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General introduction

Respiratory disease is frequently present in childhood. It can be divided into upper airway
disease and lower airway or lung disease. Two important lung diseases in childhood are cystic
fibrosis (CF) and asthma. They are important because CF is the most common lethal genetic
disease in the Caucasian population and asthma is one of the most frequent chronic diseases
of childhood, with a prevalence of approximately 10% of children in the Western world. In
both lung diseases the small airways, located in the periphery of the lung, are frequently
affected. To provide optimal care for patients with lung disease it is important to accurately
measure the severity of lung disease and to effectively treat the affected airways.

The most frequent test employed to monitor lung disease is spirometry. Spirometry is a lung
function test that was developed over 100 years ago; it is well standardized and validated,
widely distributed, and relatively easy to perform for children of 6 years and older. However,
most parameters derived from spirometry are more sensitive to obstruction of the large than
the small airways. Additionally, spirometry can only be performed reproducibly in children
over the age of 6 years since it requires active cooperation. Spirometry is successful in only
45 - 75% of children aged three to five years, while children below the age of three years
are unable to perform spirometry. Consequently, there is a great need for alternative non-
invasive monitoring instruments for young children.

Treatment of lung disease preferably involves inhaled medications because aerosol therapy
has the advantage that the drug is directly delivered to the site of action. This results in a more
rapid effect, a lower dose needed for treatment and fewer systemic side effects. However, the
specific inhalation technique required to deliver drug efficiently to the lungs is complicated
and further research is needed to improve aerosol therapy.

These considerations apply to dornase alfa (Pulmozyme®, recombinant human DNase)
which, among other inhaled therapies, is important in the treatment of CF lung disease and
is used off-label in some other pediatric lung diseases such as asthma. Official registration
studies for dornase alfa were performed two decades ago using conventional nebulizers that
deposited a relatively low concentration in the lung and could not be adjusted to individual
patient needs. Using more modern technology, treatment with dornase alfa may possibly be
optimized to generate a maximal benefit for patients with chronic lung disease.

The studies described in this thesis aim to contribute to improvements in the care of children

with chronic lung diseases, by identifying the best methods to monitor lung disease and
improving the effectiveness of aerosol therapy.

11



To this end, we aimed to answer the following questions:

Which parameter derived from spirometry is the most sensitive to early lung disease?
Which alternative measurements can provide information on the condition of the lungs
in young children who are not yet able to perform spirometry?

What is known from current literature on the use of dornase alfa in CF?

Can we improve the response to dornase alfa by using a new nebulizer that more ef-
ficiently deposits medication in the small airways in CF patients?

Can dornase alfa improve lung function in children with asthma and persistent small

airways obstruction?

Aims of study

To answer the research questions mentioned above, a number of studies were performed.

The aims of the studies presented in this thesis were:

To assess the differences in spirometry parameters between healthy children and children

with CF, and to evaluate which parameter is most suitable to monitor small airway disease

in CF.

To evaluate the feasibility of

o Lung clearance index (LCl), calculated from multiple breath washout (MBW), and

o Home nocturnal pulse oximetry and home nocturnal cough recording as alternative
efficacy outcome measures in young children with CF.

To review the present literature on the use of dornase alfa in CF lung disease.

To evaluate the efficacy of preferential deposition of dornase alfa in the small versus large

airways, both in stable CF patients and in patients admitted to the hospital because of a

respiratory tract exacerbation (RTE).

To evaluate the efficacy of dornase alfa in children with asthma and persistent small

airways obstruction.

Outline of this thesis

Chapter 1 presents a general introduction and the aims of the studies described in this thesis

Chapter 2 provides background on the lung diseases CF and asthma, routine monitoring of

lung disease, and aerosol therapy.

Chapter 3 describes the results of a retrospective comparison of longitudinal spirometry

data from CF patients with data from healthy subjects.



Chapter 4 describes the results of a prospective cross-sectional study on LCl, nocturnal
oxygen saturation and nocturnal cough in a group of CF patients and healthy children aged
0-4 years.

Chapter 5 presents a review of the literature on the use of dornase alfa in CF patients.
Chapter 6 reports the results of a multi-center, double-blind, randomized controlled clinical
trial on the efficacy of small versus large airways deposition of inhaled dornase alfa in stable
CF patients.

Chapter 7 reports the results of a multi-center, double-blind, randomized controlled clinical
trial on the efficacy of small versus large airways deposition of inhaled dornase alfa in CF
patients admitted to the hospital for a pulmonary exacerbation.

Chapter 8 describes the results of a randomized double-blind placebo controlled clinical trial
on the efficacy of dornase alfa in children with clinically stable asthma and persistent small

airways obstruction.

Chapter 9 provides a summary and general discussion of the results of the studies described
in this thesis.

Chapter 10 presents a summary, in Dutch, of the study results discussed in this thesis.
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The lung and the airways

The primary function of the human lung is to absorb oxygen into the blood and to discard
carbon dioxide from the blood. As a result of breathing movements, air moves in and out of
the lung via the bronchial tree.

The bronchial tree is a sequentially bifurcating system of airways. As a consequence of this
branching anatomy, the surface area expands greatly from the trachea, with a cross-sectional
area of 2.5 cm? in adults, through the proximal airways (e.g., third generation; + 50 cm?) and
distal airways (20 to 25" generation; + 2 m?) to the large surface area of the alveoli (+ 130
m2)."3The epithelial surface of the respiratory tract is continuously exposed to inhaled poten-
tially dangerous substances such as pollutants, dust, viruses and bacteria but the mucociliary
apparatus protects the tracheobronchial tree against these substances.

Mucociliary clearance is the process of routine removal of inhaled particles from the airways.
It depends on a complex interaction between the epithelial cells of the airways and the
liquid layer on top of these cells. Cells on the epithelial surface of the bronchial tree have
cilia that continuously beat. These ciliated cells are found from the trachea to the respiratory
bronchioles.* The airway surface liquid (ASL) lies above the epithelial surface and contains a
mixture of different substances such as glycoproteins, lipids, secretory IgA immunoglobulins,
lysozyme, peroxidase, DNA, and actin.>” The ASL consists of two layers: a mucus layer and a
periciliary liquid layer (PCL).> The mucus layer contains high molecular weight macromol-
ecules, such as glycoproteins, which contribute to the binding capacities of the mucus. The
PCL is a mucus-free zone at the cell surface, and approximates the height of the outstretched
cilia. The PCL is crucial because it provides a low-viscosity environment in which the cilia
can beat and prevents the mucus layer from sticking directly to the epithelial cell surface.
Inhaled particles and micro-organisms are trapped in the mucus layer and are removed from
the airways in two ways: either slowly but continuously by the beating cilia before being
swallowed (mucociliary clearance), or by cough (cough clearance).®?

Cystic fibrosis

Cystic fibrosis (CF) is the most common lethal genetic disease of the Caucasian population and
is characterized by abnormal mucociliary clearance. It has an autosomal-recessive mode of
inheritance and an estimated incidence of one in 3500 — 4500 newborns.’®'" CF is caused by
mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene.”? CFTRis an
apical membrane protein that regulates chloride transport in secretory epithelial cells. CF muta-
tions result in dysfunction of the CFTR protein, causing impaired chloride secretion and sodium
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Figure 1 Cascade of pathophysiology in cystic fibrosis lung disease 2.

hyperabsorption. CF is a multisystem disease in which chronic respiratory disease is the major
cause of morbidity and mortality and is therefore is the main focus of clinical care and research.'

In the lung, CFTR dysfunction results in depletion of the ASL and abnormal mucociliary clear-
ance. This results in chronic lower airway infection and inflammation, which start early in
life and cause progressive structural lung damage eventually leading to respiratory failure
and early death (figure 1). The small airways are damaged early in the disease process',
as indicated by trapped air on expiratory CT scans'®' and by lung function tests in young

children.??'

Monitoring CF lung disease

Tests to evaluate CF lung disease can be divided into two groups: those that evaluate the
structure of the lung and those that evaluate lung function.

Lung structure can be visualized by radiological techniques such as chest radiography and
chest computed tomography (CT) scanning.?*?* The use of these imaging modalities is
restricted because they expose the patient to radiation and therefore increase the lifetime
probability of cancer.”*?¢ Chest magnetic resonance imaging (MRI) does not expose the
patient to ionising radiation but is still at an early stage of development and requires further
validation before it can be used as an outcome parameter on a large scale.?”?



Lung function in CF can be measured by an array of tests, such as spirometry, infant lung
function testing, multiple breath wash out, etc. Of these tests, spirometry parameters are the
most widely used and are currently the best validated outcome measures.?*3? Multiple breath
wash out (MBW) is a promising test that can be performed in infants and older children.?33* In
the next paragraphs we will discuss spirometry and MBW in more detail.

Spirometry

Spirometry plays an important role in the monitoring and management of lung diseases in

children 3?3536 Spirometry was developed over 100 years ago, is well validated and standard-

ized, widely distributed, and relatively easy to perform for children aged 6 years and older.

Patients are asked to inhale as deeply as possible and then blow out as fast and as deeply as

possible into the spirometer. A number of parameters can be derived from these spirometry

tests, which are considered important outcome parameters:

- Forced vital capacity (FVC) is the maximal volume (in litres) of air exhaled after a maximal
inspiration.?® A low FVC can indicate loss of lung volume.

- Forced expiratory volumein 1 second (FEV,) is the maximal volume (in litres) of air exhaled
in the first second of a forced expiration after a maximal inspiration.” FEV. is a parameter
especially sensitive to obstruction in the large airways.

- Forced Expiratory Flows after exhalation of 25, 50 and 75% of FVC (FEF,,, FEF, and FEF_,
respectively) are flows measured at different cut-off points during the forced exhalation

25"

(in litres per second).?® These parameters are considered to be sensitive to obstruction of
the smaller airways.
Although spirometry is widely used as an outcome parameter in CF lung disease, it has a
number of limitations.

Firstly, the most widely used endpoint for clinical trials in CF patients is FEV,. With improve-
ments in CF care and survival over the past two decades, FEV, in childhood has steadily
improved and now is in the normal range in a large proportion of children and teenagers
with CF.*” Consequently, FEV. is no longer sufficiently sensitive to detect and monitor disease
progression in these age groups. In addition, it is clear that considerable lung pathology can
be present despite normal FEV,. Studies using infant pulmonary function testing, bronchoal-
veolar lavage and chest CT scans show that airway inflammation, small airways disease and
bronchiectasis can be present early in life even in children with normal FEV.'®'9?' Thus, more
sensitive outcome parameters to detect early CF lung disease are urgently needed.

Secondly, routine spirometry can be performed reproducibly only in children from the age
of 6 years because it requires active cooperation. Nevertheless, pre-school spirometry has
been developed in paediatric lung function laboratories using computer-incentive games. Its
success rates vary between 45 - 75% of children aged three to five years.?®* Children below
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the age of three years are unable to perform spirometry. For these children infant pulmonary
function testing (iPFT) can be used. However, iPFT is time consuming, technically difficult,
and requires sedation.*’#* Consequently, there is a great need for alternative sensitive non-
invasive monitoring tests that can be used throughout childhood to replace spirometry.

Multiple breath wash out

A promising lung function test to monitor lung disease in children is multiple breath wash
out (MBW). It is claimed that MBW does not require active cooperation and can be performed
even in young children without sedation.?*** For this test, subjects need to breathe regularly
through a facemask or mouthpiece while an inert tracer gas is washed in. Tracer gases that
can be used are helium or sulphur hexafluoride (SF,). The wash-in phase continues until
equilibrium is reached, defined as a visually stable plateau of the molar mass signal. Next,
supply of tracer gas is stopped and the patient breathes room air to wash out the tracer gas.
This wash-out phase is completed when the tracer gas concentration falls below 1/40 (2.5%)
of the plateau concentration. An alternative approach is to use nitrogen (N,) as tracer gas. In
this case no wash-in phase is needed since room air already contains N,. 100% oxygen is used
to wash out N...

Lung clearance index (LCl) is a key parameter derived from the MBW test. LCl is calculated as
the cumulative expired volume needed to lower the tracer gas concentration to 1/40 (2.5%)
of the plateau concentration divided by the functional residual capacity. An elevated LCl indi-
cates inhomogeneity of ventilation and small airways disease. Elevated LCl has been observed
in young children, suggesting it may be an early marker of small airways disease.**¢ Since it
has been claimed that the same reference values for LCl can be used for young children and
adults*#8 and LCl is associated with the presence and extent of structural lung damage on CT
scans*#50 LCl may be a suitable tool for long-term follow-up of children and adults. This has
been challenged by a recent study in infants with CF which showed that in children younger
than two years of age there are only weak associations between LCI and lung damage as
determined by chest CT.>" In addition, it is not clear whether LCl is as sensitive as chest CT
to detect disease progression. Disadvantages of the MBW test are that it requires expensive
equipment and is to date technically demanding. Hence, the MBW test is an interesting test
but further validation studies are needed to determine its role as a method to detect and

monitor CF lung disease.

Treatment of CF lung disease

Improving mucociliary clearance is an important component of the treatment of CF lung
disease. The aim is to mobilize as much sputum as possible from the lung on a daily basis by
various chest physiotherapy techniques or physical exercise. In addition, most patients use
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inhaled mucoactive drugs that help to clear sputum.t Two mucoactive drugs have a positive
effect on mucociliary clearance in patients with CF: dornase alfa (Pulmozyme®, recombinant
human DNase) and hypertonic saline.*>** Dornase alfa reduces sputum viscosity by hydrolys-
ing extracellular DNA in sputum. In CF lung disease maintenance treatment using dornase
alfa improves lung function and reduces the number of pulmonary exacerbations.>**?
Hypertonic saline (7% saline) is believed to restore airway surface liquid hydration and to
improve mucociliary clearance. Maintenance treatment with hypertonic saline improves
FEV, and decreases the number of pulmonary exacerbations in CF>*%° A comparative study

showed that hypertonic saline is not as effective as daily dornase alfa.®’

Antibiotics are the other important component of the treatment of CF lung disease. Oral,
inhaled and intravenous antibiotics are used on a regular basis to eradicate or suppress infec-

tions in the airways.52%*

Despite intensive treatment of CF lung disease, most patients face a gradual decline in lung
function.®>% Hence, it is important to develop new, more effective drugs and to improve
responses to currently used therapies. One of the options to improve the response to muco-
lytics is to target the small airways more efficiently. Functional tests and imaging techniques
have shown that the small airways are heavily involved in CF lung disease starting early in
life.’#94 Unfortunately, the small airways are difficult to treat using conventional aerosol
therapy. Current nebulizers, including those used in clinical practice and in trials investigat-
ing the efficacy of inhaled mucolytics, are inefficient and do not deposit sufficient drug in
the small airways.”® Therefore, there is good reason to believe that the small airways have
been under-treated.'” Recently, more efficient smart nebulizers have become available that
can potentially target more of the inhaled drugs like dornase alfa to the small airways.®”
However, it is unknown whether more efficient delivery of dornase alfa to small airways using

a state-of-the-art nebulizer will improve small airway patency in children with CF.

Asthma

Approximately 10% of children in the Western world have asthma.”?7* Asthma is a complex
multifactorial disease, in which airway wall inflammation and edema, increased broncho-
motor tone, increased sputum volume, increased sputum viscoelasticity and decreased
mucociliary clearance all play a role.”>® Asthma is typically characterized by variable airway
obstruction. Symptoms that patients experience include tachypnea and dyspnea, impaired
exercise tolerance, cough and disturbed sleep.
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Asthma is an inflammatory disease affecting large, intermediate and small airways.36#'82
A study that assessed small airway function by spirometry, MBW testing, and alveolar and
bronchial nitric oxide measurements provided evidence that the small airways are a major
site of the disease process in children with allergic asthma.®

Monitoring asthma

The most important monitoring tools for asthma are spirometry and fractional concentration
of exhaled nitric oxide (FeNO).

Spirometry

FVC, FEV, and FEF . are measured in asthmatic children just as in CF patients, although there
are clear differences in the course of these diseases. In contrast to CF patients, most children
with asthma do not experience a longitudinal decline in spirometry parameters.®* Generally,
spirometry may be decreased in asthmatic patients when not sufficiently controlled or at the
time of an asthma exacerbation.

There are anumber of reasons for poor control: a persistent factor in the patient’s environment
that triggers asthmatic inflammation (e.g. allergens, tobacco smoke, pollutants, humidity,
etc.), a too low dose of inhaled corticosteroids, poor adherence to anti-asthma medication,
or incorrect use of medication.®* Recent international surveys showed that 30 - 50% of all
children with asthma are not well controlled.2%%”

Asthma exacerbations are often triggered by viral infections or allergen exposure.®#° Airway
inflammation is a key part of the lower airway response in asthma exacerbation, and occurs
together with airflow obstruction and increased airway responsiveness.®® An asthma exacer-
bation is accompanied by an increase in symptoms such as cough, wheeze, and shortness of
breath.

Fractional concentration of exhaled nitric oxide (FeNO)

The fractional concentration of exhaled nitric oxide (FeNO) is a marker of asthma; exhaled
nitric oxide is increased in proportion to bronchial wall inflammation®', induced-sputum

eosinophilia®? and airway hyperresponsiveness.®*%

FeNO measurements are easy to perform, fast and non-invasive. The ATS and the ERS issued
a statement in 2005 on equipment specifications and the standardization of procedures for
the measurement of FeNO.** In short, a patient should first exhale without the mouthpiece
in place, then place the mouthpiece in his mouth and inhale through the mouthpiece up to
total lung capacity. With the mouthpiece in place, the patient should exhale steadily while
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maintaining a steady flow rate for 6 s (rate, 50 mL/s), guided by a feedback animation on the

computer.

The finding of elevated FeNO is helpful in establishing the correct diagnosis of asthma.>*
When respiratory symptoms and airflow limitation are present, an elevated FeNO has high
sensitivity and specificity for diagnosing asthma.®® FeNO levels correlate with symptom
frequency and bronchodilator use but not with FEV,.*” Increases in FeNO are associated with
worse asthma control®?, and FeNO levels are reduced in a dose-dependent manner with anti-

inflammatory treatment.?

Although FeNO measurement is a helpful and easy test, there also are some disadvantages:
FeNO may be within normal limits in mild nonatopic asthmatic patients'® or in patients
already receiving ICS therapy.®® In these situations, a normal level of FeNO does not exclude
asthma. Additionally, the level of FeNO does not differentiate between different grades of

asthma severity.'

Treatment of asthma

The aims of the pharmacological management of asthma are to control asthma symptoms
and to normalize lung function.?4'921% Cornerstones of anti-asthma treatment are inhaled
corticosteroids and short- and long-acting bronchodilators. In many children with asthma
who use maintenance medication, lung function tests return to (near) normal values.®* How-
ever, 30 to 70% of asthma patients do not gain optimal asthma control and continue to have
symptoms.®>861% |n addition, up to one third of patients continue to show abnormal spirom-
etry values.'®'%” Persistent airflow limitation was observed in 31% and 27% of children with
difficult asthma.'*”% Although small airway obstruction and inflammation play an important
role® 8, current asthma treatment is not primarily focused on the small airways and there are
many reasons to believe that these airways are often not treated optimally.

Additionally, it is likely that mucus retention still contributes to airways obstruction in child-
hood asthma despite current treatment.”s7°1112 |n children who died from or with asthma,
mucus plugs were observed especially in the small airways.”®”8 Despite the contribution of
mucus retention to asthmatic symptoms, very few studies have been done to investigate
whether mucolytic therapy is beneficial. Several case reports suggest that dornase alfa
may have a role in the treatment of acute severe asthma."’>"'¢ It has been used for therapy-
resistant atelectasis in asthmatic children''®* and for the treatment of status asthmaticus'*'"¢
but it is unknown whether maintenance treatment with dornase alfa can reverse persistent
small airways obstruction in stable asthmatic patients.
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Inhalation therapy

Inhalation of aerosolized drugs is the preferred route for the treatment of most lung diseas-
es.""”11The major advantage of aerosol therapy over other routes, such as oral or intravenous
administration, is that the drug is directly delivered to the site of action. This results in a
more rapid effect, a lower dose needed for treatment and it reduces systemic side effects.'® A
disadvantage of aerosol therapy is that the technique required to deliver a sufficient amount
of drug to the lungs is complicated. Better understanding of the mechanisms of aerosol
deposition in the lung and of the factors influencing drug dose and deposition is needed to
optimize aerosol treatment. This is especially true for children.'2°2!

Inhaled aerosols are deposited in the airways due to impaction, sedimentation and diffusion.
Impaction is the collision of a particle on an airway surface. The larger the particle and the
higher its velocity, the more likely the particle is to impact. Impaction is the main deposition
mechanism in the upper and central airways.'? Sedimentation is deposition of a particle
due to gravity. Sedimentation is an important deposition mechanism in the smaller airways
where air velocity is low.?® Because settling due to gravitational forces takes some time,
breath-holding after inhalation will increase deposition by sedimentation.'**'?> Diffusion is
the spread of particles through random Brownian motion from regions of higher concentra-
tion to regions of lower concentration.'?? Diffusion is an important deposition mechanism in
the bronchioles and alveoli. For particles with a diameter smaller than 0.5 um, the probability

of deposition by diffusion is inversely related to particle size.

Important factors that determine the distribution pattern of inhaled aerosol particles in
patients are:

* Particle size and distribution®12212612%

+  Anatomy of the airways'22123126130,

» Structural changes of the airway'26127.13¢;

+  Breathing pattern.68122126128

Particle size: aerosol particles vary in size, shape and density. The aerodynamic behaviour
of an aerosol can be described by the aerodynamic diameter. Particles with a certain aero-
dynamic diameter have the same aerodynamic behaviour as a sphere of unit density with
that diameter. Medical aerosols usually consist of an aerosol cloud that contains particles
with a wide range of aerodynamic diameters. An aerosol cloud can be described by the mass
median aerodynamic diameter (MMAD) and the geometrical standard deviation (GSD). The
MMAD is the diameter at which 50% of the particles in an aerosol have a larger mass and
50% have a smaller mass. The GSD is a measure of the distribution of particle diameters and
is defined as the ratio of the diameter of particles on the 84.2th percentile and the MMAD.
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Figure 2. In the adult, particles of 5,3 and 1 um are inhaled. The largest particles have the highest probability
of impacting on the airway wall; smaller particles have a higher chance of penetrating more deeply into
the lung. In the smaller airways of children air velocity is higher and the distance from the centre of the
lumen to the airway wall is smaller. Therefore, even mid-size particles (3 um) have a high probability of
depositing on the airway wall before they can penetrate deeply into the lung. In a child with diseased
airways, airway wall thickening and mucus lead to a higher chance of deposition, even for small particles.
(Used with permission from Tiddens, Ital. J Pediatr.’")

Particles with a MMAD > 10 um are unlikely to bypass the upper airways and penetrate into
the tracheobronchial tree, whereas particles with a MMAD < 0.5 um can penetrate deep
into the lung but have a higher probability of being exhaled.’® In general, smaller particles
have a higher probability than larger particles of being deposited in the small airways.'?2'%
An alternative value to characterize an aerosol is the volume median diameter (VMD). The
VMD does not take into account particle density, but describes the average particle size in
an aerosol cloud, such that fifty percent of the volume of the aerosol is composed of particles
smaller in diameter than the VMD and fifty percent is larger than the VMD. Since VMD does
not take particle density into account, it is not possible to indicate size cut-off points under
which a particle will penetrate into the tracheobronchial tree. For example, a relatively large
particle with a very low density is more likely to penetrate deep into the lung than a small
particle with a very high density. For particles that contain a large amount of water, the VMD
and MMAD are more or less interchangeable, because the relative density of water is 1.0.

Anatomy of the airways: the geometry of the bronchial tree is important for the deposition
pattern of an inhaled aerosol. The airway diameter is smaller and air flow is higher in children
than in adults. As a result, aerosol particles tend to deposit more in the central airways in

children than in adults.’'3' See figure 2.
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Airway pathology: pathological changes in the bronchial tree result in changes to the deposi-
tion pattern of inhaled aerosols. The following changes related to lung disease can affect
aerosol deposition: oedema of the airway wall; mucus; bronchoconstriction; impaired growth
of the airway; remodelling of the airway wall; and emphysema.'* These pathological changes
in general do not change total lung deposition but result in a more inhomogeneous deposi-
tion pattern with even more deposition in the central than the small airways.'??

Breathing pattern: the breathing pattern used to inhale an aerosol has an important influ-
ence on the deposition pattern of particles in the respiratory tract.®®'32 High inspiratory flow
enhances the impaction of particles in the large airways. Low inspiratory flow enables par-
ticles to penetrate more deeply into the lung. Additionally, a slow deep breath will enhance

deposition in the small airways compared with normal breathing.®124133

Aerosol delivery devices

In general, there are three types of devices that can be used to deliver aerosol to the lung: dry
powder inhalers (DPI), pressurized metered dose inhalers (oMDI) and nebulizers.

DPIs contain the drug as a dry powder, which can be contained in a single-dose blister or
in a large reservoir from which doses are loaded prior to inhalation. The drug is released by
the patient’s inhalation effort. The aerosol characteristics of the inhaled dry powder are in
general dependent on the drug formulation, on the design of the DPI and on the inspiratory
flow through the DPI that the patient is able to generate.

A pMDI contains a solution or suspension of drug that is pressurized in a canister. When the
canister is actuated, one dose is released. Thus, to release a dose from the pMDI, no inhalation
force from the patient is needed. Since the aerosol cloud leaves the pMDI at high speed,
it is difficult to synchronize actuation and inhalation. Therefore a pMDI should be used in
combination with a spacer. The patient actuates one dose into the spacer and next inhales
the drug from the spacer while breathing normally. An alternative is a breath-actuated pMDI.
These inhalers use a trigger system that actuates a dose when the patient generates suf-
ficient inspiratory flow.

A nebulizer device generally consists of two parts: a compressor that generates the airflow
and a nebulizer where the liquid drug is transformed by the airflow into an aerosol. Thus, a
nebulizer device generates an aerosol cloud that contains droplets of aerosolized medica-
tion. In conventional nebulizers a continuous flow is used to generate the aerosol. During
the inhalation process the patient breathes through a mouthpiece for 10 - 15 minutes,

inhaling medication with each breath. These conventional nebulizers are inefficient because

26



medication generated during exhalation is lost to the environment and a relatively large
residue of drug remains inside the nebulizer. More recent nebulizers are breath-enhanced or
breath-actuated, which ensures that most of the drug is nebulized only during inhalation.*
Treatment using a nebulizer is generally more time-consuming than with a DPI or pMDI. Ad-
ministration of a single dose using a DPI or pMDI takes maximally one minute while nebulizer
treatment takes 10 -15 minutes, excluding the time needed for cleaning the nebulizer after
each treatment. Therefore, a pMDI or DPI is preferred when possible. However, when medica-
tion is only available as a fluid, a nebulizer device is needed.

Device competence

Notall inhalation devices are appropriate for all patients, because each type of device requires
a specific inhalation technique. For example the use of a DPI, an inhaler commonly used in
asthma treatment, requires the patient first to exhale below functional residual capacity, next
put the inhaler in his mouth, then inhale through the mouthpiece as deeply and as hard as
possible, and finally hold his breath for a few seconds before exhaling. This relatively complex
breathing manoeuvre is difficult to perform for some patient groups. Most children younger
than 6 years for example, are not able to perform all the steps of the DPI manoeuvre correctly.
Additionally, patients with severe lung disease may have difficulty inhaling from a DPI.

Competence in using an inhalation device is of key importance. This was demonstrated in a
daily-life study which reported that 76% of patients using a pMDI and 49-54% of those using
a breath-actuated inhaler made at least one mistake when using their inhaler.'®® Similarly, it
has been reported that between 6 and 96% of patients using DPIs use their device correctly,
depending on the type of inhaler and method of assessment.’*® Incorrect use of an inhaler
device leads to a lower lung dose and suboptimal deposition pattern of the inhaled drug and
thus suboptimal treatment. It can also lead to more frequent side effects, for example oral
candidiasis due to high oral deposition of inhaled corticosteroids.'*’

Similar problems exist for nebulizers. Important factors influencing the total dose delivered
to a patient’s airways include the initial fill volume, the efficiency by which the nebulized
aerosol is generated, and the residual volume left in the nebulizer on cessation of op-
eration.”* These factors are prone to errors, such as filling a wrong volume of drug into the
nebulizer, mixing multiple drugs together, and stopping the treatment before all medication
has been nebulized. A key factor in lung deposition is the breathing pattern of the patient
during nebulization. Most frequently, the patient inhales the drug while breathing normally.
This breathing pattern results in a more centralized deposition of the aerosol. Slow and deep
inhalations will result in a significantly higher lung deposition than normal tidal breathing,

especially in the small airways.®®
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Dornase alfa

An important drug for the treatment of CF lung disease that is administered by nebulization
is dornase alfa. This drug was developed in the early 1990'. It is a glycoprotein containing
260 amino acids with a molecular weight of approximately 33,000 - 38,000 Daltons. The
rationale for developing recombinant human DNase was that sputum of CF patients is rich
in leukocyte-derived DNA which contributes to its increased viscoelasticity.'* Dornase alfa
cleaves extracellular DNA through hydrolysis and reduces the viscoelasticity of CF sputum in
vitro."2 In CF it has been shown that dornase alfa improves lung function, reduces antibiotic
use, lowers hospitalization rate and slows the rate of decline of FEV, 786214141 Hence, its
efficacy in CF is well established and maintenance dornase alfa therapy is widely accepted as
the primary treatment to improve mucociliary clearance in CF.#2

Aerosol delivery systems for dornase alfa

Dornase alfa should officially be aerosolized using only a nebulizer system approved by
regulatory agencies and the responsible manufacturer.'*® Two jet nebulizers were extensively
evaluated in the early clinical trials with dornase alfa, the Marquest Acorn Il and Hudson T
Updraft Il, both used with the PulmoAide compressor. By today’s standards both nebulizer
systems are relatively inefficient and generate a large fraction of large aerosol particles. De-
position studies with these devices showed that a relatively large proportion of the drug was
deposited in the large airways and only little of the drug was deposited in the small airways.*’
Recently, smart nebulizers have become available that have the potential to improve the
delivery of dornase alfa. These nebulizers deliver drug more efficiently to the lungs and also
coach patients to inhale the drug using the correct inhalation technique. Hence, treatment
using these nebulizers has the potential to target more of the inhaled dose to the small

airways.*7!

Dornase alfa in this thesis

Dornase alfa is an interesting drug to test the hypothesis that improved deposition in the
small airways in CF lung disease will lead to better treatment responses for the following

reasons:

Firstly, the effect of dornase alfa on lung function is relatively quick. Improvement of lung
function parameters after initiation of dornase alfa treatment in CF patients plateaus after
10 - 14 days.>*'*? Hence, the effect of improved delivery of dornase alfa to the small airways

should be apparent within a relatively short period of time.
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Background

Secondly, most CF patients are on maintenance treatment with dornase alfa, as advised by
international guidelines.®? By switching patients to a smart nebulizer the additional value of

improved delivery can be studied.

Another question that we would like to answer is whether dornase alfa is effective in improv-
ing persistent small airways obstruction in children with asthma, since case reports have
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described its successful use off-label in patients with asthma.

The studies addressing these questions will be presented in the next chapters.
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Abstract

In young children with cystic fibrosis (CF) the forced expiratory volume in 1 second (FEV) is
often normal and a more sensitive measure to detect early obstructive lung disease is needed.

Aim

To evaluate the progression of selected spirometry parameters with age in a cohort of CF
patients and healthy children aged 6 to 20 years.

Methods

Retrospective comparison of longitudinal spirometry data from CF patients with data from
two cohort studies in healthy subjects. Quantile regression was used to calculate the longitu-
dinal 10" percentile (P, ), 50" percentile (P.)) and 90" percentile (P, ) of forced vital capacity
(FVC), FEV,, and the forced expiratory flow at 75 percent of FVC (FEF_,). Sample size estimates
were calculated using these three parameters as clinical trial endpoints.

Results

FVC, FEV, and FEF , were all significantly lower in CF patients than healthy children. Abnormali-
ties in FEF , occurred at younger ages and remained substantially larger than abnormalities
in FEV, or FVC throughout childhood. Therefore, fewer patients would be required to detect
a similar treatment effect if FEF , is used as a primary endpoint compared with FEV, or FVC.

Conclusions

Our data support the use of FEF, as a more sensitive marker of early CF lung disease than
FEV, and FVC, because abnormalities in FEF_ . occur at younger age and FEF__ is diminished
more than other parameters.
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Introduction

Cystic fibrosis (CF) is a life-shortening genetic disease caused by mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene.! In the lung, abnormal mucocili-
ary transport results in chronic lower airway infection and inflammation, bronchiectasis and
chronic progressive obstructive lung disease.>?

CF lung disease begins in the small airways in infancy in a large proportion of the patients.*
Forced expiratory volume in 1 second (FEV,), an important surrogate marker of disease sever-
ity, is the most widely used endpoint for clinical trials in CF patients. With improvements in
CF care and survival over the past two decades, FEV, has also progressively improved and
is normal in the majority of young CF patients.> Nevertheless, investigations utilizing infant
pulmonary function testing, bronchoalveolar lavage and chest CT scans reveal that despite
current treatment and earlier diagnosis, airway inflammation and obstruction begin very
early in life and are progressive.5® Thus, a lung function outcome measure more sensitive
to early disease than FEV, is urgently needed. The forced expiratory flow at 75% of forced
vital capacity (FEF_,) is thought to be a more sensitive spirometry parameter than FEV, for
detecting obstruction of the small airways. The contour of the flow-volume curve derived
from spirometry is obtained by plotting maximum flows versus expired volume. During expi-
ration, flow increases first rapidly and then decreases in spite of additional effort.’ Expiratory
flows such as FEF__ are largely effort-independent. It is a widely distributed belief that FEF__ is
highly variable and therefore useless as outcome measure. However, this view is contradicted
by the results of a number of randomized controlled trials in CF.'%'" The usefulness of any
parameter depends on the balance between signal and variability. FEF _ is more variable than
FEV,, but this greater variability may well be offset by a larger expected effect size for FEF ..
FEF . might therefore be an appropriate endpoint for the evaluation of early stages of CF lung
disease*'%'2, but this concept has not been systematically evaluated. We hypothesized that
FEF_, might be more abnormal at an earlier age than FEV, or forced vital capacity (FVC) in CF.

The aim of our study was to describe the progression of the spirometry parameters FVC, FEV,
and FEF , as a function of age in a group of CF patients aged 6 to 20 years in comparison with
longitudinally collected spirometry data from two cohorts of healthy subjects.”>'* In addition,
we aimed to provide sample size estimates for clinical trials utilizing these parameters as
primary endpoints.
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Materials and Methods

CF patients

Serial spirometry data from 1989 to 2008 from 163 CF patients aged 6 to 20 years followed at
the Sophia Children’s Hospital CF Centre (Rotterdam, The Netherlands) were extracted from
the electronic patient dossier. Patients had CF based on standard diagnostic criteria.’” Data
were used only when parents and/or patients had signed informed consent for anonymous
retrospective use of clinical data. This retrospective cohort study was approved by the ethical
review board of our hospital.

Healthy controls

Serial spirometry data were obtained from two previously described cohorts of healthy
Dutch children.’®' The first cohort included 610 boys and 178 girls aged 11 to 20 years that
performed spirometry at half yearly intervals starting in 1978 until they left school.”® FVC,
FEV, and FEF , were recorded. The second cohort included 206 boys and 214 girls aged 6 to
11 years who performed four spirometry measurements between 1984 and 1987.™ In this
cohort, FVCand FEV, were recorded, but FEF_, was not.

Statistical methods

Quantile regression was used to describe the developmental patterns of FVC, FEV, and FEF
among CF patients and healthy children, for boys and girls separately. In the primary analysis
lung function parameters (in liters or liters/second) were modeled as a function of age. As
children with CF are on average shorter than age-matched healthy controls, any observed
differences in lung function between CF and healthy control children may in part be due to
their differences in height. Thus, the lung function parameters were modeled separately as a
function of age and as a function of height. The fitted quantile regression models contained
main effects for age or height (the spline), group, and the interaction between these two. The
10™ percentile (P, ), 50" percentile (P,;) and 90" percentile (P,) quantiles were determined;
95% confidence intervals were calculated for the P, only (additional details on the statistical
methods can be found in the E-pub of this thesis). A percentile (or centile) is the value of a
variable below which a certain percent of observations fall. For example, the 10* percentile is
the value below which 10 percent of the observations may be found.

Means and standard deviations of height, weight and lung function raw values and Z-scores
of CF patients and healthy children were calculated at the ages of 8, 12 and 16 years. If more
than one measurement at the same integer age was available, the one closest to but after the
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birthday was used for the analyses. The reference equations by Stanojevic et al.’® were used to
calculate z-scores for FVCand FEV,, and those by Zapletal et al. for FEF__."” Because FEF_, data
were not available for healthy controls <12 years of age, the predicted value was calculated
for each individual based on height using the equations by Zapletal et al."” Wilcoxon rank
sum tests were used to evaluate differences between healthy children and CF patients. No
adjustment was made for multiple comparisons.

Sample size calculations were performed using FEF_, FEV, or FVC as the primary outcome.

75
We assumed that the maximal effect possible is the difference between the average lung
function of CF patients and healthy controls. Sample sizes were estimated using a minimal
detectable treatment effect equal to 1/3 of this maximal effect for each parameter, with an
alpha of 0.05 and a power of 0.80 (for additional details see the supplemental data of the
E-pub of this thesis). Statistical analyses were done with SAS version 9.2 TS2MO (SAS Institute,

Cary, North Carolina, USA).

Results

There were 7367 spirometry measurements available from 163 CF patients and 8338
measurements from 1371 healthy children. See table 1 for general characteristics of the CF
patients. A histogram of the age distribution of CF patients in this study is given in the E-pub
of this thesis. Children with CF on average were significantly shorter and lighter than healthy
children of the same age. With the exception of FVC z-score among males at age 16, CF pa-
tients had significantly lower FVC, FEV, and FEF
at each age tested (Tables 2a and 2b).

,o» bOth expressed as raw values and z-scores

CF patients (N = 163)

Gender (M/F) 79/84
CFTR mutations (N (%))

»  dF508/dF508 96 (59%)
»  dF508/Other 49 (30%)
= Qther/Other 16 (10%)
= N/A 2(1%)
Age (yrs) at start follow up 7.5(2.5)
Age (yrs) at end of follow up 19.2 (4.1)
Years of follow up 7.7(3.9)

Table 1. General characteristics of CF patients. Data are shown as mean (SD) unless stated otherwise.
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Table 2a.

Age 8yrs p Age 12yrs p Age 16 yrs p

CF(0) Healthy (0) CF(0) Healthy () CF(9) Healthy (0)
N 57 213 56 298 43 412
Height (cm)  130.3(6.7) 133.9(5.6)  0.0004  149.5(75) 155.1(7.8) <0.0001 171.7(59) 176.2(74) 0.0001
Weight (kg) ~ 28.0(43) na. na. 387(58) 44082 <0.0001 579(89) 63.7(9.7)  0.0001
BMI (kg/m?) 164(14) na. na. 17.2(1.4) 181(24) 00038 195(21)  205(25) 0.028
FVC (L) 187(032) 216(0.28)  <0.0001 2.60(0.54) 3.02(0.50) <0.0001 4.17(0.88) 4.63(0.74) 0.0016
FVC(z-score)  -0.25(1.21) 032(0.73)  0.0027  -0.80(1.28) -0.38(0.86) 0.043 -0.97(142) -061(1.00) 0.7
FEV, (L) 1.52(026) 1.91(0.24)  <0.0001 2.04(0.46) 2.55(041) <0.0001 3.10(0.79) 3.98(0.60)  <0.0001
FEV, (z-score) -0.82(1.17) 041(0.83)  <0.0001 -1.41(142) -0.41(0.84) <0.0001 -1.86(1.53) -037(0.97) <0.0001
FEF (L/s) 0.71(0.30) 1.23(0.37)* <0.0001 0.81(0.39) 1.61(046) <0.0001 1.02(0.51) 2.72(0.82) <0.0001
FEF, (z-score) -3.31(243) -0.59(1.59)* <0.0001 -433(282) -085(1.32) <0.0001 -4.82(292) 034(1.46) <0.0001
Table 2b.

Age 8yrs p Age 12 yrs p Age 16 yrs p

CF(Q) Healthy () CF(Q) Healthy (Q) CF(Q) Healthy (Q)
N 64 245 56 152 36 145
Height (cm) ~ 128.8(5.3) 133.1(5.1)  <0.0001 151.8(7.1) 156.3(7.3) 0.0001 163.8(6.4) 167.6(6.5) 0.0026
Weight (kg) 26645 na. na. 39.9(7.7)  453(8.0) <0.0001 51.9(73) 588(8.6) <0.0001
BMI (kg/m?) 16.0(1.9) na. na. 17.2(24) 184(24) 00003 193(23)  20.9(2.6) 0.0002
FVC (L) 1.71(032) 1.98(0.26)  <0.0001 252(0.53) 2.90(0.53) <0.0001 3.08(0.63) 3.68(0.55) <0.0001
FVC(z-score)  -0.22(1.10) 030(0.73)  0.0016  -1.00(1.16) -049(0.99) 0.062 -1.47(1.56) -0.50(0.98) 0.0003
FEV, (L) 139(031) 1.79(0.23)  <0.0001 1.98(0.52) 258(0.45) <0.0001 223(0.63) 3.29(043) <0.0001
FEV, (z-score) -0.90(1.36) 040(0.77) ~ <0.0001 -1.75(1.37) -035(0.91) <0.0001 -2.60(1.65) -0.29(0.85) <0.0001
FEF (L/s) 0.61(0.31) 1.25(0.36)* <0.0001 0.80(0.48) 1.91(0.60) <0.0001 0.68(0.42) 254(0.64) <0.0001
FEF, (z-score) -4.16(2.78) -046(1.51)* <0.0001 -479(3.06) -0.11(1.43) <0.0001 -6.36(290) 030(1.31) <0.0001

Table 2. Characteristics of CF patients and healthy children at the ages of 8, 12 and 16 years. Table 2a: boys.
Table 2b: girls.
Data are presented as mean (SD). Z-scores for FVC and FEV, according to Stanojevic et al., z-scores for FEF
according to Zapletal et al.
*As FEF__ was not measured in this cohort, predicted value for each individual based on height was
calculated according to reference equations of Zapletal et al. n.a. = not available
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Quantile regression analyses

In quantile regression models using age as predictor, age, group and the interaction of age
and group were significant for each lung function parameter (p< 0.0001). Thus, for each lung
function parameter, the total curves, and the effect of age on lung function with age differed
significantly between CF and healthy controls. Similar patterns were observed in boys and girls.

The different distributions of FVC, FEV, and FEF , in CF patients compared to healthy children
are shown in Figure 1. The difference between CF patients and healthy children increases
with advancing age, and the pattern of abnormality in the CF patients is different for the
three lung function parameters.

For FVC, there is a clear difference between healthy children and CF patients, but a substan-
tial portion of CF patients has FVC values within the normal range. At the age of 8 years
approximately 30% of CF patients have values of FVC that are below the P, of healthy con-
trols. This percentage remains stable to the age of 16 years, although the magnitude of FVC
abnormalities in the CF patients increases (Figure 1, panel a and d). For FEV,, the difference
between CF and healthy children is larger than for FVC (Figure 1, panel b and e). At the age of
8 years almost 50% of CF patients have FEV, values that are below the P, for healthy controls.
Around the age of 16 years for boys and 9 years for girls, the P, for CF patients clearly drops
below the P for healthy children. For FEF
larger at all ages than for FVC or FEV, (Figure 1, panel c and f). At 8 years, the P, for CF

Lo the difference between CF and healthy is much
patients is close to the P, of healthy children. While FEF _ values increase with age in the
healthy children, there is almost no increase in FEF , from 6 to 18 years in the CF patients, as

indicated by the horizontal course of the CF quantiles.

All spirometry measurements from CF patients were included in the analysis, also those
obtained during an exacerbation. Since this might have resulted in an overestimation of the
difference between CF patients and healthy children, we performed a sensitivity analysis
including only the year’s best spirometry values for both groups. Results were similar to the
analyses performed on all data, again showing an earlier and more severe decline in FEF
than in FEV, or FVCin CF patients (data on file).

A second analysis that was performed using height rather than age as predictor in the quan-
tile regression analyses also showed similar results (see Figure E2 of the supplemental data in
the E-pub of this thesis). Differences between CF patients and healthy children were slightly
smaller when analyzed using height as a predictor than when using age, indicating that only
a small proportion of these differences might be explained by differences in height between
CF patients and healthy children.
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Chapter 3

Figure 1, panel A-F: Panel A, B, C show forced vital capacity (FVC), forced expiratory volume in 1 second
(FEV,) and forced expiratory flow at 75 percent of FVC (FEF,,) for boys. Panel D, E, F show FVC, FEV, and FEF
for girls. Data for healthy children are shown in light grey, data for CF patients are shown in dark gray. On the
X-axis is age in years; on the Y-axis are spirometry values (FVC, FEV, and FEF ) in liters or liters/sec.
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CF starts in the small airways

Dots indicate individual spirometry measurements. The light grey and dark grey lines represent the fitted

percentile lines for healthy children and CF patients respectively.
For each group the lower line represents the P, , the middle line represents the P, and the upper line

represents the P_ . The grey bands represent the 95% Cl of the fitted P_, splines.
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Sample size estimates

To detect a treatment effect equal to 1/3 of the difference between the average lung func-
tion of CF patients and healthy controls, fewer patients would be needed in each arm of a
clinical trial when the primary endpoint is FEF, compared with FEV, or FVC (Table 3). This
difference is evident at each of the three evaluated ages (8, 12 and 16 years). Depending on
age and gender, the number of patients needed in a trial when FEV. is used as an endpoint is
estimated to be 1.5 to 5 times higher than when FEF , is used.

Age (yrs) Treatment Effect SD Subjects per arm
Boys Girls Boys Girls Boys (n) Girls (n)

FVC (ml) 8 99 90 317 319 162 199
FEV, (ml) 8 129 133 263 313 66 89
FEF , (ml/s) 8 175 212 303 306 48 34
FVC (ml) 12 140 127 543 530 239 276
FEV, (ml) 12 17 202 464 523 17 107
FEF,, (ml/s) 12 264 370 393 485 36 29
FVC (ml) 16 156 201 880 636 499 159
FEV, (ml) 16 294 352 793 631 116 52
FEF75 (ml/s) 16 567 620 506 424 14 9

Table 3. Sample size estimates for a clinical trial in CF patients that aims to show a treatment effect in FVC,
FEV, or FEF _ equal to 1/3 of the difference between the average lung function of healthy children and
CF patients found in our study at ages 8, 12 and 16 years. Treatment effects and SD are reported in mL.
Numbers of patients needed in one arm of a parallel design clinical trial with two groups for an alpha of 0.05
and a power of 80% are reported, for boys and girls separately.

Discussion

The present study shows that abnormalities in FEF_, occur at early stages of CF lung disease
and are larger than abnormalities in FEV, throughout childhood. Sample size estimates us-
ing these data reveal that fewer patients are required in a clinical trial when FEF__ is used as
primary endpoint. FEF . could be a more sensitive marker to detect and monitor CF-lung

disease than FEV. in clinical as well as research settings, especially at younger ages.
There is a large body of evidence in support of involvement of the small airways early in

life.’®2° This study is the first to show that routine spirometry is sensitive to detect early

involvement of the small airways in CF.
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Previous literature has shown that FEF , and forced expiratory flow between 25% and 75% of

the vital capacity (FEF are indicators of small airways obstruction. Studies comparing lung

25.75)
function and structural changes assessed by CT scans have shown that peripheral flows such
as FEF . and FEF, _ are better indicators of structural lung disease than FEV .'* It is has been
argued that FEF , and FEF
Variability in FEF , and FEF
measurement error. However, previous studies have shown the reproducibility of FEF,, . to be
relatively high in children, with a coefficient of variation less than 10%.2* Part of the variability

,5.45 @re more variable than FVC and FEV, and therefore not useful.

1575 Partly depends on variability inherent to the spirometric test, i.e.

in FEF_, will occur due to actual variation in the population, as reflected by larger population
standard deviation. Data from the Canadian CF Patient Data Registry showed that the SD of
FEF ., was roughly 1.5-times higher than of FEV,.” Our data showed a somewhat larger dif-
ference; the SD of FEF,, was about twice as high as for FEV,. When planning a clinical trial it
is important to realize this greater variability may well be offset by a larger expected effect
size.” Our data clearly show that there is more room for improvement in FEF_, than in FEV, in
CF patients, especially before adolescence. In line with this observation the Canadian registry

reported in CF-patients aged 10-14 yrs a mean FEF____of 62% predicted, compared to a mean

25-75
FEV, of 77% predicted.” Based on our sample size estimations taking into account both SD
and expected effect size, FEF_ may be a more sensitive outcome than FEV,. Importantly, this
only holds true if the expected effects of a new intervention on FEF__ are the same or larger
than effects on FEV,. We find this likely, given that small airway disease is a hallmark of CF
and many interventions specifically aim to prevent this.* Indeed, several clinical trials have
given evidence that peripheral flows are sensitive endpoints to detect and monitor CF- lung
disease. In the PEIT study (RCT, n=474) dornase alfa was administered for two years to young
CF patients with an FVC = 85%'°; the treatment benefit in FEV, was 3.2% * 1.2% predicted (p =
0.0060), while the treatment benefit in FEF

(p = 0.0008). A randomized trial (n=24) on the timing of airway clearance techniques (ACT)

1575 Was substantially larger: 7.9% + 2.3% predicted
found similar results. A significant increase in FEF . was found in children using dornase alfa
before ACT compared with children using dornase alfa after ACT (58.3% vs. 52.5% predicted,
p = 0.01)", while in other spirometric parameters no significant difference could be detected.
Two more recent intervention studies in CF patients using both FEV, and peripheral flows (FEF
or FEF
found for FEV,.2°” An important advantage of the use of end expiratory flows such as the FEF

have reported significant effects on FEF _ or FEF__ . while no significant results were

25-75) 25-75

as outcome parameter in clinical studies is that it can be acquired using routine spirometry
which is widely available. Another promising outcome parameter for detecting and monitor-
ing small airways disease in CF is lung clearance index (LCl) using the multiple breath wash out
test. An important advantage of the multiple breath wash out test over spirometry is that it
can be measured relatively easily in most children below the age of 6 since it requires minimal
cooperation and coordination. How LCl compares to FEF__ as outcome parameter to track small
airways disease in children with CF of 6 years and above requires further comparative studies.
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Strengths of our study are the large sample sizes of both CF patients and healthy controls.
Spirometry measurements were acquired longitudinally in the same subjects over multiple
years. Additionally, the cohorts of CF patients and healthy controls were Dutch children in
similar age ranges. Furthermore, this was a single center study which most likely reduced
the noise related to the spirometry measurements. Finally, advanced statistical techniques
were used to give insight in the population distribution and development of lung function
with increasing age. A number of limitations should be discussed. First, we did not have FEF
results in the healthy controls <12 years of age. These values were estimated using the refer-
ence equations by Zapletal, which likely underestimated their variation. However, given the
clear and gradual trend of FEF , in healthy subjects after the age of 12, we find it unlikely that
this was a source of bias. Secondly, to compute Z-scores we used a different set of reference
equations for FVC and FEV, as for FEF__. Thirdly, there was a difference in the years during
which measurements in CF patients and healthy controls were collected; CF patients were
measured from 1989 to 2008 and healthy children were measured from 1978 to 1987. Since
average height in Dutch children has increased slightly in the last decades?, this difference
in time of data collection could have led to a modest underestimation of the difference be-
tween healthy children and CF patients. Finally, we consider FEF , and forced expiratory flow
at 25-75% of forced vital capacity (FEF,, .
flow and are highly correlated since both are volume referenced flow variables.?** However,

) to be similar measures that both reflect peripheral

in the absence of FEF,, __ data for our cohorts we cannot be sure that a similar pattern would

be present as for FEF ..

In conclusion, our study shows that FEF__ is a sensitive marker of early obstructive lung dis-
ease in CF which can be used in most children with CF at the age spirometry first becomes
feasible. Our findings add further support to the use of FEF . as endpoint in clinical trials
targeting early stages of CF lung disease, especially when an effect on the small airways can

be expected.
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Abstract

Background

Accurate assessment of pulmonary status in young children with cystic fibrosis (CF) requires
sensitive and objective monitoring techniques.

Objectives

This study aimed to evaluate the feasibility of lung clearance index (LCI) calculated from
multiple breath washout (MBW), home nocturnal pulse oximetry and home nocturnal cough
recording in young children with CF, and determine whether these tests can distinguish CF
patients from healthy controls.

Methods

We performed a prospective cross-sectional study in 20 CF patients and 30 healthy children
aged 0-4 years. MBW was performed in awake and unsedated children at the outpatient clinic
using a commercially available device. Measurements of nocturnal oxygen saturation and
nocturnal cough were done at home using a pulse oximeter and an audiometer.

Results

There was a significant difference in mean LCI between healthy children and CF patients (LCI
7.1 vs. 9.3, p < 0.001). Nocturnal oxygen saturation was normal in both groups and did not
significantly differ between the groups. Similarly, cough showed no differences between
both groups. Cough varied widely between children and between nights. Success rates for
saturation and cough measurements were 90% and were similar for CF patients and healthy
children. Success rate for LCl was 75% for CF patients and 50% for healthy children.

Conclusions

Measurements of LCI, nocturnal oxygen saturation and cough were feasible in young children;
however LCl was the only variable that showed a significant difference between children with
CF and healthy children.
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Introduction

Children with cystic fibrosis (CF) develop structural lung disease including bronchiectasis and
small airways disease early in life, even in the absence of clinical symptoms or infection.'?
Sensitive and accurate monitoring techniques to assess pulmonary status are required for
clinical management and as endpoints in clinical trials.> These techniques should be fast,
easy to perform and non-invasive, to allow repeated assessment for timely identification and
treatment of children at risk of developing irreversible structural lung disease.

For children 6 years and older routine spirometry plays a central role in monitoring and
management of CF lung disease.*” However, pre-school spirometry in children aged 4-6
years is challenging since it requires active cooperation. When measured in a paediatric lung
function laboratory using computer-incentive games, pre-school spirometry is successful in
45 - 75% of the children.®'° Below the age of 4 years spirometry is even more difficult, since
the average 3.5-year-old child has a developmental level that allows carrying out three-step
commands only. Therefore, the instructions for a forced expiratory spirometry manoeuvre
need to be broken down and taught in a manner that is appropriate to the child’s develop-
ment. Unfortunately, the majority of 2 to 3-year old children are unable to perform pre-school
spirometry. Infant pulmonary function testing (iPFT) can be performed in children <3 years
using a baby bodybox. However, iPFT is time consuming, technically difficult, and requires se-
dation.”'2 After 2 years, most children have outgrown the equipment for iPFT. Consequently,
there is great need for alternative non-invasive monitoring instruments for young children.

A promising lung function test to monitor pulmonary disease in children is multiple breath
wash out (MBW), which can be performed without sedation and does not require active
cooperation.”®' The lung clearance index (LCl) is calculated from MBW, indicating inhomo-
geneity of ventilation. Studies have suggested that LCl is more sensitive than spirometry to
detect early lung disease in patients with CF ™6, A study in young children showed that
lung disease indicated by an elevated LCl starts early in life.'”” However, measurements were
performed in children in supine position during sleep after sedation with chloral hydrate.
Sedation makes the test even more time consuming and necessitates monitoring of patients
during sleep. Therefore we are interested in the feasibility of measuring LCl in young children,
while awake and sitting upright. Disadvantages of MBW include the expensive equipment
and requirement for a lung function laboratory as it is a technically demanding test.

A second test to monitor pulmonary disease in children is home nocturnal pulse oximetry
measuring oxygen saturation (SpO,) during sleep. A pulse oximeter is relatively cheap, easy
to operate, and can be used across all ages.’® In CF patients with moderate lung disease and
normal awake SpO,, significant nocturnal desaturation can occur'? It is unclear whether
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nocturnal pulse oximetry can be used as a surrogate endpoint for CF lung disease in young
children, and whether pulse oximetry is sensitive enough to distinguish between healthy
children and children with CF.

A third test to monitor pulmonary disease in children is nocturnal cough. Cough is an
important component of mucociliary clearance® and is thought to be more frequent in CF
compared to healthy control subjects.** Cough monitoring has been used in small scale
clinical studies?*?, and can be monitored at home using relatively simple audiometry. It is not
known whether nocturnal cough monitoring can be used as a surrogate endpoint in young
children.

The aim of our study was to evaluate the feasibility of performing MBW, home nocturnal pulse
oximetry, and home nocturnal cough recording in young children. In addition we compared

the sensitivity of these tests to discriminate CF patients from healthy controls.

Methods

Enrolment

We performed a prospective cross-sectional study to measure LCl, nocturnal oxygen satura-
tion and nocturnal cough in 20 CF patients and 30 healthy children aged 0-4 years. CF patients
were recruited from the Paediatric Pulmonology outpatient clinic at the Erasmus MC - Sophia
Children’s Hospital Rotterdam. Healthy children were recruited from three day-care centres in
Rotterdam, located near the Sophia Children’s Hospital.

Inclusion criteria for all children were: age 0-4 yrs and weight >8 kg (weight cut-off was
selected to standardise MBW data collection with a single dead space reducer for children
8-20 kg).

Exclusion criteria for all children were: respiratory infection in the week prior to enrolment,
antibiotics for pulmonary symptoms or hospital admission in the four weeks prior to enrol-
ment, medical conditions that might affect study measurements (e.g. cardiac problems
that can influence saturation), ear-nose-throat related interventions in the last month (e.g.
tonsillectomy, tympanostomy tubes, etc.). For healthy children, additional exclusion criteria
were: history of chronic pulmonary diseases (such as asthma, broncho pulmonary dysplasia,
and airway malacia), history of premature birth (< 36 weeks of gestation), current pulmonary
disease and maintenance use of pulmonary medications.
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This study was approved by the local ethics committee and informed consent was obtained
from all parents. This study was registered in the Dutch trial register (http://www.trialregister.
nl).

Lung Clearance Index

MBW tests were performed at the outpatient clinic using a commercially available device
(Exhalyzer®D, Ecomedics, Switzerland) that was previously described.??° Helium was used as
tracer gas. For technical details see the E-pub of this thesis.

Measurements were performed while children were awake and sitting upright, either on their
parents’ lap or on a chair. To distract children during measurements we used animations on
a portable DVD player, a favourite book or a toy. In most children we used a close-fitting
facemask (Laerdal® silicone mask 2). Dead space of the facemask was 24 ml. Only two children
aged 4 years were able to use a mouthpiece and nose clip correctly, all other children were
measured using a face mask.

Measurements were performed as follows: at the start of a measurement, subjects breathed
normally through the facemask or mouthpiece. After a stabilization period of minimally 6
breaths, the bias flow automatically switched to the premixed tracer gas at end expiration,
starting the wash-in. Wash-in continued until equilibrium was reached, defined as a visually
stable plateau of the molar mass signal. The bias flow was then switched back to room air to
start the washout phase, which was completed when the tracer gas concentration fell below
1/40 (2.5%) of the starting level. Wbreath© software (version 3, 19, 3, ndd Medical Technolo-
gies, Zurich, Switzerland) was used for data acquisition, storage and analysis.

For each participant we aimed to perform two technically successful measurements. After
completing the full washout phase, the minimal time before the next measurement could be
started was three minutes. However, in this young age group many children required a longer
break to prepare for the next MBW so often the time between measurements was longer.
Data acquisition and analysis were performed according to published quality criteria.*3?
Measurements were accepted when the child breathed normally during the measurement,
and when no leakage of gas was observed. Additional details on quality control of measure-
ments can be found in the E-pub of this thesis.

Functional residual capacity (FRC) was calculated from the cumulative volume of expired
tracer gas divided by the difference between end-tidal gas concentration at the start and
end of the washout. LCl was calculated as the cumulative expired volume (CEV), divided by
the FRC. Since there are no generally accepted LCl reference values for young children, we
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defined an abnormal LCl as a value exceeding 1.96 times the SD above the mean value for
healthy children in this study.

When two successful LCI measurements were obtained in a patient, the mean of the two
measurements was used for analyses. When only one measurement was successfully ob-
tained (usually due to poor cooperation for a second measurement), this measurement was

used in the analyses.

Nocturnal oxygen saturation

Nocturnal SpO, was measured using a Mars 2001 Pulse Oximeter (Novametrix, USA) during
two separate nights of sleep at home. This device makes use of a Motion Artefact Rejection
System that filters out artefacts caused by motion or low perfusion. Parents were instructed
to attach the sensor to the child’s finger or toe and turn on the pulse oximeter when the child
went to bed or shortly after the child fell asleep. The sensor was removed by the parents
when the child woke up the following morning. A registration was considered appropriate for
further analysis when at least 6 hours of successful recording was available. From the stored
saturation data we computed mean SpO, and two desaturation parameters for each child:
D4 desaturations, defined as desaturations of 4% below the mean saturation of the child; and
D90 desaturations, defined as desaturations below 90% SpO.."*** Number of desaturations
was calculated as well as the total time of D4 and D90 desaturations. For mean SpO, a value
below 95% was defined as abnormal.

Cough measurements

Measurements of cough were performed according to a previously published procedure.23*
Cough measurements were ideally performed on the same nights as the pulse oximetry, but
at least within two days of the pulse oximetry. Briefly, a digital audiometer was placed on a
stable surface and positioned close to the child to record all sounds during the night. A sound
recording was considered acceptable if at least 6 hours of recording were available.

Sound recordings were transferred from the digital recorder to a personal computer. All re-
cordings were analyzed using free open source audio record & edit software, which provided
a graphical display for audio analysis applications (Audacity, Boston, USA).

An investigator (JCvdM) identified by ear the nature of all sounds detected by the software
on the digital recordings. The beginning of a cough episode was defined as the moment a
clear explosive cough was heard. For each patient the duration of each cough episode was
computed in seconds.?***3> Multiple cough sounds which occurred in quick succession were
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counted as one episode. Such cough episodes were defined to start at the onset of the first
cough sound and end after the last cough (see Figure 1 of the supplemental data in the E-pub
of this thesis). Finally, from the total duration of cough seconds and the total time of the
recording we computed the cough seconds per hour (csec/hr) for each night.

Power calculations

There are few data available on LCl, cough and saturation for children in this age range.
Therefore it was not possible to do a formal power calculation prior to the study. We decided
to invite all CF patients in our centre aged 0-4 years for this study and estimated that at a
70% response rate the number of inclusions would be approximately 15 patients. For each
CF patient we aimed to include two healthy controls and thus aimed to include 30 healthy
children. With these numbers, differences as great as 0.9 SD can be detected for an alpha of
0.05 and a power of 80%.

Statistical analysis

Analyses were performed with SPSS (version 15.0) or STATA (version 11.1) software. For nor-
mally distributed data, values are presented as mean (SD). Non-normally distributed values
are reported as median (range).

Differences between group characteristics were assessed by independent samples T-test
or Mann-Whitney test, as appropriate. Confidence intervals for the differences of medians
between the two groups were calculated by the bootstrap method with 1000 replications.
Intraclass Correlation Coefficients (ICC) were used to assess agreement between repeated
measurements. Spearman’s correlation (r) was used to determine correlations between
LCl, cough and saturation. For all analyses, p-values of <0.05 were considered statistically
significant.

Results

Fifty children were included in this study, 20 CF patients and 30 healthy children aged 0-4
years, all recruited between July 2008 and March 2010. Baseline characteristics of the children
did not differ between CF patients and healthy children except for BMI, which was lower in CF
patients than in healthy controls (Table 1).



CF Healthy

Age (yrs) 24(13) 23(1.0)
Age ranges (yrs) 04-49 0.6-4.0
Sex (M/F) 10/10 19/11
Height (Z-score) -04(1.0) -0.5(1.1)
Weight (Z-score) -0.1(1.0) 0.8(0.9)
BMI (Z-score) 0.0(1.0) 0.9(1.0)
Pancreatic insufficiency (Y/N) 19/1 N/A
CF mutation (homozygous Phe508del / heterozygous PheF508del) 13/7 N/A

Table 1: Demographics of the study population at inclusion.
Data are reported as mean (SD) or as number of subjects. N/A = not applicable.

Lung clearance index

A successful LCI measurement was obtained in 15/20 CF patients (75%) and in 15/30 healthy
children (50%). There was a trend towards higher success rate in children with CF (p=0.08).
Reasons for failure included: rejection of the facemask, crying and/or talking during the test,
irregular breathing that did not allow further analysis to compute LCl, or the test did not
comply with published quality criteria (see Table 1 of the supplemental data in the E-pub of
this thesis).

Mean LCl was significantly higher in CF patients (LCI=9.3+1.5) compared to healthy children
(LCI=7.1£0.7), with a difference between the groups of 2.2 (95% Cl 1.3 - 3.1) (p<0.001) (Table
2 and Figure 1). LCl showed a good discriminating value between CF patients and healthy
children: the Area Under the Curve (AUC) of the Receiver Operator Characteristic (ROC) curve
was 0.90 (see Figure 2 of the supplemental data in the E-pub of this thesis).

In CF patients we obtained two technically successful measurements in 8 patients and one

successful measurement in 7 patients. For healthy children we obtained two technically suc-

CF Healthy Difference p-value
(95% CI)

Ll 9.3(1.5) 7.1(0.7) 22(1.3t03.1) <0.001
Mean Sp0O2 (%) 97.0(93.9-98.4) 97.7(95.0-98.8) -0.7(-1.5t00.1) 0.08
Time D4 desaturations (sec/hr) 4.6(0-369.3) 13.2(0-398.4) -86(-22.1t032.6) 0.28
Time D90 desaturations (sec/hr) 0.0(0-254.3) 1.1(0-2124) -1.1(-5.5t0 1.8) 044
Number of D4 desaturations (no./hr) 04(0-4.7) 0.8(0-3.9) -04(-1.1t00.3) 0.23
Number of D90 desaturations (no./hr) 0(0-3.2) 0.1(0-5.2) -0.1(-0.1t00.1) 0.51
Cough (sec/hr) 04(0-6.3) 0.8(0-8.9) -04(-1.1t0 04) 0.50

Table 2. LCl, oxygen saturation and cough in CF patients and healthy children.
All data are reported as median (range), except for LCl which is reported as mean (SD).
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Figure 1. Lung clearance index (LCl) in healthy children and cystic fibrosis (CF) patients. Circles depict
healthy children, diamonds depict CF patients. Horizontal bars indicate mean LCl for each group.
p<0.001 for the difference in mean LCl between CF patients and healthy children.

cessful measurements in 7 children and one successful measurement in 8 children. Since
recent guidelines advise to obtain two LCl measurements per patient, we repeated the
analysis including only the children who performed two measurements. Results were very
similar to the primary analysis: mean LCl was significantly higher in CF patients (LCl = 9.1 £
1.7) compared to healthy children (LCI=7.2 + 0.8), with a difference between the groups of
1.9 (95% Cl 0.4 - 3.4) (p=0.02). Agreement between LCl measurements in children from who
two measurements could be acquired was good: Intraclass Correlation Coefficient (ICC)=0.71
(Table 3).

The upper limit of normality for LCl calculated from our data as (mean+1.96 SD) was 8.4.
Using this cut-off, 11/15 CF patients (73%) had an elevated LCI.

FRC results derived from MBW are available in the supplemental data of the E-pub of this
thesis.
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Test 1 Test 2 ICC(95% Cl)
(both groups combined)

Healthy 7.1(0.9) 7.0(0.7)

Ll 0.71(0.34t0 0.89)
CF 94(1.7) 8.8(1.6)
Healthy 97.7(91.8-98.9) 97.7 (94.6 - 98.8)

Mean SpO, (%) 0.41(0.12t0 0.64)
CF 96.9(93.4-98.7) 97.3(944-983)
Healthy 0.7(0-89) 04(0-44)

Cough (secrhr) 0.25(-0.12 t0 0.56)
CF 04(0-22) 0.2(0-10.5)

Table 3. Saturation and cough for 2 nights, LCl for 2 measurements.
Data are reported as median (range) except for LClI which is reported as mean (SD). ICC = intraclass
correlation coefficient.

Nocturnal oxygen saturation

Success rate for saturation measurements was 90%; successful measurements were obtained
in 17/20 CF patients and 28/30 healthy children. Reasons for failure included: technical failure
of the device, children not accepting the sensor despite multiple attempts by the parents,
lively movements of a child during sleep causing a large number of artefacts in the measure-
ment (see Table 1 of the supplemental data in the E-pub of this thesis).

Mean nocturnal SpO, values had a median of 97.0% for CF patients and 97.7% for healthy
children (Table 2). There was a trend towards lower SpO, in children with CF (p=0.08). De-
saturations were infrequent in both groups and there were no differences in D4 and D90

desaturations between the two groups (Table 2).

Agreement between SpO, measurements on two separate nights was fair: ICC=0.41 and
Spearman’s rank correlation coefficient (r)=0.5 (Figure 2). Mean nocturnal SpO, for the two

nights is shown in Table 3.

Five children had an abnormal nocturnal SpO, of <95%, including one CF patient and three
healthy children who had a mean SpO, below 95% on one night; and one CF patient who had
a mean SpO, below 95% on both nights.

Cough

Success rate for cough measurements was 90%; cough registration was successful in 27/30
healthy children and in 18/20 CF patients. Reasons for failure included: incorrect handling
of the device by the parents, recording time <6 hours, technical failure, or multiple children
sleeping in one room, making individual cough registration impossible (see Table 1 of the
supplemental data in the E-pub of this thesis).
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Figure 2. Mean saturation measured on two nights. On the Y-axis mean saturation for the 1% night, on the
X-axis the 2" night. Spearman’s rank correlation coefficient (r )=0.5, p=0.001. Open squares depict healthy
children; closed circles depict cystic fibrosis patients. The dotted line shows the line of identity.

Median cough seconds per hour (csec/hr) was 0.4 for CF patients and 0.8 for healthy children
(Table 2). There was no significant difference in csec/hr between CF patients and healthy
children (p=0.50). Ranges for nocturnal cough were relatively wide (Table 3). There was poor
agreement between csec/hr measured on two separate nights: ICC=0.25.

Correlations between measurements

LCI did not correlate with mean nocturnal oxygen saturation or with mean cough, in either
healthy children or CF patients. LCl and mean saturation did not significantly correlate: r =-
0.28 (p=0.33) for healthy children and r =0.35 (p=0.25) for CF patients. For the correlation be-
tween LCl and csec/hr r =-0.23 (p=0.45) for healthy children and 0.06 (p=0.86) for CF patients.
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Discussion

In this study we evaluated the feasibility and sensitivity of LCl, home nocturnal oxygen
saturation and home nocturnal cough measurements to distinguish young CF patients from
healthy controls, and found that all three tests were feasible in young children; however LCI
was the only variable that distinguished between children with CF and healthy children.

LCI

Similar to other studies in older children or adults, we observed that LCl was elevated in
73% of young CF patients relative to healthy controls. It is generally thought that abnormal
LCI reflects small airways disease. The importance of small airways disease is confirmed by
recent papers.* A recent study in young children with CF diagnosed by newborn screening
showed that CT-detected trapped air was present in 50-60% of infants’, indicating early small
airways disease. A cross-sectional study in older children showed that elevated LCl was as-
sociated with CT-detected structural lung abnormalities.'® The elevated LCI observed in our
study is therefore likely to indicate early CF lung disease. However, the clinical significance
of elevated LCl in young children requires further validation. Lum et al. performed MBW and
raised lung volume rapid thoraco-abdominal compression measurements in infants with CF
and healthy controls with a mean age of 41 weeks." In their cohort, lung function abnormali-
ties were detected in 72% of infants with CF, which is very similar to the elevated LCl in 73%
of CF patients in our study. However, Lum et al. demonstrated abnormalities in 41% by both
techniques performed and in a further 15% by each of the two separate tests. This suggests
that complementary information can be obtained by including both MBW and raised lung

volume rapid thoraco-abdominal compression measurements.

Previous studies of LCl in healthy children''%3738 report upper limits of normality for LCI
between 7.2 and 7.8. Our calculated upper limit of normality of 8.4 is relatively high. These
differences in observed values may be partially explained by our younger population. A
second explanation is the current lack of standardization for MBW. To date, there is no clear
international consensus on equipment or procedures for MBW.*® For this reason it was sug-
gested that each centre should produce its own reference values.** We therefore included a
group of healthy children in this study. Recent ATS/ERS guidelines on pulmonary function
testing in preschool children include a section on LCI.3" This document only gives general
recommendations on how to perform MBW. It is stressed that because only a few centres
have experience with MBW, proposals regarding equipment, procedures, analysis, and inter-
pretation must be considered tentative.
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An important observation in our study is that we completed at least one MBW successfully
in 75% of the CF patients at their first visit. We observed a trend towards a higher success
rate for CF patients compared to healthy children, which is not surprising as 80% of the CF
patients were treated with some form of aerosol therapy, and thus were accustomed to a
facemask. All children were naive to MBW and therefore it is likely that the success rate can be
further increased when children become accustomed to the test if it is routinely performed.

In conclusion, our cross sectional findings support the use of LCl as a sensitive and feasible
monitoring tool to detect CF lung disease in young CF patients.

Nocturnal oxygen saturation

Nocturnal oxygen saturation showed a trend towards a slightly reduced mean saturation
in CF patients compared with healthy children in our study. The relatively small number of
subjects in this study may have been insufficient to detect a significant difference between
SpO, values in CF patients and healthy controls. In addition, agreement between measure-
ments performed on two separate nights was only fair. A previous study by van der Giessen
et al. using nocturnal pulse oximetry in older children with CF showed moderate agreement
in SpO, between nights (ICC = 0.70).*' This might be explained by the fact that the study by
van der Giessen was performed in older children with more advanced disease.

In our study, 2/17 CF patients (12%) and 3/28 healthy children (11%) were found to have an
abnormal nocturnal SpO, on at least one night, with mean SpO, below 95%. The origin of
these abnormal saturation profiles is not clear. It may demonstrate normal biological varia-
tion, or it might reflect disease. Desaturations in young CF children can occur due to mucus
impaction in airways. Younger children are more vulnerable to develop mucus impaction,
since their airway diameter is smaller and central airways can become obstructed more eas-
ily. Itis less likely that the observed difference between our study and that by van der Giessen
is of a technical nature, since the same equipment was used in both studies.

Even though we observed only a small difference in mean nocturnal SpO, between CF
and healthy subjects we still feel that further exploration of nightly pulse oximetry is war-
ranted. In previous studies episodes of desaturation were observed when infants with CF
had symptoms of mild airways inflammation (rhinitis, cough, red throat).** Another study
in young children with CF admitted to the hospital for an infective exacerbation showed
that nocturnal SpO, was decreased at admission and improved with treatment.* Based on
these studies and our study we feel that nocturnal pulse oximetry might be an interesting
home monitoring tool to detect a change in pulmonary condition. A different monitoring
regimen might increase the sensitivity to detect relevant disease. For example measure SpO,
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once every week for a longer period of time, or measure multiple nights in a row. A previous
study by Kirk et al. demonstrated good agreement between home pulse oximetry and pulse
oximetry performed during laboratory polysomnography in children.* This indicates that
home pulse oximetry is an accurate method. Overall, pulse oximetry remains an interesting,
feasible tool for home monitoring in young children with CF to detect changes in pulmonary
condition or monitor treatment effects, but further validation studies are required.

Cough

Nocturnal cough registration did not show a difference between CF patients and healthy chil-
dren in our study. Nocturnal cough was relatively infrequent in both groups. This low cough
frequency questions whether cough can be a reliable outcome measure in CF research, as
many young patients in our study show nocturnal cough frequency within normal limits, and
thus cannot improve. Additionally, cough during the first night did not correlate with cough
during the second night, suggesting that cough varies considerably over separate nights.
There are two possible reasons for this poor correlation. First, average cough frequency was
relatively low and therefore insensitive to measure correlation. Second, different types of
cough present in this study might have obscured a possible correlation since cough might be
caused by a number of medical conditions such as respiratory infections, gastro-oesophageal

reflux or allergies.

A major disadvantage of the method we used for cough analysis is that it is time consuming.
In conclusion, cough monitoring in its current form does not seem to be useful to monitor
young CF patients. Cough monitoring might be more useful in older CF patients, who gener-
ally have more respiratory symptoms and might therefore cough more as well. A study on
nocturnal cough in older children with CF showed that cough increased with age.?

Conclusions

In conclusion, measurements of LCl, nocturnal oxygen saturation and cough were feasible in
young children aged 0-4 years. Mean LCl showed a significant difference between children
with CF and healthy children with good agreement between repeated measurements in
individual children. Nocturnal SpO, was normal for both groups, but home pulse oximetry
did detect low saturations in 10% of all children. There was no difference in cough between
CF patients and healthy children, with poor agreement between cough measured on sepa-
rate nights, making cough monitoring in its current form unsuitable for monitoring young
children with CF.
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Based on the results of this study, LCl seems to be a sensitive parameter to detect CF lung
disease in young children in the laboratory setting. Further validation of LCl is needed to
determine whether it can be used as a surrogate endpoint for CF lung disease. In addition
further standardization of the methodology is needed. Studies on home monitoring of pulse
oximetry are required to further explore the use of this tool to monitor CF lung disease in

young children.
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Abstract

Recombinant human DNase (rhDNase) is a mucolytic agent that is primarily used to improve
mucociliary clearance in cystic fibrosis (CF). RhDNase is a recombinant human enzyme that
is synthesized in a Chinese Hamster Ovary (CHO) cell line. RhDNase enzymatically cleaves
extracellular DNA into molecules of shorter length. CF sputum shows high concentrations of
DNA released by disintegrating inflammatory cells. Free DNA contributes to the abnormally
high viscosity of CF sputum and therefore forms an important target in the treatment of CF
lung disease. Clinical studies have shown that daily nebulization of rhDNase is associated
with an increase in lung function and a decrease in the frequency of exacerbations in patients
with CF.
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Introduction

Cystic fibrosis (CF) is the most common inherited disease of the Caucasian population. The
birth prevalence of CF is estimated to be one in 3500 — 4500."2 CF is an autosomal recessive
disorder caused by mutations in the cystic fibrosis transmembrane conductance regulator
(CFTR) gene.? CFTR is an apical membrane protein that regulates chloride transport in se-
cretory epithelial cells. These mutations result in dysfunction of the CFTR protein, causing
impaired chloride secretion and sodium hyper absorption. This process results in the deple-
tion of airway surface liquid and abnormal mucociliary transport. The abnormal mucus then
gives rise to chronic lower airway infection and inflammation, typically as early as in infancy.
Chronic respiratory disease is the major cause of morbidity and mortality in CF, and is there-
fore the main focus of clinical care and research.*

Impaired mucociliary clearance is an important problem in most patients with CF. Conse-
quently, treatment is primarily aimed at mobilizing as much sputum as possible from the
lung on a daily basis. One means to achieve this is physiotherapy. In addition, most patients
use mucoactive drugs that help to clear sputum.®

Until now, two mucoactive drugs have shown a positive effect on mucociliary clearance in
patients with CF: recombinant human DNase (rhDNase) and hypertonic saline (HS).5®

RhDNase (Pulmozyme, dornase alpha) was developed in the early 90’s and its efficacy in CF
is well established. Maintenance treatment with RhDNase is therefore widely accepted as the
primary treatment to improve mucociliary clearance in CE*'" Many patients with CF benefit
from treatment with rhDNase, as it is associated with improved pulmonary function, less
antibiotic use, and lower hospitalization rate.

The aim of this review is to discuss what is currently known on rhDNase.

HS is the second drug that improves mucociliary clearance in CF2 It is thought that inhalation
of HS improves the hydration of the airway surface liquid which in its turn improves ciliary
motility and thus mucociliary clearance. HS is often used in combination with airway clear-

ance techniques or physiotherapy, to optimize the expectoration of mucus.

Mucoactive drugs

Mucoactive medications can be classified as follows by their mechanism of action: mucolyt-
ics (classical and peptide-), expectorants, mucoregulators, and cough clearance promotors
(table 1).
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Mucoactive medication

Mechanism of action

Expectorants
Hypertonic saline

Mannitol

Classical mucolytics
N-acetylcysteine

Nacystelyn
2-Mercoptoethane sulfonate
Peptide mucolytics
RhDNase (dornase alfa)
Gelsolin and Thymosin B,
Receptor antagonists
Denofusol

Non-destructive mucolytics
Dextran

Low molecular weight heparin
Mucoregulatory agents
Anticholinergic agents
Glucocorticoids
Indomethacin

Macrolide antibiotics

Cough clearance promotors
Bronchodilators

Surfactants

Increases secretion volume and increases hydration

Increases hydration. May increase ciliary beat frequency; break hydrogen bonds

between mucins; increase secretion volume.

Breaks disulfide bonds linking mucin oligomers
Increases chloride secretion and breaks disulfide bonds

Breaks disulfide bonds linking mucin oligomers

Hydrolyzes DNA polymer with reduction in DNA length

Depolymerize F-actin

Stimulates ciliary beat frequency and Cl- secretion

Breaks hydrogen bonds and increases secretion hydration

May break both hydrogen and ionic bonds

Decreases volume of stimulated secretions
Decreases airway inflammation and mucin secretion
Decreases airway inflammation

Decreases airway inflammation and mucin secretion

Can improve cough clearance by increasing expiratory flow

Decreases sputum adhesiveness

Table 1. Mucoactive drugs. *modified from Rubin, 20067°.

Mucolytics

Examples of mucolytics are 2-mercaptoethane sulphonate (Mesna), N-acetylcysteine(NAC),
and carbocisteine. These were much used in CF before rhDNase became available. NAC
disrupts disulfide bonds in mucus. Despite in vitro mucolytic activity and a long history of
use, there are no convincing data demonstrating that aerosolized NAC is effective therapy
for CF.'213

RhDNase is a peptide mucolytic. It is an enzyme that breaks down deoxyribonuclease (DNA)
strands in airway secretions. RhDNase administered as an aerosol reduces the viscosity and
surface adhesivity of CF sputum.™ It is thought that rhDNase is not merely a mucolytic but
also a‘sputolytic; as it reduces the surface adhesivity of sputum and thereby increases spu-

tum clearability.'
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Expectorants

Hypertonic saline (HS) can be classified as an expectorant in CF.'® Recently it was shown
that twice-daily inhalation of hypertonic saline solution over 48 week resulted in an mod-
est improvement in lung function and a marked reduction in the frequency of pulmonary
exacerbations.®

Only one randomized controlled trial (RCT) comparing rhDNase and HS has been published
so far. Over a 12 week period, daily rhDNase treatment resulted in a significantly greater
increase in forced expiratory volume in one second (FEV,) than did HS (16% increase in FEV,
for daily rhDNase, 3% increase for HS)."”

Development of new mucoactive drugs

New mucoactive drugs for the treatment of CF lung disease are being developed. Thymosin
(34 (TR4) and gelsolin both reduce the viscoelasticity of CF sputum by changing the polymer
structures of proteins (such as filament length, branching and crosslink density). One example
is actin, which comprises approximately 10% of the total protein in leukocytes. It can form
long filaments, which together with polymers of DNA and actin contribute to the viscosity
of CF sputum. The presence of large amounts (0.1 to 5 mg/ml) of polymerized F-actin in CF
sputum’®'® suggested that T4 and gelsolin could decrease the viscoelasticity of CF sputum.
T4 is the major actin-sequestering peptide in eukaryotic cells.?*?' Gelsolin is an actin-severing
peptide that rapidly cleaves non covalent bonds between actin monomers within actin fila-
ments. In vitro studies showed that gelsolin significantly reduced CF sputum viscosity."®

Interestingly, a recent study investigated in vitro the effect of three different agents on CF spu-
tum viscosity: rhDNase, TR4 and gelsolin.22 The sputum cohesivity in the control specimens was
28.4 mm. This decreased significantly after either 30 pg/mL of rhDNase (23.4 mm, p = 0.003) or
after 3,30 or 150 pg/mL of TR4 (23.7, 23.9, and 22.1 mm respectively - p < 0.03 for each). There
was a highly significant dose-dependent fall in cohesivity with gelsolin. Regression analysis of
log cohesivity and gelsolin dose demonstrated a log-linear relationship (r =-0.53 p = 0.0008).

Gelsolin and rhDNase combined (1.5 pg/mL each) gave a 77.3 % reduction in elasticity (p =
0.04) and an 80.4% decrease in viscosity (p = 0.01) compared with excipient. These changes
were greater than those seen with either agent alone.?? This might be explained by the fact
that F-actin and DNA form polymers, on which rhDNase cannot exert its action. When these
polymers are degraded by gelsolin, rhDNase can again cleave the free DNA. To date, however,
clinical efficacy of gelsolin in CF has not been proven yet.
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Mannitol is another interesting compound. It is thought to increase hydration of airway
secretions. Clinical efficacy in CF has not been shown. Clinical research on the use of this

drug is ongoing.

Finally, denofusol tetrasosium is being investigated as a new drug in the treatment of CF.
Results of a phase I/phase Il multicenter study showed that denufosol is safe to use. Dosages
up to 60 mg were inhaled, with good tolerance in most subjects. Percentages of subjects
experiencing adverse events did not differ between the denufosol and the placebo group.?
Another trial comparing the efficacy of three different doses of denufosol has recently been
completed in CF patients with mild disease (FEV, > 75% predicted). The study was a ran-
domized, double-blind, multi-center, 28-day, phase Il clinical trial of denufosol tetrasodium
inhalation solution (20, 40, or 60 mg) versus placebo (normal saline). Patients were random-
ized to receive one of the three doses of denufosol or placebo administered three times
daily. Lung function changes from baseline in patients on denufosol (pooling active doses)
significantly differed from those in patients on placebo for FEV, (difference 0.14 L, p = 0.006),
Forced Expiratory Flow from 25% to 75% of the FVC (FEF,, _.) (difference 0.30 L/s, p = 0.008),
FVC (difference 0.12 L, p = 0.022) and FEV,/FVC (difference 0.02, p = 0.047). When each of
the three dose groups was analyzed separately compared to placebo, the differences were
significant for 20 mg and 60 mg of denufosol, but not for 40 mg of denufosol.?*

Introduction to the compound

As a result of the inflammatory process in CF, DNA is set free from necrotic leukocytes. CF
sputum therefore contains high concentrations of free DNA, which contributes to the high
viscosity of the airway secretions.??¢ Elevated DNA concentrations have been found even in
bronchoalveolar lavage fluid from infants with CF.#2 This shows that the negative effect of
free DNA starts early in life. RhDNase enzymatically cleaves extracellular DNA into molecules
of shorter length, thus increasing the ‘pourability’ of the CF sputum.'*The liquefied sputum is
less adhesive to the airway wall and it can be expectorated more easily.

Chemistry

Bovine pancreatic DNase was partially purified more than 60 years ago.” It was found to
significantly reduce the viscosity of purulent lung secretions when incubated with these
secretions in vitro.3%3! Bovine pancreatic DNase | was approved for human use in the US in
1958. Various uncontrolled clinical studies in patients with respiratory tract infections and
one study in CF patients suggested that this agent (administered intravenously and by
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inhalation) was well tolerated and effective in reducing the viscosity of lung secretions.3*3*
In 1968, aerosolized pancreatic DNase | was reported to be associated with a case of acute
and life-threatening bronchospasm.® Following this and other adverse reports, bovine
pancreatic DNase | fell into disuse. The adverse effects observed may have been related to
product contamination with digestive pancreatic enzymes (concentrations up to 2% trypsin
and chymotrypsin were reported in the final product).*® The entire amino acid sequence of
bovine pancreatic DNase | was determined in 1973.3’ The crystal structure of the enzyme was

established a few years later.3®3

The gene for human DNase was cloned from a pancreatic cDNA library in 1988." RhDNase was
expressed in a Chinese Hamster Ovary (CHO) cell line (designated CHO-DP7). This rhDNase
producing cell line was established by co-transfection with two plasmids coding for rhDNase
and dihydrofolate reductase. RhDNase is currently synthesized by CHO cells transfected with
the protein-encoding sequence of the human DNase gene. Since rhDNase is identical to
human DNase it can be used safely without risking the hazards associated with the use of
animal proteins. The production of a recombinant drug is still a complex process, however,
highly sensitive to disturbances such as contamination of the cell line.

Chemical and physical characteristics

RhDNase is a glycoprotein containing 260 amino acids with a molecular weight of approxi-
mately 33,000-38,000 Daltons. The structural features of rhDNase are shown in figure 1. Two
six-stranded (-pleated sheets packed against each other form the core of the protein. This
is surrounded by eight a-helices and six turns. Since rhDNase is a protein it is sensitive to

Figure 1. Schematic representation of structural features of human DNase I. Arrows indicate 3-sheets,
twists indicate a-helices.'



high temperatures. Activity slowly decreases on room temperature and rhDNase is fully
inactivated by heat (100°C for 10 minutes).™ This is why it should be stored in a refrigerator
(2°C - 8°C). A single brief exposure (up to 24 hours) to moderately elevated temperatures (up
to 30°C) does not affect product stability.*

Pharmacodynamics

In vitro studies showed that rhDNase rapidly and significantly reduces the viscosity of pu-
rulent CF sputum.’“! The mechanism by which rhDNase exerts its pharmacological effects
is related to its ability to cleave high-molecular-weight DNA in purulent airway secretions.
RhDNase administered as an aerosol reduces the viscosity and surface adhesivity (and thus
the tenacity) of CF sputum in vitro." A study of aerosolized rhDNase in CF patients confirmed
the in vitro observation that the enzyme cleaves high-molecular-weight DNA in infected lung

secretions.*?

Pharmacokinetics and metabolism

From inhalation studies in rodents, the disappearance half-life of rhDNase from the lung is
estimated to be around 11 hours.® In a study involving cynomolgus monkeys exposed to
inhaled rhDNase in three different doses, rhDNase could not be detected (< 2 ng/mL) in the
serum of animals exposed to a dose of 0.2 mg/kg, during a post-dose period of 312 hours.
Low concentrations (maximum concentration < 40 ng/mL) of rhDNase could be measured in
serum in animals exposed to doses of 0.7 and 3.1 mg/kg. These results are consistent with a
low level of systemic exposure following inhalation of rhDNase.*

Two phase | studies have measured serum DNase concentrations using an assay sensitive
to both circulating endogenous DNase and rhDNase. Measurements were performed at
several time points following single and multiple inhalation of escalating doses of rhDNase in
healthy subjects and in patients with CF. Only very low serum concentrations of DNase were
observed. No anti-rhDNase antibodies were detected in each of the studies.*** Therefore, it

was concluded that systemic exposure to inhaled rhDNase was negligible.
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Clinical efficacy

Phase | studies - safety and tolerability

Tolerability data from two phase | studies show that aerosolized rhDNase in dosages up to 30
mg/day is well tolerated by healthy volunteers as well as patients with CF.*>** Side effects, if

any, were mild and self-limiting.

Aitken and colleagues initially treated twelve healthy subjects and fourteen CF patients with
escalating doses during five days. After a two-day interval this was followed by repeated
doses of up to 10 mg t.i.d. for another five days. Serum DNase concentrations rose only mar-
ginally: from 3 + 2 ng/mL prior to therapy to 5 £ 2 ng/mL (mean % SD) 6 hours after the last
dose on day 12 for healthy subjects, and from 1 £ 2 ng/mL to 3 + 3 ng/mL for CF patients. In

neither group, anti-rhDNase antibodies were detected.*

Hubbard and colleagues gave 13 CF patients a fixed dose of aerosolized rhDNase for six days
(4 received 20 mg a day, 5 received 10 mg three times a day, and 4 received 20 mg twice a
day). Serum DNase concentrations slightly increased in several patients, yet no more than
10 ng/mL above pre-treatment conditions, regardless of dose. No anti-DNase antibodies
were detected.* Therefore, systemic exposure to rhDNase was considered negligible. No
significant adverse events related to the drug were reported in these studies. Adverse events
reported in later phase Il studies included pharynagitis, voice alteration, rash and increase in
cough. All symptoms were mild and resolved spontaneously. These results have since been
confirmed in long-term Phase Il studies. Table 2 shows a summary of adverse events that

were more frequent in patients treated with rhDNase than in patients with placebo.

Based on these data, daily dosing of up to 10 mg of rhDNase is generally considered safe.
Higher doses might be safe as well. However, this was not systematically studied.

Phase Il studies

Two phase Il clinical studies have evaluated the efficacy and safety of short-term (10 day)

administration of rhDNase.***¢ Table 3 shows a summary of phase | and phase Il studies.

Both studies had a randomized, double-blind, placebo-controlled, parallel-group design and
included CF patients with mild to moderate respiratory disease, as defined by a baseline FVC
> 40% of predicted value. All patients were required to be clinically stable (i.e. no hospitaliza-
tion or change in antibiotic regimen within 14 days prior to enrolment). Ramsey et al. found
that a 10-day administration of twice daily 0.6 mg, 2.5 mg or 10.0 mg rhDNase significantly
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Study

Adverse Event (% of patients)

Ramsey et al.*
Fuchsetal’
Quanetal."
Shah et al.”
McCoy et al®®

Ranasinha et al.*
Shah et al.#

Pharyngitis (23-24%), voice change (2-16%).
Voice change (12-16%), rash (10-12%).

Rash (6%).

Pharyngitis (14%)

Dyspnea (17%), pharyngitis (32%), rhinitis (30%), voice alteration (18%).

No difference in adverse events between rhDNase and placebo.

No difference in adverse events between rhDNase and placebo.

Table 2. Adverse events. Only adverse events that were significantly more frequent in patients treated with
rhDNase than in patients with placebo are noted.

Author

Study design

Result

Hubbard et al.*

Aitken et al.*

Ranasinha et al.*

rhDNase 20 mg QD, 10 mg TID or 20 mg BID
for 6 days

Escalating doses of rhDNase in 1+ week, 2
mgTID, 6 mg TID or 10 mg TID for 2" week.

rhDNase 2.5 mg BID for 10 days vs. placebo.

rhDNase is safe to use,
1 FEV, 1 FVC

rhDNase is safe to use,
T FEV, 1 FVC

RhDNase is safe, adverse events were mild

and self-limiting,
1 FEV,, » FVC

Ramsey et al.* rhDNase 0.6 mg, 2.5 mg or 10.0 mg QD for 10 RhDNase is safe, adverse events were mild
days vs. placebo. and self-limiting,
t FEV, for all doses,

t FVConly for the 2.5 mg dose

Table 3. Summary of phase | and phase Il studies.

increased FEV, by 9.9 to 14.5% from baseline vs. -1.6 % for placebo for (p < 0.001 for all
3 doses). FVC increased 9.6 to 11.8% from baseline with rhDNase vs. 0.5% with placebo. A
significant effect on FVC was only observed for the 2.5 mg dose.*

Similarly, Ranasinha et al. found that a 10-day administration of twice daily 2.5 mg rhDNase
improved FEV, by 13.5% compared with placebo (p<0.001). Improvement in FVC was not
statistically significant.*®

Treatment with rhDNase was well tolerated by all study participants.

The most common adverse events reported were similar in placebo and rhDNase recipients,
and were difficult to distinguish from sequelae associated with the underlying disease. Ex-
amples are: pharyngitis; increase in cough; dyspnea; hemoptysis; rhinitis; sputum increase;
and wheeze *#¢ Only rash and hoarseness or sore throat were found more frequently in the
groups receiving rhDNase. These symptoms were mild and self-limiting.
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Phase lll and IV studies

The efficacy of aerosolized rhDNase in patients with CF has been investigated in a number of

well designed dose-ranging and placebo-controlled studies in patients with mild to moder-

ate lung disease (FVC = 40% of the predicted value). Table 4 shows a summary of these phase
Il and IV studies.

Author

Study

Result

Fuchs etal”

Ranasinha et al.#

Ramsey et al.*

Laube et al.”

Quanetal.

Shah etal.®

McCoy et al.*°

Paul etal.®

Suri et al.®

Henry etal®

Hodson et al.*

rhDNase 2.5 mg QD, 2.5 mg BID for 24 weeks vs. placebo.

rhDNase 2.5 mg BID for 10 days vs. placebo.
rhDNase 0.6 mg, 2.5 mg or 10.0 mg QD for 10 days vs. placebo.

RhDNase 2.5 mg BID for 6 days vs. placebo.

rhDNase 2.5 mg QD for 96 weeks vs. placebo (in children aged 6
to 10 years).

rhDNase 2.5 mg BID for 14 days vs. placebo (in advanced lung
disease).

rhDNase QD for 12 weeks vs. placebo (in advanced lung disease).

rhDNase 2.5 mg QD for 3 years or no rhDNase
rhDNase 2.5 mg QD, alternate-day rhDNase 2.5 mg, hypertonic
saline BID

rhDNase 2.5 mg QD for 1 month

Epidemiologic registry

1 FEV,, small 1 FVC,
| exacerbation rate

1 FEV,  FVC

* FEV, for all doses,
t FVConly for the 2.5 mg dose

1 FEV,, 1 FVC

1 FEV,, « FVC,
t FEF25-75

 FEV,  FVC

T FEV,, 1 FVC,
« exacerbation rate

1 airway inflammation in non-treated
group and unchanged in rhDNase group

< inflammatory mediators in sputum

T FEV, 1 FVC,
« sputum cytology (inflammation)

t FEV,,
| exacerbation rate

Table 4. Summary of phase Ill and IV studies.
t =significant increase, < = no difference, | =ssignificant decrease
QD = once daily, BID = twice daily, TID = three times daily

Short term studies

Laube and colleagues investigated the effect of rhDNase on airflow obstruction and muco-

ciliary clearance in CF. Patients were treated with 2.5 mg rhDNase or placebo twice a day for

six days. By day 6, FEV, and FVC were significantly higher in the rhDNase group, i.e. a mean

increase of 9.4 + 3.5% and 12.7 + 2.6%, respectively, as compared with a decrease of 1.8 +

1.7% and an increase of 0.4 + 1.1%, respectively, in the placebo group (p<0.05). There were

no differences in indices of airflow obstruction and mucociliary clearance, obtained from

gamma-camera images.”’
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Long-term efficacy studies

The first long-term phase Il study with rhDNase was a 24-week, multicenter, randomized,
double-blind, placebo-controlled trial with a parallel-group design and open-label extension
of 24 weeks.” In addition to lung function the study assessed the effect of rhDNase on the
number of respiratory tract exacerbations (RTEs) and evaluated the effects of rhDNase on
quality-of-life measures.

Fifty-one CF care centers in the U.S. participated and enrolled a total of 968 CF patients aged
5 years and older, of whom 943 had complete data. Randomization was between three treat-
ment arms: rhDNase 2.5 mg once daily, rhDNase 2.5 mg twice daily, or placebo.

Proportion of patients still free of any protocol-defined RTEs at 24 weeks after randomization
in the rhDNase groups (78 and 81% for the once daily and twice daily regimens) exceeded that
in the placebo group (72%); (Figure 2). The relative risk of developing one or more RTEs over
the 24-week study period was determined using the Cox proportional hazards model. Com-
pared with that for placebo-treated patients, the age-adjusted relative risks (RR) of an RTE for
the once and twice daily rhDNase group were 0.72 (p < 0.05) and 0.63 (p = 0.01), respectively.”

This trial also demonstrated that rhDNase significantly improved FEV, from baseline as com-
pared with placebo. The mean percent improvement over 24 weeks for daily and twice daily
administration of rhDNase was 5.8 and 5.6%, respectively (p<0.01 for both). After the initial
improvement (8 - 9% improvement at day 7), FEV, reached a plateau at approximately 6%
improvement, which was maintained throughout the remainder of the study; see figure 3.

1.00 A
0.95 4
0.90 4
0.85 4
0.80 4
0.75 4

Cumulative proportion

0.70 -

0 30 60 90 120 150 180 210
Days after randomisation
Treatment: ¥ - XxPlacebo &---APULMOZYME® 2.5 mg QD e— PULMOZYME® 2.5 mg BID
QD = once daily; BID = twice daily
Figure 2. Cumulative proportion of patients who remained free of respiratory tract exacerbations requiring

parenteral antibiotic therapy, by treatment group during double-blind study period. Modified from Fuchs
etal’
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Figure 3. Mean percent change in FEV, from baseline throughout the 24-week study period. From Fuchs
etal’

All patients who completed the phase Ill double-blind study were eligible to participate in
a 24-week open-label extension of the trial. The positive effects of rhDNase therapy were
maintained throughout the extension.

At the conclusion of the study, antibodies to rhDNase were measurable in 3% and 4% of
the patients treated with rhDNase once daily or twice daily, respectively. The presence of
antibodies was not associated with an increase in symptoms or adverse events. None of the
samples contained DNase-specific IgE antibody.”

Early lung disease

Quan and colleagues investigated rhDNase in a group of children with CF aged 6 to 10 years,
all with well preserved lung function defined as FVC > 80% predicted." The pulmozyme early
intervention trial (PEIT) was a 96-week, randomized, double blind, placebo-controlled trial
that involved 49 CF centers. Patients received either rhDNase 2.5 mg or placebo once daily.
The trial aimed at evaluating whether rhDNase would maintain lung function and reduce RTE
in patients with well-preserved lung function. In the rhDNase group FEV, was maintained
at 0.04% + 0.8% above baseline at 96 weeks, whereas in the placebo group it decreased
3.2% + 0.8% from baseline. This equals a treatment benefit over placebo of 3.2% + 1.2% (p =
0.006). At 96 weeks patients receiving rhDNase showed an increase in FEF,, . of 3.8% * 1.6%
predicted from baseline, whereas patients receiving placebo showed a decrease of 4.1% +
1.7% predicted from baseline. This equals a treatment benefit of 7.9% * 2.3% predicted (p =
0.0008) for rhDNase over placebo. For FVC there was no significant difference between the
two groups.'' Regarding the second aim, administration of rhDNase reduced the risk of RTE
by 34% (relative risk 0.66 (95% Cl 0.44-1.00, p = 0.048).
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The PEIT study was the first to show the importance of treating patients with early disease
and that the peripheral airways are an key target for treatment.*®

Advanced lung disease

Most studies on rhDNase involved patients with moderate to mild pulmonary disease (FVC >
40% of predicted value), which represents the majority of the CF population. A small number

of studies has been performed in patients with severe lung disease.**°

In the first study, 70 patients with an FVC < 40 % predicted were treated with 2.5 mg rhDNase
twice daily or placebo for 14 days in a double-blind, randomized placebo-controlled trial, fol-
lowed by a six-month open extension period. During the double-blind study period, FEV, in-
creased by 7% in the rhDNase group and 6% in the placebo group (difference not significant).
For FVC these values were 13% in the rhDNase group and 14% in the placebo group (difference
not significant).* These comparable increases between the rhDNase and the placebo groups
were explained as probably due to several factors: admission to hospital and very active chest
physiotherapy; participation in the clinical trial; or close follow-up of the patients.

The use of rhDNase in this group of patients with severe lung disease was safe. The authors
pointed out, however, that the severely ill patients might be too weak to cough up the lique-
fied sputum and that rhDNase should only be used in conjunction with a regimen of chest
physiotherapy.*

The second study assessed the effect of 12-week administration of rhDNase in patients with
advanced CF lung disease. This multi-center, double-blind, placebo-controlled study included
a total of 320 CF patients in clinically stable condition with an FVC < 40% predicted. Patients
were randomly assigned to receive either 2.5 mg rhDNase once daily or placebo once daily.*®

Administration of rhDNase significantly improved FEV.. The mean percent change in FEV,
in the rhDNase group was 9.4% compared with 2.1% improvement in the placebo group
(p<0.001). For FVC the mean percent improvement in the rhDNase group was 12.4 + 18.6%
compared with 7.3 £ 16.5% in the placebo group (p<0.01). There were no differences in the
risks of developing RTEs between the placebo and the rhDNase group.®®

Post-marketing surveillance

A Cochrane review describes the many studies on rhDNase performed since its introduction
on the market.>’ RhDNase is now widely used for treatment of CF lung disease. Long-term
clinical data from patient registries have become available for post-marketing surveillance.
In 2003, Hodson et al. studied the Epidemiologic Registry of Cystic Fibrosis (ERCF)*? which
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at that time contained data on 13,684 CF patients. Effects of treatment with rhDNase were
assessed by comparison with patients who had not received rhDNase. Effects on FEV, and
on number of RTEs per year were studied. Patients whose start dates of rhDNase therapy
were prior to enrollment in the ERCF or not specified were excluded. In total, 2,023 patients
were eligible for analysis of FEV, and 4,299 patients for analysis of exacerbations. Overall,
untreated patients experienced a decrease in mean FEV, % predicted of 1.1 over 1 year and
-2.3 over 2 years. Patients treated with rhDNase had FEV, higher than baseline after 1 year
(+2.5 % predicted) and were stable over the period of 2 years (+0.3 % predicted). Compared
to untreated patients, treated patients had a significant reduction in RTE frequency of -0.25.
This is equivalent to a reduction of 25 RTEs per 100 treated patients per year.>? Younger
patients gained most from treatment. This result is consistent with the general concept that
early treatment of CF, before chronic inflammation has led to irreversible lung damage, may

be more effective in the long term >3

Clinical trials have shown that rhDNase significantly improves lung function in patients with
CF in general, but also that response can vary between patients.”**” Sanders and colleagues
recently investigated possible mechanisms underlying the variability of response to rhDNase
treatment.*® They compared biochemical and physical properties of sputum obtained from
clinical ‘responders’ and ‘non-responders’ to rhDNase, and analyzed degradation of sputum
by rhDNase. Upon incubation with rhDNase, sputum from clinical responders was exten-
sively degraded in vitro, whereas sputum from clinical non-responders was not degraded:
the median decrease in sputum elasticity was 32% and 5%, respectively. Sputum from
clinical responders had a significantly higher magnesium concentration than sputum from
non-responders (2.0 (1.5-2.6) mM versus 1.3 (1.1-1.5) mM; p = 0.020). Magnesium serves as
a cofactor in the enzymatic degradation of DNA by rhDNase. So, to obtain optimal rhDNase
activity, a minimum concentration of magnesium is required. When magnesium chloride was
added to the sputum samples, the capacity of rhDNase to degrade the sputum dramatically
improved. Oral magnesium supplements enhanced the magnesium concentration in sputum
from a group of clinical non-responders.*® Clearly, these interesting observations should be
further investigated in clinical studies.

RhDNase and airway inflammation

Three studies assessed the effect of rhDNase on airway inflammation.>®' One of these set
out to measure neutrophils count, elastase activities and interleukin-8 concentration in
the bronchoalveolar lavage (BAL) fluid.*® Flexible fiberoptic bronchoscopy and BAL were
performed at baseline, 18 and 36 months. A total of 105 CF patients (= 5 years of age) hav-
ing normal lung function were randomized to receive rhDNase (2.5 mg/day) or no rhDNase.
Patients with a normal neutrophils count in BAL fluid at baseline were not randomized
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and served as a control group. A significant increase in neutrophils was observed over the
3-year study period in both untreated patients and control subjects, whereas the neutrophils
count remained unchanged in patients treated with rhDNase. Also, elastase activities and
interleukin-8 concentrations increased in untreated patients and remained stable in patients
on rhDNase. This study provided evidence that most CF patients with normal lung function
develop neutrophilic airway inflammation that increases over time. The authors concluded
that treatment with rhDNase in patients with elevated neutrophils counts did not reverse the
neutrophilia but rather prevented progression of the neutrophils count in BAL fluid. It may,
therefore, be efficacious in modulating the inflammatory process.*®

A second study investigated the effects of rhDNase and hypertonic saline (HS) on airway in-
flammation in children with CF.° The authors hypothesized that both agents might promote
airway inflammation. In a randomized, cross-over trial, 48 children with CF were allocated
consecutively to 12 weeks of once-daily 2.5 mg rhDNase, alternate-day 2.5 mg rhDNase and
twice-daily HS. Sputum levels of inflammatory mediators such as total interleukin-8 (IL-8),
free IL-8, and neutrophils elastase activity were measured before and after each treatment.
Neither daily rhDNase nor HS resulted in a change in inflammatory mediator levels over
baseline. In summary, this study did not show that rhDNase or HS could worsen airway
inflammation in CF.%°

A third study aimed to determine whether short-term administration of rhDNase would
lessen airway inflammation.®’ Twenty patients with CF and chronic lung disease inhaled 2.5
mg of rhDNase daily for 1 month. Before and after the 1-month trial, lung function was mea-
sured and sputum was obtained. Sputum total cell and differential counts were measured.
After 1 month of rhDNase, mean FEV, had increased from 62.3% predicted at baseline to
70.8% predicted (p = 0.02); and FVC from 74.4% to 83.9% predicted (p = 0.007). No significant
differences were found in sputum cytology before and after rhDNase. The authors concluded
that although the administration of rhDNase resulted in significant improvements in FEV,
and FVC, there was no evidence of accompanying changes in airway inflammation.®’

CT scan studies in CF

Lung function parameters have been used as primary end point in most therapeutic studies
to date. Nevertheless, thanks to improvements in CF therapy, lung function parameters have
become less sensitive endpoints in clinical studies.52¢* Cohort studies have shown that com-
puted tomography (CT) in CF is far more sensitive than lung function parameters in detecting
disease progression. In addition CT in CF can identify highly relevant structural lung changes,
such as bronchiectasis and air trapping.®*¢* CT scoring systems have been developed to sys-
tematically quantify such structural changes on CT scans.®® In two clinical studies the effect
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of rhDNase treatment was evaluated using CT scanning.®®®’ In a small placebo controlled
study by Robinson et al., patients treated with rhDNase showed improvement in quantitative
high-resolution CT (HRCT) air trapping measures, whereas the placebo group demonstrated
worsening results. Lung function did not show any difference between both groups.®® In a
small study by Nasr et al. some improvement of the CT score in the rhDNase group over
placebo was observed.’” A larger multi center substudy of the PEIT study did not show any

differences in the CT score between the rhDNase group and placebo group.®®

These limited size studies are interesting but show conflicting results. This is likely to be re-
lated to differences in scanning protocols and in the way the images were analysed. Clearly,
imaging techniques like CT offer a new and promising platform to evaluate the therapeutic
effects of mucoactive drugs like rhDNase.®*”°

Aerosol delivery systems

It is a general principle that a registered nebulized drug like rhDNase must be aerosolized
using only a nebulizer system approved by regulatory agencies and the responsible manu-
facturer.”

Ultrasonic nebulizers have been found unsuitable for delivery of rhDNase. They may inacti-
vate rhDNase or aerosol delivery characteristics may be unacceptable. In general, jet nebuliz-
ers do not have these drawbacks.

Two jet nebulizers were extensively evaluated in the early clinical trials with rhDNase, the
Marquest Acorn Il and Hudson T Updraft Il, both used with the PulmoAide compressor. By
current standards both systems generate relatively large aerosol particles, partly within the
respirable range. There is no established protocol to test equivalence for alternative nebuliz-
ers. In principle registration studies are required for any alternative rhDNase - new nebulizer
combination. Clearly it is not feasible to run such studies in an orphan disease like CF.

Fiel and colleagues tested the above two systems, as well as the Pari LC/Jet+ used with the
Proneb/PariBoy/Inhalierboy compressor as an alternative nebulizer system for the delivery of
rhDNase, in a randomized, open label, multi center trial.”2 This study compared improvement
in FEV, induced by rhDNase inhalation (2.5 mg twice daily) over a treatment period of 15
days. A total of 397 patients > 5 years of age were randomized in the protocol. RhDNase
administration, by each of the three aerosol delivery systems, resulted in improvements in
pulmonary function tests. FEV, improvements ranged from 12.4 to 14.3%, with no significant
differences observed between the three aerosol delivery systems. Similar results were ob-
tained for FVC.”? (see Figure 4)
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Figure 4. Percent change from mean baseline FEV, for three different nebulizer systems.”
Marquest = Marquest Acorn Il jet nebulizer with Pulmo-Aide compressor;

Hudson = Hudson T Up-draft Il jet nebulizer with Pulmo-Aide compressor;

Pari = Pari LC Jet Plus nebulizer with Pari Inhalier Boy compressor.

Subsequently, Shah and colleagues compared the PulmoAide compressor/Hudson T Updraft
nebulizer system with the CR50 compressor/SideStream nebulizer - a system used by many
patients in the UK for the delivery of antibiotics. In vitro and an in vivo studies with these two
systems were carried out in parallel to evaluate their relative efficiencies.”

The PulmoAide/Hudson generated particles with a mass median diameter (MMD) of 6.87
pum as measured by laser diffraction. Thirty-five per cent of the generated aerosols were in
the respirable range, nebulizer efficiency was 44% and aerosol delivery was 16% of filling
dose. The CR50/Sidestream generated particles with a MMD of 3.42 um. Seventy-one per
cent of the generated aerosols were in the respirable range, nebulizer efficiency was 46%
and aerosol delivery was 33% of filling dose. These results suggest that the CR50/SideStream
combination is the more efficient of the two systems, primarily because it generates smaller
particles, a higher proportion of which are delivered in the respirable range.

The clinical study had a multi center, parallel-arm design. CF patients were randomized to
either the PulmoAide compressor/Hudson T Updraft nebulizer (n = 87) or the CR50 compres-
sor/SideStream nebulizer (n = 86) for the nebulization of rhDNase (2.5 mg once daily). For
both groups, % change from baseline in lung function was measured (absolute % predicted).
For the PulmoAide/Hudson group, FEV, changed 11% from baseline, FEF,, .. changed 7%
and FVC changed 10%. In the CR50/SideStream group, FEV, changed 16% from baseline,
FEF . . changed 14% and FVC changed 12%. Differences between the two groups were not

25-75
significant.
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In conclusion, the CR50/SideStream combination was found to be at least as effective as the
PulmoAide/Hudson combination in terms of improvement in lung function.” The authors
suggested a trend for smaller aerosol particles to penetrate more deeply into the smaller

airways and thus to induce greater improvement in FEF__ . and FEV,.

25-75
This hypothesis was tested again in a larger study in 749 CF patients with mild lung function
abnormalities.”* They were randomly assigned to receive rhDNase 2.5 mg once daily for 2
weeks by one of two nebulizer systems: 1. The Medic-Aid SideStream nebulizer powered by
a MobilAire compressor (SS/MA) producing a droplet size with a mass median aerodynamic
diameter (MMAD) of 2.1 um; or 2. The Hudson T Updraft nebulizer powered by the DeVilbiss
Pulmo-Aide (HT/PA) with an MMAD of 4.9 um. Spirometry was performed at baseline and

after 14 days of treatment. In both groups, FVC, FEV, and FEF,, . had significantly improved

25-75
from baseline. The changes were small, probably due to the near-normal initial pulmonary
function. The improvement in FVC was greater in the SS/MA group than in the HT/PA group
(+2.6% vs. + 1.2%, p = 0.03). There was a trend towards greater improvement in FEV, in the
SS/MA group (+ 4.3% vs. + 2.5%, p = 0.06). In summary, this study suggested that rhDNase
may be more efficacious when administered using a delivery system that generates smaller

aerosol particles, of which a larger fraction is delivered to the peripheral airways’.

A recent innovation is the mesh nebulizer.”” Its use for the delivery of rhDNase is advised
against until regulatory bodies and the responsible manufacturer have authorized its use for
this purpose.

Regulatory affairs

The FDA approved rhDNase on 30 December 1993. In 1993 rhDNase had also received ap-
proval for Europe and Australia.

RhDNase is approved for the management of CF patients with a forced vital capacity (FVC) of
greater than 40% of predicted. Studies have shown that for these patients rhDNase improves
lung function and decreases exacerbation rate. For patients with severe lung disease (FVC <
40% predicted) efficacy has not yet been proven.

In Europe, rhDNase has been approved only for CF patients aged 5 years and older, since
registration studies were performed in this age category only. In the US, rhDNase has been
approved for all ages. Surprisingly, no registration studies have been performed in children
below the age of 5 to support this registration.

93



Post-marketing, a few studies investigating the effects of rhDNase in infants and young chil-
dren have been performed.®”7¢Ten Berge et al. conducted a randomized cross over pilot study
in nine CF patients aged 0.7 — 1.9 years, treated with nebulized rhDNase and placebo (NaCl
0.9%). At the end of each treatment period, infant pulmonary function testing (IPFT) and
overnight pulse oximetry were performed. During the total study period, parents recorded
symptoms on a diary card. Lung function showed increased airway patency after treatment
with rhDNase (p < 0.001), and no difference after treatment with NaCl 0.9%. Overnight pulse
oximetry and daily symptom score did not change over the study period.”® It should be
noted, however, that this was a small study that was probably underpowered to show dif-
ferences in pulse oximetry or symptom score. Nevertheless, the results of this pilot warrant a
double-blind placebo controlled trial of rhDNase in CF infants, with IPFT and overnight pulse
oximetry as objective endpoints.

In a study by Nasr et al., HRCT scores were used to determine efficacy of inhaled rhDNase in
CF patients younger than 5 years of age. They were randomly assigned to receive either 2.5
mg of rhDNase or placebo once daily for 100 days. Administration of rhDNase was associated

with significant improvement in the HRCT scores compared with placebo.”’

We may conclude that young CF patients are also likely to benefit from treatment with rhDN-
ase, but studies are needed to establish safety and efficacy especially in those younger than
5 years of age. Clearly, these studies are a challenge since established end points in this age

category are lacking.

Conclusion

The major problem in CF lung disease is chronic airway inflammation and infection, starting
early in life. Daily sputum mobilization is essential to prevent severe lung damage, but is
hindered by the high viscosity of CF sputum. Sputum that is less viscous is easier to clear out
from the lungs by mucociliary and cough clearance. RhDNase, an enzyme that breaks down
DNA strands in airway secretions, reduces the viscosity and surface adherence of CF sputum
when administered as an aerosol.

Several clinical trials have shown that rhDNase is effective as therapy for CF, in patients
with mild to moderate lung disease (FVC = 40% predicted). It improves lung function and
decreases the exacerbation rate in adults and children with CF. On average patients benefit
from regular daily use of rhDNase, but to date it is not possible to predict the response in an

individual patient.
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Importantly, rhDNase is safe to use. Adverse reactions attributed to rhDNase are rare. If they
should occur, they are mostly mild and transient and do not require alterations in rhDNase

dosing.

A key issue in aerosol therapy is selecting a nebulizer that is suitable to use with the drug.
Physicians should prescribe only devices that are approved for the nebulization of rhDNase

and that are maintained well.

Expert commentary

RhDNase is probably the best investigated drug in CF. It has an unbeaten efficacy and safety
record. Nevertheless, there is still something to be desired. For one thing, the lack of data in
young children is problematic. It cannot be assumed that the drug is safe in a passive infant
when studies have been mainly done in active children above 6 years of age. Another problem-
aticissue is that no other than more or less antique delivery systems are available for delivery of
this high tech drug. Regulatory agencies and pharmaceutical companies as well as CF caregiv-
ers are faced with the issue of how to establish equivalence of newer, faster, and more efficient
delivery systems. Finally, new nebulized drugs for CF are coming to the market. It is not feasible
to go on adding therapies endlessly. Therapies must be compared so as to establish the most
effective treatment package for an individual. Unfortunately, comparative studies are very
difficult to run in an orphan disease like CF. Here again, regulatory agencies, pharmaceutical
industry and CF caregivers have to work closely together to address this issue in study designs.

Another problematic area is health economics. RhDNase is an expensive drug. On the one
hand, its development was very costly, and so is its safe production; on the other hand, the
number of CF patients worldwide is relatively small. There is great inequality in to whom
the drug can be prescribed. Ideally it is prescribed to all eligible patients. In some countries,
however, rhDNase is only reimbursed when a so-called N=1 trial shows a positive effect on
lung function parameters in a particular patient. Clearly, such entry criteria aim to reduce the
number of patients that will get the drug prescribed. This approach would seem to suggest
that it is possible to predict long-term efficacy in an individual when the drug is given during
a random period. In addition it suggests the patient would not benefit from if lung function
does not improve over the observational period. Unfortunately, for a highly variable disease
like CF it is probably impossible to ascertain from an N=1 study whether a drug is effec-
tive, since the natural course of disease during the observational period is not known. Even
without showing a positive response to therapy, the patient’s decline in lung function may
have lessened, or the drug may have prevented an exacerbation. Hence, N=1 studies are not
suitable to accurately predict responses for individuals.
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Similarly, it has been suggested that the amount of DNA-amount in sputum could predict the

efficacy of maintenance treatment rhDNase on FEV,.””78 These tests are not used in current

clinical practice yet.

Clearly, it would be helpful to develop predictive tests but, unfortunately, their value can only

be tested in large-scale efficacy studies using appropriate end points. Hence, current study

designs are not suitable to predict with accuracy the response for an individual.

Five-year view

New inhaled mucolytic drugs for CF are coming to the market. It is likely that some of
these alternative mucolytics will act synergistically with rhDNase. These options have to
be included in study designs.

More efficient, faster, patient-friendly nebulizers have been developed. Equivalence test-
ing of these devices will make it possible to identify the proper devices for the delivery
of rhDNase. If this should fail, rhDNase is likely to disappear from the market when other
drugs will become available with more patient-friendly and more efficient delivery meth-
ods.

More information will need to follow on how to use rhDNase more effectively.

Targeting drugs to specific diseased areas of the lung is already technically possible. In
CF, the peripheral airways are the most affected by the disease. Further improvement of
treatment might be possible when inhaled medication is deposited specifically in these
airways.

Resources for the treatment of CF are restricted. Other expensive drugs are coming to the
market. Choices will more and more be based on the best allocation of these resources.
Data on health economics for rhDNase will help us make such decisions.

Key issues
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In CF it is important to improve mucociliary clearance.

RhDNase is effective as therapy for CF, in patients with mild to moderate lung disease
(FVC = 40% predicted).

RhDNase improves lung function and decreases the exacerbation rate in adults and
children with CF.

Long-term treatment with rhDNase is associated with decreased airway inflammation.
The use of rhDNase is safe. Side effects that were reported in clinical trials were few, mild

and self-limiting.



Pharmacology, efficacy and safety of rhDNase
- RhDNase is registered for use in CF patients aged 5 years and older in Europe and for
patients of all ages in the US. Nevertheless, data in young children are lacking.

For patients with severe lung disease (FVC < 40% predicted), study results vary.
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Abstract

Rationale and objectives

Better treatment of obstructed small airways is needed in CF. This study investigated whether
efficient deposition of dornase alfa in the small airways improves small airway obstruction.

Methods

In a multi-centre, double-blind, randomized controlled clinical trial, CF patients on main-
tenance treatment with 2.5 ml dornase alfa once daily were switched to a smart nebulizer
and randomized to small airways deposition (n=24) or large airways deposition (n=25) for
4 weeks. The primary outcome parameter was Forced Expiratory Flow at 75% of Forced Vital
Capacity (FEF,,).

Results

FEF, increased significantly by 0.7 SD (5.2% predicted) in the large airways group and 1.2
SD (8.8% predicted) in the small airways group. Intention to treat analysis did not show a
significant difference in treatment effect between groups. Per protocol analysis, excluding
patients not completing the trial or with adherence <70%, showed a trend (p = 0.06) in FEF_,
Z-score and a significant difference (p = 0.04) between groups in absolute FEF__ (L/s) favour-
ing small airways deposition.

Conclusions

Improved delivery of dornase alfa using a smart nebulizer that aids patients in correct in-
halation technique resulted in significant improvement of FEF__ in children with stable CF.
Adherent children showed a larger treatment response for small airways deposition.
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Introduction

Cystic Fibrosis (CF) lung disease is characterized by chronic airway infection and inflammation
that start early in life and cause progressive structural lung damage which eventually leads to
respiratory failure and early death.” Small airways are involved early in the disease process?,
as indicated by trapped air on CT scans® and by lung function tests’® of young children.

Sputum of CF patients is rich in leukocyte-derived DNA which contributes to its abnormal
viscoelasticity, which in turn leads to small airways obstruction.® A major challenge in the
treatment of CF is therefore to mobilize as much sputum as possible from the airways. Airway
clearance techniques and nebulization of mucolytic drugs play an important role in mobiliz-

ing sputum.

Recombinant human DNase (rhDNase, dornase alfa) is a mucolytic drug that has been ex-
tensively investigated in CF and is part of current standard treatment. Dornase alfa cleaves
extracellular DNA through hydrolysis and reduces the viscoelasticity of CF sputum in vitro.'
Dornase alfa has been shown to improve lung function and reduce the number of pulmonary
exacerbations in CF patients.”"3 In a study in children with normal forced vital capacity (FVC)
a treatment benefit of 7.9% predicted was observed for the Forced Expiratory Flow between
25% and 75% of FVC (FEF

outcome parameter, Forced Expiratory Volume in one second (FEV,).” FEF_, _and Forced Ex-

,5.75) compared to a benefit of only 3.2% predicted in the primary

piratory Flow at 75% of FVC (FEF ,) are considered sensitive to changes in the small airways.™

Because most CF patients show lung function evidence of persistent small airways obstruc-
tion™' and patients with advanced lung disease have extensive destruction of the small
airways'®”, more efficient treatment of the small airways is still needed.” This could be
achieved through improved delivery of dornase alfa to the small airways. Currently, dornase
alfa is routinely administered with relatively inefficient nebulizers. These nebulizers deposit
most of the inhaled drug in large airways and relatively little drug in small airways.’?° This is
primarily due to two nebulizer related factors: particle size of the inhaled aerosol and breath-
ing pattern during inhalation. Standard jet nebulizers produce an aerosol with a wide range
of particle sizes and a relatively large mean particle size. Large aerosol particles have a high
probability to get deposited in the central airways. Furthermore, most patients perform tidal
breathing while using a standard nebulizer. This leads to preferential deposition of particles
in the large airways. In contrast, a slow and deep inhalation increases the probability of
particle deposition in the small airways.

Recently, smart nebulizers have become available that coach patients in proper inhalation
technique, are more efficient in drug delivery and can target more of the inhaled dose to
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small airways.?"? However, it is unknown whether preferential delivery of dornase alfa to
small airways using a state of the art nebulizer actually improves small airway patency in
children with CF. To answer this question we conducted a randomized controlled clinical trial
comparing large airways and small airways deposition of dornase alfa in stable CF patients
using a state of the art nebulizer.

Methods

We conducted a multi-center, double-blind, randomized controlled clinical trial in stable
pediatric CF patients who were on maintenance treatment with 2.5 mg dornase alfa once
daily, to compare the efficacy of small airways versus large airways deposition of dornase alfa
using a breath-controlled nebulizer.

Patient recruitment and randomization

Study participants were recruited from the outpatient clinics of 3 participating hospitals:
Erasmus MC - Sophia Children’s Hospital (Rotterdam, The Netherlands), Radboud University
Nijmegen Medical Centre (Nijmegen, The Netherlands) and the Cystic Fibrosis Center (Ve-
rona, Italy).

CF patients were eligible to participate in the study if they were: aged 6 — 18 years, in stable
condition, on maintenance treatment with 2.5 mg dornase alfa once daily, and had small air-
ways obstruction present on spirometry (defined as FEF__ < 70% predicted). A full checklist of
inclusion, exclusion, and study stop criteria used in the study is available in the supplemental
data in the E-pub of this thesis.

Patients were randomly assigned to the small airways deposition group or the large airways
deposition group, according to the randomization schedule prepared by the study statisti-
cian. Randomization was stratified for age and for FVC. The hospital pharmacy was respon-
sible for the administration of randomization data and guaranteed 24-hour availability of
randomization information.

This trial was registered in the Dutch trial register (http://www.trialregister.nl) and in the In-
ternational Standard Randomised Controlled Trial Number Register (number: 64225851). The
local ethics committee approved the study. Parental written informed consent and children’s
assent were obtained prior to the first study measurement.
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Study treatment

Study treatment consisted of targeted peripheral or central deposition of 2.5 mg (2.5 ml)
dornase alfa. Central deposition simulated conventional nebulizers and deposited most of the
drugin the large airways (large airways group), while peripheral deposition optimized deposi-
tion in the small airways (small airways group).?'?*2¢ Dornase alfa was inhaled once daily using
the Akita®® APIXNEB device (Activaero technologies, Gemuenden, Germany). This device con-
sists of a nebulizer handset (APIXNEB) that uses vibrating mesh technology (Touchspray; PARI
GmbH, Starnberg, Germany) and an electronic unit (Akita?). In this publication we will refer to
this device as Akita2. The Akita? deposits approximately 70% of the loaded dose in the lung?,
compared to 10-20% for conventional jet nebulizer systems.?”-* Therefore the total lung dose
of dornase alfa during this study was estimated to be approximately 3-5 times higher than
with standard jet nebulizers. The Akita’ can be programmed to preferentially target specific
regions of the lung.2?*2% The Akita? directs the flow and depth of each inhalation, coaches
the patient on correct inhalation technique and controls the fraction of the inspiration time
during which aerosol is generated. These settings are optimized for each patient based on
individual inspiratory capacity using a microchip-containing smartcard inserted in the device.

In order to generate the two different lung deposition patterns we adjusted three character-
istics of the nebulizer treatment: particle size, breathing pattern and timing of aerosol bolus

(Figure 1).
Large airways deposition
air aerosol air
(200 |  particle size 6.0 ym (200 mi/s)
mi/s) (60 m/s)
[Fend inhalation start>
Small airways deposition
air aerosol
(200 mifs) particle size 4.2 um
(200 ml/s)

[ end inhalation star>

Figure 1: Breathing patterns on smartcard
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The investigator carefully instructed each patient on the use of the Akita? at the start of the
study. Patients in both treatment arms received instructions and feedback from the display
of the Akita? during each nebulization to ensure that the correct breathing pattern was per-
formed. Additional details on feedback to the patient and inhalation settings of the device,
as well as technical details can be found in the supplemental data in the E-pub of this thesis .

Study endpoints

The primary endpoint of this study was change in FEF , (Z-score) after 4 weeks of targeted

treatment. Secondary endpoints were change in FEF , (L/s), change in FEV,, FVC, FEF . (Z-

score and absolute values), Lung Clearance Index (LCl), and diary symptom scores.

Study visits were scheduled at t = 0, 2, and 4 weeks. At each study visit, spirometry tests
were performed. Spirometry was measured on a Masterscreen electronic spirometer (Jaeger/
Viasys, Wiirzburg, Germany) according to ERS/ATS guidelines. LCl measured by a MBW test
(Exhalyzer®D Ecomedics, Duernten, Switzerland) was performed at each visit only in the
Sophia Children’s Hospital because this test was not available in the other two centers.

Adverse events during the study were recorded in an updated version of a diary used in previ-
ous studies®'* (see Table E2 of the supplemental data in the E-pub of this thesis). Patients
were asked to daily record any unusual symptoms and a symptom score containing items on
cough, mucus and shortness of breath. The possible total symptom score for one day ranged
from 0 to 18 points.

Adherence

The Akita? monitors adherence by recording on the smartcard the date, time and number of
breaths of each nebulization treatment. For each patient we calculated daily dose adherence
which expresses the percentage of days a patient adhered correctly to the prescribed once
daily nebulization of dornase alfa.

Estimate of sample size

We aimed to detect a 10% difference in FEF , at the 5% significance level for a two-sided test
with 80% power. Based on previous data®, this would require 44 patients in total, 22 patients
in each group. To anticipate possible dropouts, we aimed to include 25 patients per study
arm.
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Statistical analysis

Data were analyzed on an intention-to-treat basis. Analyses of between-group comparisons
FEF

using repeated measurements ANOVA (analysis of variance) with adjustment for baseline

regarding change in lung function variables (FVC, FEV,, FEF LCl) were performed

75" 25-75"

values, center and use of tobramycin solution for inhalation. Changes are reported as mean +
SEM. Analyses were performed with SPSS software (version 15.0). For all analyses, two-tailed
p-values of <0.05 were considered to indicate statistical significance. A per-protocol analysis
was conducted in which patients who violated the study protocol were excluded. Protocol
violations were defined as patients who did not complete the trial, had adherence < 70% or

for whom adherence data could not be retrieved (Figure 2).

Assessed for eligibility (n =109)

Excluded (n =60 )

= Did not meet inclusion criteria
(n=29)

™ = Refused to participate (n = 21)
= Other (n=10)

Y

’ Randomized (n = 49) ‘

/\

Allocated to large airways Allocated to small airways
deposition (n = 25) deposition (n =24 )
In intention to treat In intention to treat
analysis (n = 25) analysis (n = 24)
Excluded / drop out (n = 8) Excluded / drop out (n = 7)
= Study stop criteria (n = 0) = Study stop criteria (n = 2)
= Drop out (n = 3) = Drop out (n =0)
= Adherence < 70% (n = 4) = Adherence <70% (n=1)
= Adherence unknown (n = 1) = Adherence unknown (n = 4)
In per protocol In per protocol
analysis (n = 17) analysis (n =17)

Figure 2. Enrollment, random assignment, follow-up and analysis.



Patients who improved by 10% predicted or more for FEF . were defined as excellent re-
sponders. We calculated whether there was a significant difference between the groups in
number of excellent responders using a Chi-Square test with continuity correction.

Spirometry variables were expressed as Z-scores and % predicted using the reference values
by Stanojevic et al.** for FVC, FEV, and FEF _.. Since these reference equations do not include
data for FEF ,
values of spirometry variables (L and L/s) were expressed as percentage of baseline values.

we used the reference values by Zapletal et al.** for FEF .. Changes in absolute

For each patient mean daily symptom scores per week were computed. When less than 4
out of 7 days of a week were recorded, scores for that week were regarded as not evaluable.
Differences in number of adverse events and changes in diary scores were analyzed using a
Mann-Whitney test and Chi-Square test.

Results

49 patients were included in the study, 44 of whom completed the trial (22 patients in each
group). All patients were enrolled between September 2007 and March 2010. Baseline char-
acteristics of patients in the two treatment groups were similar (Table 1). Mean treatment
time for the high lung dose of dornase alfa that was delivered during this study was 11 min.
51 s. for the large airways group and 9 min. 27 s. for the small airways group. Difference in
treatment time between the groups was not significant, p = 0.13.

Lung function (intention to treat analysis)

FEF . improved substantially and statistically significantly in both groups after 4 weeks of
treatment (Table 2 and Figure 3a): by 0.7 SD (p = 0.03) in the large airways group and by 1.2
SD (p = 0.001) in the small airways group. This corresponds to an improvement of 5.2 and
8.8 % predicted, respectively. The difference in mean FEF , between both groups was 0.4 SD
(95% Cl-0.4 to 1.2; p = 0.31) for small airways versus large airways deposition.

A similar effect was observed for FEF,, . (Table 2). FVC and FEV, did not change significantly
in both groups, and the difference in FEV, or FVC between the groups after 4 weeks of treat-

ment was not significant.

FEF,, improved by >10% predicted in 4 of 22 patients (18%) in the large airways group and
in 10 of 22 patients (45%) in the small airways group. The difference in number of excellent
responders between the groups was not significant (p = 0.10).
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Small airway deposition of rhDNase in stable CF patients

Large airways Small airways
Variables (N=25) (N=24)
Gender (M/F) 14/11 12/12
Age (yrs) 13.3(3.4) 12.7 (3.5)
Height (cm) 153.5(16.5) 153.4(18.1)
BMI (kg/m?) 18.7(2.7) 18.2(2.2)
Pancreatic insufficiency (Y/N) 22/3 20/4
Chronic Pseud. Aer. (Y/N) 10/15 9/15
Maintenance inhaled tobramycin (Y/N) 9/16 8/16
CF mutation (homozygous delF508 / other) 15/10 10/14
FVC (Z-score) -0.5(1.2) 0.7 (1.5)
FVC (% predicted) 94.6 (13.1) 91.7(17.1)
FEV, (Z-score) -1.6(1.7) -1.7(13)
FEV, (% predicted) 81.8(13.1) 80.4 (15.6)
FEF, 5 (Z-score) -22(1.2) -23(1.2)
FEF,. . (% predicted) 55.5(19.6) 54,7 (19.9)
FEF  (Z-score) -5.2(2.7) -55(2.7)
FEF , (%predicted) 39.7(17.4) 37.2(16.0)
LCl (absolute values) 8.7(1.6)n=15 99(18)n=14

Table 1. Baseline characteristics of patients in each treatment group. Data are reported as numbers of

patients or mean (SD).

Variables Large airways ITT Small airways ITT Mean difference
(n=25) (n=24) ITT
Z-score L/s % BL Z-score L/s % BL Z-score (95% CI)
FEF,, 0.7 (0.3)* 24.1(10.3)* 12(03)* 353(10.1)* 04(-04-12)
FvC 0.0(0.1) 14(1.5) 0.1(0.1) 24(1.5) 0.0(-02-03)
FEV, 0.2(0.1) 36(2.1) 0.1(0.1) 3.5(2.1) -0.1(-04-0.3)
FEF, 0.4(0.1)* 14.8 (6.4)* 0.3 (0.1)* 16.1 (6.3)* -0.1(-0.5-0.3)
Lal -0.1(0.5) (n=15) -0.3(0.5) (n=14) 0.5(-07-17)
Large airways PP Small airways PP Mean difference PP
(n=17) (n=17)
Z-score L/s % BL Z-score L/s % BL Z-score (95% CI)
FEF PP 0.7 (0.3)* 17.3(7.5)* 14(0.3)* 37.5(7.5)* 0.7 (-0.1-1.5)

Table 2. Lung function after 4 weeks of study treatment. Data are presented as mean change from baseline
+ SEM (Anova estimates). Difference is shown for small airways minus large airways group (Z-score and 95%
Cl). ITT = intention to treat analysis. PP = per protocol analysis. % BL = Percentage change from baseline. PP
analysis was performed only for the primary endpoint, FEF ..

* P-value < 0.05 for change from baseline within treatment group.

T P-value < 0.05 for difference between treatment groups.
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Figure 3a and 3b. Mean changes from baseline for FEF , (Z-score) after 2 and 4 weeks of treatment. Figure
3a shows intention to treat analysis, figure 3b shows per protocol analysis. Data are presented as mean *
SEM (Anova estimates). On the X-axis are weeks of treatment, on the Y-axis change in FEF__ (Z-score). Closed
squares represent large airways deposition, open circles represent small airways deposition. * p = 0.03, ' p
= 0.06 for small airways vs large airways deposition.

LCl was measured in 29 patients: 15 in the large airways and 14 in the small airways group.
LCI did not change significantly in either group over 4 weeks, nor was there a significant

difference between the groups in the change in LCI (Table 2).

Symptom scores

Mean symptom score per day in week 1 was 1.8 + 1.9 points for the large airways group and
2.9 + 2.3 points in the small airways group. Symptom scores were slightly lower in the first
week of the study in the large than the small airways group (p = 0.05). Mean symptom scores
during the rest of the study did not significantly differ between treatment groups and there
were no significant changes within either group (see Table E3 of the supplemental data in the
E-pub of this thesis).

FEF__ (per protocol analysis)

Fifteen of the 49 patients were excluded from the per protocol analysis: 5 patients did not
complete the trial, 5 patients had a daily dose adherence below 70% and for 5 patients data
on adherence could not be retrieved (Figure 2). As a result, 17 patients in each group were

analyzed for the primary endpoint (FEF_,).

FEF,. improved significantly in both groups after 4 weeks of treatment: by 0.7 SD (95% Cl
0.1-1.2; p = 0.02) in the large airways group, and by 1.4 SD (95% Cl 0.8-1.9; p < 0.001) in the
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small airways group (Table 2). These increases in Z-scores correspond with improvements of
5.6% and 10.7% predicted, respectively. Analysis of change in absolute values of FEF__ (L/s
expressed as percentage of baseline) demonstrated that FEF__ improved by 17.3% (95% Cl
2.1-32.6; p < 0.001) in the large airways group and by 37.5% (95% Cl 22.2-52.8; p < 0.001) in
the small airways group.

After 2 weeks of treatment the difference in FEF,, between the groups was 1.2 SD (95% Cl
0.1-2.2; p = 0.03) in favor of the small airways group. After 4 weeks the difference was 0.7
SD (95% Cl -0.1-1.5; p = 0.06) in favor of the small airways group (Figure 3b). Expressed as
absolute values the difference in FEF, in favour of small airways deposition was 32.4% (95%
Cl 3.4-61.4; p = 0.03) after 2 weeks and 21.3% (95% Cl 1.4-41.2; p = 0.04) after 4 weeks of
treatment (data shown in Figure E1 in the E-pub of this thesis).

Adverse events

A total of 31 adverse events (AEs) were reported during the study, 18 in the large airways
group and 13 in the small airways group. There was no statistically significant difference in
number of AEs between the groups (p = 0.90).

In general, AEs were either self-limiting symptoms (e.g. runny nose, headache) or symptoms
consistent with CF (e.g. respiratory infections, bowel problems). Three AEs were considered
to be possibly related to the study intervention: three patients in the large airways group
experienced hoarseness for one or two days during the first 2 weeks of the study. Temporary
hoarseness is a known side effect of dornase alfa inhalation. In these patients the symptoms

resolved spontaneously. No serious adverse events (SAEs) were reported in either group

Discussion

To our knowledge, this is the first randomized double-blind controlled trial comparing large
airways versus small airways deposition of inhaled dornase alfa using a smart nebulizer
system. We observed a substantial and statistically significant improvement in spirometry
indicators of small airway patency in both groups. The per protocol analysis, but not the in-
tention to treat analysis, demonstrated better treatment response in the small airways group.

The most striking finding in this study is that both treatment groups showed considerable

improvement in FEF__ and FEF indicating improved patency of the small airways, within 4

25-75"
weeks of switching from a conventional nebulizer to a smart nebulizer for their daily dornase

alfa inhalation. Mean improvement in FEF____ after 4 weeks of treatment for all patients, in-

25-75
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dependent of deposition group, was 5.9% predicted. This is remarkable because all patients
were on maintenance treatment with the same nominal dose of dornase alfa prior to the
study. It is worthwhile to realize that this improvement is relatively large compared to the
8.4% improvement in the PEIT study', that included dornase alfa-naive patients who were
randomized to 2.5 mg dornase alfa or placebo once daily with a conventional jet nebulizer.
In our study we included only patients who were already on maintenance dornase alfa treat-
ment and simply changed the nebulizer. Hence, the present study suggests that the efficacy
of the same medication can be improved by another 70% simply by optimizing adherence
and inhalation technique.

There are a few explanations for this improvement of small airway function. One likely expla-
nation is that adherence to dornase alfa treatment was higher during the study than before it.
Overall adherence to once daily dornase alfa nebulization was 85% during the study and thus
probably above daily routine. It is well-known that adherence to chronically inhaled medica-
tion is in the order of 40-60% in CF patients and is higher during clinical trials.>¢® However,
we feel that the improvement in FEF, is too large to be caused by improved adherence only.

A second likely explanation for the improvement in FEF_, in both groups is the controlled
inhalation technique of the smart nebulizer. The Akita? device directs inspiratory flow and
inhaled volume during each breath and coaches patients to perform the correct breathing
maneuver. Consequently, the use of this device increases total lung dose of dornase alfa,
improves small airways deposition and reduces loss of aerosol into the environment.?"2+2¢

A third explanation is the higher lung dose delivered during study treatment. Before enrol-
ment in this study 84% of the patients used a conventional jet nebulizer for their mainte-
nance treatment (see also table E4 of the supplemental data in the E-pub of this thesis). These
nebulizers have poor efficiency, delivering only 10-20% of the loaded dose to the lungs.?*°
Up to 50% of the drug is retained in the nebulizer at the end of nebulization, and 20% of the
nominal dose is lost to the environment.? The smart nebulizer used in our study delivers up
to 70% of the nominal dose to the lungs.?*?

At the time of the registration studies of dornase alfa several dose finding studies were per-
formed. Daily doses varying between 2.5 and 20 mg were given to patients in phase Il and IlI
trials without observing a dose-dependent response on FEV, or FVC.""* All doses were safe.
Unfortunately, these studies did not report the effect of the various treatment regimens on
FEF . or FEF,, ..
The other important new finding in this study is that increased delivery of dornase alfa to

small airways is possible, as demonstrated by greater FEF . and FEF_, _ responses in both

25-75
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treatment groups, and that doing so seems to be safe. Small airways deposition was accom-
plished by reducing aerosol particle size and nebulizing drug early during deeper inhalation,
but even the large airways group benefitted from an increased peripheral deposition. The
intention to treat analysis did not show a difference between the two deposition groups.
This might be explained by the fact that the use of a breath actuated and efficient nebulizer
in this population with relatively mild airways obstruction resulted in substantially more
drug reaching the large surface area of the small airways than when using a conventional jet
nebulizer, even for the central airways deposition settings. This might have resulted in reach-
ing the plateau of the dose-response curve in both groups and thus not finding a significant
difference between the two deposition groups.

However, the per protocol analysis demonstrated greater improvement and a significant
difference between the groups for FEF__ (L/s) in favor of the small airways group. This ‘best
case scenario’analysis illustrates the potential of optimizing every possible aspect of dornase
alfa therapy, i.e. optimal delivery to the small airways and optimal adherence. The clinical
relevance of our study is that it underlines that both adherence and inhalation competence
are important determinants to optimize treatment effect of dornase alfa. Clearly, the use of
a breath actuated efficient nebulizer for maintenance treatment of dornase alfa should be
considered ‘off label treatment’ However, nowadays most patients use ‘off label’ nebulizers
because these are different from the ones used in the registration studies for dornase alfa
almost two decades ago. We feel that a breath actuated efficient nebulizer is a promising
treatment option that should be considered especially for those patients with progressive
small airways disease or possible poor competence and/or adherence.

Two previous large open label studies in dornase alfa-naive patients compared the efficacy
of small versus larger particles and showed a similar trend as in this study, but were not
conclusive.®# The most likely explanation for these negative findings was the use of conven-
tional jet nebulizer systems. Standard jet nebulizers produce an aerosol with a wide range
of particle sizes and a relatively large mean particle size. Large aerosol particles have a high
probability to get deposited in the central airways. Furthermore, most patients perform tidal
breathing while using a standard nebulizer. This leads to preferential deposition of particles in
the large airways. In contrast, a slow and deep inhalation increases the probability of particle
deposition in the small airways. Therefore, the conditions in these two studies probably were
not optimal to deliver drug to the small airways. An open label single arm study on bolus
inhalation of dornase alfa by Geller et al. showed the importance of breath control during
nebulization.*? In this study, CF patients were treated with a device that was breath actuated,
delivered an aerosol bolus when the optimal inspiratory flow rate was achieved and gener-
ated visual cues for the subject to inhale deeply within the optimum range of inspiratory flow

rates. FEV, and FEF,, _ significantly improved after two weeks of dornase alfa treatment using

25-75

17



the study device. Our study supports the conclusions by Geller et al, that controlled and deep

inhalation is important to achieve optimal treatment effect.

It is likely that the optimized inhalation technique used in our study could also benefit
patients with other respiratory diseases, such as COPD or asthma. However, this should be

confirmed by clinical trials conducted in these patient groups.

In conclusion, our study shows that 4 weeks of dornase alfa nebulized using a state of the art
nebulizer device resulted in a significant improvement in FEF__ and FEF,,  in children with
stable CF who were on prior maintenance treatment with dornase alfa. In children with good
adherence (per protocol analysis) greater treatment response was observed for small airways

deposition compared with large airways deposition.

CF is a fatal disease and its main cause of death is loss of lung function with respiratory failure.
Every option to improve lung function and to reduce its rate of decline should be utilized
to improve its long-term prognosis. This study suggests that better treatment response and
further improvement of small airway function is indeed feasible by optimizing the inhalation
technique for administration of a known and effective mucolytic drug, using an efficient

nebulizer and breath control technology.
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Abstract

Introduction

Small airway obstruction is important in the pathophysiology of cystic fibrosis (CF) lung
disease. Additionally, many CF patients lose lung function in the long term as a result of
respiratory tract exacerbations (RTE). No trials have been performed to optimize mucolytic
therapy during a RTE. We investigated whether specifically targeting dornase alfa to the small
airways improves small airway obstruction during RTEs.

Methods

In a multi-centre, double-blind, randomized controlled trial CF patients hospitalized for a
RTE and on maintenance treatment with dornase alfa were switched to a smart nebulizer. Pa-
tients were randomized to small airway deposition (n=19) or large airway deposition (n=19)
of dornase alfa for at least 7 days. Primary endpoint was Forced Expiratory Flow at 75% of
Forced Vital Capacity (FEF_,).

Main Results

Spirometry parameters improved significantly during admission, but the difference in mean
FEF . between treatment groups was not significant: 0.7 SD, p=0.30. FEV,, nocturnal oxygen
saturation and diary symptom scores also did not differ between groups.

Conclusions

This study did not detect a difference if inhaled dornase alfa was targeted to small versus
large airways during a RTE. Further studies are needed to improve the effectiveness of RTE
treatment in CF.
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Introduction

Cystic Fibrosis (CF) lung disease is characterized by chronic airway infection and inflammation
that start early in life and cause progressive structural lung damage which eventually leads to
respiratory failure and early death.” Small airways are involved early in the disease process?,
as indicated by trapped air on CT scans>® and by lung function tests”® in young children. In

addition small airways disease is an important component of end stage lung disease.’

Sputum of CF patients is rich in leukocyte-derived DNA, which contributes to its increased

viscoelasticity and leads in turn to small airways obstruction.

Respiratory tract exacerbations (RTEs) are associated with an increase in sputum produc-
tion." Therefore, effective sputum mobilization is an important component in the treatment
of RTEs. Despite this treatment, it is well recognized that many patients do not regain pre-
RTE spirometry values at the end of the RTE treatment period.'>'* Hence, the effectiveness
of treatment during RTEs needs to be further improved. In addition to acute morbidity,
repeated exacerbations may have long-term negative impact on lung function and lifespan.™
Thus, optimal treatment of RTEs is an essential component of CF care. Nevertheless, it is strik-
ing that many aspects of RTE treatment are not evidence based. Indeed, reviews indicate
that treatment choices are based on empirical evidence, centre preference or previously
prescribed therapies.’'® To our knowledge no RCTs have investigated whether mucolytic
treatment during RTEs can be optimised

Dornase alfa is a mucolytic drug that cleaves extracellular DNA through hydrolysis and reduces
the viscoelasticity of CF sputum in vitro."” It has been extensively investigated for maintenance
treatment in CF and is part of current standard care. Dornase alfa has been shown to improve
lung function and reduce the number of pulmonary exacerbations in CF patients'®?° but its
role in the treatment of RTEs is not well established.?'?2 Currently, dornase alfa is administered
with conventional nebulizers, which are inefficient and deliver a low dose to the lungs; most
of the inhaled drug deposits in the large airways and relatively little in the small airways.??
Highly efficient smart nebulizers have become available that coach patients in proper inhala-
tion technique, and that can be set to target more of the inhaled drug to the small airways.?>?”

In a recent study in stable CF patients with normal forced vital capacity (FVC) but with small
airways disease as indicated by reduced Forced Expiratory Flow at 75% of Forced Vital Capac-
ity (FEF_,), we showed that more efficient delivery of dornase alfa to the small airways leads
to a significant improvement in small airway patency.?® This study used a smart nebulizer that
was programmed to preferentially target specific regions of the lung; patients were random-
ized to receive either small airway deposition or large airway deposition of dornase alfa.
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We hypothesized that more efficient delivery of dornase alfa to the small airways during a
RTE would also result in more effective treatment of small airways obstruction, resulting in
greater improvement in FEF _ and in nocturnal oxygen saturation. To test this hypothesis
we conducted a randomized controlled clinical trial in patients with CF admitted for a RTE,

comparing large airway deposition with small airway deposition of dornase alfa.

Patients and methods

Study population

CF patients were recruited for the study in two centres: the adult and paediatric departments
of the CF centre in Erasmus MC Rotterdam, The Netherlands, and in the Cystic Fibrosis Centre,
Verona, Italy. Patients were eligible if they met the following inclusion criteria: age 6 years
and older; hospitalised for a RTE; receiving maintenance dornase alfa treatment; able to per-
form spirometry; and FVC > 40% predicted. Exclusion criteria were: inability to follow instruc-
tions of the investigator; concomitant medical conditions that affect inhaled treatment (e.g.
cleft palate, severe tracheomalacia); pulmonary complications that might put the patient at
risk during the study; and deterioration related to allergic bronchopulmonary aspergillosis
(ABPA). A full checklist of inclusion and exclusion criteria is available in the supplemental
data in the E-pub of this thesis.

Study design

This was a randomized, double-blind, multi-centre, parallel-group trial. Primary endpoint was
FEF  since this is a parameter sensitive to changes in the small airways. We assumed the SD
of FEF _ values to be 7%, based on a retrospective analysis of improvement in FEF__ in all CF
patients that were hospitalized for a RTE in our hospital in the previous two years. A sample
size calculation indicated that 80% power to detect a difference of 7% or more in FEF  be-
tween the two treatment groups, with alpha = 0.05, required 16 patients per group (32 total).
Since we anticipated that not all patients might complete the study or have analyzable data,

we planned to include 38 patients.

Minimal study duration for each patient was 12 days, consisting of a run-in period of five
days and a minimal treatment period of seven days. Study treatment continued until the
patient was discharged from hospital. During the run-in period patients inhaled dornase
alfa using a conventional nebulizer, consistent with current standard care. On day 6 patients
were randomly assigned to the small airway deposition group or the large airway deposition
group, according to a randomization schedule generated by the study statistician using a
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random number list (Excel version 1997-2003; Microsoft, Redmond, USA). Randomization

was stratified for age and FVC.

This trial was registered in the Dutch trial register (http://www.trialregister.nl) and in the
International Standard Randomised Controlled Trial Number Register (number: 50584238).
The local ethics committee approved the study. Written informed consent of parents and / or

patients was obtained for all participants.

Study treatment

Study treatment consisted of dornase alfa preferentially delivered to the small or the large
airways. We used a smart nebulizer device (Akita’® APIXNEB, Activaero technologies, Gem-
uenden, Germany) as previously described.”® In short, the device can be programmed to
preferentially target specific regions of the lung.*?°3" It directs the flow and depth of each
inhalation, coaches the patient on correct inhalation technique and controls the fraction of
the inspiration time during which aerosol is generated. In order to obtain the two differ-
ent lung deposition patterns we adjusted three characteristics of the nebulizer treatment:

particle size, timing of aerosol bolus and breathing pattern (Figure 1).

For the large airways group, devices were set to simulate conventional nebulizers depositing
most of the drug in the large airways: aerosol was generated with a volume median diameter

Large airways deposition

air aerosol i
(200 particle size 6.0 um (200 ml/s)
mi/s) (60 mlis)

[Fend inhalation start>

Small airways deposition

) aerosol
air . .
(200 mi/s) particle size 3.0 ym
(200 ml/s)
[ end inhalation start>

Figure 1: Breathing patterns on smartcard
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(VMD) of 6.0 um as measured by laser diffraction using Sympatec HELOS (data on file Acti-
vaero GmbH). The devices delivered aerosol-free air before and after the medication bolus,
and coached patients to perform controlled normal-depth inhalations.

For the small airways group, the VMD of the aerosol was 3.0 um. Devices delivered the aerosol
bolus directly from the start of the inhalation followed by a bolus of aerosol-free air in the
second phase of the inhalation, and coached patients to perform controlled deep inhalations
(Figure 1).

The breathing pattern for each patient was based on individual inspiratory capacity and was
generated using a microchip-containing smartcard inserted in the device. The investigator
carefully instructed each patient on the use of the study device. Patients in both treatment arms
received instructions and feedback from the display of the device during each nebulization to
ensure that the correct breathing pattern was performed. During the first study nebulization the
investigator was present to observe the handling of the device and inhalation technique, and
repeated instructions if necessary. Additional details on device settings and patient feedback,
as well as technical details, can be found in the supplemental data in the E-pub of this thesis.

The daily dose of dornase alfa loaded into the nebulizer was 1.25 mg which was estimated to
resultin a lung dose that would be 1.5 to 2 times higher than conventional aerosol treatment.
The Akita? deposits approximately 70% of the loaded dose in the lung®', compared to 10-20%
for conventional jet nebulizer systems.323* If the standard dose of 2.5 mg (2.5 ml) had been
loaded into the nebulizer, total lung dose of dornase alfa would have been approximately 3-5
times higher than with conventional jet nebulizers. For safety reasons we aimed to deliver 1.5

to 2 times the conventional dose in these unstable patients admitted for a RTE.

Measurements

Spirometry was performed at day 1, 5, 6, 12, and at discharge. Primary endpoint was FEF_,
since this parameter is sensitive to changes in the small airways.*® Spirometry was performed
on a Masterscreen electronic spirometer (Viasys, Wiirzburg, Germany) at least one hour after
dornase alfa administration and at a standardized time of day for each patient. Daily chest
physiotherapy was performed at the same time of day throughout the study. We did not
change patients’ daily routine at study inclusion; the order in which each patient performed
daily chest physiotherapy, nebulization of dornase alfa and any other inhaled treatments
continued as previously at home. Nocturnal oxygen saturation (SpO,) was measured on day
2,5, 6, and 12 using a MARS pulsoximeter (Novametrix, Model 2001). SpO, was considered
suitable for analysis when at least 6 hours of successful recording was available. From the
stored saturation data mean SpO, and two desaturation parameters were computed for each
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child: D4 desaturations, defined as desaturations of 4% below the mean saturation of the
child; and D90 desaturations, defined as desaturations below 90% SpO,.*”** The number and
the time spent in D4 and D90 desaturations were calculated.

Respiratory symptoms were scored in a daily diary as used in previous studies.>** Patients re-
corded their day and night-time cough frequencies with a validated cough symptom score.*'
They also rated sputum viscosity, sputum production, sleep quality, and cough frequency
on separate visual analogue scales (VAS)*' each comprising a horizontal line 10 cm in length,
anchored by word descriptors at each end. The VAS score was the distance in cm between no
symptom and the rating mark placed on the scale by the patient. For both the symptom score

and the VAS score a higher score indicates more symptoms.

Statistical analysis

Data were analysed on an intention-to-treat basis. Analyses of between-group comparisons
regarding change in lung function variables (FVC, FEV,, and FEF ,) were performed using re-
peated measurements ANOVA with adjustment for baseline values and centre. Analyses were
performed with SPSS software (version 15.0; IBM, Chicago, IL, USA). Spirometry on day 5 (last
day before randomization) was set as baseline and spirometry on day 12 was the endpoint of
the study. For the results of nightly oxygen saturation measurements a mixed model analysis
was performed. Differences in changes in diary scores were analyzed using a Mann-Whitney
test. The accepted level of significance was p=0.05 for all analyses.

Results

Thirty-eight patients were included in the study. All patients were enrolled between October
2006 and February 2009. Characteristics of patients at inclusion were similar for the two treat-

ment groups (Table 1).

Spirometry

Figure 2 shows changes of FEF _ during the study period. Mean increase in FEF_, from day 5 at
start of randomized treatment to day 12 was 0.4 SD (p=0.32) in the large airways group and
1.2 SD (p=0.02) in the small airways group (Table 2). The difference in improvement for the
small airways minus large airways group was 0.7 SD (p=0.30). FEV, results were similar: mean
increase in FEV, during the study period was 0.4 SD (p=0.014) in the large airways group and
0.6 SD (p=0.001) in the small airways group. The difference in improvement for the small

airways minus large airways group was 0.2 SD (p=0.33).
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Large airways (n=19) Small airways (n=19)

Sex (M/F) 8/ 9/10

Age (yrs) 17.0(6.9-43.3) 19.8 (9.4 -46.4)
Height (cm) 156.6 (18.1) 161.8 (9.90)
Weight (kg) 46.8(16.6) 523(12.7)
FVC (Z-score) -29(1.4) -2.8(1.5)
FVC (% pred) 76.9(17.7) 823(18.2)
FEV, (Z-score) -3.9(1.5) -4.1(1.8)
FEV, (% pred) 63.8(224) 63.6(24.1)
FEF , (Z-score) -9.0(3.9) -9.0(3.3)
FEF, (% pred) 28.1(27.0) 23.0(194)
Saturation (%) 95.2(22) 95.1(2.1)
D4 (sec/hr) 19.4(33.0) 25.7 (48.1)
D4 (number/hr) 0.8(1.0) 0.7(0.9)
D90 (sec/hr) 94.1(3424) 41.6(94.1)
D90 (number/hr) 1.5(4.0) 13(3.7)

Table 1 Descriptives of study population at inclusion in the study. Data are shown as mean (SD) unless
otherwise indicated. * Median (range). All measurements were performed on day one, except saturation
which was measured on day two.

D4 desaturations are defined as desaturations of 4% below the mean saturation of the child.

D90 desaturations are defined as desaturations below 90%

For both D4 and D90 desaturations the number of episodes per hour was calculated as well as the seconds
of desaturation per hour.

Large airways Small airways Mean difference
(95% Cl)
FEF, (Z-score) 04(0.4) 1.2(0.5)* 0.7 (-0.6t02.0) #
FEV, (Z-score) 04 (0.1)* 0.6 (0.2)* 0.2(-0.2t0 0.6) #
FVC (Z-score) 04 (0.1)* 0.5(0.1)* 0.2(-0.2t0 0.6) #
mean SpO, (%) 0.2(0.3) 04(0.3) 0.2 (-0.6t00.9)
D90 desaturations (sec/hr) -80.3(65.4) -13.2(63.6) 12.4(-75.7 t0 100.5)

Table 2. Spirometry and saturation data after 7 days of study treatment. Data are presented as mean
change from baseline at day 5 (day before start of randomized treatment) £ SEM (Anova estimates).

SpO, is oxygen saturation (measured by pulse oximetry). D90 desaturations are defined as desaturations
below 90% SpO.,.

Difference is shown for small airways minus large airways group and is presented as mean difference and
95% Cl. None of the observed mean differences between study groups were significant.

* P-value < 0.05 for change from baseline within treatment group.

# differences are adjusted for baseline value at day 5 and center.
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Figure 2: Mean changes from baseline for FEF . (Z-score). Data are presented as mean + SEM (Anova
estimates). On the X-axis are days of treatment, on the Y-axis FEF_, (Z-score). Closed squares represent large
airways deposition, open circles represent small airways deposition.

Individual responses for FEF__ and FEV, are shown in figure E1 and E2 of the supplemental
data in the E-pub of this thesis.

Nocturnal oxygen saturation

At the first measurement nocturnal oxygen saturation was at the lower limit of normal in
both groups: mean SpO, was 95%. Patients experienced desaturations at a similar frequency
in both groups. See table 1 for descriptive statistics on the saturation variables.

Nocturnal oxygen saturation, as assessed by either mean SpO, or the number or duration
of desaturations, did not improve significantly during the study. There was no significant
difference in treatment effect on mean SpO, between the two groups. See also figure E3 of

the online supplement.

Symptom scores

While symptom scores improved significantly during the study period, none of the diary
items showed a significant difference between the two groups after 7 days of study treat-
ment (data shown in on line supplement). A composite score of all diary items was also not

significantly different.



Discussion

In this randomized, double-blind, multi-centre controlled trial in CF patients hospitalised for
a RTE, we did not observe significant differences in spirometry parameters, overnight oxygen
saturation or symptom scores between large airway and small airway deposition of dornase
alfa.

In both the small and large airway groups spirometry improved significantly during the study
period, as expected during a hospital admission for RTE. The magnitude of this improvement
was comparable to what has been described in the literature.'>*> However, the difference
between the two deposition groups was not significant. These findings are in contrast to a
recent study by our group that examined the effect of small airway deposition of dornase alfa
in 49 stable CF patients who inhaled their once daily dornase alfa for 4 weeks using the same
smart nebulizer device.?® In the per protocol analysis of that study (including only adherent
patients) a significant treatment benefit was detected in the primary endpoint (FEF ,) in the
small airways group compared with the large airways group.

There are a number of possible explanations for these contrasting findings. Firstly it is well
recognized that there is increased sputum production during a RTE."*3#* Therefore, a higher
than usual dose of dornase alfa may be optimal. In addition, central deposition of drugs is
increased during a RTE?*%4 and this may have resulted in under-dosing the small airways
even in the small airways group. In our study in stable patients we estimated that the lung
dose administered was 3 to 5 times higher than with conventional therapy but, at the time
the current study was started the results of that study were unknown. For safety reasons,
we therefore chose a lung dose calculated to be no more than twice the dose delivered by
a standard nebulizer. In hindsight, because dornase alfa therapy was well tolerated in both
studies, a higher dose may have been safe and more effective during an RTE.

Secondly, the study period of 7 days may have been too short. In previous dornase alfa trials a
clear treatment effect has been observed after 7-14 days.'®4’8 In our study in stable patients,
treatment duration was 4 weeks and a clear difference between the two study groups was
observed after two weeks. We decided to include a run-in phase of 5 days in the present
study to avoid the great variability in the first days of treatment, when antibiotics are started,
chest physiotherapy is intensified and patients may receive supplemental oxygen. We sug-
gest future RTE studies may achieve longer study duration either by randomizing patients
directly after admission or by continuing study treatment for at least 14 days.

A third possibility is that the considerable variability in early RTE treatment may have ob-
scured a later effect of dornase alfa on small airways. The intravenous antibiotic and the chest
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physiotherapy regimens used were personalized to the needs of each patient. Therefore, any
additional contribution to improvement during hospital admission by dornase alfa targeted
specifically to the small airways may have been too small to detect a difference. Indeed, a
previous placebo-controlled study that evaluated the safety and efficacy of dornase alfa
administered using a conventional nebulizer in hospitalized CF patients during an RTE did
not demonstrate a statistically significant therapeutic effect of rhDNase when added to a
regimen of antibiotics and chest physical therapy.?' The authors speculated that antibiotics
and chest physiotherapy may contribute more than concurrent mucolytic therapy to effec-
tive treatment of a RTE.

Fourthly, our study may have been underpowered to detect a difference between the two
study groups. In our previous study in stable CF patients 49 patients were randomized and
the difference between groups just reached statistical significance. In our current study 38
patients were randomized and the small airways group showed a net benefit of 1.2 SD in
FEF,, at 7 days.

Indeed, there was substantially more variability in spirometry between patients admitted for
a RTE than in our study in stable patients, possibly because of the variable pathophysiology
of a RTE."1>434950 Fyrthermore, spirometry performed during an RTE may be more variable
within patients and consequently cause more noise in the spirometry data. Both potential
sources of increased variability would make it more difficult to demonstrate a significant
treatment effect.

Based on these arguments we feel it is important to further investigate how mucociliary
clearance can be improved during a RTE. It is well recognized that many CF patients do not
regain lung function to pre-RTE values, and mucus obstruction is likely to play a role in this.
Despite worrisome observations of RTEs' negative long-term impact of on the lungs, to our
knowledge there are no published randomized trials investigating alternative mucolytic
regimens in their treatment. Our study suggests that further investigation should focus on
longer treatment with a higher dose of dornase alfa, or dornase alfa in combination with
another mucolytic with a different mode of action such as hypertonic saline.

Although RTEs have important clinical and financial implications there are few RCT’s on an-
tibiotic regimens®** and none on optimization of mucolytic therapy. Because many aspects
are not well investigated, therapeutic decisions are based largely on empirical evidence or
centre preference.”*>> We find it remarkable that RTE treatment is not evidence-based.

In conclusion, this study did not show a significant difference in FEF_, or FEV, when dor-

nase alfa was targeted to the small versus the large airways using a smart nebulizer for 7
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days, starting 6 days after admission for a CF respiratory tract exacerbation. Whether longer
therapy, a higher dose of dornase alfa or a combination of mucolytic drugs would be more

effective in the treatment of RTE requires further investigation.

Acknowledgements

We thank all patients and parents, all medical personnel at the study sites and llaria Meneghe-
lli and Marianna Passiu at the CF centre in Verona for their contributions to this study, and
we thank Sheila McKenzie (Victoria, Canada) for her critical reading of the manuscript. We
thank Activaero GmbH (Gemuenden, Germany) and Roche Netherlands B.V. (Woerden, The

Netherlands) for their support and contributions to this study.

134



References

1

Dakin CJ, Numa AH, Wang H, Morton JR, Vertzyas CC, Henry RL. Inflammation, infection, and
pulmonary function in infants and young children with cystic fibrosis. Am J Respir Crit Care Med.
2002;165(7):904-910

Armstrong DS, Grimwood K, Carlin JB, Carzino R, Gutierrez JP, Hull J, Olinsky A, Phelan EM, Robert-
son CF, Phelan PD. Lower airway inflammation in infants and young children with cystic fibrosis.
Am J Respir Crit Care Med. 1997;156(4 Pt 1):1197-1204

Nixon GM, Armstrong DS, Carzino R, Carlin JB, Olinsky A, Robertson CF, Grimwood K, Wainwright
C. Early airway infection, inflammation, and lung function in cystic fibrosis. Arch Dis Child. 2002;
87(4):306-311

Tiddens HA, Donaldson SH, Rosenfeld M, Pare PD. Cystic fibrosis lung disease starts in the small
airways: can we treat it more effectively? Pediatr Pulmonol. 2010;45(2):107-117

Sly PD, Brennan S, Gangell C, de Klerk N, Murray C, Mott L, Stick SM, Robinson PJ, Robertson CF,
Ranganathan SC, Australian Respiratory Early Surveillance Team for Cystic Fibrosis. Lung disease
at diagnosis in infants with cystic fibrosis detected by newborn screening. Am J Respir Crit Care
Med. 2009;180(2):146-152

Stick SM, Brennan S, Murray C, Douglas T, von Ungern-Sternberg BS, Garratt LW, Gangell CL, De
Klerk N, Linnane B, Ranganathan S, Robinson P, Robertson C, Sly PD, Australian Respiratory Early
Surveillance Team for Cystic Fibrosis. Bronchiectasis in infants and preschool children diagnosed
with cystic fibrosis after newborn screening. J Pediatr. 2009;155(5):623-628 €621

Linnane BM, Hall GL, Nolan G, Brennan S, Stick SM, Sly PD, Robertson CF, Robinson PJ, Franklin PJ,
Turner SW, Ranganathan SC. Lung function in infants with cystic fibrosis diagnosed by newborn
screening. Am J Respir Crit Care Med. 2008;178(12):1238-1244

Aurora P, Bush A, Gustafsson P, Oliver C, Wallis C, Price J, Stroobant J, Carr S, Stocks J. Multiple-
breath washout as a marker of lung disease in preschool children with cystic fibrosis. Am J Respir
Crit Care Med. 2005;171(3):249-256

Loeve M, van Hal PT, Robinson P, de Jong PA, Lequin MH, Hop WC, Williams TJ, Nossent GD, Tid-
dens HA. The spectrum of structural abnormalities on CT scans from patients with CF with severe
advanced lung disease. Thorax. 2009;64(10):876-882

Lethem MI, James SL, Marriott C. The role of mucous glycoproteins in the rheologic properties of
cystic fibrosis sputum. Am Rev Respir Dis. 1990;142(5):1053-1058

Rosenfeld M, Emerson J, Williams-Warren J, Pepe M, Smith A, Montgomery AB, Ramsey B. Defining
a pulmonary exacerbation in cystic fibrosis. J Pediatr. 2001;139(3):359-365

Sanders DB, Hoffman LR, Emerson J, Gibson RL, Rosenfeld M, Redding GJ, Goss CH. Return of
FEV1 after pulmonary exacerbation in children with cystic fibrosis. Pediatr Pulmonol. 2010;45(2):
127-134

Sanders DB, Bittner RC, Rosenfeld M, Hoffman LR, Redding GJ, Goss CH. Failure to recover to
baseline pulmonary function after cystic fibrosis pulmonary exacerbation. Am J Respir Crit Care
Med. 2010;182(5):627-632

Liou TG, Adler FR, Fitzsimmons SC, Cahill BC, Hibbs JR, Marshall BC. Predictive 5-year survivorship
model of cystic fibrosis. Am J Epidemiol. 2001;153(4):345-352

Stenbit AE, Flume PA. Pulmonary exacerbations in cystic fibrosis. Curr Opin Pulm Med. 2011;17(6):
442-447

Gibson RL, Burns JL, Ramsey BW. Pathophysiology and management of pulmonary infections in
cystic fibrosis. Am J Respir Crit Care Med. 2003;168(8):918-951

135



19
20

21

22

23

24

25

26

27

28

29

30

31

32

33

136

Shak S, Capon DJ, Hellmiss R, Marsters SA, Baker CL. Recombinant human DNase | reduces the
viscosity of cystic fibrosis sputum. Proc Natl Acad Sci U S A. 1990;87(23):9188-9192

Fuchs HJ, Borowitz DS, Christiansen DH, Morris EM, Nash ML, Ramsey BW, Rosenstein BJ, Smith
AL, Wohl ME. Effect of aerosolized recombinant human DNase on exacerbations of respiratory
symptoms and on pulmonary function in patients with cystic fibrosis. The Pulmozyme Study
Group. N EnglJ Med. 1994;331(10):637-642

Hodson ME, Shah PL. DNase trials in cystic fibrosis. Eur Respir J. 1995;8(10):1786-1791

Quan JM, Tiddens HA, Sy JP, McKenzie SG, Montgomery MD, Robinson PJ, Wohl ME, Konstan MW.
A two-year randomized, placebo-controlled trial of dornase alfa in young patients with cystic
fibrosis with mild lung function abnormalities. J Pediatr. 2001;139(6):813-820

Wilmott RW, Amin RS, Colin AA, DeVault A, Dozor AJ, Eigen H, Johnson C, Lester LA, McCoy K,
McKean LP, Moss R, Nash ML, Jue CP, Regelmann W, Stokes DC, Fuchs HJ. Aerosolized recombinant
human DNase in hospitalized cystic fibrosis patients with acute pulmonary exacerbations. Am J
Respir Crit Care Med. 1996;153(6 Pt 1):1914-1917

Jones AP, Wallis CE. Recombinant human deoxyribonuclease for cystic fibrosis. Cochrane Data-
base Syst Rev. 2003;3):CD001127

Diot P, Palmer LB, Smaldone A, DeCelie-Germana J, Grimson R, Smaldone GC. RhDNase | aerosol
deposition and related factors in cystic fibrosis. Am J Respir Crit Care Med. 1997;156(5):1662-1668
Laube BL, Jashnani R, Dalby RN, Zeitlin PL. Targeting aerosol deposition in patients with cystic
fibrosis: effects of alterations in particle size and inspiratory flow rate. Chest. 2000;118(4):1069-
1076

Brand P MT, Haussermann S et al. Optimum peripheral drug deposition in patients with cystic
fibrosis. J Aerosol Med. 2005;2005 Spring(18(1)):45-54

Brand P, Beckmann H, Maas Enriquez M, Meyer T, Mullinger B, Sommerer K, Weber N, Weuthen
T, Scheuch G. Peripheral deposition of alphal-protease inhibitor using commercial inhalation
devices. Eur Respir J. 2003;22(2):263-267

Griese M, Ramakers J, Krasselt A, Starosta V, Van Koningsbruggen S, Fischer R, Ratjen F, Mullinger
B, Huber RM, Maier K, Rietschel E, Scheuch G. Improvement of alveolar glutathione and lung
function but not oxidative state in cystic fibrosis. Am J Respir Crit Care Med. 2004;169(7):822-828
Bakker EM, Volpi S, Salonini E, van der Wiel-Kooij EC, Sintnicolaas CJ, Hop WC, Assael BM, Merkus
PJ, Tiddens HA. Improved treatment response to dornase alfa in cystic fibrosis patients using
controlled inhalation. Eur Respir J. 2011;38(6):1328-1335

Kohler E, Sollich V, Schuster-Wonka R, Jorch G. Lung deposition after electronically breath-
controlled inhalation and manually triggered conventional inhalation in cystic fibrosis patients. J
Aerosol Med. 2005;18(4):386-395

Scheuch G, Millinger,B., Brand,P., Meyer,T. et al. Optimizing aerosol lung deposition in cystic
fibrosis patients. In: Romano L MG, Galietta LJV, ed. 25th European Cystic Fibrosis Conference:
Monduzzi Editore, 2002; pp. 169-172

Brand P, Schulte M, Wencker M, Herpich CH, Klein G, Hanna K, Meyer T. Lung deposition of inhaled
alpha1-proteinase inhibitor in cystic fibrosis and alpha1-antitrypsin deficiency. Eur Respir J. 2009;
34(2):354-360

Devadason SG, Everard ML, Linto JM, Le Souef PN. Comparison of drug delivery from conven-
tional versus “Venturi” nebulizers. Eur Respir J. 1997;10(11):2479-2483

Rau JL, Ari A, Restrepo RD. Performance comparison of nebulizer designs: constant-output,
breath-enhanced, and dosimetric. Respir Care. 2004;49(2):174-179



34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Newman SP, Pitcairn GR, Hooper G, Knoch M. Efficient drug delivery to the lungs from a continu-
ously operated open-vent nebulizer and low pressure compressor system. Eur Respir J. 1994;7(6):
1177-1181

Hardy JG, Newman SP, Knoch M. Lung deposition from four nebulizers. Respir Med. 1993;87(6):
461-465

Gustafsson PM, De Jong PA, Tiddens HA, Lindblad A. Multiple-breath inert gas washout and
spirometry versus structural lung disease in cystic fibrosis. Thorax. 2008;63(2):129-134
Brouillette RT, Morielli A, Leimanis A, Waters KA, Luciano R, Ducharme FM. Nocturnal pulse ox-
imetry as an abbreviated testing modality for pediatric obstructive sleep apnea. Pediatrics. 2000;
105(2):405-412

Urschitz MS, Wolff J, Von Einem V, Urschitz-Duprat PM, Schlaud M, Poets CF. Reference values
for nocturnal home pulse oximetry during sleep in primary school children. Chest. 2003;123(1):
96-101

van der Giessen LJ, Gosselink R, Hop WC, Tiddens HA. Recombinant human DNase nebulisation in
children with cystic fibrosis: before bedtime or after waking up? Eur Respir J. 2007;30(4):763-768
van der Giessen LJ, de Jongste JC, Gosselink R, Hop WC, Tiddens HA. RhDNase before airway clear-
ance therapy improves airway patency in children with CF. Pediatr Pulmonol. 2007;42(7):624-630
Chang AB, Newman RG, Carlin JB, Phelan PD, Robertson CF. Subjective scoring of cough in
children: parent-completed vs child-completed diary cards vs an objective method. Eur Respir J.
1998;11(2):462-466

Gozal D, Bailey SL, Keens TG. Evolution of pulmonary function during an acute exacerbation in
hospitalized patients with cystic fibrosis. Pediatr Pulmonol, 1993; 347-353

Dakin C, Henry RL, Field P, Morton J. Defining an exacerbation of pulmonary disease in cystic
fibrosis. Pediatr Pulmonol. 2001;31(6):436-442

Abbott J, Holt A, Morton AM, Hart A, Milne G, Wolfe SP, Conway SP. Patient indicators of a pulmo-
nary exacerbation: Preliminary reports from school aged children map onto those of adults. J Cyst
Fibros. 2011;

Martonen T, Katz I, Cress W. Aerosol deposition as a function of airway disease: cystic fibrosis.
Pharm Res. 1995;12(1):96-102

Laube BL, Chang DY, Blask AN, Rosenstein BJ. Radioaerosol assessment of lung improvement in
cystic fibrosis patients treated for acute pulmonary exacerbations. Chest. 1992;101(5):1302-1308
Ranasinha C, Assoufi B, Shak S, Christiansen D, Fuchs H, Empey D, Geddes D, Hodson M. Efficacy
and safety of short-term administration of aerosolised recombinant human DNase | in adults with
stable stage cystic fibrosis. Lancet. 1993;342(8865):199-202

McCoy K, Hamilton S, Johnson C. Effects of 12-week administration of dornase alfa in patients
with advanced cystic fibrosis lung disease. Pulmozyme Study Group. Chest. 1996;110(4):889-895
Goss CH, Burns JL. Exacerbations in cystic fibrosis. 1: Epidemiology and pathogenesis. Thorax.
2007;62(4):360-367

Bilton D, Canny G, Conway S, Dumcius S, Hjelte L, Proesmans M, Tummler B, Vavrova V, De Boeck K.
Pulmonary exacerbation: towards a definition for use in clinical trials. Report from the EuroCareCF
Working Group on outcome parameters in clinical trials. J Cyst Fibros. 2011;10 Suppl 2(S79-81
Hubert D, Le Roux E, Lavrut T, Wallaert B, Scheid P, Manach D, Grenet D, Sermet-Gaudelus |, Ramel
S, Cracowski C, Sardet A, Wizla N, Deneuville E, Garraffo R. Continuous versus intermittent infu-
sions of ceftazidime for treating exacerbation of cystic fibrosis. Antimicrob Agents Chemother.
2009;53(9):3650-3656

137



52

53

54

55

138

Adeboyeku D, Jones AL, Hodson ME. Twice vs three-times daily antibiotics in the treatment of
pulmonary exacerbations of cystic fibrosis. J Cyst Fibros. 2011;10(1):25-30

Latzin P, Fehling M, Bauernfeind A, Reinhardt D, Kappler M, Griese M. Efficacy and safety of intra-
venous meropenem and tobramycin versus ceftazidime and tobramycin in cystic fibrosis. J Cyst
Fibros. 2008;7(2):142-146

Kraynack NC, Gothard MD, Falletta LM, McBride JT. Approach to treating cystic fibrosis pulmonary
exacerbations varies widely across US CF care centers. Pediatr Pulmonol. 2011;46(9):870-881
Fernandes B, Plummer A, Wildman M. Duration of intravenous antibiotic therapy in people with
cystic fibrosis. Cochrane Database Syst Rev. 2008;2):CD006682






B

e




CHAPTER 8

Small airway deposition of dornase alfa
in children with asthma and persistent
airway obstruction

A randomized placebo-controlled trial

Bakker E.M., van der Wiel — Kooij E.C., Miillinger B., Kroneberg P, Hop W.CJ,
Tiddens H.A.W.M.

Submitted to Journal of Allergy and Clinical Immunology




Abstract

Background

The pathophysiology of persistent small airways obstruction in children with asthma is not
well understood. Mucus might play a role in this obstruction and therefore mucolytic drugs

could be effective.

Objective

To assess the efficacy of dornase alfa in reducing small airway obstruction in children with
asthma.

Methods

We conducted a randomized placebo-controlled triple blind clinical trial in 64 children with
clinically stable asthma and persistent small airways obstruction. Patients were randomly
assigned to dornase alfa or placebo once daily for 3 weeks, administered by a smart nebulizer
programmed to maximise deposition in the small airways. Spirometry, Lung Clearance Index
(LCI) and fractional concentration of exhaled nitric oxide (FeNO) were measured at inclusion,
after 2 and 3 weeks of treatment, and 4 weeks after the study treatment was stopped. Patients
scored respiratory symptoms in a diary. Primary endpoint was difference between groups in
change in Z-score in forced expiratory flow at 75% of forced vital capacity (FEF ).

Results
Mean FEF_, did not change significantly after 3 weeks of treatment in either group, nor did
mean FEV,, LCl, FeNO or symptom scores.

Conclusions

Three weeks of treatment with once daily dornase alfa did not reverse persistent small air-
ways obstruction in children with stable asthma. This suggests that either the obstruction is
not caused by mucus, or the mucus does not contain increased amounts of extracellular DNA.
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Introduction

Approximately 10% of children in the Western world have asthma.’ The aims of the phar-
macological management of asthma are to control asthma symptoms and to normalize
pulmonary function.*¢ Despite modern anti-asthma treatment using inhaled corticosteroids
(ICS) and short- and long-acting -2 agonists, 30 to 70% of asthma patients do not gain
optimal asthma control.” In addition, up to one third of patients continue to show abnormal

spirometry values.'%?

Many studies show that small airways pathology persists even in patients who are considered
to be well controlled.’>'* Major morphological changes have been observed in the airways of
patients who died of asthma.'®'® More efficient treatment of the small airways could further

improve asthma control and improve short and long term lung function outcome.

It has been shown that mucus retention contributes to persistent small airways obstruction in
childhood asthma.'®?® In children who died from or with asthma, mucus plugs were observed
especially in the small airways.'®'® Sputum in asthma is known to be composed of activated
and degenerated inflammatory cells'?°, mucoproteins, and DNA released from disintegrated
inflammatory cells.??

Recombinant human DNase (dornase alfa) is a mucolytic agent that reduces sputum viscosity
by hydrolysing extracellular DNA in sputum. In cystic fibrosis (CF) lung disease maintenance
treatment using dornase alfa improves lung function and reduces the number of pulmonary

exacerbations.?*?°

Smart nebulizers have become available which allow highly efficient treatment of the small
airways.2®32In a recent CF study we showed that dornase alfa was effective in reducing small
airways obstruction as measured by FEF__.* For that study we selected FEF  as primary out-
come parameter because it is sensitive to obstruction in the small airways. It is known that
the variability of FEF_, is approximately 1.5-times higher than that of FEV,. What is less well
recognized is that FEF  is decreased more than FEV, in early lung disease, which outweighs
the variability and makes it a sensitive end point* as supported by a number of studies.?3353¢

Several case reports in severe asthma suggest that dornase alfa may contribute to the treat-
ment of asthma. Dornase alfa has been used for therapy-resistant atelectasis in asthmatic
children®” and for the treatment of status asthmaticus.®®*° It is unknown whether dornase alfa

can reverse persistent small airways obstruction in stable asthmatic patients.
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Methods

We conducted a randomized placebo-controlled triple blind clinical trial to assess the efficacy
of three weeks’ treatment with dornase alfa, administered by a smart nebulizer programmed
to optimally treat the small airways, on FEF__ in children with stable asthma and persistent

small airways obstruction.

Patient recruitment and randomization

Study participants were recruited from the outpatient clinic of the department of pediatric
pulmonology, Erasmus MC - Sophia Children’s Hospital Rotterdam and from its specialized

asthma clinic ‘Kinderhaven.

Children were eligible to participate in the study if: they were aged 6 — 18 years, had clinically
stable asthma, were on maintenance treatment with at least 400 pg/day inhaled Budesonide
or equivalent, and had persistent small airways obstruction on at least two consecutive visits
to the outpatient clinic. Small airways obstruction was defined as dissociation between FVC
and FEF_, values: FEF_, at least 20% predicted below FVC. Stable asthma was defined as: no
change in ICS and no hospital admission for at least 3 months prior to the study. We aimed
to include stable asthmatic patients who continued to show airway obstruction despite
standard treatment, since in this group of patients there is a need for additional therapy to
improve lung function. A full checklist of inclusion, exclusion, and study stop criteria used in
the study is available in the supplemental data in the E-pub of this thesis.

Patients were randomly assigned to three-weeks’ treatment with dornase alfa once daily or
placebo once daily, based on a randomisation list prepared by the study statistician. Dornase
alfa and placebo (NaCl 0.9%) were prepared in identical vials by the hospital pharmacy. Study
participants and all study personnel were blinded: patients, the investigator, patient’s physi-
cians and lung function technicians were unaware of the treatment assigned. We aimed to
assign 2/3 of participants to the dornase alfa group and 1/3 to the placebo group. We chose
to create unequal groups (ratio 2:1) to facilitate the planned statistical analysis of correlations
between measurements in the intervention group.

This trial was registered in the Dutch trial register (http://www.trialregister.nl) and in the In-
ternational Standard Randomised Controlled Trial Number Register (number: 71537084). The
local ethics committee approved the study. Parental informed written consent and children’s
assent were obtained prior to the first study measurement.
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Study treatment

Study treatment consisted of 1.25 ml (1.25 mg) nebulized dornase alfa or placebo once
daily. Study drug was administered using the Akita®® APIXNEB device (Activaero technolo-
gies, Gemuenden, Germany) as previously described.®® The nebulizer generates particles
with a volume median diameter (VMD) of 4.2 um. The electronic unit controls air flow
velocity and aerosol bolus during inhalation. In this publication we will refer to the Akita*®
APIXNEB device as Akita2. The Akita®> has been used in other studies and was shown to
efficiently target specific regions of the lung.3*4** |t deposits approximately 70% of the
loaded dose in the lung*, compared to 10-20% for conventional jet nebulizer systems.**
Based on these efficiency data we selected a standard daily dose of 1.25 ml of dornase alfa.
With this change in filling dose lung deposition was estimated to be 1.5 to 2.5 times higher
compared to a conventional nebulizer, but well within a safe range as established in healthy
subjects.?*®

For this study the Akita? was set to achieve optimal deposition of dornase alfa in the small air-
ways. To accomplish this, the breathing pattern during nebulisation consisted of controlled
deep inhalations. In addition, the aerosol bolus was delivered at the beginning of the inspira-
tion phase and was followed by a small bolus of aerosol-free air at the end of inhalation. A
constant low flow rate of 200 ml/s was used.?' The investigator carefully instructed all patients
in both treatment arms on the use of the device at the start of the study. The feedback system
from the display of the device gives instructions to guide the patient during each nebulisation
and informs the patient on whether the correct breathing pattern is performed. Additional
details on feedback to the patient and inhalation settings of the device, as well as technical

details can be found in the E-pub of this thesis.

Study endpoints

The primary endpoint of this study was difference between the groups in change from base-
line FEF , (Z-score) after 3 weeks of treatment. Secondary endpoints were change in FEV,,
FVC, Lung Clearance Index (LCI), fractional concentration of exhaled nitric oxide (FeNO) and

change in diary symptom scores.

Study visits were scheduled at inclusion, after 2 weeks, 3 weeks and 7 weeks. The last visit was
a follow-up visit 4 weeks after the study medication was stopped to assess the change in lung
function after the completion of treatment. At each study visit, spirometry, multiple breath
wash out (MBW) and FeNO measurements were performed. Spirometry was measured on a
Masterscreen electronic spirometer (Jaeger/Viasys, Wirzburg, Germany) according to ERS/
ATS guidelines.® LCI was measured by a MBW test using the Exhalyzer®D (Ecomedics, Duern-
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ten, Switzerland) according to the methods as described previously.***' FeNO was measured
on a NIOX® (Aerocrine, Solna, Sweden) according to ERS/ATS recommendations.®>>3

To monitor possible adverse events during treatment patients were asked to record symp-
toms in a diary as used in previous studies.>*** This was done during the three weeks of treat-
ment and in the week before the final follow up visit. In the diary three items were scored
twice daily: cough, wheezing and shortness of breath. Night-time symptoms were scored in
the morning and daytime symptoms were scored in the evening. For each item a score of 0
to 3 points could be given. Consequently, the total score for one day could range between 0
and 18 points. Use of rescue medication was recorded in the diary. In addition, patients were
asked to record any unusual symptoms and symptoms for which they visited a physician.

Adherence

The Akita? monitors adherence by recording on the smartcard the date, time and number
of breaths of each nebulization session. These data are stored on the Smartcard and can be
retrieved for analysis afterwards. For each patient we calculated daily dose adherence which
expresses the percentage of days a patient adhered correctly to the prescribed once daily
nebulization of study drug.

Patients in this study were not aware of the adherence monitoring during their treatment. At
the third study visit, when the study treatment was completed, patients visited the outpa-
tient clinic to perform lung function tests and to return the study nebulizer. At the end of this
visit we explained to the patients that the Akita? had stored data of each treatment on the
Smartcard. Next, informed consent was asked for use of the data on the Smartcard.

Estimate of sample size

We aimed to detect a difference of 15% predicted in FEF  (~ 1.4 Z score) between study
arms. Based on a previous study in 25 CF patients by our group *¢ it was estimated that for an
alpha of 0.05, inclusion of 60 children would result in a power of 84%, which we considered
sufficient for this study.

Statistical analysis

Data were analyzed on an intention-to-treat basis. Differences between baseline group
characteristics were assessed by an independent samples T-test or Mann-Whitney test, as
appropriate. We performed a mixed model analysis to calculate change in lung function in
each group and its significance. Analyses of between-group comparisons regarding change
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Figure 1. Enroliment, random assignment, follow-up and analysis.

in lung function variables (FVC, FEV,, FEF
surements ANOVA (analysis of variance) with adjustment for baseline values and ICS dose.

,o» LCl, FeNO) were performed using repeated mea-
FeNO values were log-transformed prior to analysis. Analyses were performed with SPSS soft-
ware (version 15.0). For all analyses, two-tailed P values of <0.05 were considered to indicate
statistical significance. In addition, a per-protocol analysis was conducted in which patients
who violated the study protocol were excluded (Figure 1). Protocol violations were defined as
patients who did not complete the trial, had adherence < 70% or for whom adherence data

could not be retrieved.

Since both FEF , and LCl are indicators of small airways disease, regression analysis was

performed to analyze the relation between FEF_, and LCI.

Spirometry variables were expressed as Z-scores and as % predicted using the reference sets

by Stanojevic et al.*® for FVC, FEV, and FEF These reference sets do not include data for

25-75°
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FEF ., for which we used the reference values by Zapletal et al.” Changes in absolute values of

spirometry variables (L and L/s) were expressed as percentage of baseline values.

For each patient mean daily symptom scores per week were computed. If less than 4 out
of 7 days of a week were filled in, scores for that week were not included in the analysis.>*
Changes in diary scores and number of patients with adverse events were analysed using a

Mann-Whitney test and Chi-Square test, respectively.

Results

64 patients were included in the study, 59 of whom completed the trial (38 patients in the
dornase alfa group and 21 in the placebo group). Patients were enrolled during the period
from March 2007 to May 2010. Baseline characteristics of patients in the two treatment
groups were similar (Table 1).

Table 1. Baseline characteristics of study participants at the start of the study.

Placebo Dornase alfa

(n=23) (n=41)
Gender (M/F) 14/9 28/13
Age (yrs) 117 (2.6) 12.1(34)
Height (cm) 147.8(13.7) 147.6 (18.5)
Weight (kg) 43.1(133) 426 (15.5)
FVC (Z-score) -0.4(1.0) 0.1(0.9)
FVC (% predicted) 95.8(11.0) 100.8(10.1)
FEV, (Z-score) -1.0(1.0) -0.8(0.9)
FEV, (% predicted) 86.9(11.9) 90.1(10.6)
FEF, (Z-score) -39(1.7) -34(1.4)
FEF (% predicted) 480 (154) 52.5(13.7)
FEF,, ,; (Z-score) -1.8(0.9) -1.7(0.8)
FEF,, ., (% predicted) 62.6(17.1) 64.9(15.2)
LCl 7.9(1.1) 7.9(1.5)
FeNO (ppb) 23.0 20.5
Median (range) (37-1112) (3.9-975)
ICS dose (ug) 843 (365) 844 (280)
LABA use (%) 78 78

Data are presented as mean (SD) except for gender and FeNO. Dose of inhaled corticosteroids is presented
as equivalent dose to budesonide.
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Lung function

After 3 weeks of treatment, mean FEF__ was not significantly different from baseline within
either group (Table 2).

Table 2. Lung function after 3 weeks of study treatment.

Variables Placebo Dornase alfa mean difference
(n=23) (n=41) (95% Cl)
FEF ; (Z-score) 0.19(0.34) -0.25(0.25) -0.24 (-1.07 to 0.60)
FVC (Z-score) -0.07 (0.10) -0.04 (0.07) 0.06 (-0.19 t0 0.30)
FEV, (Z-score) -0.06 (0.13) -0.09 (0.09) 0.00(-0.32t00.32)
FEF,, . (Z-score) -0.00 (0.15) -0.09 (0.11) -0.07 (-0.44t0 0.30)
LCI 0.10(0.34) -0.17(0.24) 0.04 (-0.59 t0 0.66)
Log,, FeNO (ppb) 0.01(0.06) -0.01(0.04) -0.03*(-0.16 t0 0.10)
FEF,, PP* analysis (Z-score) 0.28(0.42) -0.29(0.28) -0.52(-1.5t00.5)

Data are presented as mean change from baseline + SEM (Anova estimates). Adjusted differences are
shown for dornase alfa minus placebo group (mean Z-score and 95% Cl).

# Difference translates into a ratio of geometric means of 0.9 (95%Cl: 0.7 to 1.3).

$ Per Protocol

For patients in the dornase alfa group FEF__ decreased 0.25 SD (p=0.32) and for patients in
the placebo group FEF_, increased 0.19 SD (p=0.58). No difference in mean FEF , between
groups was found after 3 weeks of treatment (adjusted difference -0.24 SD, 95% Cl -1.07 -
0.60, p=0.56) (Figure 2).

Individual responses varied widely between patients (Figure 3).

Similar results were found for FVC, FEV, and FEF . (Table 2): mean values did not differ
significantly from baseline after 3 weeks of treatment, nor was there a significant difference

between groups for FVC (p=0.66), FEV, (p=0.99) and FEF p=0.72).

25-75

25-75 (

Due to limited availability of the MBW device, LCl was measured in a subgroup of 44 patients,
16 in the placebo group and 28 in the dornase alfa group. LCI did not change significantly in
either group nor was there a significant difference between the changes in the two groups
(p=0.91).

LogFeNO did not change significantly from baseline after 3 weeks of treatment in either
group (Table 2). For patients in the dornase alfa group logFeNO decreased 0.01 ppb (p=0.77)
and for patients in the placebo group logFeNO increased 0.01 ppb (p=0.87). The adjusted
difference between the groups was not significant.
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Figure 2. Mean change from baseline for FEF , (Z-score) after 2 and 3 weeks of treatment, and 4 weeks
after the study drug was stopped. Data are presented as mean + SEM (Anova estimates). On the X-axis are
weeks of treatment, on the Y-axis change in FEF , (Z-score). Squares and dotted lines represent dornase alfa,
diamonds and solid lines represent placebo.

Symptom scores

Mean symptom scores during the study did not differ significantly between treatment
groups (see table E1 of the supplemental data in the E-pub of this thesis) and there were
no significant changes in symptom scores within either group. Similarly, there were no
differences in percentage of symptom-free days and in use of rescue medication (e.g. B,-

agonists).

FEF_, (per protocol analysis)

Fifteen of the 64 patients were excluded from the per protocol analysis: 5 patients did not
complete the trial, 9 patients had a daily dose adherence below 70% and for one patient
data on adherence could not be retrieved (Figure 1). Hence, for the per protocol analysis 34
patients in the dornase alfa group and 15 patients in the placebo group were analyzed for

the primary endpoint (FEF ).

FEF_, (Z-score) did not differ significantly from baseline after 3 weeks of treatment in either
group (Table 2). For patients in the dornase alfa group FEF_, decreased 0.29 SDS (p=0.31) and
for patients in the placebo group FEF . increased 0.28 SDS (p=0.50). The difference between
the groups was - 0.5 SDS (p=0.29) for dornase alfa minus placebo.
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Figure 3. Individual changes from baseline per patient for FEF _ (Z-score) after 2 and 3 weeks of treatment,
and 4 weeks after the study drug was stopped. On the X-axis are weeks of treatment, on the Y-axis change
in FEF _ (Z-score). Panel A shows FEF , for patients on dornase alfa, panel B for patients on placebo.



At the follow up visit, 4 weeks after the study drugs were stopped, there was a statistically
significant difference in mean FEF_, between the treatment groups in favour of placebo: the
adjusted difference was 1.2 SDS (p=0.01), 95% Cl 0.3 - 2.2.

Correlations

There was a significant correlation between LCl and FEF . The regression line has a common
slope of -0.12 for all four visits (p=0.02). This indicates that for each increase of 1 SD in FEF ,
LCl decreases by 0.12 (Figure E1 of the supplemental data in the E-pub of this thesis).

Adherence

Mean daily dose adherence was 83%. Only 9 patients had adherence below 70% (see the
supplemental data in the E-pub of this thesis and figure E2 for detailed information on com-
pliance).

Discussion

To our knowledge, this is the first randomized double-blind placebo-controlled trial to inves-
tigate whether efficient treatment of the small airways with nebulized dornase alfa in asthma
patients with stable but persistent small airways obstruction improves short-term lung func-
tion outcome or symptom scores. No significant difference between the dornase-treated
group and the placebo group was observed. Our results suggest that free DNA in mucus
does not play an important role in persistent small airways obstruction in stable asthmatic
patients''®

This lack of response was unexpected, since there are many arguments to believe that mucus
retention contributes to persistent small airways obstruction in childhood asthma'®'® and
several uncontrolled observations have been published suggesting that dornase alfa may
contribute to the treatment of chronic severe®” or acute asthma.®**° Most studies that showed
an effect of dornase alfa were in acute asthma, where cell necrosis and DNA may play a
greater role. On the other hand our results are in line with a study in children admitted to
the emergency department with acute asthma who did not show improvement after being
treated with a single dose of dornase alfa.*®

The most likely reason why our study did not detect any effect of dornase alfa in children
with stable asthma and persistent small airways obstruction is that extracellular DNA does
not contribute importantly to persistent small airways obstruction in the patient group stud-
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ied. However, asthma is a heterogeneous disease, with different phenotypes and complex
disease pathophysiology. We cannot exclude the possibility that small airway obstruction
caused by DNA retention in mucus plays a role in a subgroup of children with asthma and
that this subgroup could benefit from dornase alfa therapy. In accordance with this idea, we

observed a wide range in individual responses especially in the dornase alfa group (Figure 3).

Furthermore, as in CF, reducing mucus viscosity by lysing extracellular DNA may be insufficient
to improve airway obstruction without a subsequent airway clearance manoeuvre.*® Since
our study did not include airway clearance therapy, liquefied sputum may have remained in
the airways instead of being expectorated. Indeed, dornase alfa was shown to be ineffective
and potentially harmful in a 24-week study in adult patients with idiopathic bronchiectasis,
where FEV, decline was greater in patients who received rhDNase compared with placebo.*®

Alternatively, the persistent small airways obstruction may actually be caused by remodel-
ling of the airway wall rather than mucus present in the lumen. There are limited data on the
histology of small airways in children. Autopsy studies in predominantly adult patients have
shown hypertrophy and hyperplasia of airway smooth muscle, increase in number of mucous
glands and thickening of the reticular basement membrane 62, Biopsy studies in children
with asthma have shown that epithelial damage and angiogenesis, reticular basement mem-
brane thickening and eosinophilia are present in the larger airways'¢*%% since specimens
were obtained via endobronchial biopsies during bronchoscopy, only larger airways could
be examined.

A fourth possible explanation for the lack of response may be that the mass of drug depos-
ited in the small airways was insufficient. However, we used a state of the art nebulizer that is
very efficient and administered a lung dose calculated to be up to three times as high as the
dose commonly effective in CF. In addition, adherence during the present study was high.
Hence, we feel that the lack of a treatment effect was not caused by an insufficient amount of

dornase alfa deposited in the small airways.

A puzzling observation is that the per protocol analysis showed a significant difference in
FEF_, in favour of placebo at the follow up visit 4 weeks after the study drug was stopped.
Most likely this significant difference at only one point in time during the study is just a
chance finding. A less likely explanation is that dehydration of the epithelial lining fluid may
play a role in the pathophysiology of small airways obstruction in asthmatics; daily nebuliza-
tion of placebo may have been more beneficial than dornase alpha to counteract this effect.

In conclusion, this study shows that dornase alfa has no additional value in the treatment of

children with stable asthma and persistent small airways obstruction. Since patient responses
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varied widely, future studies could be aimed at identifying possible subgroups of patients
who can benefit from mucolytic medications.
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Summary

The branching anatomy of the bronchial tree creates a surface area that expands greatly from
the trachea to the alveoli. When we breathe the epithelial surface of the lung is exposed
to multiple potentially harmful particles such as bacteria and pollutants. Normally, these
inhaled particles are efficiently removed from the lung by mucociliary clearance. If mucocili-
ary clearance does not function properly, this can lead to mucus obstruction, infection and

inflammation, which can cause chronic lung disease.

Monitoring of lung disease

Since lung disease often starts early in life, sensitive and accurate monitoring techniques
to assess pulmonary status are needed to guide and optimize treatment. Spirometry is a
monitoring technique widely used in children aged 6 years and older. It is relatively easy to
perform, well validated and standardized, but has some limitations. Firstly, with improve-
ments in care for children with chronic lung disease, Forced Expiratory Volume in one second
(FEV,) now often is normal and therefore not very useful anymore to monitor lung disease.
This thesis introduces Forced Expiratory Flow at 75% of Forced Vital Capacity (FEF_,) as a more
sensitive parameter to monitor early lung disease. Secondly, children below the age of 4-6
years are not yet able to perform spirometry. Consequently, there is great need for alterna-
tive non-invasive monitoring instruments for young children. This thesis reports a study that
evaluated three alternative measurements to determine lung disease in young children with
CF: multiple breath wash out (MBW), home nocturnal pulse oximetry and home nocturnal
cough recording.

Treatment of lung disease

Cystic fibrosis (CF) is a life-shortening multi system disease in which chronic respiratory
disease is the major cause of morbidity and mortality. Impaired mucociliary clearance is an
important problem in most patients with CF and therefore enhancing mucus clearance is an
important aim of CF therapy. Despite current therapy progressive small airways obstruction
is present in most patients with CF. However, the importance of small airway disease is often
underestimated. In addition, very few efforts have been focused on how to improve treat-
ment of the small airways using currently available treatment options.

Clinical studies evaluating the efficacy of mucolytics like dornase alfa were conducted in
the nineties. The conventional nebulizers used in these studies were very inefficient and
deposited most of the inhaled drug in the large airways and thus only small amounts of
dornase alfa reached the small airways. Hence, more efficient treatment of the small airways
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using modern nebulizers set to treat the small airways might increase the efficacy of inhaled
medications and thus improve lung function in CF.

In this thesis we describe two studies that aimed to improve the treatment of the small
airways in CF using dornase alfa. One study aimed to improve small airways treatment in
clinically stable CF patients. The other aimed to improve treatment in CF patients who are

admitted for a pulmonary exacerbation.

Next to CF, asthma is another important lung disease since approximately 10% of children
in the Western world have asthma. In asthma, airway inflammation is treated by inhaled
corticosteroids (ICS). The efficacy of ICS in asthma has been well proven and therefore ICS
are advised in all medical guidelines. However, despite this treatment 30 - 70% of asthma
patients do not gain optimal asthma control and one third of patients continue to have
abnormal lung function as measured by spirometry. Mucus retention is thought to contrib-
ute to airway obstruction in severe asthma, especially in the small airways. It is not known
whether more efficient treatment of mucus obstruction in the small airways in clinically
stable patients with asthma and persistent small airways obstruction might further improve
lung function. This thesis reports a randomized placebo controlled trial on the efficacy of
inhaled dornase alfa in children with clinically stable asthma and persistent small airways
obstruction.

Chapter 1 is a general introduction to this thesis and provides the aims of the studies.

Chapter 2 provides a more extensive background on the lung diseases CF and asthma, on
monitoring of lung disease and aerosol therapy.

Chapter 3 reports the results of a retrospective study that evaluated longitudinal differences
in spirometry parameters between CF patients and healthy controls. In this study, 7367 spi-
rometry measurements from 179 CF patients and 8338 measurements from 1371 healthy
children were analysed using quantile regression analysis. We evaluated three spirometry
parameters: FVC, FEV, and FEF .

For FVC it is clear that values for CF patients were lower than for healthy children, but a
substantial portion of CF patients had FVC values within the normal range. At the age of 8
years approximately 30% of CF patients had FVC values below the P_ of healthy controls. For
FEV,, the difference between CF and healthy children is larger than for FVC. At the age of 8
years almost 50% of CF patients had FEV, values below the P, for healthy controls. For FEF_,
the difference between CF and healthy subjects was even larger at all ages than for FVC or
FEV,. At 8 years, the P  for CF patients was close to the P, of healthy children. While FEF_
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values increased with age in healthy children, as would be expected with normal growth of
the lung, there was almost no increase in FEF__ from 6 to 18 years in CF patients, indicating
significant small airways disease. Sample size estimates for a hypothetical study using these
data showed that fewer patients are needed in a clinical trial when FEF__ is used as primary
endpoint than when FEV, or FVC would be used.

We conclude that FEF , values are substantially more reduced at an early stage of CF lung
disease relative to FEV, or FVC throughout childhood. Based on these results FEF _ could be a
more sensitive marker to detect and monitor early CF lung disease than FEV, or FVC both for

clinical management as for clinical studies.

In chapter 4 we present the results of a prospective cross-sectional study that aimed to
evaluate the feasibility of measuring CF lung disease using multiple breath wash out (MBW),
home nocturnal pulse oximetry and home nocturnal cough recording in young children with
CF. The second aim of this study was to determine whether these tests could distinguish CF
patients from healthy controls. From MBW the lung clearance index (LCl) can be calculated,
which is a measure of inhomogeneity of ventilation.

Twenty CF patients and thirty healthy children aged 0-4 years participated in this study. Suc-
cess rates for saturation and cough measurements were 90% and were similar for CF patients
and healthy children. Success rate for MBW was 75% for CF patients and 50% for healthy
children. There was a significant difference in mean LCl between healthy children and CF
patients (LCl 7.1 vs. 9.3, p < 0.001). Mean nocturnal oxygen saturation was normal in both
groups and did not significantly differ between the groups. Similarly, cough showed no dif-
ferences between both groups.

We therefore conclude that measurements of MBW, nocturnal oxygen saturation and noctur-
nal cough were feasible in young children; however LCI was the only variable that showed a
significant difference between children with CF and healthy children at this young age.

Chapter 5 presents an overview of the literature on dornase alfa for the treatment of CF
lung disease. CF sputum shows high concentrations of free DNA released from disintegrating
inflammatory cells. The free DNA contributes to the abnormally high viscosity of CF sputum
and therefore forms an important target in the treatment of CF lung disease. Dornase alfa is
arecombinant human enzyme that is synthesized in a Chinese Hamster Ovary (CHO) cell line.
It is a mucolytic drug that enzymatically cleaves extracellular DNA into molecules of shorter
length. In vitro studies showed that dornase alfa rapidly and significantly reduces the viscos-
ity of purulent CF sputum. The liquefied sputum is less adhesive to the airway wall and it can
be expectorated more easily. Clinical studies have shown that daily nebulization of dornase
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alfa significantly improves lung function and decreases the frequency of exacerbations in
patients with CF.

Chapter 6 describes the results of a multicenter, double-blind, randomized controlled
clinical trial on the efficacy of improved small airways deposition of dornase alfa in stable
CF patients. All patients included in the study were on maintenance treatment with dornase
alfa using a conventional nebulizer. After randomization they were switched to a new type
of nebulizer that directed the flow and depth of each inhalation, coached the patient on
correct inhalation technique and controlled the fraction of the inspiration time during which
aerosol was generated. Patients were randomized to small airway deposition or large airway
deposition of dornase alfa. For the large airways group the devices were set to simulate con-
ventional nebulizers and deposit most of the drug in the large airways. For the small airways
group the devices were set to deposit dornase alfa preferentially in the small airways. In order
to obtain the two different lung deposition patterns we adjusted three characteristics of the
nebulizer treatment: particle size, timing of aerosol bolus and breathing pattern. In this study,
24 patients were randomized to 4 weeks of small airways deposition of dornase alfa once
daily and 25 patients were randomized to large airways deposition. Spirometry and LCl were
measured at inclusion, after 2 and after 4 weeks of study treatment. Respiratory symptoms

were scored daily by the patients in a dairy. Primary endpoint was FEF__, which is a spirometry

75"
parameter sensitive to changes in the small airways.

FEF . increased significantly by 0.7 SD (5.2% predicted) in the large airways group and 1.2
SD (8.8% predicted) in the small airways group. Intention to treat analysis did not show a
significant difference in treatment effect between groups. Per protocol analysis excluding
patients not completing the trial or with adherence <70% showed greater improvement in
the small airways deposition group. Symptom scores did not show a significant difference
between treatment groups. LCl was measured in a subgroup of 29 patients and also did not
show a difference between groups.

In conclusion, this study shows that 4 weeks of dornase alfa nebulized using a state of the
art nebulizer device resulted in a significant improvement in FEF_, in children with stable CF
lung disease who were on maintenance treatment with dornase alfa. Per protocol analysis
demonstrated better treatment response in the small airways group. This study underlines
that both adherence and inhalation competence are important determinants to optimize
treatment effect of dornase alfa.

In chapter 7 we report the results of a multi-centre, double-blind, randomized controlled
clinical trial investigating the efficacy of improved small airways deposition of dornase alfa
in CF patients admitted to the hospital for a pulmonary exacerbation. After a run-in of 5
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days, patients on dornase alfa maintenance treatment were switched to a smart nebulizer
and randomized to small airways deposition (n = 19) or large airways deposition (n = 19)
of dornase alfa for a minimum of 7 days. Spirometry and nocturnal oxygen saturation were
measured at inclusion, at randomization and after 7 days of study treatment. Spirometry im-
proved significantly in both groups during the study period. We did not observe differences
in the primary endpoint FEF _ and other outcome parameters between the two treatment

groups.

We conclude that during a CF exacerbation improved small airways targeting does not result
in improved FEF .. We speculate that it might be difficult to deposit sufficient drug into
the small airways due to increased mucus production and increased airway obstruction in
patients with a pulmonary exacerbation. In addition, other treatments such as intravenous
antibiotics might be more important for the recovery of an exacerbation than the inhalation
of dornase alfa.

Chapter 8 presents the results from a randomized placebo-controlled double blind clinical
trial on the efficacy of inhaled dornase alfa in children with clinically stable asthma and per-
sistent small airways obstruction. In this study 41 patients were randomized to dornase alfa
and 23 patients to placebo. In both groups study drug was nebulized using a smart nebulizer
programmed to optimally treat the small airways.

Spirometry, Lung Clearance Index (LCl) and fractional concentration of exhaled nitric oxide
(FeENO) were measured at inclusion, after 2 and 3 weeks of treatment, and at a follow-up

visit 4 weeks after study treatment was stopped. Primary endpoint was FEF_, since this is a

75’
parameter sensitive to changes in the small airways. Patients scored respiratory symptoms in
a diary. Mean FEF

weeks of treatment in both groups.

FEV,, LCI, FeNO or symptom scores did not change significantly after 3

In conclusion, three weeks of treatment with once daily dornase alfa targeted to the small
airways did not reverse persistent small airways obstruction in children with stable asthma.
This suggests that the persistent small airways obstruction is not caused by mucus in the
small airways. Another explanation can be that the mucus in patients with asthma does not
contain increased amounts of extracellular DNA.

General discussion

In this part we discuss the main findings of our studies in the context of current literature and
discuss directions for future research.
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Endpoints for monitoring and detection of early CF lung disease

The first important finding of our studies is that in children of 6 years and older FEF__ is a
sensitive outcome measure to detect early CF lung disease. End expiratory flow parameters
such as the FEF _ are generated at a low lung volume and are therefore thought to be more
sensitive to morphological changes in the small airways and less determined by changes in
the large airways.'” In textbooks it is often stated that FEF  is considered to be highly variable
and therefore less useful. However, in the study described in chapter 3 we show that in chil-
dren with CF FEF__ is substantially more decreased relative to the reference population than
FEV, or FVC and that abnormalities in FEF , occur at a younger age than those in FEV, and
FVC. We conclude that even though FEF_, is more variable than FEV, this greater variability
is offset by a substantially larger potential effect size on FEF_, Thus, there is substantial room
for improvement in FEF_ . making it a more sensitive outcome measure than FEV, for usein a
clinical trial. Thanks to major improvements in CF care over the last decades, FEV, is normal
in most schoolchildren and therefore has become relatively insensitive as a primary outcome
measure in clinical studies. In contrast, even in most of today’s CF patients aged 6 years or
older FEF , is decreased reflecting considerable small airways disease. The clinical relevance
of FEF , as an outcome measure is supported by a number of recent studies.** In one such
study the sensitivity of FEF . to detect structural lung abnormalities on chest computed to-
mography (CT) scan was compared to that of FEV,. The sensitivity of FEV, to detect abnormal
lung structure on CT as determined by elevated composite CT score, increased air trapping
or presence of bronchiectasis, ranged from 19% to 26% while for FEF , this ranged from 62%
to 75%.’ The beauty of FEF _ is that it is generated using routine spirometry which is a well
validated, well standardized and relatively cheap test that is widely distributed throughout
the world. Based on our findings we strongly recommend including FEF , as an important

outcome measure to monitor small airways involvement and therapy in CF lung disease.

Unfortunately spirometry is less feasible as a technique to detect CF lung disease in many
preschool-aged children. Hence, alternative more feasible lung function tests are needed to
detect small airways disease in this age group. Lately multiple breath wash out testing (MBW)
has been rediscovered as a means to detect small airways disease. Lung clearance index (LCl)
is a key outcome measure derived from the MBW test. An elevated LCl reflects inhomogeneity
of ventilation caused by small airways disease. Theoretically, MBW can be performed in infants
and preschool children since it requires only tidal breathing. However, the procedure lasts a
few minutes and requires a good seal between facemask and face from start to finish. Studies
on inhaled drug delivery showed that this tight seal can be a challenge in young children.>¢

In older children it was suggested that LCl is even more sensitive than FEF_, in detecting
structural lung abnormalities visible on CT scan: sensitivity for FEF_, ranged from 62% to 75%
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and for LCI from 85 to 94%3. Additionally, a prospective study in 57 children with CF aged six
to ten years old showed that LCl was more sensitive than spirometry- or plethysmography-
related outcome measures in detecting abnormalities visible on chest CT.” Two recent
intervention studies in CF patients with relatively mild lung disease (FEV, = 80% predicted)
suggested that LCI may be a suitable tool to assess early intervention strategies. The first
study showed that four weeks of twice daily hypertonic saline inhalation improved LCl signifi-
cantly more compared with isotonic saline, whereas spirometry-related outcome measures
did not show a difference.? The second study showed that LCl improved significantly after 4
weeks of dornase alfa compared with placebo, while FEV, did not show an effect.® Until now
only few clinical intervention studies using LCl as outcome measurement have been done®®

or are currently ongoing (http://www.controlled-trials.com, http://clinicaltrials.gov).

The second important finding of our studies is that the MBW technique is feasible in 75% of
children with CF aged 0-4 years without sedation. In addition we showed that LCl is elevated
in young CF patients compared with healthy controls and is able to differentiate CF patients
from healthy children at an early age. Our findings are in accordance with a number of recent
studies in young children. In a prospective study in children with CF below 3 years of age
MBW testing and bronchoalveolar lavage (BAL) were done in sedated children within 72
hours. This study showed that at this young age LCl was elevated in 32% of children with CF.
Additionally, in CF patients with a positive BAL culture for P. aeruginosa LCl was significantly
higher than in patients without this pathogen.’ Furthermore, a recent prospective study in
48 children with CF demonstrated that LCl measured at preschool age predicts subsequent
lung function in children with CF at school age.”

Although our study further supports the role of LCl as an outcome measure for early lung
disease, many validation steps are still needed before LCl can be considered a valid outcome
measure. It is unknown how LCl relates to ‘true’clinical outcome measures such as frequency of
respiratory tract exacerbations (RTEs) and mortality. Furthermore, most LCl studies have been
cross-sectional and there are only sparse longitudinal data available to assess the ability of LCI
to track disease.'? Therefore, further validation studies and longer-term follow up are needed.

In summary, FEF_, and LCl are promising outcome measures for the detection and monitoring
of early CF lung disease. Standardization of MBW testing and further validation of LCl and
FEF_, against long-term outcomes such as RTE frequency and mortality are still needed. Our
study evaluating different spirometry parameters in children of 6 years and older showed
that FEF_ is a sensitive outcome measure to detect early CF lung disease. For younger chil-
dren unable to perform spirometry we showed in a cross-sectional study that it is feasible to
perform MBW in unsedated children aged 0 - 4 years and that LCl can detect early CF lung
disease at this young age.
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The importance of competence in inhalation therapy

The third important new finding of our studies is that by improving inhalation competence
the efficacy of dornase alfa in CF increased substantially. Treatment competence is of key
importance in nebulizer therapy in addition to the well established importance of treatment
adherence. The importance of competence in inhaling drugs has been relatively well studied
for anti-asthma drugs delivered by dry powder inhalers (DPIs) and pressurized metered dose
inhalers (pMDls). A less than optimal technique can result in decreased drug delivery and
potentially reduced efficacy.’*'* Unfortunately, incorrect inhalation technique is common
among patients with chronic respiratory disease.>'>'¢

Registration studies for dornase alfa were performed using first generation conventional jet
nebulizers. These jet nebulizers are very inefficient for the following two reasons:

Firstly, they do not control the breathing pattern of the patient during inhalation. In general
the drug is inhaled while the patient is breathing normally. This breathing pattern results in
a centralized deposition pattern of the inhaled aerosol while most of the pathology in CF is
localized in the small airways.””"® Secondly, the deposition efficiency of these nebulizers is
low and ranges from 10 to 20%.%°*> Most of the drug is retained within the nebulizer chamber

and a large fraction of the generated aerosol is lost into the environment.

In the study presented in chapter 6, the importance of nebulizer competence was clearly
demonstrated. This randomized controlled clinical trial compared small airways deposition of
dornase alfa to large airways deposition in stable CF patients. Both treatment groups showed

a considerable improvement in FEF__, four weeks after switching from a conventional nebu-

75!
lizer to a smart nebulizer. The smart nebulizer used in the study directed the flow and depth
of each inhalation, coached the patient on correct inhalation technique and controlled the
fraction of the inspiration time during which aerosol was generated. This way, the likelihood
of making mistakes during nebulization was reduced. Additionally, the device recorded date,
time and number of breaths performed for each nebulization. From these data, adherence
could be assessed. Adherence during our study was 85%, which is high for an aerosol treat-
ment. FEF_, and FEF

improved patency of small airways. Importantly, patients in this study were already on

,5.75 iImproved significantly after 4 weeks of study treatment, indicating
dornase alfa maintenance treatment. Hence, the treatment effect was not the result of the
introduction of a new drug, but of optimizing inhalation technique and delivery efficiency as
well as adherence. Hence, our study suggests that the efficacy of inhaled medication can be
improved substantially by optimizing adherence and inhalation technique.

In conclusion, this study underlined the importance of inhaler competence and adherence.
We showed that small airway patency of stable CF patients can be improved by switching
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maintenance dornase alfa treatment from a conventional nebulizer to a smart nebulizer that

optimizes breathing pattern and lung deposition.

Treatment of CF respiratory tract exacerbations

The fourth important issue that was highlighted by our study in chapter 7 is that optimizing
small airway treatment during a respiratory tract exacerbation is difficult. Interestingly, treat-
ment of CF respiratory tract exacerbations (RTEs) is largely not evidence-based and only few
randomized clinical trials have been performed on this important aspect of CF care. As 25%
of CF patients experiencing a RTE do not regain pre-RTE spirometry values at the end of the
RTE treatment period?, it is clear that RTE treatment needs to be improved. Effective sputum
mobilization is an important component of the treatment of RTEs. We therefore investigated
whether efficient small versus large airway treatment with dornase alfa improves small air-
way obstruction in CF patients during RTEs. In this randomized controlled study we did not
observe a difference in treatment effect between small airway and large airway deposition of
inhaled dornase alfa during a RTE. There are many reasons that could explain this result. Most
importantly it could be that a higher dose of dornase alfa is needed to treat the increased
amounts of mucus during a RTE. Additionally, deposition might have been primarily in cen-
tral airways due to secretions in these airways during an exacerbation. Finally, the treatment
period might have been too short. Clearly, alternative personalized strategies are needed to
improve current treatment efficacy of RTEs.

Dornase alfa in asthma

The fifth important finding of our studies is that maintenance treatment with dornase alfa
delivered by a smart nebulizer did notimprove small airways patency in children with asthma
and persistent small airways obstruction.

Case reports suggest that dornase alfa treatment is effective in acute asthma.?>? However,
the only previously reported randomized clinical trial (RCT) on dornase alfa use in children
with acute asthma did not show a beneficial effect of adding a single dose of 5 mg dornase
alfa to standard treatment in the emergency room.”” Whether dornase alfa could play a role
in maintenance treatment of stable asthma with persistent lung function abnormalities, was
never investigated. Therefore we conducted a randomized placebo-controlled double blind
clinical trial on the efficacy of a three-week treatment with dornase alfa once daily in children
with clinically stable asthma and persistent small airways obstruction. Similar to the study
in acute asthma, we did not observe a significant treatment benefit of dornase alfa on small
airways obstruction in stable asthmatic patients.



The most likely explanation for this finding is that free extracellular DNA does not contribute
to the small airways obstruction in these patients. Since we used a highly efficient smart
nebulizer optimizing deposition and inhalation competence we feel that it is unlikely that
the dose of dornase alfa delivered to the small airways was too low in our study. Most likely
the persistent airway obstruction is caused by mechanisms other than mucus obstruction
(e.g. oedema, inflammation, airway wall remodelling, or smooth muscle contraction). An-
other reason for the contrasting results between the RCTs and the case reports is that the
pathophysiology of airway obstruction during severe acute asthma exacerbations is different
from that of persistent small airway obstruction in stable patients. The case reports mostly
included children with severe airway obstruction who failed to respond to routine therapy.

In conclusion, our study did not show a beneficial effect of dornase alfa in stable asthmatic
children who had persistent small airway obstruction.

Directions for future research

Endpoints in paediatric lung disease

In this thesis, two lung function outcome measures have been studied which can be used in
the detection and monitoring of CF lung disease: FEF_, and LCI.

We showed that FEF , is more sensitive than FEV, to detect small airways disease in CF.
However, FEV, is well validated and has been shown to correlate with survival and exacerba-
tion rate, while these data are lacking for FEF .. Future studies should therefore investigate
whether FEF__ is related to true clinical efficacy measures such as exacerbations, hospitaliza-
tions or survival. Such studies will be relatively easy to execute since spirometry is widely
used and spirometry parameters are available in many datasets.

Validation studies are also needed for LCI. Most interesting will be longitudinal comparisons
between changes in FEF, and changes in LCl to see to what extent these two parameters
yield identical or complementary information. While spirometry is well standardized, further
standardization of MBW measurement techniques is needed. To date, there is no interna-
tional consensus on equipment or procedures for MBW.% For this reason it was suggested
that each centre should produce its own reference values.?® Recent ATS/ERS guidelines on
pulmonary function testing in preschool children include a section on LCI.** This document
only gives general recommendations on how to perform MBW. It is stressed that, because
only a few centres have experience with MBW, proposals regarding equipment, procedures,
analysis, and interpretation must be considered tentative.
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Most MBW studies published over the past decade were performed using mass spectrometry
in infants and children.>'34 However, mass spectrometry equipment is expensive and custom-
built and its use is therefore restricted to few specialised research centres. As an alternative,
ultrasonic technology was introduced and a commercial device (Exhalyzer D, Eco Medics AG,
Switzerland) with a mainstream ultrasonic transducer was marketed a few years ago.*® This
system was improved (ndd medical technologies, Switzerland) using a sidestream ultrasonic
transducer where the measurement of molar mass is not influenced by temperature and
humidity; only flow is sampled from a mainstream ultrasonic transducer.*® Since it is unlikely
that centers will use identical equipment, guidelines for both mass spectrometry and ul-
trasonic equipment should be developed. Furthermore, studies comparing different types
of equipment are needed to facilitate multi-center studies. In addition there is a need for
standardization of the MBW procedure. Recent guidelines advise that measurements should
be done with the child seated in an upright position3, while most of the studies to date in

infants and young children have been performed in sedated and supine children 343’

Our study showed that the MBW test is feasible in 50 to 75% of very young children. The most
important challenge of the test remains the time during which a perfect seal between face
and mask can be maintained. Recent studies suggest that the nitrogen washout test could
replace the currently used wash-in and washout MBW procedure using inert gasses.*® Since
no wash-in phase is needed, this will reduce the time needed to perform a MBW test. It is
likely that this reduction in time will further improve the acceptability of the MBW procedure.

Future studies on inhaler competence and small airway treatment in CF

Our RCT that compared small airways deposition of dornase alfa to large airways deposition
in stable CF patients clearly showed the importance of optimizing inhalation competence
and adherence.

Future studies on inhaler competence could focus on optimizing CF treatment with drugs
other than dornase alfa. For example, it is very likely that patients may benefit from improved
administration of inhaled antibiotics that are used to treat bacterial infections in CF. The total
surface area of small airways is large. We speculate that the delivered concentration of antibi-
otics is insufficient with currently used nebulizers, resulting in a suboptimal treatment effect.
The use of smart nebulizers to deposit more of the antibiotic in the small airways may result
in more effective eradication and suppression of infectious organisms such as P. Aeruginosa.
This could theoretically improve the treatment of CF patients chronically infected with P.

Aeruginosa®*-“? and other microorganisms.
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Furthermore, insights on inhaler competence and aerosol deposition gained in our stud-
ies are relevant for other paediatric lung diseases such as asthma. It would for example be
worthwhile to investigate whether more efficient deposition of inhaled corticosteroids into
the small airways can improve lung function and symptoms in children with difficult-to-treat
asthma. It is striking that 30 to 70% of asthma patients currently do not gain optimal asthma
control®* despite maintenance treatment.

Future studies on the treatment of RTEs in CF

When reading current literature and guidelines on treatment of CF lung disease, we were
surprised to find that treatment for RTEs in CF largely is not evidence-based. Very few stud-
ies have been performed on this important component of CF care. A recent guideline on
the treatment of RTEs in CF underlined this lack of evidence, as for many topics it could not
give an evidence-based recommendation.*® Hence, this offers a great opportunity for further
improvement of the therapy of CF lung disease.

Generally, treatment of a RTE consists of intravenous (IV) antibiotics, intensified airway clear-
ance therapies and continuation or intensification of maintenance therapies.

Regarding treatment with antibiotics, studies should investigate the optimal duration of IV
antibiotic treatment, the type and number of antibiotics to be used and whether simultane-
ous use of inhaled and IV antibiotics is safe and efficacious.

Regarding mucus clearance during exacerbations we feel it is important to further investigate
treatment with a higher dose of dornase alfa delivered by smart nebulizer in comparison to
treatment with a conventional nebulizer, or dornase alfa in combination with other mucolyt-
ics such as hypertonic saline that work through a different mode of action. Additionally, the
optimal combination of mucolytic drugs and timing of airway clearance therapy could be

investigated during exacerbations.

Finally, it is current practice to continue most chronic medications during a RTE. In the recent
guideline it is stated that the authors found no compelling reason why any recommended
chronic therapy should be discontinued during treatment of a pulmonary exacerbation.*
From the perspective of our studies it would be interesting to study the effect of improved
small airway deposition of inhaled antibiotics in addition to i.v. antibiotics, to optimize anti-

biotic penetration into the lungs.
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Future studies on the use of off-label dornase alfa

We studied off-label use of dornase alfa in children with asthma and persistent airway ob-
struction. Case reports suggest that dornase alfa treatment is effective in RSV bronchiolitis,
acute asthma with atelectasis®*?, primary ciliary dyskinesia*®#°, pertussis®, atelectasis and
mucus retention in premature neonates®!, and plastic bronchitis in acute chest syndrome of

sickle cell disease.>?

In contrast to these case reports, the few RCTs on dornase alfa use in non-CF pediatric lung
diseases that have been performed until now, mostly have not shown a beneficial effect. In-
fants hospitalized with RSV bronchiolitis, children with airway malacia and lower respiratory
tract infection, and children with a moderate to severe acute asthma exacerbation did not
benefit from treatment with dornase alfa.?”>>* Similar to these studies, our study described
in chapter 8 did not show a beneficial effect of dornase alfa on small airway obstruction in
children with stable asthma. The only pediatric study on off-label use of dornase alfa that
did show a positive effect investigated whether it could prevent atelectasis in children who
were on a ventilator post-operatively.*® Dornase alfa reduced ventilation time, incidence of
atelectasis, length of stay on the pediatric intensive care unit, and mean costs.*

Other patients who need artificial ventilation may also benefit from dornase alfa treatment.
For example in prematurely born neonates, each additional day spent on the ventilator
increases the risk of bronchial pulmonary dysplasia (BPD). Shorter ventilation time might
therefore lead to relevant reduction in morbidity in this vulnerable group of patients.
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CHAPTER 10

Nederlandse samenvatting







Samenvatting

De belangrijkste functie van de long is het opnemen van zuurstof en het afvoeren van kool-
stofdioxide. Via de brochiaalboom wordt daarom continu lucht van en naar de longblaasjes
vervoerd. De brochiaalboom is een steeds weer vertakkend systeem van luchtwegen. Door
de vele vertakkingen neemt de totale oppervlakte van de luchtwegen sterk toe vanaf de
luchtpijp naar de longblaasjes. Als we ademen wordt het luchtwegoppervlak blootgesteld
aan potentieel gevaarlijke deeltjes in de lucht, zoals stof, luchtverontreiniging of bacterién.

Normaalgesproken worden deze deeltjes uit de luchtwegen verwijderd door een complex

proces genaamd mucociliaire klaring. Dit proces verloopt via de volgende stappen:

- Op het oppervlak van de luchtwegen ligt een dun laagje slijm (mucus).

- Deingeademde deeltjes blijven plakken in de mucuslaag.

- De deeltjes worden vervolgens door de trilhaartjes op het oppervlak van de luchtwegen
getransporteerd naar de keel of mondholte, en worden hierna doorgeslikt of samen met
het slijm uitgehoest.

Als de mucociliaire klaring niet goed werkt, hoopt de mucus zich op en worden ingeademde

deeltjes niet goed uit de luchtwegen verwijderd. Dit kan leiden tot luchtwegobstructie,

-infectie en -ontsteking, met chronische longziekte tot gevolg.

Het meten van longziekte

Omdat longziekte soms al op jonge leeftijd begint en in de loop van de tijd kan verergeren, is
het belangrijk om de ernst van ziekte goed te kunnen meten en te kunnen monitoren. Hier-
voor zijn verschillende longfunctietesten beschikbaar. Een longfunctietest die veel gebruikt
wordt bij kinderen van 6 jaar en ouder is spirometrie. Bij deze test wordt de patiént gevraagd
om eerst zo diep mogelijk in te ademen, en daarna zo hard en zo snel mogelijk uit te blazen in
de spirometer. Uit de spirometrie kunnen een aantal belangrijke parameters worden afgeleid:

- Forced vital capacity (FVC) is het maximale volume aan lucht (in liters) dat uitgeademd
kan worden na een maximale inademing. Een te lage FVC kan wijzen op verlies van long-
volume.

- Forced expiratory volume in 1 second (FEV,) is het maximale volume aan lucht (in liters)
dat uitgeademd kan worden in de eerste seconde van de geforceerde uitademing na een
maximale inademing. De FEV. is een parameter die vooral gevoelig is voor obstructie in
de grote luchtwegen.

- Forced Expiratory Flows at 25, 50 and 75% of FVC (respectievelijk FEF,,, FEF, en FEF ) zijn
stroomsnelheden van de uitgeademde lucht gemeten op verschillende afkappunten van

25’

de geforceerde uitademing (in liters per seconde). Deze parameters zijn gevoelig voor

obstructie in de kleine luchtwegen.
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Spirometrie is relatief makkelijk te verrichten, is goed gevalideerd en gestandaardiseerd,
maar heeft ook een aantal beperkingen.

Ten eerste is door de vele verbeteringen in de zorg voor kinderen met chronische longziekten
de FEV, nu vaak normaal op de kinderleeftijd en daardoor niet meer nuttig in de monitoring
van de longziekte. In dit proefschrift introduceren we daarom FEF , als een gevoeliger pa-
rameter om beginnende longziekte te detecteren. Ten tweede zijn kinderen jonger dan 4-6
jaar niet in staat om spirometrie uit te voeren. Het is dus noodzakelijk om te zoeken naar
meetmethoden die wel bij jonge kinderen verricht kunnen worden. In dit proefschrift evalue-
ren wij drie alternatieve metingen van longziekte bij jonge kinderen: de multiple breath wash
out (MBW) techniek, meting van de zuurstofsaturatie van het bloed gedurende de slaap en
meting van nachtelijk hoesten.

Behandeling van longziekten

In dit proefschrift beschrijven we studies bij twee verschillende longziekten: taaislijmziekte
(cystic fibrosis; CF) en astma. Bij beide ziekten worden medicijnen bij voorkeur toegediend
als inhalatiemedicatie. Deze toediening heeft namelijk het voordeel dat het medicijn direct in
de longen terecht komt. Hierdoor heeft geinhaleerde medicatie snel effect en is meestal een
lagere dosis nodig dan bijvoorbeeld bij het slikken van een tablet om toch hetzelfde effect te
bereiken. De nevel van medicijn die een patiént inhaleert, wordt ook wel aerosol genoemd.

Cystic Fibrosis

CF is een erfelijke ziekte waarbij chronische longziekte de meeste klachten veroorzaakt en
uiteindelijk leidt tot vroegtijdig overlijden. Zoals de Nederlandse benaming ‘taaislijmziekte’
al zegt, is het slijm dat de luchtwegen bedekt bij CF te visceus oftewel taai. Verstoorde mu-
cociliaire klaring is een belangrijk probleem bij de meeste patiénten met CF en daarom is
therapie gericht op verbeteren van mucus klaring een belangrijk onderdeel van de behande-
ling. Patiénten gebruiken hiervoor medicijnen die het taaie slijm dunner maken, waardoor
het makkelijker uit de luchtwegen opgeruimd kan worden. Daarnaast doen de patiénten
luchtwegfysiotherapie om het ophoesten van slijm te bevorderen. Ondanks intensieve the-
rapie komt schade aan de kleine luchtwegen bij veel patiénten met CF voor. Het belang van
deze schade aan de kleine luchtwegen wordt soms onderschat. Ook is nog weinig onderzoek

verricht naar de verbetering van behandeling van de kleine luchtwegen.
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Het meest gebruikte slijmverdunnende medicijn bij CF patienten is DNase (ook wel bekend
als dornase alfa, merknaam Pulmozyme®). DNase wordt toegediend met een vernevelaar. Dit
is een apparaat dat een vloeibaar medicijn omzet in een nevel, die vervolgens kan worden
geinhaleerd. De klinische studies naar de werkzaamheid van DNase werden verricht in de
jaren '90. De vernevelaars die in deze studies gebruikt werden, waren relatief inefficiént.
Daarnaast kwam een groot gedeelte van de geinhaleerde medicatie in de grote luchtwegen
terecht en maar weinig medicatie in de kleine luchtwegen. Daarom verwachten wij dat ver-
beterde behandeling van de kleine luchtwegen met modernere vernevelaars de effectiviteit
van geinhaleerde medicatie kan verhogen en daarmee de longfunctie van patiénten met CF

kan verbeteren.

In dit proefschrift beschrijven we twee studies die tot doel hadden de behandeling van de
kleine luchtwegen met DNase bij patiénten met CF te verbeteren. Eén studie onderzocht dit
bij stabiele CF patiénten en de andere studie bij CF patiénten die waren opgenomen in het
ziekenhuis vanwege een toename van de luchtwegklachten oftwel exacerbatie.

Astma

Een andere belangrijke longziekte is astma, omdat ongeveer 10% van de kinderen in de Wes-
terse wereld astma heeft. Astma is een complexe multifactoriéle ziekte waarbij ontsteking
en zwelling van de luchtwegwand, samentrekken van de spiertjes rondom de luchtweg en
verminderde mucociliaire klaring een rol spelen. Astma wordt gekarakteriseerd door een
wisselende luchtwegobstructie. Klachten die kunnen optreden bij patiénten zijn kortade-
migheid, een snelle ademhaling, hoest, verminderde mogelijkheid tot het verrichten van

inspanning en een verstoorde slaap.

De luchtwegontsteking bij astma wordt behandeld met geinhaleerde corticosteroiden. De
werkzaamheid van inhalatiecorticosteroiden is duidelijk vastgesteld in klinische studies. Toch
bereikt ondanks behandeling met inhalatiecorticosteroiden 30 tot 70% van alle patiénten
geen optimale controle van hun astma en houdt een derde van alle patiénten een afwijkende
longfunctie. Mucus retentie draagt bij aan de luchtwegobstructie bij astma, met name in
de kleine luchtwegen. Het is nog niet bekend of betere behandeling van mucus obstructie
in de kleine luchtwegen de longfunctie van kinderen met astma kan verbeteren. Daarom
onderzochten wij of inhalatie van DNase leidt tot verbetering van de longfunctie en van de

klachten bij kinderen met astma.

Hoofdstuk 1 is een algemene introductie van dit proefschrift waarin ook de doelen van de
studies worden beschreven.
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Hoofdstuk 2 geeft meer achtergrondinformatie over de longziekten CF en astma, over het
meten van de ernst van longziekte en over behandeling met inhalatiemedicatie.

Hoofdstuk 3 beschrijft de resultaten van een retrospectieve studie naar longitudinale ver-
schillen in de spirometrie parameters FVC, FEV, en FEF_, tussen CF patié€nten en gezonde kin-
deren. We wilde deze drie parameters vergelijken om te zien welke parameter het gevoeligst
is om beginnende longziekte op te sporen. In deze studie werden 7367 spirometrie metingen
van 179 CF patiénten en 8338 metingen van 1371 gezonde kinderen geanalyseerd. Hieruit
bleek dat de FVC van CF patiénten gemiddeld lager is dan die van gezonde kinderen, maar
een relatief groot deel van de CF patiénten FVC waarden heeft die nog binnen de normale
range vallen. Voor FEV, is het verschil tussen CF patiénten en gezonde kinderen groter en
zijn er meer kinderen die niet meer binnen de normale range vallen met hun FEV,.Voor FEF
is het verschil tussen CF patiénten en gezonde kinderen nog groter dan voor FVC of FEV,.
Bijvoorbeeld op de leeftijd van 8 jaar heeft bijna 90% van de CF patiénten een afwijkende
FEF... En terwijl de FEF , waarden bij de gezonde kinderen toenemen met de leeftijd, zoals
verwacht mag worden met normale groei van de long, neemt de FEF  bij de CF patiénten
bijna niet toe. Dit wijst op de aanwezigheid van schade aan de kleine luchtwegen.

We concluderen dat op relatief jonge leeftijd FEF_, aanzienlijk meer verlaagd is dan FEV, of
FVC bij kinderen met CF. FEF_, zou daarom een gevoeliger uitkomstmaat kunnen zijn om
beginnende longziekte bij kinderen met CF te detecteren en te monitoren.

In hoofdstuk 4 presenteren we de resultaten van een prospectieve cross-sectionele studie
die evalueerde of breath wash out (MBW), meting van de zuurstofsaturatie van het bloed
gedurende de nacht en meting van nachtelijk hoesten uitvoerbaar zijn bij jonge kinderen
van nul tot en met 4 jaar. Daarnaast onderzochten we of deze testen onderscheid konden
maken tussen CF patiénten en gezonde kinderen. Uit de MBW test kan de lung clearance

index (LCI) worden berekend, wat een maat is voor inhomogeniteit van ventilatie.

Twintig kinderen met CF en dertig gezonde kinderen van 0 tot en met 4 jaar oud namen deel
aan deze studie. Het succespercentage voor de metingen van saturatie en hoest was 90%
voor beide groepen kinderen. Het succespercentage voor MBW was 75% voor CF patiénten
en 50% voor gezonde kinderen. Er was een significant veschil in gemiddelde LCI tussen
gezonde kinderen en CF patiénten (LCl respectievelijk 7.1 en 9.3, p < 0.001). De gemiddelde
nachtelijke zuurstofsaturatie was normaal in beide groepen en toonde geen verschil aan
tussen CF patiénten en gezonde kinderen. Ook de meting van het nachtelijk hoesten toonde
geen verschil tussen de groepen.
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Wij concluderen daarom dat metingen van MBW, van de nachtelijke zuurstofsaturatie en van
nachtelijk hoesten uitvoerbaar zijn bij jonge kinderen. LCl was de enige parameter die een
duidelijk verschil liet zien tussen kinderen met CF en gezonde kinderen. Daarom kan LCl een
goede parameter zijn om in een vroeg stadium CF longziekte op te sporen.

Hoofdstuk 5 geeft een overzicht van de literatuur over het medicijn DNase bij de behande-
ling van CF longziekte. Het sputum van CF patiénten bevat hoge concentraties vrij DNA, dat
afkomstig is van afweercellen die kapot zijn gegaan. Deze lange slierten DNA dragen bij aan
de abnormale taaiheid van het sputum en daarom is dit vrije DNA een belangrijk aangrij-
pingspunt voor de behandeling. Recombinant humaan DNase (rhDNase; Pulmozyme”) is een
recombinant menselijk enzym dat het vrije DNA opknipt in moleculen van kortere lengte.
Het is een slijmverdunnend middel dat ontwikkeld is voor de behandeling van longziekte
bij CF. DNase vermindert de viscositeit van het CF sputum, waardoor het minder blijft plak-
ken aan de luchtwegwand en makkelijker geklaard kan worden uit de luchtwegen. Klinische
studies hebben aangetoond dat dagelijkse verneveling met DNase de longfunctie verbetert
en het aantal exacerbaties vermindert bij patiénten met CF.

Hoofdstuk 6 beschrijft de resultaten van een multicenter, gerandomiseerde, dubbelblinde
studie naar de effectiviteit van verbeterde behandeling van de kleine luchtwegen met DNase
bij stabiele kinderen met CF. Alle CF patiénten die meededen aan de studie, gebruikten véér
het begin van de studie al DNase als onderhoudsmedicatie met een gewone vernevelaar.
De patiénten werden in de studie gerandomiseerd naar toediening van DNase voornamelijk
gericht op de kleine luchtwegen of op de grote luchtwegen. Beide groepen gebruikten een
nieuw soort vernevelaar, die de snelheid en de diepte van de inademing stuurde, de patiént
coachte om op de juiste manier in te ademen en bepaalde gedurende welk gedeelte van de
inademingstijd er aerosol werd geproduceerd. De behandeling gericht op de grotere luchtwe-
gen lijkt op de huidige behandeling met een standaard vernevelaar. De behandeling gericht
op de kleine luchtwegen is de nieuwe behandeling. Om de twee veschillende behandelingen
te generen, pasten we drie eigenschappen van de vernevelaar aan: de deeltjesgrootte van de
geinhaleerde medicatie, de timing van de aerosol bolus en het ademhalingspatroon. In deze
studie werden 24 patiénten gerandomiseerd naar 4 weken behandeling met DNase gericht
op de kleine luchtwegen en 25 patiénten naar 4 weken behandeling met DNase gericht op
de grotere luchtwegen. Er werd longfunctie gemeten met behulp van spirometrie aan het
begin van de studie, na 2 weken en na 4 weken behandeling.

FEF, verbeterde singificant in beide groepen: met 0.7 standaard deviatie (SD) in de groep die
de grotere luchtweg behandeling kreeg en met 1.2 SD in de groep die de behandeling ge-
richt op de kleine luchtwegen kreeg. Als we voor de twee behandelgroepen alle kinderen die
met de onderzoeksbehandeling gestart waren vergeleken, vonden we geen verschil tussen
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de twee groepen. Maar keken we alleen naar kinderen die de 4 weken behandeling hadden
afgemaakt en minstens 70% van de medicatie daadwerkelijk ingenomen hadden, dan zagen
we dat de behandeling gericht op de kleine luchtwegen een significant grotere verbetering
van de FEF , gaf. Klachtenscores die de kinderen bijhielden in een dagboekje, lieten geen
verschil zien tussen de twee behandelgroepen.

Wij concluderen dat 4 weken behandeling met DNase verneveld met een nieuw soort verne-
velaar leidt tot een significante verbetering van de FEF , bij kinderen met CF. Een vergelijking
van de twee behandelingen (DNase gericht op de kleine luchtwegen of gericht op de grote
luchtwegen) in de groep kinderen die minstens 70% van de medicatie had ingenomen, liet
zien dat de kleine luchtweg behandeling significant beter was. Dit onderzoek benadrukt dat
het op de juiste manier inhaleren van medicatie van belang is om een optimaal effect van de
behandeling met DNase te verkrijgen.

In hoofdstuk 7 vermelden we de resultaten van een multicenter, gerandomiseerde, dubbel-
blinde studie naar de effectiviteit van verbeterde behandeling van de kleine luchtwegen met
DNase bij kinderen met CF die waren opgenomen in het ziekenhuis vanwege een toename
van de luchtwegklachten. Zo'n toename van klachten wordt een exacerbatie genoemd. Na
een run-in periode van 5 dagen waarin alle patiénten de gebruikelijke behandeling voor een
exacerbatie kregen, werden de patiénten gerandomiseerd naar inhalatie van DNase gericht
op de kleine luchtwegen (n = 19) of inhalatie van DNase gericht op de grotere luchtwegen (n
= 19) gedurende minimaal 7 dagen. Spirometrie en zuurstofsaturatie van het bloed tijdens
de slaap werden gemeten bij de start van het onderzoek, op de dag van randomisatie en
na 7 dagen behandeling. De longfunctie, gemeten met behulp van spirometrie, verbeterde
sigificant in beide behandelgroepen. We konden geen verschil aantonen in FEF , of andere
uitkomstmaten tussen de twee groepen. We concluderen daarom dat gedurende een CF
exacerbatie de behandeling met DNase gericht op de kleine luchtwegen niet beter werkt
dan de standaard behandeling. Misschien komt dit doordat er tijdens een exacerbatie meer
slijm in de luchtwegen aanwezig is, waardoor het niet goed lukt om voldoende DNase in de
kleine luchtwegen terecht te laten komen. Daarnaast zou het zo kunnen zijn dat tijdens een
exacerbatie de andere behandelingen, zoals antibiotica per infuus, belangrijker zijn voor het

herstel dan de behandeling met DNase.

Hoofdstuk 8 beschrijft de resultaten van een gerandomiseerde, placebo-gecontroleerde,
dubbelblinde studie naar de effectiviteit van DNase bij kinderen met stabiel astma en blijven-
de obstructie van de kleine luchtwegen. In deze studie werden 41 kinderen gerandomiseerd
naar DNase en 23 kinderen naar placebo. In allebei de groepen gebruikten de kinderen een
vernevelaar die was ingesteld om de kleine luchtwegen optimaal te behandelen.
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Spirometrie, lung clearance index (LCl) en de concentratie van uitgeademd stikstofoxide
(fractional concentration of exhaled nitric oxide; FeENO) werden gemeten bij de start van de
studie, na 2 en na 3 weken behandeling. Daarnaast hielden de kinderen dagelijks een dag-

boekje bij over hun luchtwegklachten. FEF_, FEV,, LCl, FeNO en klachtenscores lieten geen

75"
verschil zien tussen de twee behandelgroepen na drie weken behandeling.

Concluderend kunnen we zeggen dat drie weken behandeling met DNase gericht op de
kleine luchtwegen niet leidt tot verbetering van de luchtwegobstructie bij kinderen met
astma. Een verklaring hiervoor kan zijn dat de obstructie niet veroorzaakt wordt door slijm in
de luchtwegen, of dat DNase minder goed werkt op het slijm van kinderen met astma dan op
het slijm van kinderen met CF.
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