO niet uitsluit, 

is een obstructie flow volume voor inspanning geassocieerd met het voorkomen van EIAO22. 

De voorspellende waarde van FOT metingen voor EIAO is niet bekend. De BMI score, gecor-

rigeerd voor leeftijd en geslacht, alsook de MEF50 (% van voorspeld) voor inspanning bleken 

voorspellers te zijn voor EIAO bij kinderen met astma met respectievelijke odds ratios van 2,7 

(p<0,01; CI:1,4-5,1) en 0,96 (p=0,02; CI: 0,93-0,99). Wij zagen geen relatie tussen de FEV1 of 

FOT metingen voor inspanning en het voorkomen van EIAO.

Deze studie laat zien dat de MEF50 voor inspanning een onafhankelijke voorspeller is voor 

het voorkomen van EIAO, wat het belang onderstreept van het nauwkeurig analyseren 

van de flow volume curve. Daarnaast lieten wij zien date er een sterke relatie is tussen de 

BMI en EIAO bij kinderen met mild tot matig astma over het gehele bereik van BMI’s. Deze 

observatie biedt de arts extra hulpmiddelen om EIAO te verminderen en de astma controle 

te verbeteren.

COnClUsIEs

1. De osmolaire veranderingen in de mucosa van de luchtwegen en niet de opwarming van 

de luchtwegen na inspanning is de belangrijkste prikkel voor inspanningsgeïnduceerde 

luchtwegvernauwing bij astmatische kinderen.

2. Kinderen met astma kunnen tijdens inspanning, soms heftige luchtwegvernauwing laten 

zien.

3. Kinderartsen moeten de ACQ zien als een hulpmiddel en niet als harde maat voor de 

controle van astma bij kinderen.

4. Zowel de grotere als de kleinere luchtwegen dragen bij aan inspanningsgeïnduceerde 

luchtwegvernauwing.

5. Na inspanningsgeïnduceerde luchtwegvernauwing verbetert de doorgankelijkheid van 

grotere luchtwegen sneller dan die van kleinere luchtwegen.

6. Een eenmalige hoge dosis fluticasone propionaat verminderd inspanningsgeïnduceerde 

luchtwegvernauwing en bereikt dit effect voornamelijk in de grotere luchtwegen.
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7. Bij kinderen met astma kan inspanning aanleiding geven tot zowel inspiratoire als expi-

ratoire flow belemmering. Inspiratoire flow belemmering piekt later na inspanning en is 

niet gerelateerd aan expiratoire flow belemmering.

8. De geforceerde oscillatie techniek kan een hulpmiddel zijn om in warme lucht de pulmo-

nale respons op inspanning in koude lucht te evalueren.

9. Een lage MEF50 en een hoge BMI zijn onafhankelijke voorspellers voor inspanningsgeïn-

duceerde luchtwegvernauwing bij astmatische kinderen.
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DAnkwOOrD

De onderzoeken beschreven in dit proefschrift konden alleen plaatsvinden met de hulp van 

velen. Enkele bedank ik hier, de mensen hier niet genoemd: toch bedankt!

Allereerst wil ik graag de participerende kinderen en hun ouders bedanken, zonder hen, geen 

onderzoek! Sommige heb ik zien opgroeien, wat een voorrecht. Met vele heb ik gelachen, 

met enkelen gehuild.

De kern van het onderzoeksteam die me overeind hielpen als het misging, en me stuurden 

als ik de bocht uit dreigde te vliegen. Centraal punt daarin het vraagstuk om de zorg voor kin-

deren met astma te verbeteren door de kennis erover te vergroten. Dr. B.J. Thio, beste Boony, 

wat hebben we veel meegemaakt, van eisbein in Berlijn, via reuzenpretzels (en een klein 

biertje) in München tot het strand van San Diego. Mooie momenten, soms moeilijke mo-

menten, maar steeds de voelbare steun. Zonder jou was het niet gelukt. Dr. Ir. F.H.C de Jongh, 

beste Frans, als het oog van de storm was jij een centraal rustpunt, en een luisterend oor als 

ik het even niet zag zitten. Je rake opmerkingen tijdens onze overlegmomenten brachten 

het onderzoek steeds verder. Daarnaast was het heerlijk om citaten uit te wisselen van Monty 

Python, waar de mensen om ons heen daar dan net niet de humor van inzagen. Prof. Dr. 

W.M.C. van Aalderen, beste Wim, als begeleider van mijn keuze co-schappen al aandringend 

om mijn wetenschappelijke carriëre op te pakken. Tijdens mijn promotie op de achtergrond 

aanwezig en telkens in staat om wetenschappelijke discussiepunten uit Enschede tot een 

diplomatiek einde te brengen.

Prof. Dr. S.D. Anderson, dear Sandy, still in awe from the first time I experienced one of your 

presentations (in Zwolle), you actually came a full week to Enschede. There you changed a lot 

of my ideas and rekindled my search for the why and how. Thank you for your inspirational 

presence.

Dokter Gierlings, ik weet nog de dag dat u vroeg wat ik wilde worden. Kok was mijn idee: 

maar dat vond u toch niet. Met die kennis op zak wist ik het meteen: later word ik ook dokter, 

en hopelijk net zo’n goede als u.

Het statistische team, Prof. Dr. J. van der Palen, beste Job, zeven of negen, alles past in de 

matrix (0-1 uiteraard)! Dr. M.G. Brusse-Keizer, beste Marjolein, vaak nog even kijken of ik het 

echt wel goed had berekend, het blijft me verbazen dat ik je niet tot wanhoop gedreven heb. 

Dr. T. Effing, beste Tanja, zeker in het begin van dit pad heb ik je vaak om raad gevraagd en 

gekregen, dank daarvoor.
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De ijsmeesters en medewerkers van IJsbaan Twente en EuregioKunstijsbaan, het faciliteren 

van kou is jullie vak, en jullie medewerking heeft dit alles mogelijk gemaakt. Jim Kuschel, niet 

zelden heb jij onbaatzuchtig je hulp verleend, van blinderingsstickers plakken tot kinder-

speeltjes regelen, niets was je te dol.

Het Nederlands Astmacentrum Davos, dankzij jullie ben ik waar ik nu sta, het wordt tijd dat 

de Nederlandse politiek inziet dat een instituut als het NAD een noodzaak is! (en die god-

delijke stracciatella mousse…)

Alle stafleden van zeilschool Pean, met in het bijzonder: Ids, analyseren kun je leren, ik stel 

elke onderzoeker voor om bij jou in de leer te gaan. Michiel, zelden wijzere woorden op 

een stijger gehoord: als je niet van te voren weet wat je wilt zien, moet je niet eens kijken! 

Liesbeth, lieve juf J dankzij jou weet ik: je moet niet denken wat je niet moet doen, maar 

denken wat je wel moet doen.

Alle collega’s, stagiaires en mede onderzoekers met in het bijzonder: Elin (leuk feest Elin, of ik 

morgenvroeg dienst heb? Nee da’s morgenavond pas…), Andjenie (lieve Annie, ik droom er 

nog steeds van: nippend aan een chai, genietend van een ‘good Hindi song’), Ellis (waar is de 

tijd bij Willem gebleven? (Willem: ook bedankt!)), Julianne, Erryt, Anne, Floor en Margryt, alle 

co’s van wie ik de RUG login voor artikelen mocht lenen, en natuurlijk de afdeling klinische 

chemie van het MST, niet in het minst vanwege de koffie automaat.

Alle vrienden die me hebben gesteund, informeerden hoe het met het onderzoek stond of 

gewoon een biertje met me dronken om het los te kunnen laten.

Mijn paranimfen, als er schermutselingen komen ben ik veilig! Krispijn, een half woord is 

eigenlijk al overbodig voor de nonsens die wij met zijn tweeën tot grote hoogten kunnen 

bediscussiëren. Karel-Martijn, ik ben trots op een vriend als jij, geen kantine is veilig voor ons 

(I’ll go into the fort Jacky).

Erik, wat een rust, en Annet, wow wat Ctrl, Alt en Shift al niet kunnen doen.

Lisette, as ich toch half zoe netjes waar gewees as dich, Jacques, as ich toch half zoe veul 

discipline haaj gehad as dich, Mariëlle, as ich toch half zoe hel zoe hubben gewerk as dich 

(misjien waal ein kwart), Antoine, as ich toch half zoe doelgerich waar gewees as dich: den 

waas ich toch al 10 joar geleeje kloar gewees! Det hub ich neet, maar toch is ut kloar, alaaf! Pim 

(joa, heej huurs dich beej), ich hub dich de letste tiëd veul te weinig gezeen en gesjproake, 

allein aan dich gedach. Doa kups se natuurlijk noch gin druüg broed veur, dus ut weerd tiëd 

uhm doa get aan te doon! Mam, altied hubs se mich gelierd det de oere die se sjtudeers ut 
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best betaald zien, kiek heej noa ut resultaat, ich hoop desse sjtols op mich bus. Pap, auch al 

busse neet mier hiej, doe bus der toch. Ruck rech, borst veuroet, en den ut deep in! Ich haaj 

van uch allemoal!

Jans, alle woorden zijn te weinig, en elk woord is te veel.
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groeide op in een katholiek gezin en werd als scholier onderwezen door nonnen. De mid-

delbare school volgde hij aan het Thomascollege in Venlo. In 1996 behaalde hij zijn Ath-
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in het Nederlands Astmacentrum. Geïnspireerd door zijn eigen kinderarts, dokter Gierlings, 
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jaar biologie te hebben gestudeerd aan de Rijksuniversiteit Groningen, ving hij in 1997 met 
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