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Chapter 1

Introduction

Asthma
The Global Initiative for Asthma (GINA) strategy report defines asthma as: “a heterogeneous 

disease, usually characterized by chronic airway inflammation. It is defined by the history of 

respiratory symptoms such as wheeze, shortness of breath, chest tightness and cough that 

vary over time and in intensity, together with variable expiratory airflow limitation”.1 Asthma 

affects children, adults and elderly throughout the world: an estimated 235 million people of 

the global population currently suffer from asthma.2 It is the most prevalent chronic airways 

disease with an estimated 6.1% of the European population aged 15 years and older suf-

fering from this inflammatory disease.3 It results in a substantial burden to patients and in a 

considerable amount of healthcare utilization. The total costs of asthma in Europe are about 

€17.7 billion annually.4 Expenses on outpatient care and medications are estimated at €3.8 

and €3.6 billion respectively. The majority of this amount however, consists of productivity 

loss by impairment due to symptoms.4

Despite a huge research effort, the aetiology and pathogenesis of asthma is only partly 

understood, although it is clear that genetic and environmental factors are involved. About a 

hundred genes have been found to be associated with asthma.5 Maternal risk factors such as 

smoking, diet and nutrition, stress and childhood risk factors like respiratory virus infections, 

allergic sensitization, environmental tobacco smoke, exposure to animals, breastfeeding, 

decreased lung function in infancy, family size and structure as well as socio-economic status 

were identified, although some of these factors have not always been consistent in the 

literature.6

The GINA definition of asthma mentions heterogeneity, variation of symptoms over time and 

intensity and variable airflow limitation;1 three references to variability in one definition. It is 

probably this variability that makes asthma treatment challenging for practitioners. Although 

most patients achieve controlled asthma with low levels of medications, some patients (about 

3.5%) keep suffering from symptoms and limitations despite high levels of medications.7,8 

Asthma symptoms may vary from day to day, which is why most symptom assessment 

instruments used in asthma care, such as the Asthma Control Questionnaire (ACQ)9 or the 

Asthma Control Test (ACT),10 and the Asthma Therapy Assessment Questionnaire (ATAQ)11 

cover at least one9 to several10,11 weeks. Besides day-to-day variation, seasonal influences are 

observed in many patients.12
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Since, currently, asthma cannot be cured, the most important goal in treating patients with 

asthma is gaining and maintaining asthma control.1 Asthma control is described as “the extent 

to which the manifestations of asthma have been reduced or removed by treatment”.13 It has 

two domains, namely 1) current symptom control, typically measured with one of the afore-

mentioned assessment instruments, and 2) future (long term) risk of adverse events,14 such as 

side effects, fixed airflow limitation and, most importantly, sudden flare-ups / deteriorations 

of symptoms: exacerbations. The classification of various asthma severities is derived from 

the intensity of treatment required to achieve good asthma control.13

There are several pharmacological agents that can be used to achieve asthma symptom 

control. The usage of as-needed short-acting beta-agonists to relieve symptoms can be 

extended step-wise with low, medium or high dose inhaled corticosteroids to reduce the 

airway inflammation. This can be combined with long-acting beta-agonists to relieve the 

airway constriction. Periodical assessment and adjustment of treatment should keep a 

patient’s asthma controlled (low level of symptoms, e.g. ACQ score <1.5 and low risk of 

adverse events, like exacerbations) with the lowest possible treatment intensity (figure 1).1

Figure 1 stepwise approach to control asthma and minimize future risk (from GINA1)

1
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Exacerbations
Exacerbations are the most important outcome of future (long-term) risk of adverse events: 

the second domain of asthma control. A patient with a recent (in past 12 months) exacer-

bation is considered uncontrolled, even when he or she is free of symptoms. Exacerbations 

are temporary deteriorations of asthma symptoms beyond the patients’ normal day-to-day 

variability, and worsening of lung function, usually with a sudden onset and a progressive 

course. For these episodes, patients often seek medical attention, resulting in considerable 

healthcare utilization. In a telephone interview study performed in seven European countries, 

25% of patients reported an unscheduled urgent care visit and 10% reported one or more 

emergency room visits in the past 12 months.15

An exacerbation is an excessive response of the airways to environmental triggers. Infections 

of the airways with (rhino)viruses are the most common triggers,16 causing annual peak inci-

dences of exacerbations.17 Second most important triggers are sensitization and subsequent 

exposure to allergens, for example fungi (Alternaria species), pets (cats, dogs, birds), house 

dust mites, cockroaches and grass or tree pollens. Allergens may, just like viruses, cause 

epidemics of exacerbations. In 1989 an epidemic of exacerbations occurred in Barcelona, 

which was caused by atmospheric soybean dust being released during cargo handling at the 

local harbour.18 Thunderstorm asthma is another example of an allergen-induced epidemics 

of asthma exacerbations: several events were reported in which a large number of patients 

experienced severe asthma symptoms after a thunderstorm during the grass pollen season. 

Probably the weather conditions disintegrated the pollens into particles small enough to 

be inhaled into the small airways, provoking asthma symptoms.19 In 2016 local emergency 

departments in Melbourne (Australia) were overwhelmed by thousands of patients with 

severe respiratory symptoms after a thunderstorm, resulting in at least four deaths.20 Besides 

viral infections and allergen exposure, other factors related to asthma exacerbations are 

exposure to tobacco smoke,21 air pollution,22 and aspirin.23

Most of the above triggers cause airway inflammation, airflow obstruction and increased 

airway responsiveness, although through different pathways. Viral infections of the airways 

generally result in a neutrophilic response, accompanied with interleukin (IL)-6 and IL-8 cyto-

kine release.16 After sensitization, exposure to aero-allergens typically causes a T-helper (Th2) 

response, in which the production of cytokines IL-4, IL-5 and IL-13 by T-helper 2 cells inducing 

Immunoglobulin (Ig)-E release, eosinophilic infiltration of the airway walls and overproduction 

of mucous (figure 2).16 The activation of both pathways simultaneously increases the risk for 

exacerbations even more, up to a 19-fold risk for hospital admission because of asthma.24,25
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Figure 2. triggers for exacerbations of asthma and cellular responses (modified from Singh et al.16)

Exacerbations occur more frequently in patients with severe or uncontrolled asthma, but 

patients with well-controlled26 or mild27 asthma are not spared. Although an exacerbation 

implies a loss of asthma symptom control, not all losses of controls concern exacerbations. 

Loss of control and exacerbations are both characterised by increased symptoms, but should 

be distinguished carefully. A status of uncontrolled asthma is not uncommon in a general 

asthma population and the situation may persist for a prolonged period without urging the 

patients to seek healthcare.28 However, patients with exacerbations usually seek care for 

progressive symptoms within days of onset,29 although a more acute onset of exacerbations 

has also been reported.30,31 Besides the symptomatic course, also the Peak Expiratory Flow 

(PEF) characteristics differ: when controlled, variation between morning and evening PEF is 

about 5%, increasing to 20% when losing asthma control.26 This increase in PEF variability 

is not observed during or preceding exacerbations, which are characterised more by (simul-

taneously morning and evening) PEF falls.32 Finally, the treatment approach of both entities 

is different: when a loss of asthma symptom control is established, patient and practitioner 

should look for the reason of the deterioration (for example allergen exposure or medication 

adherence) and apply appropriate interventions, for instance an increase of treatment inten-

sity, see figure 1. In case of exacerbations, the first step is assessment of its severity, guided 

1
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by (vital) signs such as the ability to complete sentences, use of accessory muscles, respiratory 

rate, and oxygen saturation. This is followed by a re-assessment one hour after initial therapy 

(inhaled beta-agonists, systemic corticosteroids and oxygen if necessary).1 For management 

of mild or moderate exacerbations, increasing of inhaled corticosteroids appears to be 

sufficient.32 For severe exacerbations, doubling33 or even quadrupling34 the dose of inhaled 

corticosteroids proved not to be enough. A course of systemic (usually oral) corticosteroids 

for 5-7 days is usually recommended. 1

Definition of exacerbation
Considering the patient burden, the costs of healthcare utilization and the social costs (work/

school days lost), it is not surprising that exacerbations are the most important long-term 

outcome in asthma research. Unfortunately, like asthma itself, the term exacerbation suffers 

from a substantial heterogeneity. Various terms of exacerbations, such as asthma attack, 

acute (severe) asthma and status asthmaticus are being used interchangeably and its defini-

tions are applied differently between studies. Several operationalisations are used to define 

exacerbations, for example a drop in PEF with variable cut-off limits, courses of systemic 

corticosteroids, emergency department visits and hospitalisations, or combinations thereof. 

For single trials comparing interventions, the exact definition of the outcome may not be very 

important, provided that the definition is identical in all trial arms. However, mutual compar-

ison of trials on such interventions may be hampered: e.g. is a reduction in the proportion of 

patients with a PEF fall to less than 80% of their normal value in one study comparable to a 

reduction in the rate of unscheduled visits in the other? Or, can a statistical model designed 

to predict exacerbations defined as courses of systemic corticosteroids for increased symp-

toms of asthma also be used to predict those defined as emergency department visits due 

to asthma? This heterogeneity urged an American Thoracic Society / European Respiratory 

Society (ATS/ERS) task force to recommend standardised definitions for asthma control and 

exacerbations in 2009.35 This task force proposed the usage of two severities for exacerba-

tions (severe and moderate), both characterised by increased symptoms, although the time 

and intensity of treatment differ:

“Severe asthma exacerbations are defined as events that require urgent action on the part 

of the patient and physician to prevent a serious outcome, such as hospitalization or death 

from asthma.

Moderate asthma exacerbations are defined as events that are troublesome to the patient, 

and that prompt a need for a change in treatment, but that are not severe. These events are 

clinically identified by being outside the patient’s usual range of day-to-day asthma variation.”
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The task force discouraged the use of the term mild exacerbations, as these events can hardly 

be distinguished from loss of control.

For research purposes, the task force proposed the following operationalisations:

“The definition of a severe asthma exacerbation for clinical trials should include at least one 

of the following:

(a) Use of systemic corticosteroids (tablets, suspension, or injection), or an increase from 

a stable maintenance dose, for at least 3 days. For consistency, courses of corticosteroids 

separated by 1 week or more should be treated as separate severe exacerbations.

(b) A hospitalization or emergency room (ER) visit because of asthma, requiring systemic 

corticosteroids.

The definition of a moderate asthma exacerbation should include one or more of the 

following: deterioration in symptoms, deterioration in lung function, and increased rescue 

bronchodilator use. These features should last for 2 days or more, but not be severe enough 

to warrant systemic corticosteroid use and/or hospitalization. ER visits for asthma (e.g., for 

routine sick care), not requiring systemic corticosteroids, may be classified as moderate 

exacerbations.”

The decision of a physician to prescribe systemic corticosteroids for at least three days 

thereby discriminates between moderate and severe exacerbations. This choice has several 

advantages. First, patients with increased symptoms are usually assessed by a clinician (except 

for those who have oral corticosteroid courses at home as an element of self-management 

plans), which introduces some objectivity. Second, it clearly indicates a change of treatment. 

Finally, prescriptions are usually well-documented in (electronic) records and easy to identify. 

It also has some disadvantages: it is rather subjective, as from clinical judgement analysis 

we know that clinicians involve different and a variable number of cues in their strategies to 

manage exacerbations.36 Furthermore, importantly, this definition is retrospective; sufficient 

for the assessment of clinical trial outcomes, but not for guidance on diagnosing an asthma 

exacerbation.

In this thesis we will assess the implications of differently used definitions for exacerbations 

in the current asthma research practice.

1
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Prediction
Prediction of exacerbations is important. As discussed before, future risk of adverse events, 

like side effects, fixed airflow limitation or exacerbations, (all long term outcomes) contribute 

to current asthma control by definition.13 This future risk should be assessed periodically as 

it may influence current treatment in individual patients. For instance, a considerable chance 

of a future exacerbation might withhold a practitioner from decreasing a treatment step 

when a patient has reached good symptom control. There are many known risk factors 

associated with risk of exacerbations. By far the most important risk factor for future exacer-

bations is a previous exacerbation.37,38 A previous exacerbation increases the odds of a future 

exacerbation by 6.3.38 Decreased symptom control is also related to an increased risk for 

exacerbations.39 Many other risk factors associated with exacerbations have been identified, 

for example those listed by GINA:1 inadequate therapy with inhaled corticosteroids, high 

reliever medication use, low Forced Expiratory Volume in 1 second (FEV1), comorbidities like 

obesity, rhino-sinusitis and food allergy, exposures to smoking and allergens, eosinophilia, 

pregnancy and psychological or socioeconomic problems. Besides these, many other factors 

have been assessed and not always found to be consistently related in the literature,40,41 like 

gender and age.42

With knowledge of factors associated with exacerbations (often called predictors), physicians 

cannot calculate the risk of a future exacerbation on an individual patient level, which is what 

we need to assess a patient’s current asthma control. The presence of a recent exacerbation 

for example, informs the practitioner that the risk of experiencing a future exacerbation is 

higher compared to a patient without a recent exacerbation (odds ratio 6.3).38 This infor-

mation is hard to combine with prognostic information from other risk factors. Moreover, it 

remains unclear how this relative information should affect clinical decision-making.

Prediction models are instruments estimating future risks after integrating predictive 

information on several risk factors, calculating absolute risks in individual patients. A set of 

variables containing clinical information is reduced mathematically to a subset that contains 

the most predictive information. After developing a prediction model, there are several steps 

that should be followed before implementation in clinical practice. Proper assessment of 

important predictive characteristics, like discrimination (how well does a model discriminate 

between patients with and without a new exacerbation?) and calibration (how well do 

predicted probabilities correspond to the observed probabilities of exacerbations?), is the 

first step. This should preferably be assessed in populations other than the populations 

from which the models were derived, to prevent overfitting.43 Subsequently, when regarded 
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satisfactory, these models should be subject of an impact study, assessing the model’s added 

value in clinical practice.44 Regrettably, these steps however, are usually ignored in the pres-

ent literature. Identifying risk factors and developing prediction models seem to be more 

attractive than assessing their predictive capacities.45

In this thesis we will assess whether it is possible to predict exacerbations of asthma by 

constructing a model and assess its predictive value in independent populations. Subse-

quently we will compare the predictive properties of other published prediction models on 

exacerbations in adult patients with asthma.

Prevention
There are several reasons to put effort into preventing exacerbations. First, saving the burden 

of patients suffering from symptoms. In addition, the economic benefit of reducing the 

number of exacerbations is substantial,46 let alone the costs of absenteeism from work or 

school.

Gaining and maintaining asthma symptom control is the first step in the prevention of 

exacerbations. Although exacerbations also occur in patients with controlled symptoms,26,47 

these events occur more often in patients with uncontrolled symptoms.48 In a study which 

included patients with severe asthma and uncontrolled asthma symptoms (ACQ >1.5) a linear 

relation between the ACQ and the exacerbation risk was observed between the ACQ scores 

0-4.49 Each 0.5 increase in ACQ score (the minimal important difference) resulted in a 23% 

increase of the risk of an exacerbation. On the other hand, when asthma symptom control is 

established, inhaled corticosteroid doses may be reduced without increasing the risk of exac-

erbations.50 Whether further improvement of symptom control to well-controlled asthma 

(ACQ <0.75) should be targeted for the reduction of exacerbations when asthma symptom 

control is established (ACQ <1.5), is unknown.

Removing the aforementioned risk factors is the second step in preventing exacerbations. In 

clinical practice, this needs continuous attention: improving therapy adherence, and inhaler 

technique, weight reduction and smoking cessation are typically interventions that need 

regular attention. Regular medical review, together with self-education improves asthma 

outcomes, including exacerbations.51 Although the efficacy of removing or reducing single 

triggers is modest, comprehensive individual home-based approaches in children are effec-

tive in reducing symptoms and exacerbations.52

1
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Some risk factors are not easy or impossible to modify, such as a recent exacerbation or a per-

sistent airflow limitation; in these cases a step-up of controller treatment may be considered. 

There are multiple options for controller therapy in asthma. In patients with mild persistent 

symptoms, low-dose inhaled corticosteroids (ICS) protect against exacerbations.53 Increasing 

the dose of inhaled corticosteroids however, does not seem to extend this effect on reducing 

exacerbations.31,54 Nevertheless, during exacerbations, deterioration of symptoms (and to a 

lesser extent lung function) seems less severe in patients receiving higher treatment intensity 

(ICS + LABA).31 This could thereby be regarded as a kind of secondary prevention. Leukot-

riene antagonists (LTRA), a second choice controller option,1 are also effective in reducing 

exacerbations, although they are not as potent as ICS.55 Combined with ICS, LTRAs are more 

effective than ICS alone.56 The same holds for ICS and long-acting beta agonists (LABA): 

the combination reduces the exacerbation more than the separate agents alone.57 The latter 

intervention can be administered in several ways: as separate inhalers or in a single inhaler; 

and in a fixed daily dose or as single inhaler maintenance and reliever therapy (SMART), in 

which the patient inhales his medication on a fixed daily basis with additional doses SABA 

when needed.58 Most of these interventions have already been compared in trials, of which 

some comparisons were assessed in systematic reviews.59 Nevertheless, a comparison of all 

available strategies in a single analysis has not been published yet. At present, it remains 

unclear which controller therapy for asthma is preferred when aiming to reduce exacerbations.

In this thesis we aim to determine which asthma symptom control level should be targeted 

when aiming to reduce exacerbations of asthma. Furthermore we aim to determine which 

controller therapy for asthma succeeds best in preventing exacerbations.
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Research Questions
This thesis aims to answer the following research questions related to the definition, the 

prediction and prevention of exacerbations:

1. Is the currently recommended definition of asthma 

exacerbations appropriate for use in clinical studies?

2. To what extent are we able to predict exacerbations 

in individual patients with asthma?

3. In order to prevent exacerbations, which level of asthma control should 

be targeted, and which controller regimen is preferred for this aim?

We will focus on adult populations, as factors related to exacerbations and treatment strate-

gies are different in paediatric populations.

Outline of this thesis
In Chapter 2 differently used definitions of exacerbations in recent publications are compared; 

the consequences of using these different definitions are described. Chapter 3 describes the 

development of a prediction model for exacerbations, primarily based on known predictors 

listed by the GINA strategy report, and its validation in a distinct population. Chapter 4 is a 

systematic review of all available prediction models for exacerbations of asthma. Identified 

models are assessed for their reporting quality and validated in two independent datasets. In 

Chapter 5 two treatment strategies aimed at different levels of asthma symptom control and 

one treatment strategy using fractional exhaled nitric oxide are compared assessing patient 

preferences, costs and clinical effectiveness, including exacerbations. Finally, in Chapter 6 all 

available maintenance therapies for asthma are compared, assessing their ability to prevent 

exacerbations in a network meta-analysis.

1
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