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Introduction

Asthma is a chronic inflammatory disease of the airways, which is characterized by 
episodes of wheezing, shortness of breath, chest tightness, and coughing, with reversible 
airway obstruction and airway hyperresponsiveness. Worldwide asthma affects 5-10% 
of all schoolchildren and in most countries the prevalence is still increasing1. Anti-
inflammatory drugs, with inhaled corticosteroids (ICS) as first choice, are the mainstay 
of asthma treatment and guidelines recommend a step up-step down scheme when 
adjusting asthma treatment2, 3. The goals of asthma treatment are to reduce symptoms, to 
allow for a normal and active life, and to reduce future risks to the patient. In this respect 
‘asthma control’ has become a central concept in asthma management.

Asthma control
All asthma guidelines place a strong emphasis on monitoring asthma control. The Global 
Initiative For Asthma (GINA) proposes to define levels of asthma control based on clinical 
manifestations, Forced Expiratory Volume in 1 sec (FEV1) and expected future risk and 
classifies patients as well-controlled, partly controlled or uncontrolled2 (Table 1). GINA 
states that monitoring is essential to maintain control and establish the lowest step in 
treatment that produces good asthma control. Similarly, the British Thoracic Society 
(BTS) guidelines aim at asthma control based on clinical manifestations and FEV13. The 
BTS recommends the assessment of asthma control by means of questionnaires in 
combination with spirometry, check of inhaler technique, and assessment of adherence 
to treatment in the monitoring of asthma. The American National Asthma Education and 
Prevention Program (NAEPP) defines control as the degree to which the manifestations 
of asthma are minimized by therapeutic interventions and the goals of therapy are met4. 

Table 1 GINA assessment of asthma control in adults, adolescents and children 6-11 years

Asthma symptom control

In the past 4 weeks, has the patient had: Well 
controlled

Partly 
controlled Uncontrolled

Daytime asthma symptoms more than twice/week? Yes/No

None of 
these 1-2 of these 3 -4 of these

Any night waking due to asthma? Yes/No

Reliever needed for symptoms more than twice/
week? Yes/No

Any activity limitation due to asthma? Yes/No

From the Global Strategy for Asthma Management and Prevention 2014, © Global Initiative for Asthma (GINA) 
all rights reserved. Available from http://www.ginasthma.org. 

http://www.ginasthma.org
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To achieve and maintain control, all guidelines, including Dutch guidelines, propose a step 
up-step down scheme to adjust therapy (Figure 1).
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Inhaled short-acting β2 
agonist as required

STEP 1
Mild intermittent asthma

Add inhaled steroid 200-400 
mcg/day* (other preventer 
drug if inhaled steroid cannot 
be used) 200 mcg is an 
appropriate starting dose for 
many patients

Start at dose of inhaled 
steroid appropriate to 
severity of disease.

STEP 2
Regular preventer therapy

1. Add inhaled long-acting  
  β
1.  Add inhaled long-acting β2  
  agonist (LABA)
2.  Assess control of asthma:
		 good response to LABA  
   - continue LABA
		 benefit from LABA but  
   control still inadequate  
   - continue LABA and   
   increase inhaled steroid  
   dose to 400 mcg/day* (if  
   not already on this dose)
		 no response to LABA  
   - stop LABA and increase  
   inhaled steroid to 400  
   mcg/ day.*If control   
   still inadequate, institute  
   trial of other therapies,  
   leukotriene receptor   
   antagonist or SR   
   theophylline

1. Add inhaled long-acting  
  β STEP 3

Initial add-on therapy

Increase inhaled steroid up to 
800 mcg/day*

STEP 4
Persistent poor control

Use daily steroid tablet 
in lowest dose providing 
adequate control

Maintain high dose inhaled 
steroid at 800 mcg/day*

Refer to respiratory 
paediatrician

STEP 5
Continuous or frequent 

use of oral steroids

MOVE DOWN TO FIND AND MAINTAIN LOWEST CONTROLLING STEP

* BDP or equivalent

MOVE UP TO IMPROVE CONTROL AS NEEDED

SYMPTOMS   vs   TREATMENT

Patients should start treatment at the step most appropriate to the 
initial severity of their asthma. Check concordance and reconsider 

diagnosis if response to treatment is unexpectedly poor.
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Figure 1 Management of asthma in children 5-12 yrs 
From the BTS/SIGN Guideline on the management of asthma, © British Thoracic Society (BTS) all rights reserved. 
Available from http://www.brit-thoracic.org.uk. 

Future risks for the patients are impaired lung function development or accelerated 
lung function decline, exacerbations, hospital admissions, and fatal or near-fatal asthma 
attacks.  

Monitoring asthma
Despite the strong emphasis on optimal control and the wide availability of safe and 
effective asthma medication, good asthma control is not achieved in a substantial 
proportion of asthmatic children (up to 90%)2, 4-7. Several studies report high frequencies 
of sleep disturbances, school absenteeism and limitations of physical activity due to 
asthma6, 7. Also, asthma is the third ranking course of hospitalization in children and the 
first chronic disease that causes school absenteeism among children in the US8. In Europe 
unscheduled health care visits accounted for 45% of total asthma costs in children; 7% of 

http://www.brit-thoracic.org.uk
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all children reported at least 1 hospitalization9. Therefore, monitoring of asthma control is 
essential in order to know if asthma control is achieved. There are several tools available 
to measure and monitor asthma control; subjective parameters like daily and nocturnal 
symptoms, and more objective measures such as spirometry, bronchoprovocation tests 
and markers of inflammation. 

Clinical tools
Symptoms and rescue medication use are easy to quantify, and can be assessed at all 
ages. Symptoms form a distinct domain in the clinical expression of asthma, independent 
from exacerbations, lung function, and inflammation. Most physicians agree that 
assessment of a patient’s symptoms history should include daytime asthma symptoms, 
nocturnal awakenings as a result of asthma symptoms, frequency of use of short acting 
beta-2-agonists (SABA) for relief of symptoms and inability or difficulty performing normal 
activities, including exercise, because of asthma symptoms2-4. However, it should be noted 
that the use of SABA reflects the subjective perception of asthma complains by asthmatic 
children or observation by their parents.  Several self-administered questionnaires have 
been developed to assess asthma control in a standardized way. Contrary to the concept 
of GINA, these questionnaires use numeric scores, which supposed to be easy for patients 
and caregivers to understand, to record and to interpret. Examples of such questionnaires 
are the Asthma Control Test (ACT)10, and the Childhood Asthma Control Test (C-ACT)11. 
Although simple and easy to use, the added value of these questionnaires over usual care 
with casual history taking remains to be shown.

Telemonitoring of symptoms
Mobile phones or web-based applications offer new possibilities for monitoring of asthma 
and guided self-management. The widespread use of user-friendly electronic devices like 
tablets and smart phones will increasingly facilitate the use of web-based monitoring 
in asthma research and clinical practice. Children, and adolescents in particular, are an 
attractive population for web-based monitoring as they are very active on the Internet 
with 75% of all European children of 6-17 years using the Internet, and even 86% of the 15-
17 year olds, while in some countries like the Netherlands even 100% of all children of 15-
17 years use the Internet12. Studies with Internet-based home monitoring and education 
have shown to improve adherence and asthma control13-16. Also a recent review showed 
that text reminder systems increase patient medication adherence, but did not improve 
clinical outcomes17. Internet-based programs may increase the awareness of patients 
and their parents, and this may lead to improved adherence to treatment. However, a 
recent meta-analysis on 21 randomized controlled trials on telemonitoring interventions 
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in both children and adults with asthma concluded that telemonitoring was comparable 
to standardized care regarding the effect on quality of life, emergency room visits and 
hospitalizations for asthma18. Frequent monitoring of asthma control by using the ACT 
or C-ACT via an Internet based program has the potential to standardize the assessment 
of asthma control, increase awareness of asthma and improve adherence, which may 
contribute to better asthma control. 

Lung function
Children’s lung function increases with growth, and maximal lung function is achieved for 
most individuals by 20 years of age. Children who have asthma may have a reduced lung 
growth compared to children who do not have asthma19, 20. As reduced lung function is 
associated with poor short and long-term asthma outcome21, lung function is an important 
measure of asthma control and future risk and can be used as a monitoring tool in children 
from the age of 5 to 6. Regular monitoring of lung function is particularly important for 
asthma patients who do not perceive their symptoms until airflow obstruction is severe. 
Unfortunately there is no valid method to detect poor perceivers. The post-bronchodilator 
FEV1 can be used to follow lung growth patterns over time22. Observations of reduced 
lung function may reflect a progressive worsening of asthma control that should be 
treated accordingly. FEV1 has been shown as a predictor of future exacerbations21, but as 
a diagnostic tool, FEV1 is too insensitive, because children with asthma might have normal 
FEV1 values23. The use of regular measurements of FEV1 as a monitoring tool in childhood 
asthma has not been shown to be of additional value24.

Peak Expiratory Flow measurements
Peak Expiratory Flow (PEF) measurements provide a means to obtain simple, quantitative 
and reproducible assessment of the presence and severity of airways obstruction. PEF 
can easily be measured at home and may detect changes in disease control or responses 
to changes in therapy. However, the measurements of PEF strongly depend on the effort 
and technique of the patients. Also, it is known that the accuracy of peak flow monitoring 
devices may decrease over time25. There is also a large variation in PEF values between 
healthy children.  Studies in children have shown that routine serial measurements of 
peak expiratory flow did not provide additional benefit when added to a symptom-based 
management strategy26, 27. 

Airway hyperresponsiveness
Airway hyperresponsiveness is one of the hallmarks of asthma. The response to a direct or 
indirect stimulus is usually measured by repeated FEV1 measurements, and expressed as 
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the dose (PD20) or concentration (PC20) of the stimulus required to decrease FEV1 by 20%. 
However, the measurement is time-consuming and not routinely applicable in children 
under the age of six. Measurements of airway hyperreponsiveness (AHR) were not useful 
in asthma monitoring, with the exception of children with low symptom perception in 
whom benefit from monitoring AHR has been shown in terms of improved FEV1 28. 

Inflammatory markers
As asthma is a chronic inflammatory disease with anti-inflammatory drugs as the 
treatment of choice, much attention has been drawn to markers of inflammation in 
the monitoring of asthma. Fractional exhaled Nitric Oxide (FeNO) has been extensively 
studied as a non-invasive biomarker of eosinophilic airway inflammation29. FeNO can be 
measured in breath and is increased when eosinophilic airway inflammation is present. 
FeNO is elevated in untreated atopic patients and increases in FeNO are thought to reflect 
the intensity of eosinophilic inflammation of the bronchial mucosa30-33. Measurements 
of FeNO distinguish patients with allergic asthma, although with considerable overlap. 
FeNO is repeatable, associated with other markers of severity and predicts the response 
to ICS34-37. The correlation with other measurements of asthma control like spirometry or 
questionnaires is poor, which might be explained by the fact that inflammation reflects a 
different domain of asthma38-42. 
FeNO is a suitable biomarker for the diagnosis and follow-up of asthma, and as a guide 
to therapy, and is increasingly used in the management of pediatric asthma43. Several 
randomized controlled trials addressed the question if adjustment of ICS therapy on 
repeated FeNO measurements could improve asthma outcomes34, 44-48. However, results are 
conflicting. A study by Pijnenburg et al. showed that one year of ICS titrated with repeated 
FeNO measurements did not affect the primary outcome, cumulative corticosteroid 
dose, in children with asthma, but improved AHR34. Two other pediatric studies showed 
no benefit of FeNO dose titration (and higher ICS doses) and a minimal improvement 
in lung function without change in asthma control45, 47. De Jongste et al assessed daily 
FeNO telemonitoring in the management of childhood asthma and found no added value 
of daily FeNO monitoring compared to daily symptom monitoring44. A Cochrane meta-
analysis concluded that the benefits of FeNO monitoring were not yet clear, partly due to 
a large variation in study design49. A more recent randomized controlled trial showed that 
FeNO monitoring led to less exacerbations at the cost of higher ICS doses46. On the other 
hand, Pike et al. recently showed that FeNO-guided ICS titration did not appear to reduce 
corticosteroid usage or exacerbation frequency in pediatric outpatients with moderate to 
severe asthma48. 
Eosinophils in sputum are also considered as a biomarker of eosinophilic airway 
inflammation.  Sputum eosinophils predict the response to ICS, predict exacerbations and 
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successful steroid reduction in adults and children50-53. Only a single study has assessed 
the usefulness of 3-monthly measurement of sputum eosinophils in children with severe 
asthma and concluded that this strategy did not reduce exacerbations or improve asthma 
control54. Limitations of the use of sputum analysis in clinical practice are the problematic 
feasibility for repeated sputum induction procedures, the risk of bronchoconstriction and 
the high technical demands and costs.

Aims of the studies in this thesis

This thesis focuses on monitoring of childhood asthma, including the definition of asthma 
control, the assessment of asthma control, and achieving asthma control.
The BATMAN study (Better Asthma Treatment; Monitoring with ACT and Nitric Oxide), 
on which this thesis is based, evaluated the possible benefits of two asthma monitoring 
strategies. We investigated if an Internet-based monitoring program with monthly ACT 
or C-ACT measurements improves asthma control and if asthma management guided by 
FeNO with a new algorithm improves asthma control. The BATMAN study was a multi-
center, prospective, partly blinded, parallel-group, randomized controlled trial in the 
Netherlands, with a follow up of one year. Two-hundred-eighty children with atopic 
asthma participated in 5 general hospitals and 2 tertiary referral centers. 

The major aims of this thesis are:
1. To review available asthma control questionnaires for their usefulness in pediatric 

asthma management
2. To study the validity of the Asthma Control Test (ACT) and Childhood Asthma Control 

Test (C-ACT) in a Dutch population and define the cut off levels for well controlled 
asthma and minimal clinically relevant differences

3. To investigate if web-based monthly monitoring using the ACT or C-ACT improves 
asthma control

4. To investigate if asthma management guided by Fractional exhaled Nitric Oxide (FeNO) 
improves asthma control

5. To investigate if these monitoring strategies are cost-effective

Outline of this thesis

Chapter 2 provides an overview of commonly used asthma control questionnaires and 
explores their usefulness in asthma management in children. 
Chapter 3 compares the assessment of asthma control by children and parents using the 
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Childhood Asthma Control Test. Subscores of children and their parents were compared.
In chapter 4, we investigated the validity of a web-based diary in assessing asthma control 
in children, and we calculated the cut-off levels for ‘well-controlled’ asthma and the 
minimal important differences of the Asthma Control Test and the Childhood Asthma 
Control Test.
In chapter 5, we present the main results of the BATMAN study. This study compares  
two novel monitoring strategies with standard care: monthly web-based assessment of 
asthma control by means of the ACT, and 4-monthly measurements of FeNO.
In chapter 6, the cost-effectiveness of web-based monitoring and FeNO monitoring is 
described.
In chapter 7, the effect of web-based monitoring and FeNO monitoring in different 
pediatric asthma phenotypes is presented.
The main findings and implications described in this thesis are discussed in the general 
discussion in chapter 8, followed by a summary in chapter 9. 
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Summary

Several self-administered questionnaires have been developed to assess childhood asthma 
control in a simple and standardized way. This review discusses the most commonly used 
questionnaires and explores their usefulness in asthma management in children. We 
conclude that the use of asthma control questionnaires in daily practice and in research 
contributes to the standardized evaluation of children with asthma and helps to track 
asthma symptoms, but validation studies in a wider range of settings are needed.
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Introduction

In a substantial proportion of asthmatic children (up to 90%) the goals of asthma 
management are not reached, which means that despite current treatment guidelines 
numerous children still suffer from sleep disturbances and exercise intolerance1, 2. Asthma 
is the third ranking course of hospitalization in children and the most important chronic 
disease that causes school absenteeism among children in the US3. In Europe unscheduled 
health care visits accounted for 45% of total asthma costs in children; 7% of all children 
reported at least 1 hospitalization for asthma in the past year4. Hence, there is an urgent 
need for validated instruments to assess asthma control in a simple, noninvasive, cheap 
and standardized way. 
Asthma control is a central concept in all asthma guidelines and is defined as the extent 
to which the various asthma manifestations, including symptoms, the use of reliever 
medication, and the ability to carry out daily activities and exercise, have been reduced by 
treatment5, 6. Asthma management also aims to reduce future risks to the patient including 
exacerbations, accelerated decline in lung function and side effects of treatment5. As 
current poor control predicts future poor control7, assessment of asthma control has 
become a key element in asthma management6. 
The assessment of asthma control by patients will depend on their perception of airway 
obstruction8, as well as their personal interpretation of optimal control. This may differ 
markedly from that of the clinician9. In general, both patients and physicians tend 
to overestimate asthma control10-12. Similarly, in asthmatic children, parents tend to 
underreport asthma symptoms of their child12-14, which might be explained by adaptation 
of the activity level of children to their asthma symptoms15, 16.  The Global Initiative For 
Asthma (GINA) proposed levels of asthma control based on clinical manifestations, forced 
expiratory volume in 1 second (FEV1) and expected future risk and proposed to classify 
patients as well-controlled, partly controlled or uncontrolled5. Complementary, several 
self-administered questionnaires have been developed to assess asthma control in a 
standardized way. Contrary to the concept of GINA, these questionnaires use numeric 
scores. Examples of such questionnaires are the Asthma Control Questionnaire (ACQ), 
the Asthma Control Test (ACT) and Childhood Asthma Control Test (C-ACT), the Asthma 
Treatment Assessment Questionnaire (ATAQ) and Test for Respiratory and Asthma Control 
in Kids (TRACK) (Table 1). In this review we summarize questionnaires that have been used 
to assess asthma control in children and discuss their value for asthma management.
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Table 1 Questionnaires for measuring asthma control in children

Name of test Age Number of items Scoring Recall period MIDa

Asthma Control Test 
(ACT)

- adults
- child ≥ 12 yrs

5 items ≤ 19: uncontrolled 
asthma
Range: 5-25

4 weeks 3 (adults)
2 (children)

Childhood Asthma 
Control Test (C-ACT)

- child 4-12 yrs 7 items:
- 4 child
- 3 parent

≤ 19: uncontrolled 
asthma
Range: 5-27

4 weeks 2

Asthma Control 
Questionnaire (ACQ)

- adults
- child 6-16 yrs

7 items, including 
FEV1

≤ 0.75 controlled 
asthma
≥ 1.5 uncontrolled 
asthma
Range: 0-6

1 week 0.5

Asthma Therapy 
Assessment 
Questionnaire (ATAQ)

- adults
- child 5-17 yrs

4 items 0: controlled 
asthma
≥ 1: uncontrolled 
asthma 
(1-2: not well 
controlled; 3-4 very 
poorly controlled)
Range: 0-4

4 weeks No MID

Test for Respiratory 
and Asthma Control 
in Kids (TRACK)

- child <5 yrs 5 items <80: uncontrolled 
asthma
≥80: controlled 
asthma

4 weeks
(oral steroid 
courses 12 
months)

10

a) MID: minimal important difference.

Asthma Control Questionnaire

The ACQ was developed by Juniper et al. and was the first validated questionnaire for 
assessing asthma control in clinical trials and clinical practice17, 18. The questionnaire has 
a recall period of 1 week and consists of 7 questions, asking for breathlessness, nocturnal 
awakenings, symptoms when waking up, activity limitation, wheeze, frequency of rescue 
medication, and pre-bronchodilator FEV1 %predicted. The items are scored from 0 
(optimal) to 6 (worst), and are equally weighted. The ACQ score is the mean of the seven 
items and therefore ranges from 0 (well controlled) to 6 (extremely poorly controlled)17, 

18. The ACQ has been validated against quality of life and physician assessment of asthma 
control17, 19-22, and the minimal clinically important difference is 0.519. The ACQ has only 
recently been validated for use in children aged 6-16 years, with a trained interviewer 
administering the questionnaire to children aged 6-10 years18. A score less than or equal 
to 0.75 indicated well-controlled asthma with a negative predictive value of 85%, and a 
value of greater than or equal to 1.50 had a positive predictive value of 88% for detecting 
uncontrolled asthma19. However, recently these cut-offs have been debated and <0.5 for 
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controlled asthma and ≥1 or ≥1.25 for uncontrolled asthma have been proposed as better 
cut-off points 23, 24. Shortened versions of the ACQ, with omission of the items on short-
acting beta agonists (SABA) use and/or FEV1, perform as well as the complete version19, 21 
and may be suitable for self-completion at home or in primary care25. 

Asthma Control Test

The ACT is a patient-completed questionnaire for patients 12 years and older with a recall 
time of 4 weeks. It consists of 5 questions on shortness of breath, awakenings at night, 
limitation of activity, rescue SABA use, and patient rating of asthma control. Each item 
is scored using a 1–5 scale and the scores are added, to a total score of 5–25. The ACT 
has been validated against specialist’s rating of asthma control and spirometry26-28, GINA 
criteria of asthma control29-31, and quality of life32. The test is easy to use, and can be 
completed on the Internet33, 34 or by telephone35, 36. A score of less than 20 corresponds 
to uncontrolled asthma (sensitivity 69-71%, specificity 71-76%) and less than or equal 
to 15 to very poorly controlled asthma (sensitivity 61%, specificity 74%)26, 28, 32.  An ACT ≥ 
23 indicates well controlled asthma37. The minimal important difference (MID) has been 
shown to be 3 ACT points in adults38 and 2 in children37.
In children aged 4 to 11 years, the Childhood Asthma Control Test may be used (C-ACT)39. 
The C-ACT is a 7-item questionnaire that addresses the previous 4 weeks and is divided 
into 2 parts. The first part is filled in by the child with the aid of a visual scale and consists 
of 4 questions on perception of asthma control, limitations of activities, coughing and 
nocturnal awakenings. Response levels vary from 0 to 3. The second part is filled in by 
a parent or caregiver and its 3 questions ask for daytime symptoms, daytime wheezing 
and awakenings at night, with response levels between 0 and 5. The C-ACT score is the 
sum of all scores, ranging from 0 (poorest asthma control) to 27 (optimal asthma control). 
Again, a cut-off of ≤ 19 indicates uncontrolled asthma39 and ≥ 22 indicated well controlled 
asthma37. The minimal important difference is 2 C-ACT points37.

Asthma Therapy Assessment Questionnaire

The ATAQ is a validated, self-administered questionnaire that asks about self-perception, 
limitation of activity, night-time symptoms, and the use of reliever medication in the 
previous 4 weeks40.  Each item is scored as either having (1) or not having a problem (0). 
The number of positive control items provides a total score ranging from 0 to 4. Zero 
indicates controlled asthma, ≥1 indicates uncontrolled asthma, whereas score 3-4 indicates 
very poorly controlled asthma40, 41. For children and adolescents aged 5-17 years a child 
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version has been developed42. This is a 20-item parent-completed questionnaire, intended 
to identify children with uncontrolled asthma42. The ATAQ for children and adolescents 
covers questions in 4 dimensions: asthma control (7 questions), attitude and behavior (2 
questions), self-efficacy (3 questions) and patient-provider communication (5 questions). 
Each question is dichotomized and the sum of scores pertaining to a dimension represents 
problems in that dimension42. The asthma control domain is scored from 0 to 7, with 0 
indicating no asthma problems, and higher scores indicating increasing asthma problems. 
Children with a score of 4-7 are at increased risk for exacerbations43.

Test for Respiratory and Asthma Control in Kids

TRACK is a validated parent-completed asthma control questionnaire designed for 
children under the age of 544. It consists of 5 questions, asking for perception, limitations 
of activities, awakenings at night, the use of reliever medication in the previous 4 weeks 
and the need of oral corticosteroids in the last 12 months. A score less than 80 indicates 
uncontrolled asthma44, 45. Changes in TRACK scores of 10 or more points represent clinically 
meaningful changes46.

Gold standard of asthma control 

There is no gold standard for the assessment of asthma control, although levels of 
asthma control according to GINA guidelines are frequently used as such6. However, the 
proposed definition by GINA of controlled, partly controlled and uncontrolled asthma was 
primarily developed as an arbitrary working scheme for adults and has not been validated 
for children5. It might be argued that criteria for well-controlled asthma in children may 
differ from those in adults. In children, in particular limitation of activities and nocturnal 
symptoms may impact the quality of life of the children and their caregivers47. Based on 
GINA criteria, the diagnostic performances of the ACT or ACQ in assessing levels of asthma 
control have been evaluated in several studies. Most of these studies have shown a high 
level of agreement between both tests and GINA criteria23, 29-31, 48-51. Only one study found 
a significant discrepancy between C-ACT and GINA levels of control52. It was hypothesized 
that this discrepancy was due to the fact that GINA levels are based on frequency of 
symptoms and on pulmonary function tests, whereas the C-ACT score is determined 
by the severity of symptoms only. The area under the receiver operating characteristics 
curves (AUC) of C-ACT and ACT score for predicting uncontrolled asthma according to 
GINA varied from 0.84 to 0.92 29-31, 50, 51, 53.  The AUC for the ACQ score to predict GINA 
uncontrolled asthma varied from 0.85 to 0.8723. 
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Asthma control questionnaires, lung function and airway 
inflammation

As asthma is a chronic inflammatory disorder with reversible airway obstruction as 
one of the prominent features, measurements of airway obstruction (FEV1) and airway 
inflammation (like fractional exhaled nitric oxide (FeNO) as a biomarker of eosinophilic 
airway inflammation) are frequently used in addition to clinical tools to assess asthma 
control. Several studies have examined the relation between asthma control questionnaires 
and these objective features. Most studies have shown an association between FEV1 or 
quality of life and the ACT, C-ACT or ACQ scores18, 21, 54-57. However, other studies found 
a weak or absent correlation between lung function measurements and asthma control 
scores57-61. Ko et al. showed that adding FEV1 to the ACT did not significantly improve 
the predictive value for the adjustment of asthma therapy compared to the ACT alone62. 
Also, evidence is lacking that the use of FEV1 in assessing asthma control improves 
asthma outcomes in children63. The relationship between questionnaires and FeNO was 
significant in newly diagnosed steroid-naïve asthma patients 55, 60 but weak or absent in 
those children using inhaled corticosteroids57, 58, 64, 65. Green et al. found a poor agreement 
among FeNO, spirometry, C-ACT and clinical assessment to assess asthma control66. 
It is obvious that lung function and airways inflammation represent different domains 
of the asthma phenotype and reflect different aspects of asthma control. It is unclear 
how these different tools may be used in the assessment of asthma control and if the 
addition of lung function and/or inflammatory markers in the monitoring of children 
with asthma leads to improved outcomes. In a systematic review, Petsky et al. concluded 
that tailoring of asthma treatment based on FeNO levels did not show effectiveness in 
improving asthma outcomes in children67. There are no studies comparing symptom based 
treatment with treatment based on symptoms and FEV1, however a benefit of peak flow 
guided treatment over management based on symptoms alone could not be shown68, 69. 
Therefore, it is unclear if considering lung function and inflammatory markers adds up to 
a more reliable assessment of asthma control and if so, in which children.

The added value of questionnaires in asthma management

Questionnaires to assess asthma control may be useful in asthma management as they 
enable for a standardized assessment, and give a quick overview of a patients’ asthma 
control. They may be filled in in the waiting room or at home before medical evaluation in 
the clinic. They offer the possibility to adjust asthma treatment based on pre-specified cut-
off points. This can be used as part of self-management strategies. Asthma questionnaires 
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can be administered by mail32, by the Internet33, 34, and by telephone36, which facilitates 
their use in self-management6. However, a limitation may be that asthma control may 
be overestimated by poor symptom perception. Both the ACT and the ACQ have a short 
recall time of 4 weeks and 1 week respectively, which may give a ‘snapshot’ of asthma 
control but possibly an insufficient overview of asthma control between clinic visits. 
Therefore, daily diaries may be a more sensitive tool than questionnaires for assessing 
differential treatment responses in clinical trials70. Still, asthma questionnaires have been 
shown useful in evaluating the efficacy of various therapeutic interventions71-73. 
If questionnaires are to be used in daily practice, the preference for a particular 
questionnaire may depend on its recall window, the age of the child and the availability 
of spirometry. In a meta-analysis Jia et al. showed that the ACT and ACQ performed 
equally well when used to assess asthma control74. They concluded that the ACQ required 
further cross-validation and therefore they recommended the ACT for children in clinical 
practice74.  As the ACT does not include spirometry, this test may be more feasible in 
clinics with a high volume of patients and limited resources 74. TRACK is the only asthma 
questionnaire for use in preschool children, however, only limited data are available on 
TRACK, and validation studies in different populations are missing 44. The C-ACT39 might 
be the preferred test in children from the age of 4 years, because of the visual scale and 
because it has been validated in different settings32,34. In addition, assessment of asthma 
control with the C-ACT is not only parent reported, but also based on the child’s own 
report. As parents tend to underestimate asthma control13, assessment by the child itself 
is valuable. The ACQ is validated from the age of 6 years, but the complete version of 20 
questions is time consuming. Few data are available on the use of the ATAQ in children42, 43. 
Most questionnaires have been developed to detect uncontrolled asthma and only few 
studies proposed a cut-off for well-controlled asthma19, 54, 75. The magnitude of a clinically 
relevant change in C-ACT and ACT scores has only recently been published by our group37. 
Little is known about the potential of asthma control questionnaires to predict future 
risks, and in particular exacerbations, and studies are limited to adults 6, 76-78. The TRACK 
is the only questionnaire including exacerbations (oral steroid courses) in the assessment 
of asthma control. As children may have unexpected exacerbations after long periods of 
control and exacerbations may occur in children with good and poor short-term asthma 
control, this is a serious drawback of most asthma control questionnaires79-81. New 
studies should focus on the clinical value of asthma control questionnaires which include 
exacerbations in their assessment and on the potential of these questionnaires to predict 
lung function decline. Also, further research is required to establish whether the use of 
composite measures of asthma control improves asthma outcomes. 
It is unknown if the use of monitoring of asthma control with asthma control questionnaires, 
with or without FEV1 or FeNO, has added value in specific asthma phenotypes6. Finally, 
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it should be realized that questionnaire scores could be influenced and consequently 
misinterpreted by obesity and allergic rhinitis, because of discrepancy between symptoms 
and asthmatic inflammation. 

In conclusion, the use of asthma questionnaires in daily practice and research potentially 
contributes to the standardized evaluation of children with asthma and helps to track 
asthma symptoms. However, there remains a need for validation of methodological 
aspects of the different questionnaires, including repeatability, cutoffs for well-controlled 
and uncontrolled asthma and validation in a wide range of settings82. Controlled trials are 
needed to establish the added value of asthma questionnaires for asthma management and 
to answer the question if final outcomes will be different by using asthma questionnaires 
in clinical practice in children with asthma.
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Abstract

Background
The Childhood Asthma Control Test (C-ACT) is a validated patient-completed 
questionnaire to assess asthma control in children 4-11 years. It consists of seven 
items, addresses the previous 4 weeks and is divided into two parts. One part is filled 
in by the child with aid of a visual analogue scale and has a maximal score of 12; the 
second part is filled in by the parent with a maximal score of 15. 

Objectives
To compare asthma control scores between children and their parents.

Methods
Asthmatic children 4-11 years and their parents visiting KinderHaven, an outpatient 
asthma clinic, between January and December 2011 completed the C-ACT as part 
of routine patient care. Spearmans correlation and Intraclass Correlation Coefficient 
(ICC) between C-ACT by child and parent were calculated. Both scores were expressed 
as percentage of the maximum and pair wise compared using the Wilcoxon Signed 
Ranks Test and a Bland-Altman plot.

Results
283 children (aged 7.7 yrs, 66.8% male) and their parents participated; 272 C-ACT’s 
were filled in correctly. Correlation between C-ACT-score between children and 
parents was r=0.724 (p<0.001), the ICC was reasonable (0.77, p<0.001). Children 
scored median 75% (0-100) of the maximal score, whereas parents scored median 
87% (0-100). On average children scored 8.3% lower than parents (p<0.001). The 
difference between children and parents was independent of the child’s age (p=0.8). 

Conclusions
Asthmatic children report significantly lower asthma control than their parents using 
the C-ACT, irrespective of the child’s age. This may indicate that parents underestimate 
the complaints of their children.
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Introduction

Recent guidelines place a strong emphasis on monitoring asthma control and adjusting 
treatment accordingly1. Several tools are available to assess asthma control, including the 
asthma control test (ACT) and childhood asthma control test (C-ACT). These tests were 
developed to detect uncontrolled asthma and are widely used in research and patient 
care2, 3. 
The C-ACT is a seven-item questionnaire, which was designed and validated for children 
from age 4 to 11, and addresses the previous 4 weeks. The C-ACT is divided into two 
parts. The first is filled in by the child and consists of 4 questions on perception of asthma 
control, limitations of activities, coughing and nocturnal awakenings. Response levels vary 
from 0 to 3. The second part is filled in by a parent or caregiver and consists of 3 questions 
on daytime complaints, daytime wheezing and awakenings at night, with response levels 
between 0 and 5. The C-ACT score is the sum of all scores, ranging from 0 (poorest asthma 
control) to 27 (optimal asthma control). A cut-off of ≤ 19 indicates uncontrolled asthma4. 
Because the C-ACT consists of questions answered by the child and by the parent, this 
instrument offers the possibility to compare patient’s and parents perception on asthma 
control measured at the same time. 
Earlier studies have shown that parents tend to underreport asthma symptoms of their 
child and that children may adapt their activity level to their asthma symptoms5, 6. We 
hypothesized that parents would underestimate their children’s asthma control, and 
compared C-ACT subscores of children and parents.

Methods

We included children between 4 and 11 years of age with a doctor’s diagnosis of asthma, 
who visited KinderHaven, our outpatient asthma clinic (Rotterdam, the Netherlands) 
between January and December 2011. All children and parents completed the C-ACT as 
part of routine patient care. The child completed the first 4 questions under supervision of 
the parent, and then one of the parents completed the remaining questions and calculated 
the total score before visiting the doctor or nurse. For this study formal medical ethical 
permission was not required according to the Medical Ethical Committee of Erasmus 
Medical Center, Rotterdam, The Netherlands. 

To compare asthma control scores between children and parents, Spearman’s correlations 
and the Intraclass Correlation Coefficient (ICC) were calculated. Scores of the children 
and the parents were expressed as percentage of the maximum, and pairwise compared 
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using the Wilcoxon Signed Ranks Test. To test the effect of age, mean differences per age 
category were compared using ANOVA. Data were analyzed using SPSS (version 17.0; SPSS 
Inc., Chicago, IL, USA) and a p-value <5% was considered statistically significant.

Results

283 children (mean age 7.7 years (range 4-12), 66.8% boys) and their parents completed 
a C-ACT; 272 C-ACT’s were filled in correctly by both child and parent. The median C-ACT 
score was 22 (interquartile range (IQR) 18-25). 
Children scored median 75% of the maximal score (IQR 58-83%), versus 87% for the 
parents (IQR 73-100%). On average, children scored 8.3% lower than their parents (95% 
CI 6.4-10.2, p<0.001). The upper and lower 95% limits of agreement were -40% and +23%, 
respectively. The differences between scores of the child and parent tended to be higher 
at lower mean scores. One question of the C-ACT is identical for child and parents, the 
question on nocturnal complaints. For this question children had a median score of 67% 
(IQR 67-100%), compared to 100% for parents (IQR 80-100%, p<0.001). 
Spearman’s correlation between C-ACT-scores of children and parents was 0.72 (p<0.001) 
and the ICC was 0.77 (p<0.001). The difference in scores between children and parents 
was independent of the child’s age (p=0.8). 

Discussion

We showed that children reported significantly lower asthma control than their parents 
using the C-ACT. This confirms our hypothesis that parents underestimate the asthma 
symptoms of their children6-8. We speculate that the systematic difference between 
parents and children might be one of the factors responsible for under treatment of 
asthma in children7. Alternatively, it might also be possible that children overestimate 
their complaints, and the interpretation of the parent is more accurate. In the absence 
of any objective gold standard test of asthma control it is impossible to draw conclusions. 
In favour of a more accurate perception by the parents is that perception of children may 
be limited to a shorter recall time, as the common recall period for a child below the age 
of 8 years is only a few days9, whereas the C-ACT asks about the previous 4 weeks. Parents 
might be better able to recall symptoms for a longer period of time. However, we found 
that the difference between children and parents was independent of the child’s age, and 
this argues against this mechanism. 
Another reason for the discrepancy between children and parents might be that the 
questions to be answered by the parents were more quantitative (number of days with 
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complaints) while the child questions were qualitative (how do you feel). In younger 
children, this may lead to more extreme scores as they will have more trouble in 
interpreting a neutral state4. Comparison between scores is hampered by the fact that 
most questions to the children and the parents were different. For the single identical 
question on nocturnal complaints we found children scoring significantly lower than their 
parents. 
We conclude that there was a systematic difference in C-ACT scores by parents and 
children, with parents tending to under report or children to over report. We recommend 
considering the scores by parents and children separately when assessing asthma control.  
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Abstract

Background 
Data from asthma diaries are frequently used as an endpoint in asthma studies, 
however, data on the validity of web-based diaries are scarce. 

Objectives
First, we examined the validity of a web-based diary in assessing asthma control. 
Second, we determined the cut-off points for well-controlled asthma of the Childhood 
Asthma Control Test (C-ACT) and the Asthma Control Test (ACT), and calculated the 
minimal important difference for both tests. 

Methods
Asthmatic children 4-18 years (n=228) completed a 4-week web-based diary, (C-)ACT 
and an asthma-related quality-of-life questionnaire at baseline and after 1 year 
follow up. 

Results
Completion rate of the web-based diaries was 89%. The diary scores correlated 
strongly with C-ACT and ACT scores (r= -0.73, p<0.01; r=-0.64, p<0.01 respectively) 
and the changes in diary scores correlated well with changes in (C-)ACT scores. The 
best cut-off points for well-controlled asthma were C-ACT ≥ 22 and ACT ≥ 23. The 
minimal important differences were 1.9 (95%CI 1.3-2.5) for ACT and 1.6 (95%CI 1.1-
2.1) for C-ACT and -0.7 points/ day (95% CI -1.1 - -0.4) for the web-based diary. 

Conclusions
Our web-based diary was valid for recording asthma symptoms. Cut-off points of ≥ 22 
(C-ACT) and ≥ 23 (ACT) define well-controlled asthma. We recommend a 2 (C-)ACT 
points difference as minimally important.
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Introduction

Asthma affects approximately 5-8% of all school-aged children in the Western world1. The 
ultimate goal of asthma treatment is to achieve and maintain clinical control and reduce 
future risk; hence, measures of asthma control are important outcomes in clinical asthma 
trials2. Symptoms and symptom-free days as recorded in diaries are frequently used as 
endpoints that reflect control3, 4. Symptom diaries are easy to use, cheap and symptoms 
are important for the patients and parents. However, recall bias is a problem with paper-
based diaries, especially if these are not filled in on a daily basis5. This problem might be 
minimised by web-based diaries, which are easily accessible at any time. However, data 
on their feasibility and reliability are scarce. Other tools available for measuring asthma 
control are the asthma control test (ACT) and childhood asthma control test (C-ACT). Both 
these questionnaires were developed and validated for detection of uncontrolled asthma 
and are available for children from the ages of 12 (ACT) and 4 to 11 years (C-ACT) 6-8. 
They are frequently used by patients and physicians, and although a cut-off of < 20 has 
good sensitivity and enough specificity to detect uncontrolled asthma, only few studies 
have proposed a cut-off point for well-controlled asthma9-11. Also the minimal important 
difference in score for C-ACT and ACT, defined as the scores that reflect a clinically 
meaningful change for the patient, is currently lacking. We therefore studied the validity 
of a web-based diary in assessing asthma control in children, using C-ACT and ACT as 
gold standard. Second, we determined C-ACT and ACT cut-off points for ‘well-controlled’ 
asthma and calculated the minimal important difference (MID) in C-ACT, ACT and the 
diary scores with the Paediatric Asthma Quality of Life score as a gold standard.

Materials and Methods

This study is part of the multi-centre study ‘Better Asthma Treatment: Monitoring with 
ACT and Nitric oxide’ (‘BATMAN’), a prospective, randomized controlled trial on new 
monitoring strategies in asthmatic children in the Netherlands with a follow up of 1 year 
(trial number NTR 1995). At baseline (t=0), parents and children completed a C-ACT or 
an ACT (if ≥12 years) and fractional exhaled nitric oxide (FeNO) was measured (Figure 1). 

Baseline visit 
(t=0)

ACT
FeNO

Visit 2 
(t=4 wks)

ACT
FeNO
FEV1

PAQLQ

Follow-up visit 
(t=13 mo)

ACT
FeNO
FEV1

PAQLQ

Web-based 
diary

Web-based 
diary

Figure 1 Study design. ACT: asthma control test; FeNO: fraction of exhaled nitric oxide; FEV1: forced 
expiratory volume in 1 second; PAQLQ: paediatric asthma quality of life questionnaire.



Chapter 4

42

Subsequently, patients and/or their parents filled in a daily web-based diary for 4 weeks 
(baseline diary). Participants who completed less than 50% of the diaries dropped out 
of the study, as we felt we did not have enough information on the primary endpoint 
(symptom free days). At visit 2 (t= 4 weeks), asthma control was assessed with the C-ACT or 
ACT; FeNO and forced expiratory volume in 1 second (FEV1) were measured and asthma-
related quality of life was assessed with the Paediatric Asthma Caregivers Quality of Life 
Questionnaire (PACQLQ) or Paediatric Asthma Quality of Life Questionnaire (PAQLQ, if ≥12 
years)12, 13. After one year follow up, all children filled in a second daily web-based diary for 
4 weeks (follow up diary), and C-ACT/ACT, PACQLQ/PAQLQ, FEV1 and FeNO were repeated 
at the end of this 4-weeks period (t=13 months).

Study population 
Children 4 to 18 years of age, with a doctor’s diagnosis of atopic asthma based on 
clinical symptoms, and FEV1 bronchodilator response of  >9% of predicted and/or airway 
hyperresponsiveness and/or FeNO >25 ppb, were recruited from 3 tertiary referral 
centers and 4 general hospitals. Patients had been using inhaled corticosteroids for at 
least 3 months before inclusion and had Internet access at home. Exclusion criteria were 
active smoking, pulmonary diseases other than asthma, recent (< 1 year) admission to an 
intensive care unit for asthma, inability to perform FeNO measurements, and the use of 
omalizumab. The Medical Ethics Committee of the Erasmus University Medical Center, 
Rotterdam, approved the study. All patients (if 12 years or older) and their parents gave 
written informed consent before entering the study. 

Web-based diaries 
The web-based diary recorded daytime and night-time symptoms (coughing, wheezing, 
shortness of breath), limitation in activity and use of reliever medication (Figure 2). The 
diary score for either night-time as well as daytime symptoms ranged from 0 (no symptoms) 
to 21 (severe symptoms), plus the number of occasions when reliever medication was 
used. Diaries were sent out twice daily (5:00 am and 3:30 pm), were automatically date 
and time stamped, and participants received a reminder by email once daily. Data entry 
was possible at the latest 5 days later. The web-based diary is a web-version of an existing 
paper diary based on GINA criteria4. 

To correct for different completion rates, the diary scores were divided by the number 
of completed days (‘corrected diary score’). For assessing the validity of the web-based 
diaries and determination of the GINA levels that were used for the calculation of cut-off 
values, only patients who completed at least 75% of the diaries were selected.
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a

Coughing: None

(0)

One  episode

(1)

Two or more episodes

(2)

Coughing during the 
whole night
(3)

Wheezing: None

(0)

One  episode

(1)

Two or more wheezing 
episodes
(2)

Wheezing during the 
whole night
(3)

Shortness of breath: None

(0)

One episode 

(1)

Two or more episodes 

(2)

Shortness of breath 
during the whole night
(3)

Use of reliever medication:                                                                     …….. times

b

Coughing:
None

(0)

One episode

(1)

Two or more episodes

(2)

Coughing during the 
whole day
(3)

Wheezing:
None

(0)

One episode

(1)

Two or more wheezing 
episodes
(2)

Wheezing during the 
whole day
(3)

Shortness of breath:
None

(0)

One episode 

(1)

Two or more episodes 

(2)

Shortness of breath 
during the whole day
(3)

Limitation of activity: 
No limitation

(0)

Little complains, 
no limitation of 
activities
(1)

Some limitation of 
activities

(2)

Much limitation of 
activities

(3)

Use of reliever medication:                                                                     …….. times

Figure 2 Web-based diaries. a) Morning diaries to register night-time symptoms; b) Evening diaries 
to register daytime symptoms.

(Childhood) Asthma Control
The Asthma Control Test (ACT) was used to assess asthma control in children from the 
age of 128. This patient-completed questionnaire consists of 5 questions on shortness of 
breath, awakenings at night, limitation of activity, rescue use of inhaled bronchodilators, 
and patient rating of asthma control, over the past 4 weeks. Total score ranges between 
5 and 25 with a score of less than 20 corresponding to uncontrolled asthma8, 14, 15. In this 
study we used the Dutch, validated version of the ACT. In children aged 4 to 11 years, 
the translated Childhood Asthma Control Test was used (C-ACT)7. The C-ACT is a seven-
item questionnaire that also addresses the previous 4 weeks and is divided into two 
parts. The first part is filled in by the child with the aid of a visual scale and consists 
of 4 questions on perception of asthma control, limitations of activities, coughing and 
nocturnal awakenings. The second part is filled in by a parent or caregiver and consists 
of 3 questions on daytime complaints, daytime wheezing and awakenings at night. The 
C-ACT score may range  from 0 (poorest asthma control) to 27 (optimal asthma control). A 
score of ≤19 indicates uncontrolled asthma7. 
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Lung function and FeNO  
FeNO was measured online (NIOX NO-analyzer or NIOX MINO, Aerocrine, Stockholm, 
Sweden) with an expiratory flow of 50 mL/s16. Spirometry was performed using a 
MasterScreen electronic spirometer (Jaeger/Carefusion, Würzburg, Germany).  FEV1 was 
recorded and expressed as percentage predicted.

Pediatric Asthma Quality of Life 
In children 12 years and older, asthma-related quality of life was measured with the 23-item 
self-reported Dutch validated version of the PAQLQ for children13, 17. This questionnaire 
consists of domains related to emotions, activity, and symptoms, which are all equally 
weighted. Results were expressed as overall asthma-related quality of life. In children 
under the age of 12 years, asthma-related quality of life was measured using the PACQLQ, 
which measures how caregivers are limited in their own quality of life by their child’s 
asthma12, 17. In both tests the maximal score is 7, which indicates optimal quality of life. 

Defining asthma control 
Based on the diary data, patients were categorized as having either well-controlled, partly 
controlled or uncontrolled asthma, according to GINA guidelines including FEV11. In this 
survey, the definition of partly controlled was adapted from ‘any measure present in any 
week’ to ‘any measure present per week’ in the previous 4 weeks. The features ‘daytime 
symptoms’ and ‘need for rescue treatment’ were scored as present if patients recorded 
these for more than 2 days a week11. After 4 weeks, an overall GINA asthma control level 
was determined, being the mean score of control status of all weeks. Three completed 
weeks were considered the minimum in the final assessment of GINA asthma control level 
(75% of the diaries). 

Statistical Analysis 
To validate the web-based diary, symptom scores from diaries were correlated with C-ACT 
or ACT scores. Both cross-sectional and longitudinal construct validity were evaluated 
by comparing associations (Pearson correlation coefficient) between C-ACT or ACT and 
the web-based diary data. Responsiveness (sensitivity of change) of the web-based diary 
was evaluated by comparing changes in the score between baseline and after one year 
follow-up with changes in the C-ACT and ACT score over the same period. Sensitivity, 
specificity, positive and negative predictive values for well-controlled asthma as defined 
by GINA criteria were calculated for different cut-off points of C-ACT and ACT. The highest 
Youden index (sensitivity-[1-specificity]) was considered the optimal cut-off18.  The MID 
for the C-ACT, ACT and symptom scores from the diary were calculated using the PAQCLQ 
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or PAQLQ score. In a linear regression model, we calculated the change in C-ACT, ACT and 
symptom scores that corresponded to a change in PACQLQ or PAQLQ score of 0.5, which 
has been considered as a clinically significant and relevant change19, 20. Data were analyzed 
using SPSS version 20.0. All statistical tests used were two-tailed. The level of significance 
was set at 5%. 

Results

Two hundred twenty-eight patients (67% male) participated; their mean age was 10.5 
years (SD 3.0). Baseline characteristics are shown in Table 1. Seven patients dropped out, 
because they did not complete 50% of all diaries or they did not show up at their second 
visit.

Table 1 Baseline characteristics of the patients

Age group 4-11 yrs 
(n=151)

Age group 12-18 yrs 
(n=77)

Age (yrs)a 8.7 (1.8) 13.8 (1.6)

Gender (male)b 106 (70%) 43 (56%)

Duration of asthma (yrs)a 4.5 (2.8) 8.3 (3.9)

Daily dose of inhaled corticosteroids b 
   ≤ 400 ug budesonide or equivalent
   > 400 ug budesonide or equivalent

116 (77%)
35 (23%)

42 (55%)
34 (45%)

Use of long-acting beta-2-agonistsb 57 (38%) 54 (70%)

Use of leukotriene receptor antagonist b 12 (8%) 15 (20%)

Self-reported medication adherence c,* 7.0 (6.0-7.0) 7.0 (6.0-7.0)

C-ACT or ACT score c 22.0 (19.0-24.0) 22.0 (20.0-23.0)

FeNO (ppb)d 15.9 (2.2) 19.9 (2.2)

FEV1 (%predicted)a,# 97 (14) 96 (15)

Data are shown as a) mean (standard deviation); b) absolute numbers (%); c) median (interquartile range); d) 
geometric mean (standard deviation). * Range: 1-7 days/wk; # measured after baseline diary.

Validation of web diaries  
Patients reported more symptoms in the baseline diary than in the follow up diary 1 
year later; median (IQR) corrected diary scores were 1.1 (0.3-3.1)(<12 years, n= 127) 
and 1.4 (0.5-2.7)(≥12 years, n=67) versus 1.0 (0.3-3.0)(<12 years, n=93) and 0.8 (0.3-3.3)
(≥12 years, n=53) in the follow-up period. The median (IQR) C-ACT and ACT scores at the 
end of the baseline period were 22 (19-25; n=146) and 22 (19-23; n=75), respectively. 
After completion of the follow up diary, the median (IQR) C-ACT score was 23 (20-25; 



Chapter 4

46

n=114) and the median C-ACT score was 23 (20-24, n=66). There was a strong correlation 
between ACT and C-ACT scores and the diary scores of both baseline diary and follow 
up diary (Table 2). One hundred thirty four children completed both ACTs and at least 
21 diary days in both periods. There was a good correlation between the change in diary 
score and the change in C-ACT (r=-0.48, p<0.01) and ACT score (r=-0.69, P<0.01)(Table 2).

Table 2 Diary scores, C-ACT and ACT-scores, and correlations 

Diary score,  
<12 yrs

(median, 
IQR)

C-ACT
(median, 

IQR)

Correlation 
diary- 

C-ACT, r*
p-value

Diary score, 
≥12 yrs

(median, 
IQR)

ACT
(median, 

IQR)

Correlation 
diary-ACT, 

r*
p-value

Cross-sectional

Baseline 1.1
(0.3-3.1)

22
(19-25) -0.64a <0.001 1.4

(0.5-2.7)
22

(19-23) -0.72c <0.001

Follow up 1.0
(0.3-3.0)

23
(20-25) -0.70b <0.001 0.8

(0.3-3.3)
23

(20-24) -0.58d <0.001

Longitudinal (baseline-follow up)

Change# -0.2 (2.2) 0.5 (4.0) -0.48e <0.001 -0.3 (2.0) 0.6 (3.8) -0.69f <0.001

C-ACT=Childhood Asthma Control test; ACT=Asthma Control Test; a: n=131; b: n=124; c: n=67; d: n=68; e: n=117; 
f: n=60; * Pearson correlation coefficient. # mean (standard deviation). 

C-ACT and ACT cut-off point for well-controlled asthma 
According to the GINA criteria, after the baseline period 20% (n=39) of patients were 
classified as well-controlled, 40% (n=78) as partly controlled and 40% (n=77) as 
uncontrolled1. Children with well-controlled asthma had a median C-ACT of 25.0 (23.0-
26.0) and a median ACT score of 24.0 (23.0-25.0)(Table 3). GINA levels of control were 
used to determine a cut-off point for well-controlled asthma. The best C-ACT cut-off score 
for well-controlled asthma was ≥22 (AUC 0.81). When using the ACT, the best cut-off score 
for well-controlled asthma was ≥23 (AUC 0.91). ROC curves are shown in Figure 3.

FeNO and lung function 
At baseline, geometric mean FeNO was 18.0 ppb in children with controlled asthma, 
19.7 ppb in children with partly controlled asthma and 17.8 ppb in uncontrolled children 
(p=0.61). There was no significant correlation between FeNO and C-ACT (p=0.78) or ACT 
(p=0.37). FEV1 values per GINA level were 97% for controlled asthma, 96% for partly 
controlled asthma and 98% for uncontrolled asthma (p=0.71). Again, there was no 
significant correlation with C-ACT (p=0.72) or ACT (p=0.43) and FEV1. 
After one year follow up, geometric mean FeNO was significant higher for all GINA levels 
(all p<0.02); 27.3 ppb for controlled asthma, 26.9 ppb for partly controlled asthma and 
23.0 ppb for uncontrolled asthma. There was no significant difference between the GINA 



Monitoring childhood asthma

47

4

Chapter

levels (p=0.42). FEV1 values at follow up were 99% for controlled asthma, 97% for partly 
controlled asthma and 95% for uncontrolled asthma (p=0.40).
We also assessed the predictive value of FeNO to predict well-controlled asthma, which 
was poor (AUC 0.55; data not shown). 

Table 3 ACT-, C-ACT- and PAQL-scores in well-controlled, partly controlled and uncontrolled 
asthmatic children according to GINA criteria, based on the baseline diary data.

Well-controlled a

n= 40 (20%)
Partly controlled b

n= 81 (41%)
Uncontrolled c

n= 76 (39%) p-valued

C-ACT 25.0 (23.0-26.0) 24.0 (20.0-25.0) 19.0 (17.0-21.0) <0.001

ACT 24.0 (23.0-25.0) 22.0 (21.0-23.0) 19.0 (16.5-21.5) <0.001

FeNO# 18.0 (2.0) 19.7 (2.4) 17.8 (1.9) 0.61

FEV1%pred* 97 (10) 96 (14) 98 (17) 0.71

SFD (%)* 92 (9) 69 (23) 23 (19) <0.001

Symptom score* 0.12 (0.15) 0.60 (0.57) 2.39 (1.14) <0.001

PACQLQ 6.8 (6.5-7.0) 6.7 (6.1-7.0) 6.0 (5.6-6.5) <0.001

PAQLQ 6.8 (6.6-7.0) 6.5 (6.0-6.7) 5.9 (5.4-6.1) <0.001

Data are expressed as median (interquartile range); # geometric mean (standard deviation);* mean (standard 
deviation). C-ACT: childhood asthma control test; ACT= asthma control test; FeNO= fraction of exhaled nitric 
oxide; SFD= symptom free days; PACQLQ= paediatric asthma-related caregivers quality of life questionnaire; 
PAQLQ= paediatric asthma-related quality of life questionnaire.  a: age <12 yrs n=31; age ≥12 yrs n=9; b: age <12 
yrs n=52; age ≥12 yrs n=29; c: age <12 yrs n=47; age ≥12 yrs n=29; d: Kruskal-Wallis Test.

a.

 

b.

Figure 3  Receiver operating characteristic (ROC) curves for a) C- ACT and b) ACT. 
Area under the ROC curve (AUC) 0.81(C-ACT) and 0.91(ACT) respectively. The best C-ACT cut-off score for well-
controlled asthma was ≥22 (sensitivity 93.1%; specificity 56.3%). The best ACT cut-off score for well-controlled 
asthma was ≥23 (sensitivity 100%; specificity 71.9%).
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Asthma control and quality of life  
At baseline, children under the age of 12 years had a median asthma-related caregiver 
quality of life score (PACQLQ-score) of 6.5 (IQR 5.9-6.9, n=138). Adolescents with asthma 
reported lower asthma-related quality of life (PAQLQ), with median PAQLQ-scores of 
6.2 (IQR 5.9-6.6, n=78). Children with well-controlled asthma had PACQLQ and PAQLQ 
scores that were significantly higher than those in children with partly controlled or 
uncontrolled asthma (both p<0.001) (Table 3). Quality of life scores and C-ACT or ACT 
were strongly correlated in children ≥ 12 year (r =0.81, p<0.001), whereas the correlation 
was moderate in children < 12 years (r = 0.48, p<0.001). Also the changes in ACT or C-ACT 
scores correlated strongly with the change in PAQLQ score (r=0.64, p<0.001) and PACQLQ 
score (r=0.52, p<0.001). 

Minimal import differences 
The MID corresponding to a clinically relevant change of 0.5 in PAQLQ or PACQLQ score19, 

20 was 1.9 (95% CI 1.3-2.5) for the ACT and 1.6 (95%CI 1.1-2.1) for the C-ACT. The MID for 
the web-based diary, also corresponding to a change of 0.5 PAQLQ or PACQLQ points, was 
-0.7 points (95% CI -1.1 - -0.4). 

Adherence to web-based diary 
Of the baseline diary, 89.2% of the morning entries, were completed after a median of 16 
hours (Interquartile range, IQR, 11-39). Similarly, the evening entries were filled in after 
a median of 18 hours (IQR 4-40), with a completion rate of 88.5%. During the 4-week 
baseline diary period, adherence to filling in diary cards remained stable (88.4% in week 
1 and 89.6% after 4 weeks). Fifty-four percent (n=124) of the children filled in all diaries 
twice daily, and 85% (n=194) at least 21 days. Hundred ninety-nine patients (87%) filled in 
the follow up diary after 1 year. In this 4-week diary period, 88.3% of the morning entries 
were completed after a median of 28 hours (IQR 12-53), and 87.3% of the evening entries 
after a median of 24 hours (IQR 5-49). Here, 160 children (80%) completed at least 21 
diary days. 

Discussion

In this study, we established the feasibility and validity of a web-based asthma diary to 
monitor asthma control in children. The correlation between diary scores and C-ACT and 
ACT was high, and the web-based diaries were able to detect changes in asthma control. 
We determined the optimal cut-off for defining well-controlled asthma and the clinically 
relevant changes in C-ACT score, ACT score and diary score. 



Monitoring childhood asthma

49

4

Chapter

Evaluation of symptoms should be a core asthma outcome measure in clinical research, 
as was stated by the National Institutes of Health. In this report, the importance of 
validation studies and comparison of diaries versus retrospective questionnaires was 
recommended21. Indeed, in this study we show that a web-based diary was valid to assess 
symptoms and asthma control over a wide paediatric age range, and correlated well with 
the C-ACT or ACT, which are retrospective questionnaires, and determined the minimal 
important difference. The web-based diary was highly feasible in assessing asthma control 
in children aged 4-18 years. The completion rate was high, and did not decrease over 4 
weeks. The high completion rates were in line with earlier studies that used web-based 
diaries. Moloney et al. used internet-based diaries to register headache symptoms in 
adults and they showed that in their population 75% diaries were completed within two 
days22. Also 87% of the patients would have been willing to continue the diary for another 
2 months. Sorbi et al. registered migraine symptoms using a web-based diary23. They 
reported a completion rate of 87%. One earlier study used a web-based diary to record 
asthma symptoms in children and a completion rate of 80% was found, which is in line 
with our data11. 
Paper-based diaries carry the risk of recall bias, errors, falsification and omissions5, 24. These 
risks may be reduced if electronic diaries are used24-26. Recently, Ireland and colleagues 
have shown that an electronic diary is more reliable than a paper diary27. Although we did 
not compare web-based diaries with paper-based diaries, we confirm the high accuracy of 
web-based diaries in daily symptom recording. Also we found a good correlation between 
the diary data, C-ACT and ACT scores, and Paediatric Asthma Quality of Life scores. This 
is in line with earlier studies by Juniper et al., who showed strong correlations between 
diary data, the Asthma Control Questionnaire (ACQ), and Paediatric Asthma Quality of 
Life scores19, 28. 
Why did we use a 4-week diary to assess asthma control? In asthma studies symptom 
scores and symptom free days or asthma days are frequently used as a primary 
endpoint29. Therefore, we wanted to assess the validity of diaries as we used in this study, 
in comparison with other measures of asthma control which are frequently used in daily 
practice like the C-ACT and ACT. We found that asthma diaries are valid for use in studies, 
although we realize that in daily practice simple questionnaires or GINA criteria are much 
more feasible and more easy to use. 
In the same way, Okupa et al recently concluded that daily diaries might be more sensitive 
than the ACT for assessing differential treatment responses with respect to asthma 
control30. 
For analyzing the diary data we only used data from patients who completed at least 21 
diary days of the 28. It could be argued that the correlation between C-ACT or ACT and 
symptom scores might have been even better in children who filled in their diaries every 
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day, as these may have been better aware of their symptoms. On the other hand, this 
might introduce a bias towards children with good symptom perception. However, there 
was no difference in corrected symptom scores, C-ACT and ACT scores, and PAQLQ scores 
between the children who did fill at least 21 out of 28 days and the children who filled 
in less days. Hence, there does not seem to be an important bias as a result of including 
those with only 21 days recording.
We determined C-ACT and ACT cut-off points for well-controlled asthma, and the MID 
of both tests based on the quality of life information of these children. The C-ACT and 
ACT were initially developed to detect uncontrolled asthma, and earlier studies showed 
that the cut-off points for uncontrolled asthma for both C-ACT and ACT were ≤ 19 with 
68%-71% sensitivity, and 71%-76% specificity7, 8. However, a C-ACT or ACT score ≥ 20 does 
not necessarily indicate well-controlled asthma30. The primary goal of clinical asthma 
management is to achieve control, but until now little attention has been paid to cut-off 
points for well-controlled asthma. Ito et al. recommend a higher C-ACT cut-off score of 
23 for well-controlled asthma, taking lung function into account10. We found an optimal 
ACT cut-off point of ≥ 23 and a C-ACT cut-off point of ≥ 22 for well-controlled asthma. 
We propose to use these higher cut-off scores to accurately assess if a patient has well-
controlled asthma.
For the Asthma Control Questionnaire (ACQ), Juniper et al. calculated a MID based on 
minimal important changes in asthma-related quality of life19. We followed a similar 
approach for ACT and C-ACT and the web-based diary score. To our knowledge, we are the 
first who determined minimal important differences in children.  Schatz et al. recommend 
a MID of 3 points in ACT score in adults, which is based on distribution-based and anchor-
based analyses instead of changes in quality of life31. These different analyses may be an 
explanation for the difference between the MID of 2 in our study and 3 in the study by 
Schatz et al. Second, we included adolescents rather than adults, and MID might differ for 
these 2 age groups. 
A limitation of this study is the lack of a gold standard for asthma control. We used the 
C-ACT and ACT scores as reference tests to assess validity of the web-based diaries. The 
C-ACT and ACT are well-validated questionnaires to assess asthma control over a wide age 
range7, 8, 14 and we and others found that they correlated well with GINA criteria of asthma 
control11, 30. In our opinion, the C-ACT and ACT were the best available standards of asthma 
control for our purpose. The same is true for establishing MIDs. In the absence of a gold 
standard for MIDs, we decided to use quality of life scores to define MIDs. Quality of life 
is an important and clinically relevant patient centered outcome. We did not choose to 
determine MID on objective parameters as FEV1 or FeNO. First, in the majority of children 
with asthma FEV1 is normal and clinically important differences of C-ACT or ACT based 
on changes in FEV1 may not be easy to establish. Second,  FeNO was not considered an 
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appropriate measure for determining MID as, despite the large amount of literature on 
FENO, the role of FENO in monitoring asthma control is not evident. Similar to earlier 
studies, we found no correlation between asthma control scores and FEV1 or FeNO32-34. 
Also, in our study FeNO could not predict well-controlled asthma and changes in FeNO 
were not correlated with the level of asthma control. Symptoms, lung function and airway 
inflammation represent different domains of the asthma phenotype, and show limited 
agreement. Presently, the role of FeNO in monitoring of children with asthma seems 
limited29, 35. 
We believe that the widespread use of user-friendly electronic devices like tablets and 
smart phones will increasingly facilitate the use of web-based diaries in asthma research 
and clinical practise. Children and adolescents in particular are an attractive population 
for web-based studies as they are very active on the Internet with 75% of all European 
children of 6-17 years using the Internet, and even 86% of the 15-17 year olds, while in 
some countries like the Netherlands even 100% of all children of 15-17 years use the 
internet36. Indeed, randomised controlled paediatric trials on internet-based asthma 
monitoring have already been published, with mostly promising results37, 38. However, 
potential difficulties with web-based monitoring in less literate or technologically 
sophisticated populations warrant further research in these populations. 
We conclude that our web-based diary was feasible and valid in recording symptoms in 
children with asthma; hence we recommend its use in clinical intervention studies. We 
established the C-ACT and ACT cut-offs for well-controlled asthma in children, and found 
a minimal important difference to be 2 C-ACT or ACT points. 
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Abstract

Background
Asthma guidelines recommend monitoring of asthma control. However, in a 
substantial proportion of children asthma is poorly controlled and the best monitoring 
strategy is not known.

Objectives
We studied 2 monitoring strategies for their ability to improve asthma outcomes in 
comparison with standard care: web-based monthly monitoring with the (Childhood) 
Asthma Control Test (ACT or C-ACT) and 4-monthly monitoring of fractional exhaled 
nitric oxide (FeNO).

Methods
In this randomized controlled multi-centre trial with a 1-year follow up, asthmatic 
children 4-18 years were randomized to 1 of 3 groups. In the web group, treatment 
was adapted according to ACT obtained via a website at 1 months intervals; in the 
FeNO group according to ACT and FeNO, and in the standard care group according to 
the ACT at 4-monthly visits. Primary endpoint was the proportion of symptom-free 
days (SFD).

Results
Two-hundred eighty children (mean age 10.4 years, 66% boys) were included, 268 
completed the study. Mean changes from baseline in SFD were similar between the 
groups. Daily dose of inhaled corticosteroids (ICS) decreased more in the web-based 
group compared to both other groups (-200 ug/day, p<0.004), while ACT and SFD 
remained similar. An increase in ACT scores of 1.7 points was seen in the FeNO group 
(p=0.02).

Conclusions
The change from baseline in SFD did not differ between monitoring strategies. With 
web-based ACT monitoring ICS could be reduced substantially while control was 
maintained, while the FeNO strategy showed within-group improvement of ACT.



Novel monitoring strategies in children with asthma: a randomised controlled trial

57

5

Chapter

Introduction

In a substantial proportion of children with asthma control is not achieved1-3. Guidelines 
pay little attention to monitoring strategies. The Asthma Control Test (ACT) and the 
Childhood ACT for children <12 yr are simple, validated tools to assess asthma control4, 5. 
Web-based ACT monitoring of asthma control has the potential to standardize the 
assessment of asthma control, increase awareness of asthma and improve adherence. The 
fraction of nitric oxide in exhaled air (FeNO) is a non-invasive biomarker of eosinophilic 
airway inflammation6 but the benefits of FeNO for asthma monitoring are not yet clear7. 
In the present study we evaluated the possible benefits of web-based monitoring with 
monthly ACT measurements and adapting the treatment based on 4-monthly FeNO 
measurements.

Methods

The ‘Better Asthma Treatment: Monitoring with ACT and Nitric oxide’ (BATMAN) study 
was a multi-centre, prospective, partly blinded, parallel-group, randomized controlled 
trial on monitoring strategies in asthmatic children with a follow up of 1 year (trial number 
NTR 1995).

Patients
Children aged 4 to 18 years, with atopic asthma based on clinical symptoms, a bronchodilator 
response of >9 % increase in forced expiratory volume in 1 sec of predicted  (FEV1%) and/
or airway hyperresponsiveness (AHR) were recruited from general hospitals (n=5) and 
tertiary referral centres (n=2) from February 2010 to November 2011. Atopy was defined 
as a radioallergosorbent test class 2 or higher for at least one airborne allergen. Patients 
had been using ICS for at least 3 months before the study. Exclusion criteria were active 
smoking, pulmonary diseases other than asthma, recent (<1 year) or multiple admissions 
to an Intensive Care Unit for asthma, inability to perform FeNO measurements, and/or 
the use of omalizumab. The Medical Ethics Committee of the Erasmus University Medical 
Centre, Rotterdam, approved the study. All parents and children ≥12 years gave written 
informed consent. 

Study design 
After a 4-week run-in period, children were randomly allocated to one of three groups, 
stratified for age (<12 or ≥12 years), centre and dose of ICS (<400 ug or ≥ 400 ug budesonide 
or equivalent daily dose) (Figure 1). Children who completed less than 50% of the diaries 
in the run-in period were withdrawn from the study. In the web group, treatment was 
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adapted monthly according to the web-based ACT score, while in the FeNO group, 
treatment was adapted to FeNO and ACT score at clinic visits every 4 months (Figure 2). In 
the standard care (SC) group the ACT score during clinic visits directed treatment (Figure 
2). The study duration was 12 months, with visits at 4-month intervals and one baseline 
visit 4 weeks prior to randomization. In addition, children randomized to the web group 
were asked to fill in an ACT every month on a web site that provided a treatment advice by 
email within 3 working days. In the FeNO and SC groups treatment changes were possible 
at the 4-monthly study visits, in the web group treatment could be changed monthly. 
Physicians were blinded for FeNO and ACT scores. The local investigators provided the 
physicians with treatment advice, based on the study algorithms and on the treatment 
plan (Figure 2, Table 1). Physicians could deviate from this advice for documented clinical 
reasons only. The primary endpoint was the proportion of symptom-free days (SFD); 
secondary endpoints were ACT, daily symptom score, daily bronchodilator doses, daily ICS 
dose, exacerbations, asthma-related quality of life, dose of methacholine causing a 20% 
fall in FEV1 (PD20), forced vital capacity (FVC), FEV1, and maximal expiratory flow at 25% 
of vital capacity (MEF25). 
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Figure 1 Study design. At visit 1 children were randomly allocated to one of three study groups.

Table 1 Treatment dose steps

Step Treatment

1 Short acting beta-agonists (SABA) as needed

2 Budesonide 2 dd 100 ug or equivalent

3 Budesonide 2 dd 200 ug or equivalent

4 Budesonide 2 dd 200 ug or equivalent plus LABA

5 Budesonide 2 dd 400 ug or equivalent plus LABA

6 Budesonide 2 dd 400 ug or equivalent plus LABA plus LTRA

7 Budesonide 2 dd 800 ug or equivalent plus LABA plus LTRA
LABA: Long-acting β-agonist. LTRA: Leukotriene receptor antagonist. At all steps short acting beta-agonists as 
needed are prescribed. 
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Asthma	Control	
Test	

<	20		 ≥	20	

FeNO	≥	 25	ppb	 FeNO	 <	25	ppb		
FeNO	≥	 25	ppb	
and	<	50	ppb		

FeNO	≥	 50	ppb	FeNO	 <	25	ppb	

Step	up	 No	change	 Step	down	 No	change	 Step	up	

Asthma	Control	
Test	

<	20	 ≥	20	

Step	up	
No	change

	or	step	down

FeNO group 

Usual care group
 

Web group
 

Asthma	Control	
Test	

<	20	 ≥	20	

Good	compliance,	

no	cold	

Bad	compliance,	

cold	

Step	up	 No	change	

First	time	≥	20	 Second	time	≥	20	

No	change	 Step	down	

a

b

c

Figure 2 Study algorithm of (a) the web group, (b) the FeNO group, and (c) the standard care group. 
In the web group patients were asked about adherence to treatment and on signs of airways 
infection if they returned an ACT or C-ACT < 20. If adherence was poor, or patients had clinical signs 
of an airway infection (runny nose, fever, malaise), there was no step up in treatment.
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Symptom-free days 
Symptom-free days (SFD) were defined as days without daytime or night-time symptoms 
and were obtained from a web-based diary which recorded daytime and night-time 
symptoms, limitation in activity and use of reliever medication8. Diary data were collected 
twice daily during the 4-week run-in period, during the 2 weeks preceding each visit and 
during 4 weeks preceding the final visit (Figure 1). Each symptom item had 4 response 
levels (0=asymptomatic to 3=highly symptomatic); the maximal daily diary score was 21. 
Diaries were automatically date- and time-stamped and could be filled in until 5 days after 
the date. Participants received a reminder by email once daily. 

Asthma Control Test 
We used the Dutch, translated and linguistically validated version of the ACT (MAPI-
research institute, Lyon, France) in children from the age of 12, and the C-ACT for children 
4-11 years4, 5.

Lung function and FeNO 
FVC, FEV1 and MEF25 were assessed using an electronic spirometer (Masterscreen, 
Jaeger, Würzburg, Germany) and expressed as percentage predicted or z-score according 
to GLI20129. The provocative dose of methacholine that produced a 20% fall in FEV1 
(PD20) was measured using the dosimeter method (details in supplement). FeNO was 
measured online on the NIOX chemiluminescence analyzer or NIOX MINO (Aerocrine, 
Stockholm, Sweden) according to guidelines10. 

Quality of Life
In children 12 years and older, asthma-related quality of life was measured with the 23-
item self-reported Dutch validated version of the PAQLQ for children11, 12 and expressed as 
overall asthma-related quality of life. In children below 12 years, we used the PACQLQ11. 
In both tests the maximal score of 7 indicates optimal quality of life. 

Statistical Analysis
Because there were 2 major comparisons in this study (Web vs SC and FeNO vs SC) the 
alpha level was set at two-sided 0.025. For all other comparisons the limit of significance 
was set at two-sided p=0.05.The power of the study was calculated to detect differences 
between the experimental arms and SC, based on 18% increase in the mean percentage 
of SFD (corresponding to 2.5 extra SFD in 2 weeks time)13. Baseline data were compared 
using the chi-square test for categorical data or the Kruskal-Wallis test for continuous 
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data. Diary data were evaluated using Repeated measurements ANOVA (RmAnova) with 
baseline data during run-in used as covariates. The significance of differences of other 
continuous endpoints was determined using analysis of covariance (Ancova, adjusted for 
baseline). For within-group comparisons we used paired t-tests. The statistical analysis of 
PD20 is described in the supplement. Data were analysed with SPSS for Windows, version 
21.0. 

Results

Of the 481 children who were eligible for participation 201 refused, mostly because they 
were too busy with school (Figure 3). Eight children could not be randomised because 
of non-adherence. Thus, 272 were included, 91 in the web group, 92 in the FeNO group, 
and 89 in the SC group. Baseline characteristics are given in Table 2. The drop-out rate 
during the trial was small in all groups (web: n=1, FeNO: n=2; SC: n=2), all related to 
noncompliance. Baseline ACT was significantly higher in the web group compared to the 
FeNO group, but in both groups ACT was not significantly different from the SC group. 

Eligible
n=481	

Consent	obtained
n=280	

Randomized
n=272	

FeNO	group
n=92	

Usual	care	group
n=89

	

Web	group
n=91

	

Completed	study
n=90

	

Completed	study
n=91

	

Completed	study
n=87

	

Not	randomized
n=8	

Refused
n=201

	

Figure 3 Patient flow. 481 children were approached to participate in the study, of whom 201 
refused. Eight children could not be randomized. In the web group 1 dropped out; in the FeNO 
group 1 dropped out; in the standard care group 2 children dropped out.
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Symptom-free days 
The change in the proportion of SFD between visit 1 and 4 did not differ significantly 
between the groups (SC vs. web group: 0.07 (p=0.2); SC vs. FeNO: 0.01 (p=0.8)). A small 
but significant within-group change was seen in both the FeNO group and in the SC group: 
0.53 to 0.62 (p=0.01) and 0.54 to 0.61 (p=0.04), respectively (Table 3, Figure 4). 

Table 2 Patient characteristics

Web group
(n=91)

FeNO group 
(n=92)

Standard care group 
(n=89) p-value

Age, yr 10.6 (2.8) 10.3 (2.9) 10.2 (3.2) 0.57

Male 60 (66) 62 (67) 61 (69) 0.94

Initial ICS dose, ug 400 (400-800) 400 (400-800) 400 (400-800) 0.97

LABA use 42 (46) 44 (48) 40 (45) 0.93

LTRA use 11 (12) 12 (13) 11 (12) 0.98

FeNO, ppb 17.1 (10.0-30.0) 15.4 (10.0-26.3) 21.4 (10.5-35.1) 0.64

FEV1, %pred 98.1 (12.6) 95.2 (12.6) 93.9 (14.0) 0.11

FVC, %pred 103.3 (12.2) 100.3 (12.8) 101.0 (13.0) 0.29

MEF25, %pred 91.0 (35.7) 87.3 (33.1) 76.0 (29.3) 0.01

PD20, ug methacholine 178.5 (26.3-738.7) 118.1 (41.0-1084.4) 158.2 (36.6-379.9) 0.46

ACT or C-ACT score 22.1 (3.5) 20.7 (4.3) 21.1 (3.3) 0.03

Daily symptom score 1.1 (1.3) 1.4 (1.7) 1.3 (1.4) 0.26

Daily SABA, puffs 0.4 (0.8) 0.6 (1.2) 0.4 (0.8) 0.29

Symptom-Free days, % 54 (35) 53 (34) 61 (33) 0.26

PAQLQ score child 6.3 (5.9-6.6) 6.0 (5.6-6.6) 6.2 (5.9-6.6) 0.65

PACQLQ score parent 6.7 (6.2-7.0) 6.3 (5.7-6.8) 6.1 (5.8-6.8) 0.01

Data shown are numbers of patients (%), mean (SD) or median (interquartile range).
Definition of abbreviations: ICS: inhaled corticosteroids, LABA: long-acting beta-agonist, SABA: short acting beta-
agonist, LTRA: Leukotriene receptor antagonist, MEF25: maximal expiratory flow at 25% of vital capacity, PD20: 
doses of methacholine causing a 20% fall in FEV1, ACT: asthma control test, PAQLQ: pediatric asthma-related 
quality of life questionnaire, PACQL: pediatric asthma-related caregiver quality of life questionnaire.

ACT scores
The FeNO group showed an 1.7 points improvement in ACT that was higher than in the 
SC group (0.4 points) (p=0.02). No significant change in ACT was seen in the web group.

Symptom scores, limitation of activities, and use of ß-2 agonists 
The change between visit 1 and 4 in mean daily symptom scores and the use of β-2 agonists 
did not differ between the SC and web group or between the SC and FeNO group (Table 
3). The mean daily symptom score improved within the FeNO group only (-0.40, p=0.01).
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Figure 4 Proportion of symptom-free days (SFD) before and after (a) Web-based monitoring, (b) 
FeNO monitoring, compared to (c) standard care. *) significant at p<0.05. 

Table 3 Changes from baseline of different outcome parameters

Web FeNO Standard 
care

Difference  Web vs 
standard care
(95% CI)

p value
Difference  FeNO vs 
standard care
(95% CI)

p value

Asthma-related symptoms

SFD, % -2.1 8.9* 7.4* -6.6  (-15.5 to 2.3) 0.15 1.2 (-7.6 to 10.0) 0.78

ACT or C-ACT 0.12 1.73* 0.37 0.09 (-0.92 to 1.11) 0.86 1.2 (0.17 to 2.20) 0.02*

Daily symptom 
score 0.08

-0.40* -0.11 0.06 (-0.34 to 0.46) 0.77 -0.27 (-0.66 to 0.13) 0.19

Limitation of 
activities 0.04

-0.09* -0.02 0.05 (-0.05 to 0.15) 0.33 -0.05 (-0.15 to 0.05) 0.34

Exacerbations 10 14 17 7 0.07 3 0.28^

Medication

SABA use 
(puffs/day)

-0.15 -0.19* -0.18 -0.01 (-0.19 to 0.18) 0.93 -0.12 (-0.30 to 0.07) 0.21

ICS dose (ug) -201* -107* -54 -150 (-241 to -60) 0.001** -53 (-144 to 36) 0.24

Lung function (z-score)

FEV1 -0.1 0.2* 0.3* -0.2 (-0.5 to 0.02) 0.07 -0.05 (-0.29 to 0.20) 0.71

FVC -0.04 0.2* 0.2* -0.18 (-0.4 to 0.03) 0.09 -0.21 (-0.23 to 0.19) 0.84

FEF75 -0.2 0.09 0.16 -0.17 (-0.4 to 0.1) 0.21 0.06 (-0.21 to 0.34) 0.65

PD20,DD# -0.3 0.1 -0.3 -0.1 (-1.1 to 1.0) 0.92 0.4 (-0.7-1.6) 0.46

FeNO†  1.6* 1.4* 1.2* 1.33 (1.09-1.62) 0.01** 1.12 (0.92 to 1.38) 0.24

Asthma-related quality of life

PAQLQ child 0.17 0.25 0.24 -0.05 (-0.34 to 0.23) 0.7 -0.13 (-0.42 to 0.15) 0.4

PACQLQ 
parent

0.02 0.22 0.05 0.10 (-0.16 to 0.35) 0.4 0.17 (-0.08 to 0.43) 0.2

Data shown are mean values of changes as determined by RmAnova analyses for the diary data, ACT or C-ACT 
and ICS dose. Ancova was used for the lung function parameters in the comparison of groups, except for PD20 
where the changes are calculated without adjustment for the baseline values.
#) changes expressed as doubling doses (DD), †) changes expressed as ratio of geometric means, ^) mann-
whitney test, *) significant at p<0.05. **) significant at p< 0.025. 
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Exacerbations 
There were 42 exacerbations during the study: 7 hospital admissions and 35 systemic 
steroid courses. The distribution over the groups was similar: 10, 14 and 17 exacerbations 
in the web, FeNO and SC groups, respectively.

Lung function and FeNO 
Mean changes from baseline in lung function and PD20 did not differ between groups 
(Table 3). FEV1 and FVC increased significantly in both the FeNO and the SC group. Data 
on PD20 are presented in the supplement. Within all groups, a significant increase in 
FeNO was found. Geometric means of FeNO increased with a factor of 1.6 in the web 
group, 1.4 in the FeNO group (both p<0.001), and 1.2 in the SC group (p=0.04). Changes 
in FeNO during the study were significantly different between the SC and the web group, 
but not between the SC and the FeNO group. The ratios of geometric means, adjusted for 
baseline, were 1.3 (p=0.006) for the web group and 1.1 for the FeNO group (p=0.24) as 
compared to the SC group. 

Treatment levels and ICS doses 
At visit 1, median ICS doses, long-acting β-agonist (LABA) use and leukotriene receptor 
antagonist (LRTA) use did not differ between the study groups (Table 2). In all groups, 
medication could be reduced (supplement Table 1). Medication could been reduced in 
74% of the children in the web group, in 52% in the FeNO group and in 45% in the SC 
group. The reduction was significantly larger in the web group compared to SC group 
(p<0.001), but not in the FeNO group. The mean daily ICS dose was reduced by 201 ug in 
the web group, by 107 ug in the FeNO group and by 54 ug  in the SC group (both p=0.001, 
Table 3).

Quality of Life 
In all groups, there were no significant changes in PAQLQ or PACQLQ scores and mean 
changes from baseline did not differ between the groups (Table 3).

Decision making 
For the FeNO group and the SC group, we determined if the treatment advice  would have 
been different if patients had been allocated to the other study group, which was the case 
in 62% of all decisions. 
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Adherence of Patients and Physicians 
The completion rates of the web-based diary cards, web-based ACTs, medication 
adherence and physicians adherence to the protocol were excellent (see supplement).

Discussion

We compared web-based ACT monitoring and FeNO monitoring with standard care in 
children with asthma. After 1 year, both strategies had not improved the number of SFD 
more than SC. However, monthly web-based ACTs resulted in a clinically relevant decrease 
of ICS dose, while maintaining asthma control. Moreover, children in the FeNO group 
showed an increase in ACT score as compared to SC, with similar average medication 
levels. 
The ACT is increasingly used in asthma management and GINA guidelines state that ‘the 
value of ACT and C-ACT in clinical use has yet to be demonstrated but will likely become 
evident in coming years2. Indeed, this study shows benefit from monitoring of asthma 
control with the ACT in clinical practice. By administering the ACT once monthly a fast 
response to changes in asthma control is possible. We were able to decrease the dose of 
ICS significantly only in the web group, and this suggests that ACT-guided step-down of 
treatment is feasible and safe, and reduces overtreatment. The higher frequency of health 
care contacts may explain part of the success of this approach. Web-based monitoring is a 
promising new strategy in the care for patients with a chronic illness, including asthma. It 
enables for remote delivery of care, facilitating timely access to healthcare, supporting self-
monitoring, medication adherence and education14-18. Earlier studies showed improved 
lung function, increased adherence, improved asthma control, increased knowledge, and 
improved quality of life after web-based monitoring of asthma compared to standard 
care19-21. We did not find improved asthma control with web-based ACT monitoring.  
Although not significantly different, the web group at baseline had slightly higher ACT, 
PAQLQ, lung function and SFD compared to the usual care group, leaving less room 
for improvement. However, our simple strategy reduced the dose of ICS substantially, 
which is potentially cost-saving, and may prevent overtreatment and limit side effects. 
A meta-analysis on 21 randomized controlled trials on telemonitoring interventions in 
both children and adults with asthma concluded that telemonitoring was comparable 
to standard care regarding quality of life, emergency room visits and hospitalizations for 
asthma22. A recent review on digital asthma self-management interventions concluded 
that these interventions are promising, with evidence of beneficial effects23. Differences 
in populations, web-based interventions or frequency of Internet contact may account 
for these discrepancies. The relatively low monitoring frequency in our study might have 
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contributed to the high compliance rates and positive effect. The application of web-
based monitoring in childhood asthma management has previously been shown feasible 
and was well accepted24-26. In our study, compliance with web-based ACT monitoring was 
high and patients were generally satisfied with the web-based strategy, in line with earlier 
studies26, 27. Future research should focus on determining which patients will benefit most 
from web-based interventions, to achieve personalised management. One might argue 
that baseline ACT was higher in the web group than in the control group, suggesting that 
the children in the web group had better controlled asthma and ICS reduction could have 
been assumed to be more successful. However, the difference between ACT at baseline 
and the change in ACT from baseline was not significantly different for both groups. 
Several studies addressed titration of ICS treatment on FeNO as a marker of eosinophilic 
inflammation13, 28-30. Although our primary endpoint of SFD did not improve more with 
FeNO monitoring than with standard care, we observed that FeNO monitoring improved 
asthma control with similar doses of ICS as compared to SC. The ACT increase of 1.7 points 
is clinically relevant8. Our result is in contrast with the conclusions of a recent systematic 
review of 4 paediatric studies showing no differences in exacerbations, symptoms or lung 
function between FeNO- and symptom based monitoring6, 7, 28-30. In a recent study, FeNO-
guided asthma management did not improve the proportion of SFD, which is in line with 
our study, but did result in fewer exacerbations31. How does the current study differ from 
earlier studies? First, we used 2 FeNO cut-off points to define treatment adjustments, in 
contrast to other FeNO dose titration studies, but similar to the study of Szefler et al.28. 
The use of 2 cut-offs to decrease (< 25 ppb) or increase (> 50 ppb) the dose of ICS is more 
in accordance with clinical practice. While FeNO > 25 ppb may be abnormal in healthy 
subjects, in patients with well-controlled asthma such a value is common, and a growing 
body of evidence suggests that cut-offs should be based on FeNO levels characteristic of 
the population of interest32. In our study population, children with well controlled asthma 
had a median FeNO level of 25 ppb (IQR 16-47). Therefore a cut-off of 25 ppb might not 
be valid to increase the dose of ICS in asthmatic children. Several studies have shown 
that 50 ppb seems a more appropriate cut-off33. Second, in our study we could decrease 
ICS when FeNO values were low, while most earlier studies did not allow for this. Third 
and probably most important, the treatment algorithms based on FeNO and SC differed 
substantially: taking FeNO into account led to a different treatment decision at 5 of 8 
possible treatment changes (discordance-concordance ratio 1.7)34. In our study, including 
FeNO in the treatment algorithm had actually influenced 62% of all treatment decisions.
Are our findings generalizable to general paediatric asthma care? Almost half of all 
eligible children refused participation to the study, which may limit the conclusions due 
to selection bias. However these children did not differ from included children regarding 
baseline characteristics. A limitation might be bias due to the required internet access. 
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However, more than 95% of Dutch households have internet access at home, and only 
one eligible child was excluded for this reason. 
In conclusion, we have shown that web-based monitoring with monthly ACT or 4-monthly 
FeNO in children with asthma was feasible but did not improve SFD, our primary outcome. 
Web-based monitoring led to a significant and clinically relevant reduction in ICS dose 
with similar asthma control, suggesting better, personalized asthma management. FeNO 
monitoring improved asthma control without the need for higher ICS doses. Hence, both 
monitoring strategies might be considered to improve childhood asthma management.
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Supplement

Method of airway hyperresponsiveness measurement
Bronchial provocation tests with methacholine were performed according to the 
dosimeter method with calibrated nebulizers (DeVilbiss 646, DeVilbiss Co, Somerset, 
USA) and dosimeters (KoKo, PSD instrumentation, Louisville, USA). ICS, bronchodilators, 
leukotriene receptor antagonists and antihistamines were stopped for at least 36 hours 
prior to the bronchial provocation test. Nebulized methacholine bromide was given in 
doubling concentrations (0.038 to 39.2 mg/ml) with mouth doses of 0.76 up to 786 ug. 
Doses causing a 20% fall in FEV1 from baseline (PD20) were calculated by means of linear 
interpolation of the logdose-response curve. For safety reasons PD20 methacholine was 
only measured in patients with FEV1/ FVC ratio > 0.7 or FEV1 >75% predicted. One center 
did not perform bronchial provocation tests because of different equipment (n=22).

Statistical analyses of PD20
For PD20 and FeNO a logtransformation was applied in all analyses and changes in PD20 
were reported as doubling doses. For analysis of PD20 outcomes the program ‘cnreg’ from 
the STATA package was used to allow for patients who did not reach the FEV1 threshold of 
a 20% decrease (“censored” data).

Results on airway hyperresponsiveness
At visit 1, bronchoprovocation tests could not be performed in 70 children (28%) due 
to FEV1 <75% predicted and/or FEV1/ FVC < 70% (n= 16), because they were too young 
to perform reproducible spirometry (n=32), or for other reasons, including equipment 
failure (n=22). At visit 4, bronchoprovocation could not be performed in 88 children (too 
obstructive n=25, bad technique n=15, no bronchoprovocation test at visit 1 n=29, other 
n=19). In 12 children, no PD20 was reached after the maximal dose of methacholine at 
both visit 1 and 4. Because no conclusion could be drawn on changes in PD20 in these 
children, they were excluded from the analyses of changes in PD20. In the remaining 132 
children, the mean change in PD20 was 0.8 doubling doses in the web group (p=0.4), 1.1 
in the FeNO group (p=0.5), and 0.8 in the standard care group (p=0.8). The difference of 
these changes between the groups was not significant (p=0.5 and p=0.9, respectively).

Adherence 
During the run-in period, 92% of the web-based diaries were completed. One hundred 
and forty-seven (54%) children completed all diaries twice daily, and 244 (90%) completed 
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at least 21 days. After 1 year follow-up, adherence to filling in diary cards did not decrease 
(88%) and 141 (54 %) of the children completed all. Children randomized to the web group 
completed 88% (median) of the web-based ACTs. Forty-three % completed all and 85% 
completed >75% of diaries. Overall self-reported medication adherence during the study 
was 94.1% in the web group, 91.5% in the FeNO group, and 91.4% in the standard care 
group (p=0.3). 

Deviation form study protocol
The study design allowed the physician to deviate from the recommended treatment 
step. This happened mean 0.36 times per patient in the web group, 0.57 times in the 
FeNO group, and 0.36 in the standard care group. The distribution over the groups and 
over time was similar. The main reasons for deviations were suspected airways infections, 
or reaching the minimal or maximal treatment step.
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Abstract

Background
In children with asthma, web-based monitoring and inflammation-driven therapy 
might lead to improved asthma control and reduction in medications. However, the 
cost-effectiveness of these novel monitoring strategies is yet unknown. 

Objective 
We assessed the cost-effectiveness of web-based monthly monitoring with the 
(Childhood-) Asthma Control Test (ACT or C-ACT) and of 4-monthly Fractional exhaled 
Nitric Oxide (FeNO), as compared to standard care.

Methods 
An economic evaluation was performed alongside a randomized controlled multi-
center trial with a 1-year follow up. Two hundred seventy-two asthmatic children, age 
range 4-18 years, were randomized to 1 of 3 strategies. In standard care treatment was 
adapted according to ACT at 4-monthly visits, in the web-based strategy also according 
to web-ACT at 1 months intervals, and in the FeNO-based strategy according to ACT 
and FeNO at 4-monthly visits. Outcome measures were patient utilities, healthcare 
costs, societal costs and incremental cost per quality adjusted life year (QALY) gained.

Results 
No significant differences were found in QALY’s and costs between the 3 strategies. The 
web-based strategy had 80% chance of being most cost-effective from a health care 
perspective at a willingness to pay of a generally accepted €40,000/QALY. The FeNO-
based strategy had 68% chance of being most cost-effective at €40,000/QALY from a 
societal perspective. 

Conclusion  
Economically, web-based monitoring strategy was preferred from a health care 
perspective, whilst the FeNO-based strategy was preferred from a societal perspective, 
although no significant changes were found in QALY’s and costs. As clinical outcomes 
also favoured the web-based and FeNO-based strategies, they may be useful additions 
to standard care.
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Introduction 

Asthma is a disease characterized by chronic inflammation and airway hyperresponsiveness 
that leads to recurrent episodes of wheezing, breathlessness, chest tightness and 
coughing1. Treatment is aimed at achieving and maintaining asthma control and therefore 
adjusting therapy is based on regular assessment of the level of asthma control2. Effective 
disease management therefore requires simple, reliable and affordable tools to assess 
asthma control. However, guidelines offer little practical guidance for monitoring asthma 
in children and in clinical practice asthma control is not achieved in a substantial proportion 
of children which leads to increased healthcare costs and productivity loss of parents3-6. 
Web-based self-monitoring may improve asthma control in children7. A simple and 
affordable tool that can be offered via Internet is the Asthma Control Test (ACT, for 
children > 11 years) or Childhood Asthma Control Test (C-ACT, for children 4-11 years)8-11. 
In addition, since chronic airway inflammation is the target for treatment with inhaled 
corticosteroids (ICS) monitoring of airway inflammation is another opportunity to tailor 
therapy and improve asthma outcomes12. Measuring the Fraction of exhaled Nitric Oxide 
(FeNO) is a non-invasive and simple method to quantify eosinophilic airway inflammation. 
In a recent study in children with asthma between 4 and 18 years of age, we evaluated 
the effectiveness of 1 year tailoring treatment based on two different asthma monitoring 
strategies as compared to standard care: 1) web-based monitoring with monthly ACT and; 
2) a 4-monthly FeNO monitoring strategy13. Web-based monitoring led to a significant and 
clinically relevant reduction in ICS dose with similar asthma control, suggesting better, 
personalized asthma management. The FeNO-based strategy improved asthma control 
as assessed with the ACT without the need for higher ICS doses, and therefore both 
monitoring strategies might be considered to improve childhood asthma from a clinical 
and patient perspective13. However, to date it is unknown to what extent the clinical 
benefits outweigh the costs and whether the strategies can be recommended from a 
health economic perspective. 
To that end, we performed an economic evaluation alongside the randomized trial13. We 
hypothesized that web-based monitoring of asthma control and monitoring of airways 
inflammation by FeNO, in addition to standard care, are cost-effective.

Methods

This economic evaluation was conducted alongside the ‘Better Asthma Treatment: 
Monitoring with ACT and Nitric oxide’ (BATMAN) study. This three-arm multi-center 
randomized trial with 12 months follow-up was conducted from February 2010 through 
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November, 2012 in The Netherlands. The Medical Ethics Committee of the Erasmus 
University Medical Center, Rotterdam, approved the study. All parents and all children 
above twelve years of age gave written informed consent before entering the study. 
Procedures were in accordance with the Helsinki Declaration, and this trial is registered 
in the Netherlands Trial Register (NTR1995). The methodological details of the trial are 
reported elsewhere and briefly summarized here13. 

Patients
Children with asthma (age range 4 - 18 years) were recruited from five general hospitals 
and two tertiary referral centers as described previously13. Patients used ICS during at 
least 3 months before the study. Exclusion criteria were active smoking, lung disease 
other than asthma, recent (< 1 year) or multiple admissions to an Intensive Care Unit for 
asthma, and/or the use of omalizumab.

Design
Children were randomly allocated to one of three strategies: 1) standard care; 2) web-
based monitoring and 3) FeNO-based monitoring, stratified for age (<12 or ≥12 years), 
center and dosage of ICS. Patients visited the outpatient clinic at a baseline visit 4 weeks 
prior to randomization and every four months over the course of one year. At these 
visits asthma control status was assessed using the ACT score. In standard care the 
ACT score during clinic visits directed treatment. In the web-based strategy, treatment 
was additionally adapted monthly and communicated by e-mail, following a dedicated 
algorithm according to the ACT score, which was filled out on the Internet. In the FeNO-
based strategy, treatment was adjusted following a dedicated algorithm, taking into 
account the FeNO measurement prior to their physician visit, in addition to standard care. 
Patients in all three strategies filled out questionnaires as described below at baseline and 
after 4, 8 and 12 months. This article addresses the cost-effectiveness of the randomized 
controlled trial, whereas the article of Voorend-Van Bergen addressed the clinical 
outcomes of the study. 

Utilities and QALY’s
The health economic outcome of this study was the costs per quality-adjusted life 
year (QALY) gained from the health care and the societal perspective. Utilities reflect 
the individual preferences for different health states. Health-related quality of life was 
reported using the EuroQoL classification system (EQ-5D)14. In patients under 12 years of 
age, their parents filled out the questionnaire. In children 12 years and older, the patients 
filled out the questionnaires aided by their parents14. The domain scores were obtained 
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by calculating the mean of the EQ-5D-scores of 4, 8 and 12 months of follow-up. Statistical 
significance was assessed using Student’s t-test. QALY’s were obtained by calculating 
the area under the health state utility curve based on the Dutch tariff of the EuroQol 
classification system (EQ-5D)15. 

Costs
We assessed the costs from both health care and societal perspective. Health care 
costs consisted of both asthma and non-asthma contacts with healthcare providers 
(clinical consultations, telephonic consultations and home visits), emergency room visits, 
hospital admissions and medication. We requested the participant’s permission to collect 
pharmacist data about medications. Total medication costs were assessed by obtaining 
all medication prescriptions from local pharmacy records, using standard Dutch pricing 
[20]. In the FeNO-based and web-based strategies, additional costs of the intervention 
were added to these costs. Patients reported each type of consultation for each type of 
healthcare provider (general practitioner, pediatrician, other type of specialist, paramedic 
or complementary care) separately. We used standard Dutch prices for consultations 
per type of healthcare provider16, and standard prices for medication determined by 
the Dutch authority of insurance companies. The intervention costs for the FeNO-based 
strategy consisted of the purchase and exploitation costs of the FeNO-analyzer, and for 
the web-based strategy we estimated the ICT costs and the costs of a nurse-practitioner 
who communicated with the children when they filled out the ACT questionnaire. 
Societal costs consisted of the above mentioned healthcare costs and the loss of 
productivity in both paid and unpaid self-reported labor. Paid labor absenteeism due 
to the child’s health for the parents (for children <12 years of age) or for the child (for 
children ≥12 years of age) was valued using age specific wages17. Hours spent on unpaid 
volunteer work (housekeeping, grocery shopping, etc.) were valued using a standard 
voluntary work compensation  and relative to the average hours in the study populations 
(so negative costs reflect above-average hours of unpaid work). Total costs were obtained 
by adding the costs of three relevant categories: all healthcare costs, productivity loss, 
and intervention costs, consisting of additional costs for the measurement of FeNO or 
web-based support. Because the follow-up was one year costs were not discounted. 

Statistical analysis
Patients were analysed according to intention-to-treat. To correct for possibly selective 
non-response, we imputed missing data using linear regression modelling. We constructed 
10 sets of imputations, with study group, age, gender, center and available utilities as 
regression variables. We used Rubin’s rules to congregate the imputation sets to single 
values18. To compare the differences between the different strategies we performed 
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unpaired Student’s T-tests with the following contrasts:  standard care vs. web-based, 
standard care vs. FeNO-based, and FeNO vs. web-based for each category of costs. 
Statistical uncertainty of cost-effectiveness was analysed using the net benefit approach19. 
The net benefit (NB) is defined as λ × ΔQALY – Δcosts, where λ is the willingness to pay 
for a gain of one quality-adjusted life year. This way, the observed QALY difference is 
reformulated into a monetary difference. To assess the likelihood of cost-effectiveness 
of the intervention strategies, we used two different perspectives: a healthcare and a 
societal perspective, as described above. The probability of each strategy to be the most 
cost-effectiveness of the three strategies was assessed in acceptability curves, from the 
healthcare and societal perspective at different λ levels.  All analyses were performed with 
Stata/IC 11.0.

Results

Recruitment and baseline characteristics
In total, 481 children satisfied the inclusion criteria and were approached for the study, 
of whom 201 refused to participate. Prior to randomization, 8 children were excluded 
for non-adherence to the study protocol during the pre-randomization measurements. 
The remaining 272 participants were randomized over the different study arms: 89 in 
the standard care group, 91 in the web-based group and 92 in the FENO group. Baseline 
characteristics are shown in Table 1. There were no significant differences between the 
strategies for age, sex, FeNO, lung function and ICS dose.13 Although asthma control at 
baseline was better in the web-based group compared to the FeNO group, asthma control 
was not statistically significantly different from the standard care group for both novel 
monitoring strategies.13 In addition, there were no statistically significant differences in 
patient utilities at baseline between the strategies. 

Costs
The health care costs of the different strategies are shown in Table 2. Total health care 
costs varied between €795 and €888 per patient per year across the different strategies, 
which was not significantly different. The amount of nurse practitioners consultations 
was the only category of health care costs that differed significantly between the 
strategies: the web-based strategy accounted for an average of €129 annual expenditure 
(1.79 consultations per year per patient * €72 per consultation), whereas standard care 
accounts for €86 (1.20 consultations per patients per year, p=0.001) and FeNO-based care 
accounts for €96 (1.33 consultations per year per patient, p=0.01). 
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Table 1 Baseline characteristics

Standard
(n=89) 

Web-based
(n=91)

FeNO-based
(n=92)

p-value

Age, yr (SD) 10.2 (3.2) 10.6 (2.8) 10.3 (2.9) 0.57

Male (%) 61 (69%) 60 (66%) 62 (67%) 0.94

Initial ICS dose (IQR) (µg) 400 (400-800) 400 (400-800) 400 (400-800) 0.97

LABA use (%) 40 (45%) 42 (46%) 44 (48%) 0.93

LTRA use (%) 11 (12%) 11 (12%) 12 (13%) 0.98

FeNO, ppb (IQR) 21.4 (10.5-35.1) 17.1 (10.0-30.0) 15.4 (10.0-26.3) 0.64

FEV1, %pred (SD) 93.9 (14.0) 98.1 (12.6) 95.2 (12.6) 0.11

FVC, %pred (SD) 101.0 (13.0) 103.3 (12.2) 100.3 (12.8) 0.29

ACT or C-ACT score (SD) 21.1 (3.3) 22.1 (3.5) 20.7 (4.3) 0.03

Daily SABA, puffs (SD) 0.4 (0.8) 0.4 (0.8) 0.6 (1.2) 0.29

Symptom-Free days, (SD) 61% (33) 54% (35) 53% (34) 0.26

PAQLQ score child (IQR) 6.2 (5.9-6.6) 6.3 (5.9-6.6) 6.0 (5.6-6.6) 0.65

PACQLQ score parent (IQR) 6.1 (5.8-6.8) 6.7 (6.2-7.0) 6.3 (5.7-6.8) 0.01

EQ5D score (SD) 0.913 (0.095) 0.915 (0.092) 0.922 (0.102) 0.81

Data shown are numbers of patients (%), mean (SD) or median (interquartile range).
Definition of abbreviations: ICS: inhaled corticosteroids, LABA: long-acting beta-agonist, SABA: short acting 
beta-agonist, LTRA: Leukotriene receptor antagonist, ACT: asthma control test, PAQLQ: pediatric asthma-related 
quality of life questionnaire, PACQLQ: pediatric asthma-related caregiver quality of life questionnaire.

 

Patient utilities
The scores of the EQ-5D domains are shown in Table 3. These domains range from 1-3, 
where 1 represents the most favourable score. Overall the average scores were close to 
1, indicating high quality of life within this population. Two significant differences were 
found across the strategies: self-care scores between the standard care and FeNO-based 
strategy were significantly different, favouring the FeNO-based strategy, and Mood scores 
were significantly better in the web-based strategy as compared to standard care. 
The changes in patient utilities during follow-up are shown in Figure 1. The best outcomes 
were seen in the web-based strategy at 4 months follow-up (p=0.26 compared with 
standard care, p=0.15 compared with FeNO). Although these outcomes were statistically 
non-significant, they account for the higher overall QALY in the web-based strategy. The 
standard care group and the web-based group show a similar pattern over time, with a 
peak after 4 months follow-up, with a subsequent decrease in quality of life. The FeNO 
strategy offers a more constant pattern, with a slight non-significant peak after 8 months 
follow-up. Quality-adjusted life years are shown in Table 2. These results, although 
statistically non-significant, slightly favour the web-based strategy. The mean utility scores 
across the strategies vary between 0.928 and 0.939, indicating relatively high utilities in 
this population. 
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Table 3 Average scores of EQ-5 sub-domains over 1 year follow-up

Standard
(n=89) 

Web-based 
(n=91)

FeNO-based
(n=92)

Mobility 1.04 (1.01-1.06) 1.04 (1.02-1.07) 1.05 (1.02-1.07

Self-care 1.01 (1.00-1.02) † 1.02 (1.01-1.04) 1.00 (1.00-1.01) †

Usual activities 1.11 (1.07-1.15) 1.11 (1.07-1.15) 1.15 (1.11-1.16)

Pain / Discomfort 1.21 (1.16-1.26) 1.24 (1.19-1.30) 1.21 (1.16-1.26)

Anxiety / Depression  1.12 (1.08-1.16) 1.08 (1.04-1.12) ‡ 1.14 (1.10-1.18) ‡

Data shown are means of sub-domain scores (95% confidence intervals). Higher scores indicate more severe 
problems.
† p=0.049; difference between standard and  FeNO-based care. ‡ p=0.029; difference between web-based and  
FeNO-based care
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Figure 1 Average patient utilities over time.

Cost-effectiveness 
The probability that any strategy is more cost-effective compared to the two other 
strategies was assessed by cost-effectiveness acceptability curves from a healthcare 
perspective (which includes only healthcare costs) and a societal perspective (including 
both healthcare costs and costs due to loss of productivity) (Figure 2). From the health 
care perspective, the web-based strategy showed the highest probability of cost-
effectiveness over a wide range of willingness-to-pay values (€10,000 - €100,000/QALY). 
Specifically, at a generally acceptable willingness to pay threshold of €40,000/QALY20, 21, 
the web-based strategy was 79% likely to be the most cost-effective, whilst this was 2% for 
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the standard care and 19% for the FeNO-based strategy. At a threshold of €80,000/QALY, 
which is mentioned in the Netherlands as the maximum costs considered acceptable20, 21, 
the web-based strategy has a 85% likelihood of being most cost-effective. From a societal 
perspective, uncertainty was substantially higher, favouring the FeNO-based strategy over 
a wide range of willingness-to-pay values, which has the highest 74% chance of being 
most cost-effective at a willingness-to-pay of about €40,000/QALY (Figure 2).
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Figure 2  Cost-effectiveness acceptability curve.
This figure shows the probability that a strategy is the most cost-effective compared to the other two strategies 
at different willingness-to-pay per QALY. The perspective is either the healthcare perspective, which includes 
only healthcare costs (upper panel) or the societal perspective, which includes all healthcare costs and costs due 
to loss of productivity (lower panel). 
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Discussion

In this study we assessed the cost-effectiveness of a web-based monitoring strategy and a 
FeNO driven strategy compared to standard care in children with asthma in secondary and 
tertiary care. Both monitoring strategies were in addition to standard care. Although we 
found no significant differences in costs and QALY’s between the strategies, the web-based 
strategy was most likely to be cost-effective over a wide range of acceptable willingness-
to-pay values for a gain in quality adjusted life and was the preferred strategy from the 
health care perspective. From a societal perspective the FeNO-based strategy was the 
preferred strategy with an overall higher probability of cost-effectiveness as compared to 
the web-based strategy and standard care. 
To our knowledge this is the first study regarding the cost-effectiveness of a web-based 
and a FeNO-based monitoring strategy in children with asthma. This study was performed 
alongside a clinical study which showed that both the web-based monitoring strategy and 
a FeNO-driven strategy did not improve the number of symptom free days more than the 
standard care strategy13. However, monthly web-based symptom monitoring did result 
in a clinically relevant decrease of inhaled corticosteroids, while maintaining asthma 
control. Remarkably, the FeNO-based strategy improved asthma control as assessed with 
the ACT and as compared to standard care, without increasing medications. Our results 
fit in with this study, since it is likely that improved asthma control in the FeNO-based 
strategy positively impacts productivity costs and therefore the cost-effectiveness from 
a societal perspective4. We observed relatively high patient utilities of around 0.93 in 
this population. Hence it would be interesting to compare the different strategies in a 
population with worse disease, and more room for improvement. 
The results of this study might be influenced by differences at baseline, missing data, or 
selection bias. We think that this was unlikely for the following reasons. First, with respect 
to patient utilities there were no statistical or clinical important differences between 
the strategies at baseline. However, asthma control was somewhat better, although not 
significantly different, in the web-based strategy at baseline and therefore left less room 
for improvement. Therefore, it is unlikely that the statistically non-significant improvement 
in utilities in the web-based strategy can be explained by baseline differences.  Second, 
there was a low frequency of missing values, which was not associated with a particular 
strategy and sensitivity analyses using different imputation methods all showed similar 
results. Third, a potential limitation of this study might be selection bias at enrolment. 
About 50% of eligible children refused participation. However, non-participating children 
did not differ from participants regarding age, lung function and ICS dose13. We feel that 
this study population seems representative for Dutch second and third line pulmonary 
pediatric clinics. 
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One of the strengths of this study was the comprehensive coverage of costs by 
questionnaires and medication prescriptions from local pharmacy records. Besides the 
more clearly defined health care costs, we assessed productivity costs by a number of 
relevant variables. There is increasing evidence that children with uncontrolled asthma 
experience asthma-related night-time awakenings, and it is not unlikely that their 
caregivers too are awakened more often at night4. This could be a driving factor in 
impaired work performance the next day4. However, the valuation of productivity losses 
of children and their parents is still a methodological challenge. No consensus exists about 
the calculation of costs of unpaid labor, parent’s absence of work due to their children’s 
health status, and the long-term economic impact of absence of school. Therefore the 
outcome from the societal perspective might be more sensitive to subjective choices of 
valuation than outcomes from the health care perspective.
How can we interpret the current findings? Although the cost-effectiveness analysis 
showed no significant gain in quality of life or reduction in costs, the finding of about 85% 
probability for the web-based strategy of being most cost-effective at a  generally accepted 
willingness-to-pay of €40,000 and at €80,000, respectively, is arguably an interesting trend. 
Even at a willingness to pay of €20,000, the web-based strategy had clearly the highest 
chance of being cost-effective. One could argue that the cost-effectiveness of web-based 
care might be further improved if some of the 4-monthly clinic visits are substituted by an 
e-consult. In addition, the FeNO-based strategy was overall the preferred strategy from 
the societal perspective irrespective of the uncertainty in the valuation of productivity 
costs. We conclude that both web-based and FeNO-based monitoring on top of standard 
care have additional value and are likely to be more cost-effective than standard care 
alone. This is in line with the earlier findings of additive value in clinical outcomes13. The 
present analysis supports the case for a web-based and/or FeNO monitoring strategy in 
addition to standard care in children with asthma from a health economic perspective.
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Abstract

Background
Regular monitoring of Fractional exhaled Nitric Oxide (FeNO), a biomarker of 
eosinophilic airway inflammation, could improve asthma outcomes. Patients with 
discordance of FeNO and symptoms may benefit most from FeNO-guided treatment. 

Objectives
To assess the stability of concordant and discordant asthma phenotypes in children 
and to assess if children with a discordant phenotype would benefit more from FeNO-
guided treatment. 

Methods
In this randomized controlled multi-center trial with a 1-year follow up, asthmatic 
children 4-18 years were randomized to treatment with FeNO monitoring or standard 
care. At baseline and after 4 weeks, children were classified as having a concordant 
or discordant asthma phenotype, based on FeNO and Asthma Control Test (ACT) 
scores. After 1-year follow up, the phenotypes were re-assessed and treatment effects 
compared. Primary endpoint was the proportion of symptom-free days (SFD).

Results
175 children were included; 65% had a concordant and 35% a discordant phenotype, 
which was unstable in 32% of children.  In both stable discordant and concordant 
phenotypes, the change in SFD, ACT, dose of inhaled corticosteroids, and number of 
exacerbations did not differ between the FeNO group and the standard care group. 
Similarly, the change in SFD did not differ between the FeNO group and the standard 
care group in children with an unstable phenotype.

Conclusions
Discordant phenotypes were common and often unstable in asthmatic children. FeNO-
guided treatment was not more effective in children with discordant phenotypes. 
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Introduction

Guidelines place a strong emphasis on monitoring of asthma control1. However, the 
most effective way to monitor childhood asthma has not been established yet. Several 
randomized controlled trials addressed the question if adjustment of therapy on repeated 
measurements of Fractional exhaled Nitric Oxide (FeNO) as a biomarker of eosinophilic 
airway inflammation could improve asthma outcomes2.  A meta-analysis concluded 
that the benefits of FeNO monitoring were not yet clear3, however, two recent studies 
in children showed better asthma control and less exacerbations in children in whom 
treatment had been adjusted to FeNO4, 5. The concept of concordant and discordant 
phenotypes has been put forward by Haldar et al, who defined concordant (concordant 
symptoms and inflammation) and a discordant phenotypes (high inflammation, low 
symptoms or high symptoms, low inflammation). The authors showed that management 
based on eosinophils in induced sputum reduced exacerbations, or the dose of inhaled 
corticosteroids (ICS) particularly in discordant phenotypes6. The aim of our study was first, 
to assess the presence and stability of concordant and discordant phenotypes in children, 
and if children with a discordant phenotype would benefit more from adjusting treatment 
to FeNO. 

Methods

We performed a preplanned subgroup analysis of the ‘Better Asthma Treatment: 
Monitoring with ACT and Nitric oxide’ (‘BATMAN’) study, a prospective RCT on monitoring 
strategies in asthmatic children. Participants were between 4 and 18 years of age, had a 
doctor’s diagnosis of atopic asthma and used ICS for at least 3 months. At baseline, an 
asthma control test (ACT)7, 8 or Childhood ACT (if <12 years)9 was completed and FeNO 
was measured. Subsequently, a diary was filled in during a 4 weeks run-in phase, while 
treatment was not changed. After run-in ACT and FeNO measurements were repeated 
and children were randomly allocated to a FeNO group, where treatment was adapted 
every 4 months to FeNO and ACT score, or a standard care group with ACT measurement 
every 4 months. After one year the 4-week diary, ACT and FeNO measurements were 
repeated. Primary endpoint was the proportion of symptom-free days (SFD), defined 
as days without daytime or night-time symptoms, obtained from diaries. Secondary 
endpoints included ACT score and dose of ICS. 
Based on the ACT and FeNO, patients were classified as having a concordant or discordant 
phenotype. Concordant was defined as controlled asthma (ACT ≥20) and normal FeNO 
(<25ppb) or uncontrolled asthma (ACT<20) and elevated FeNO (≥25 ppb). Discordant 
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was defined as uncontrolled asthma (ACT<20) with normal FeNO (<25 ppb) or controlled 
asthma (ACT ≥20) with high FeNO (≥25 ppb). Significance of differences was compared by 
analysis of covariance. Data were analyzed with SPSS 21.0. The limit of significance was 
set on p=0.5 (two-sided).

Results

Ninety-two children were allocated to the FeNO group and 89 to the standard care group.  
Six patients dropped out. At the start, 113 children (65%) had a concordant- and 62 (35%) 
a discordant phenotype. After 4 weeks the phenotype had remained stable in 119 children 
(68%). Nineteen percent (n=34) switched from concordant to discordant and 13% (n=22) 
from discordant to concordant (Figure 1). 

Concordant	  

Discordant	  

113	  

62	  

101	  

74	  

Baseline	   4	  weeks	  
79	  

40	  

Figure 1 Number of children with a concordant or discordant phenotype at baseline and after 4 
weeks.

Forty out of the 119 children (34%) had a stable discordant phenotype (19 in FeNO and 
21 in standard care group). In these discordant children, the change in SFD did not differ 
between the FeNO and the standard care group after 1 year (p=0.9).  The same was true 
for the ACT score (p=0.3), the dose of ICS (p=0.3) and the number of exacerbations (5 in 
the FeNO group and 4 in the standard care group). 
Seventy-nine children (66%) had a stable concordant phenotype (42 in the FeNO group 
and 37 in the standard care group). Also in these children, the change in SFD, ACT score 
and dose of ICS did not differ between the groups after 1 year (p=0.7, 0.1 and 0.2, 
respectively). 
Similarly, the change in SFD did not differ between the FeNO group and the standard care 
group in both unstable phenotypes (concordant to discordant (n=34): p=0.5; discordant 
to concordant (n=22): p=0.4). 
Children with stable phenotypes showed no change in SFD during the study, whereas 
children with unstable phenotypes showed a significant and substantial improvement in 
SFD, with or without FeNO monitoring (Table 1). 
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Within the FeNO group 55 children (60%) had a concordant and 37 (40%) a discordant 
phenotype before randomization. Changes from baseline in SFD did not differ significantly 
between discordant and concordant children.

Table 1 Baseline values and changes from baseline
Baseline 
(t=4 wks) FeNO Standard Care

Stable 
Discordant 
(n=19)

Stable 
Concordant 
(n=42)

Unstable 
phenotype
(n=26)

Stable 
Discordant 
(n=21)

Stable 
Concordant 
(n=37)

Unstable 
phenotype
(n=30)

Age, yrs 9.7 (3.7) 10.5 (2.8) 10.6 (3.1) 11.1 (3.7) 9.9 (2.7) 9.9 (3.2)

Gender, male 13 (68) 29 (69) 16 (62) 16 (76) 26 (70) 18 (60)

ICS, ug 400 
(400-800)

400 
(400-800)

400 
(400-800)

400 
(400-800)

400 
(400-800)

400 
(400-500)

FeNO, ppb# 26.2 
(16.0-45.1)

14.8 
(10.2-22.3)

14.7 
(9.8-28.2)

35.2 
(19.6-55.5)

15.7 
(10.0-23.7)

21.7 
(8.5-33.2)

FEV1,% pred 97.3 (10.4) 98.3 (11.3) 89.6 (13.8) 93.8 (15.9) 91.9 (14.6) 95.7 (11.9)

ACT or C-ACT score 20.1 (5.4) 22.0 (4.1) 19.5 (3.0) 21.1 (3.4) 21.6 (3.4) 20.4 (3.1)

SFD, % 53 (33) 62 (32) 39 (35) 57 (34) 62 (33) 42 (35)

Changes from baseline

SFD, % 6 2 20* 8 -1 18*

ACT or C-ACT score 1.9* 1.0 2.6* 0.2 -0.2 1.2

ICS, ug 0 -200 0 0 -200 0

Data shown are mean (SD) or median (interquartile range). *) Significant at p<0.05. #) Geometric mean.

Discussion

Earlier we demonstrated that FeNO monitoring improved asthma control as measured 
with the ACT but did not improve the primary endpoint of SFD5. We hypothesized that the 
effect of FeNO monitoring would be stronger in patients with a discordant phenotype, but 
our present findings indicate that this was not the case. 
Our results seem to disagree with findings by Haldar et al. who found that management 
aimed at reduction of sputum eosinophils reduced exacerbations in the inflammation-
predominant discordant cluster, and a dose reduction of ICS in the symptom-predominant 
discordant cluster6. Although patient numbers were similar, different populations 
(refractory asthma vs mild-moderate asthma), different ages (adults vs children), the use 
of sputum eosinophils versus FeNO and different endpoints (exacerbations vs SFD) may all 
account for these discrepancies. Also, it could be argued that our cut-off value of FeNO to 
define the phenotype may have been too low. However, when we repeated our analysis 
using a higher cut-off of 50 ppb the results were similar (data not shown). Similary, our 
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cut-off for the ACT to define controlled asthma may have been too low10, but also here 
results were similar with cut-offs ACT ≥ 23 and C-ACT ≥ 22 (data not shown). Thirty-five 
percent of the children in our study had a stable discordant phenotype, which is in line 
with an earlier study showing discrepancies between symptoms and inflammation in 32% 
of subjects11.
We showed for the first time that discordant phenotypes are common, but often unstable 
in children. How could this be explained? It has been shown that airway inflammation 
in a highly selected population of children with severe asthma is variable and does not 
necessarily correlate with symptom changes12. It is unknown if this may also be the 
case in subpopulations of children with less severe disease. Indeed several studies have 
indicated that correlations between inflammation and symptoms are weak or absent in 
asthmatics13-16, suggesting that these reflect different aspects of asthma. We speculate 
that common exposures, specifically viral airway infections, may transiently alter the 
relation between inflammation and symptoms in asthmatic children.
A striking observation in our study was the better SFD treatment response in children 
with unstable phenotypes, irrespective of group allocation. The reason for this is unclear; 
one possible explanation might be that the unstable phenotype reflected the presence 
of viral infections at the onset of the study, with subsequently more opportunity for 
improvement. Indeed, the findings at baseline tended to be slightly worse for FEV1 and 
ACT scores in children with an unstable phenotype.
We conclude that discordant phenotypes were common and often unstable in asthmatic 
children. FeNO-guided treatment was not more effective in children with discordant 
phenotypes. 
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General Discussion

Asthma is a common chronic disease in children in the developed world and affects 
approximately 150.000 children in the Netherlands. We showed that in up to 80% of 
children the goals of asthma management are not fully reached1, which means that 
despite current treatment guidelines numerous children still suffer from symptoms, sleep 
disturbances and/or reduced exercise tolerance. These data are in line with earlier data 
in different populations2, 3 and suggest that there is considerable room for improvement. 
Guidelines for the treatment of children with asthma emphasize monitoring of asthma 
control4, 5, but the best way to monitor childhood asthma has not been established yet. 
Therefore we aimed to address if specific monitoring strategies may improve asthma 
control in children. First, we focused on the validity and usefulness of the Asthma Control 
Test (ACT) and the Childhood Asthma Control Test (C-ACT), including their use as a web-
based monitoring tool. Second, we focused on the Fraction of exhaled Nitric Oxide (FeNO) 
as ‘inflammometer’ to monitor airway inflammation in childhood asthma in general, 
and in specific asthma phenotypes in particular. In the present chapter we will discuss 
the main findings of our studies and their scientific and clinical implications, and make 
suggestions for future research.

The assessment of asthma control 
Asthma guidelines advise a stepwise approach for pharmacological asthma treatment, 
with a pivotal role for the level of asthma control4, 5. For this purpose, reliable, simple and 
affordable methods to assess asthma control are essential to manage asthma effectively 
and to initiate or adapt pharmacotherapy. A simple, cheap and validated tool to assess 
asthma control is the Asthma Control Test (ACT, for children > 11 years) or the Childhood 
Asthma Control Test (C-ACT, for children 4-11 years)6-8. The use of questionnaires for the 
assessment of asthma control in daily practice contributes to the standardized evaluation 
of children with asthma and helps to track asthma symptoms. However, validation studies 
in a wide range of settings and randomized controlled trials addressing the added value of 
these questionnaires are lacking. In this thesis we determined the optimal ACT and C-ACT 
cut-off points for defining well-controlled asthma and calculated the minimal important 
difference in ACT and C-ACT based on quality-of-life scores. We found an optimal ACT 
cut-off of ≥ 23 points, and a C-ACT cut-off of ≥ 22 points for well-controlled asthma. This 
is considerably higher than the cut-offs used in many studies which defined good control 
by using the much lower cut-offs for uncontrolled asthma. In our study, for the first time 
the minimal important difference in ACT or C-ACT score in children was established, which 
makes the score clinically useful over time and allows for the use of C-ACT or ACT as 
reliable endpoints in clinical studies. Future research should focus on external validation 
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and reproducibility of these cut-off points in different populations, and comparison of 
scores with the patient’s perception and doctor’s assessment of asthma control, and such 
studies may include lung function and assessment of airway inflammation. 

Asthma monitoring: the basics 
In many children with asthma inadequately controlled disease leads to reduced quality 
of life and increased healthcare costs. A major reason for poor asthma control is poor 
adherence to treatment5. Several studies have shown that adherence to ICS is far from 
optimal and a recent review of the studies using electronic adherence monitoring shows 
that half of them report mean adherence rates of 50% or below, and the majority report 
rates below 75%5, 9, 10. However, reliable assessment of adherence is a challenge in clinical 
practice, as well as in research. Krishnan et al showed that adherence of <80% of the 
prescribed doses was seen in 75% of the children by objective measures (number of doses 
left), while this lack of adherence was only reported in 6% of the children by self-reported 
diaries9. Bush and Saglani showed that in patients with severe asthma, less than half the 
patients had picked up more than 80% of the required prescriptions, an nearly a third 
had picked up less than 50%11. Also, even young children (20% of 7-year-olds and 50% 
of 11-year-olds) were left to take asthma treatments unsupervised11. Also, the parents’ 
perception of the child’s asthma is crucial for adherence to recommended therapy12, even 
as their concerns and beliefs about effects and side-effects13. Another factor of treatment 
failure is poor inhaler technique. In a review of 21 studies looking at misuse of metered 
dose inhalers, a mean of 50% of all children had poor inhaler technique14. Therefore, 
although sophisticated monitoring strategies may improve asthma outcomes, adherence 
to treatment and correct inhaler technique should first be secured.

Web-based diaries and web-based monitoring
Patient-reported diaries provide the opportunity to collect real-time information about 
respiratory symptoms, SABA use, and other information. Compared with interval 
questionnaires at study visits (which are based on retrospective assessments over the 
previous 1 to 4 weeks or more), diaries are less susceptible to problems related to 
incomplete recall and/or recall bias15. However, diary data are often incomplete, and results 
of studies indicate that diaries are often not completed in real time and are susceptible 
to data fabrication16-18. These risks may be reduced if electronic diaries are used to record 
asthma symptoms. Our web-based diary was highly feasible in assessing asthma control, 
the completion rate was high, and did not decrease over 4 weeks. Automatic e-mail 
reminders and the restricted data-entry were powerful tools that reduced recall bias. We 
feel that in clinical research web-based diaries are superior to paper-based diaries and 
their use should be recommended. For clinical use, it is mandatory to use validated diaries 
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and minimal clinically important differences should be known. The disadvantages of web-
based diaries include high costs, the need to develop user-friendly interfaces for data 
entry and download, possible equipment malfunction, and availability and adequacy of 
technical support. 
The added value of using diaries in clinical practice has not been established. A recent 
study showed that keeping a symptom diary on a regular basis in asthmatic children 
did not have a beneficial effect on asthma control19. The completion of daily web-based 
diaries may be too time-consuming on the long term, and reminds the patient of his or her 
disease every day, which may reduce their quality of life. For the web-based assessment of 
asthma control, questionnaires like the ACT and C-ACT may be more appropriate as these 
can be completed easily and quickly and ask for symptoms over intervals that range from 1 
(ACQ) to 4 (ACT) weeks20. However, such questionnaires may miss important information 
as open questions are lacking and there is no room for additional information. However, 
the same can be true for diaries. Also the patient and/or parents may misinterpret 
questions or the final result of the test. The assessment of asthma control by patients 
will partly depend on their perception of airway obstruction, as well as their personal 
interpretation of optimal control. Contrary to a face-to-face contact at the outpatient 
clinic, the context and history of the patient and a physical examination are missing, and 
additional questions or signaling of misunderstandings are not possible. Future research 
should focus on optimizing web-based diaries, and their way of administration. 
In a recent Cochrane review the authors focused on the use of smartphones and tablet 
apps for the self-management of asthma21. Only two randomized controlled trials were 
included, the results were inconclusive and there were concerns in both studies in 
relation to attrition bias and other sources of bias. The authors concluded that the current 
evidence base is not sufficient to advise the use of apps for the delivery of asthma self-
management programs, which underlines the need for proper validation studies.
We showed that web-based monitoring with a monthly ACT or C-ACT in children with 
asthma led to a significant and clinically relevant reduction in ICS dose with similar asthma 
control and similar lung function. This strongly suggests that through systematic, regular 
monitoring, improved personalized asthma management is feasible with the benefit of a 
considerably lower dose of ICS as a result. By monthly assessing asthma control we were 
able to respond more quickly to changes in asthma control compared to the 3-6 monthly 
clinic visits in the usual care, thus avoiding overtreatment. Frequent contact between 
physician and patient offers the possibility to alter therapy frequently, which might result 
in a quick response to fluctuations in disease activity. Also, it is well known from clinical 
trials that frequent contacts with health care providers as such may improve asthma 
symptoms22, 23. Will it be possible to improve our results more with web-based monitoring 
and obtain even better asthma control and dose reduction of ICS? We propose that 
monitoring with different or advanced asthma control questionnaires, perhaps extended 
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with lung function parameters, might further improve asthma control, and should be 
further explored. The optimal frequency of web-based monitoring is unknown, and we 
decided for monthly administration of the ACT and C-ACT as the recall window for these 
questionnaires is 4 weeks. As it seemed, 4 weekly contacts were sufficient to improve 
therapy, and not too frequent to decrease adherence to web monitoring. One might also 
argue that more frequent adjustment of treatment is not desirable from a patient’s point 
of view and because ICS require several months to reach their optimal effect.
Specific patient groups may benefit more from web-based monitoring than others. 
For instance adolescents or patients who live far away from the outpatient clinic may 
be appropriate target groups for web-based interventions. Adolescents have a positive 
attitude towards web-based medicine, and appreciate the possibility of electronic 
monitoring and feedback24. In general, children from the age of 13 spend approximately 15 
hours a week on the Internet. They use the Internet mainly for information, movies, email, 
chats, games, and social media25. With the increasing use of Internet on smartphones, 
tablets, notebooks etc., we expect that the Internet-based strategies will fit in with the 
needs of patients to independently assess their asthma control, to communicate more 
easily with their health care providers, and that this will improve adherence to treatment, 
although it is unclear if this effect still remains over time. Rikkers-Musaerts et al. showed a 
short-term improvement of asthma control and quality of life by a web-based intervention 
in a selected group of adolescents, but after one year the effect disappeared26. However, 
more research is needed to substantiate these expectations, and optimize care. Future 
research should focus on determining which monitoring strategy will be optimal in terms 
of costs and benefits, to come to a more personalized management. We speculate that 
web based monitoring may be particularly useful in children with difficult-to-treat asthma 
and/or uncontrolled asthma and in adolescents. In children with well-controlled asthma 
on step 2 or 3 treatment the added value of web monitoring may be limited, although in 
the future web consultations might partly replace clinic visits in this group, thus reducing 
the burden for child and parents and the costs of care. 

Telemonitoring in chronic diseases 
Telemonitoring seems also be a valuable tool in the management of other chronic diseases. 
Much research has been down in the field of chronic heart failure and hypertension. 
It has been shown that structured telephone support and telemonitoring can provide 
specialized heart failure care to a large number of patients with limited access to healthcare 
services. A Cochrane review demonstrates that chronic heart failure interventions utilizing 
information technology can reduce the rates of death and hospitalization and improve 
the quality of life27.  Striking was the fact that the majority of elderly patients learned 
to use the technology easily and were satisfied with receiving healthcare in this way27. 
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Also in the management of hypertension, telemonitoring has been shown very effective. 
Several reviews and meta-analyses showed that telehealthcare interventions led to 
a greater decrease in systolic and diastolic bloodpressure compared with usual care28-

30. In addition, close management of diabetic patients through telemonitoring showed 
significant reduction in HbA1c and complications with a good acceptance by patients31. 
The telemonitoring effects on clinical effectiveness outcomes (e.g., decrease in the 
emergency visits, hospital admissions, average hospital length of stay) seems to be more 
consistent in pulmonary and cardiac studies than diabetes and hypertension32. 

FeNO monitoring
As a second aim of this thesis FeNO monitoring was evaluated, and we found an 
improvement of ACT or C-ACT in the FENO managed group, without higher doses of ICS. 
Based on previous research33, we hypothesized that patients with discordant asthma 
phenotypes, in whom symptoms and inflammation did not point in the same direction, 
would benefit most from FeNO monitoring, but showed that this was not the case. This 
might however be explained by relatively low numbers in our subgroup analysis and by the 
fact that discordant and concordant phenotypes were unstable in children during time. 
As measuring FeNO improved asthma control and the measurement is cheap, non-
invasive and easy to interpret, we recommend measuring FeNO on a regular basis in 
daily practice. A recent meta-analysis showed a 50% reduction in exacerbations when 
a FeNO monitoring strategy was used, which strongly supports this recommendation34. 
The most recent Cochrane review concluded that the benefits of FeNO monitoring were 
not yet clear, partly due to large variations in study design35. We suggest that it is now 
time to perform a new meta-analysis, using all original data of FENO monitoring studies, 
and whenever possible to stratify the analysis for phenotypes, as specific phenotypes or 
populations (age, atopic status, level of asthma control, etc) might benefit more from 
FeNO monitoring. The effect of FeNO monitoring depends highly on cut-off values: lower 
cut-off FeNO values for increasing ICS doses leads to less reduction of ICS and higher cut-
off values to more reduction. In children with well-controlled asthma, lowering the dose 
of ICS without losing control is important, but in children whose asthma is not completely 
controlled a higher level of asthma control will be more important. Therefore, different 
cut-offs for FeNO (e.g. for well controlled asthma, partly controlled and uncontrolled 
asthma) are necessary to choose the best strategy in individual children. Also, it may be 
needed to define reference values that take patient characteristics as age, obesity, atopic 
status and level of asthma control into account. Further research should focus on defining 
specific populations that benefit most from FeNO measurements. Also, reference values 
should be further evaluated in different populations, and cut-offs adjusted accordingly.
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Strengths and limitations
Our BATMAN study had several strengths like the large sample size of 288 children, and 
including asthmatic children of all ages with different levels of severity. Because the 
BATMAN study was a multi-center study, children from different parts of the Netherlands 
were included, with different ethnicities, and cultural and social backgrounds, which 
increases the generalizability of our findings. Also the adherence to the study protocol 
was very high. Only four children dropped out and completion rates of the web-based 
diaries varied from 87 to 89%. Even more important is the wide range of outcomes that 
we studied, including patient-centered outcomes, which are most relevant from the 
patient’s perspective. In the BATMAN study we measured changes in SFDs, exacerbations, 
dose of ICS, number of reliever medication taken. These outcomes are directly related to 
the patient and the impact on daily life. 
It could be argued that there is no gold standard for the assessment of asthma control. 
Levels of asthma control according to GINA guidelines are frequently used, but the 
proposed definition by GINA of controlled, partly controlled and uncontrolled asthma is 
not validated for children, was developed primarily for adults and used as an essentially 
arbitrary working scheme36. In the BATMAN study, we used the ACT and C-ACT to assess 
asthma control and used the scores as reference to assess validity of the web-based 
diary scores. Although data supporting the use of these tests in asthma management are 
limited, we considered these as suitable for our purpose. Several studies have evaluated 
the diagnostic performances of the ACT and C-ACT in assessing levels of asthma control 
based on GINA criteria, and in general they showed a high level of agreement37-41.

Recommendations for future monitoring strategies
What would be the best strategy for improving asthma control in children? We speculate 
that optimal assessment should include a weighted score of multiple asthma outcomes. 
Symptoms should be evaluated with monthly web-based scores, in selected cases 
complemented by a web-based diary 2 weeks prior the doctor’s appointment. Pulmonary 
function and inflammation should be evaluated during the visit at the outpatient 
clinic and compared to the patient’s personal best. Disease-specific quality of life 
questionnaires should be assessed, perhaps with larger intervals. Every item should be 
scored and weighted to estimate overall asthma control. Depending on the percentage 
change, treatment should be adapted individually, instead of using group-based cut-off 
values. Current guidelines and assessments of asthma control do not show the complete 
picture of a patient’s asthma status. Future research should focus on the benefits of using 
compound measures of asthma outcome. 
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In current research, health economics is often neglected, although cost-effectiveness is 
more and more important when resources are limited.  From a societal perspective, costs 
of medication, health care visits, hospitalizations, and technical equipment have to be 
taken into account when implementing new strategies and cost-effectiveness analyses 
should be part of every randomized controlled trial. We showed that the assessment of 
asthma control by means of web-based monitoring, and the regular measurement of 
FeNO were indeed likely to be cost-effective from different points of view, and this sort of 
analysis may help to implement these monitoring strategies in clinical practice.

Conclusions

Monitoring of asthma is an essential part of asthma management as adequate asthma 
monitoring may lead to better asthma control and more effective use of medication. Web-
based monitoring with a monthly ACT or C-ACT produced a significant and clinically relevant 
reduction in ICS dose while maintaining good asthma control, and therefore we propose 
web-based monitoring as a cost-effective tool for the near future. FeNO monitoring 
improved asthma control as assessed with the ACT or C-ACT, without increasing the dose 
of ICS, and was cost-effective from a societal perspective. Hence, we propose that FeNO 
monitoring should be reconsidered when updating asthma guidelines. 

Further Research

Further research should focus on optimizing web-applications for the assessment of 
asthma control, in particular on which patients will benefit most from Internet strategies. 
It should be evaluated if more advanced questionnaires will better fit the needs of a 
web-based monitoring program. As web-based monitoring and FeNO monitoring each 
have a positive effect of asthma control separately, we hypothesize that a combination of 
web-based monitoring and repeated FeNO measurements at the outpatient clinic might 
be even more effective. In future research a combination of both strategies should be 
evaluated.
A critical issue is the definition of asthma control. There is at present no gold standard, 
and future studies should aim at defining optimal asthma control for specific populations, 
taking the various aspects of asthma in consideration, including personal perception. To 
assess asthma control in a standardized way, asthma control questionnaires are helpful, 
but more validation in a wider range of settings is needed, including confirmation of cut-
off values and minimal important differences for specific populations and purposes.
Finally, as asthma is a heterogeneous disease, future studies should focus on asthma 
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phenotypes and examine if stratification of monitoring strategies per phenotype may lead 
to a better, personalized approach of children with asthma.
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Summary

Asthma affects approximately 150,000 children in the Netherlands. The goal of asthma 
treatment is to achieve and maintain clinical control and reduce future risks to the 
patient. However, despite the availability of effective treatment, in many asthmatic 
children asthma control is poor. Better monitoring of childhood asthma and adjusting 
treatment accordingly may lead to an improvement of asthma control. This thesis focuses 
on monitoring of childhood asthma, the definition of asthma control, the assessment of 
asthma control and achieving better asthma control. We describe two new monitoring 
strategies and compare them with standard care. 

Chapter 1 is a general introduction to the different aspects of monitoring childhood 
asthma. In this chapter the aims of this thesis are described and an outline of this thesis 
given. 

Chapter 2 provides an overview of commonly used asthma control questionnaires and 
explores their usefulness in asthma management in children. The use of asthma control 
questionnaires in daily practice and in research contributes to the standardized evaluation 
of children with asthma and helps to track asthma symptoms, but validation studies in a 
wider range of settings are needed. Also studies on their usefulness to improve asthma 
outcomes are lacking.

In Chapter 3 we compared the assessment of asthma control by children and parents 
using the Childhood Asthma Control Test (C-ACT). The C-ACT consists of 2 parts: the child 
fills in the first part of the C-ACT, and the parent completes the second part. Subscores of 
283 children and their parents were compared. On average, children scored 8.3% lower 
than parents, irrespective of the child’s age. This suggests that parents underestimate the 
asthmatic symptoms of their children.

Chapter 4 describes the validity of a web-based diary in assessing asthma control in 
children, the cut-off levels for ‘well-controlled’ asthma and the minimal important 
differences of the Asthma Control Test (ACT) and the Childhood Asthma Control Test 
(C-ACT).  Web-based diaries were feasible with a completion rate of 89%. Diary scores 
correlated strongly with C-ACT and ACT scores and changes in diary scores correlated 
well with changes in C-ACT and ACT scores, which made our web-based diary valid for 
recording asthma symptoms. The best cut-off points for well-controlled asthma were 
C-ACT ≥ 22 and ACT ≥ 23. We have shown that 2 C-ACT or ACT points difference is the 
minimal clinically important difference. 
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Chapter 5 reports the results of the BATMAN study, a randomized controlled multi-
center trial in asthmatic children with a 1-year follow up. In this study we compared 
two novel monitoring strategies with standard care: monthly web-based assessment 
of asthma control by means of the ACT, and 4-monthly measurements of FeNO, a 
noninvasive biomarker of airway inflammation in asthma. Two hundred eighty children 
were randomized to one of three study groups, and 268 children completed the study.  
We compared the mean changes from baseline of the proportion of symptom-free days 
between each of the intervention groups and the standard care group. We concluded that 
the changes from baseline did not differ between the monitoring strategies. However, the 
FeNO strategy showed a within-group improvement of asthma control assessed with the 
Asthma Control Test, while in children with web-based consultations ICS could be reduced 
substantially while control was maintained.

Chapter 6 describes an economic evaluation of the BATMAN study; the cost-effectiveness 
of web-based monitoring and FeNO monitoring in comparison with standard care. The 
web-based strategy had 80% chance of being most cost-effective from a health care 
perspective at a willingness to pay of a generally accepted €40,000 per Quality Adjusted 
Life Year (QALY). The FeNO-based strategy had 68% chance of being most cost-effective 
at €40,000 per QALY from a societal perspective. Economically, this means that the web-
based monitoring strategy would be preferable from a health care perspective, and the 
FeNO-based strategy from a societal perspective, although this was not significant in 
QALY’s and costs. As the clinical outcomes also favoured the web-based and FeNO-based 
strategies, we concluded that they may be useful additions to standard care.

Chapter 7 reports the results of a study in which we evaluated the effect of web-based 
monitoring and FeNO monitoring in different pediatric asthma phenotypes. Children were 
defined as having a concordant (concordant symptoms and inflammation) or a discordant 
(high inflammation, low symptoms or low inflammation, high symptoms) phenotype. Of 
the 175 asthmatic children, 65% had a concordant and 35% a discordant phenotype, which 
was unstable during 4 weeks in 32% of the children. Second, we evaluated if children 
with a discordant phenotype would benefit more from adjusting treatment to FeNO 
according to previous results. We found no differences between FeNO monitoring and 
standard care in terms of symptom-free days, Asthma Control Test scores, dose of inhaled 
corticosteroids, and number of exacerbations in both stable discordant and concordant 
phenotypes or in children with an unstable phenotype. Hence, FeNO-guided treatment 
was not more effective in children with discordant phenotypes.

Chapter 8 is the general discussion in which the main findings and implications described 
in this thesis are discussed. 
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Samenvatting

Astma is de meest voorkomende chronische ziekte bij schoolkinderen: in Nederland 
hebben ongeveer 150.000 kinderen astma. Het doel van astmabehandeling is om de 
klachten zo goed mogelijk onder controle te krijgen en te houden en om complicaties 
zoals astma-aanvallen te voorkomen. Hoewel er effectieve astmamedicatie beschikbaar 
is, zijn desondanks bij de meerderheid van de kinderen de astmaklachten niet goed 
onder controle. Het beter monitoren van kinderen met astma en het bijstellen van de 
behandeling op grond van de verkregen gegevens is daarom belangrijk om astma beter 
onder controle te krijgen. Dit proefschrift richt zich op het vaststellen van de mate van 
astmacontrole met behulp van de Astma Controle Test, en op de doelmatigheid van twee 
nieuwe monitoringstrategieën bij de behandeling van kinderen met astma. 

Hoofdstuk 1 is een algemene introductie over het monitoren van astma op de 
kinderleeftijd.  Dit hoofdstuk geeft een overzicht over de opbouw van dit proefschrift en 
beschrijft de doelen.

Hoofdstuk 2 geeft een uiteenzetting van de beschikbare vragenlijsten voor het vaststellen 
van de mate van astmacontrole bij kinderen. De voor- en nadelen van het gebruik van deze 
vragenlijsten worden besproken, evenals hun toepasbaarheid in de praktijk en in klinisch 
onderzoek. De conclusie van dit hoofdstuk is dat het gebruik van vragenlijsten zinvol is 
voor het op een gestandaardiseerde manier vaststellen van de klachten en de mate van 
astma controle. Echter er zijn meer validatiestudies nodig in verschillende populaties. Ook 
gegevens over het verbeteren van astma uitkomsten door astma controle vragenlijsten 
ontbreken nog. 

Hoofdstuk 3 vergelijkt hoe kinderen en ouders de astmacontrole bij het kind inschatten, 
gebruikmakend van de Astma Controle Test voor kinderen (C-ACT). De C-ACT bestaat uit 
2 gedeelten: het eerste deel wordt ingevuld door het kind, het tweede door de ouder. 
Van 283 kinderen en hun ouders werden de subscores vergeleken. Gemiddeld scoorden 
de kinderen 8,5% lager dan hun ouders, onafhankelijk van de leeftijd van het kind. Dit 
suggereert dat ouders de astmaklachten van hun kinderen onderschatten. 

Hoofdstuk 4 beschrijft de validatie van een internetdagboek om de mate van astmacontrole 
bij kinderen vast te stellen. Tevens geeft het afkapwaarden voor ‘gecontroleerd’  astma 
en het ‘minimal important difference’ voor de Astma Controle Test (ACT) en de Astma 
Controle Test voor kinderen (C-ACT). In totaal werden 89% van de internet dagboeken 
ingevuld, hetgeen betekent dat het internet dagboek goed bruikbaar was in de praktijk. 
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De dagboekgegevens kwamen sterk overeen met de scores van de (C-)ACT. Ook de 
veranderingen in de (C-)ACT scores en de dagboekdata kwamen overeen. Dit maakt het 
internetdagboek valide voor het registreren van astmasymptomen. De afkapwaarden 
voor ‘gecontroleerd’ astma waren ≥ 22 voor de C-ACT en ≥ 23 voor de ACT. Een verschil 
van 2 C-ACT of ACT punten is klinisch van belang. 

Hoofdstuk 5 geeft de resultaten van de BATMAN studie, een gerandomiseerde 
multicentrische studie van 1 jaar bij kinderen met astma. In deze studie werden twee 
nieuwe monitoringstrategieën vergeleken met de gebruikelijke zorg: maandelijkse 
internetconsulten door vaststelling van de astmacontrole middels een ACT vragenlijst 
op het internet, en 4-maandelijkse bepalingen van FeNO. In totaal werden 280 kinderen 
gerandomiseerd naar een van de drie studiegroepen. Hiervan volbrachten 268 kinderen de 
studie. De verandering in het aantal symptoomvrije dagen voor en na de interventie bleek 
niet verschillend tussen de  interventiegroepen en de gebruikelijke zorg groep. Echter in 
de groep kinderen bij wie FeNO bepalingen de behandeling mede bepaalde, was wel de 
astmacontrole verbeterd, en de kinderen met de maandelijkse internetconsulten hadden 
een lagere dosering inhalatiecorticosteroïden nodig bij gelijkblijvende astma controle. 

Hoofdstuk 6 beschrijft een economische evaluatie van de BATMAN studie: de 
kosteneffectiviteit van internetmonitoren en FeNO bepalingen bij de behandeling 
van astma, in vergelijking met de gebruikelijke zorg. Vanuit zorgperspectief had 
Internetmonitoren een kans van 80% om kosteneffectief te zijn bij een algemeen 
geaccepteerd bedrag van €40,000 per ‘Quality Adjusted Life Year’ (QALY). Vanuit een 
sociaal perspectief had de FeNO strategie 68% kans om kosteneffectief te zijn bij een 
bedrag van €40,000 per QALY. Economisch gezien betekent dit dat, vanuit de zorg gezien, 
de internetstrategie de voorkeur heeft, en vanuit de maatschappij gezien de FeNO 
strategie, hoewel dit statistisch niet significant was in QALY’s en kosten. 

Hoofdstuk 7 beschrijft de resultaten van een onderzoek waarin we het effect van 
internetmonitoren en FeNO monitoren hebben vergeleken bij verschillende astma 
fenotypen. Kinderen werden gedefinieerd met een concordant (symptomen en ontsteking 
wijzen in dezelfde richting, dus veel symptomen en hoog FeNO of weinig symptomen en 
laag FeNO) of een discordant fenotype (hoog FeNO en weinig klachten of laag FeNO en 
veel klachten). Van de 175 astmatische kinderen had 65% een concordant en 35% een 
discordant fenotype. Het fenotype was onstabiel bij 32% van de kinderen in een periode 
van 4 weken. Kinderen met een  discordant fenotype bleken niet te verbeteren als FeNO 
mee genomen werd in de behandelbeslissingen. Er waren geen  verschillen in het aantal 
symptoomvrije dagen, Astma Control Test scores, dosering inhalatiecorticosteroïden en 
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het aantal exacerbaties tussen de groep met FeNO metingen en de gebruikelijke zorg 
zowel bij kinderen met een stabiel concordant en discordant fenotype als bij kinderen 
met een onstabiel fenotype. Een behandeling gestuurd door FeNO metingen was dus niet 
effectiever bij kinderen met een discordant fenotype. 

Hoofdstuk 8 is een algemene discussie waarin de belangrijkste resultaten van dit 
proefschrift en hun toepasbaarheid worden bediscussieerd. 
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List of abbreviations

ACT  Asthma control test
ACQ  Asthma control questionnaire
AHR  Airway hyperresponsiveness
ANCOVA  Analyses of covariance
ATAQ  Asthma treatment assessment questionnaire
AUC  Area under the curve
BTS  British Thoracic Society
C-ACT  Childhood asthma control test
EQ5D  EuroQol classification system
FeNO  Fraction of exhaled nitric oxide
FEV1  Forced expiratory volume in 1 second
FVC  Force vital capacity
GINA  Global initiative for asthma
GLI  Global lungs initiative
ICS  Inhaled corticosteroids
ICC  Intraclass correlation coefficient
IQR  Interquartile range
LABA  Long-acting β-agonist
LTRA  Leukotriene receptor antagonist
MEF25  Maximal expiratory flow at 25% of vital capacity
MID  Minimal important difference
PEF  Peak expiratory flow
PD20  Provocative dose causing a 20% fall in FEV1

PACQLQ  Pediatric asthma-related caregiver quality of life questionnaire
PAQLQ  Pediatric asthma-related quality of life questionnaire
QALY  Quality-adjusted life year
RCT  Randomized controlled trial
ROC curve ‘Receiver Operator Characteristic’-curve
SABA  Short-acting beta agonist 
SFD  Symptom-free days
TRACK  Test for respiratory and asthma control in kids
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