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ABSTRACT

Rationale
High Flow Nasal Cannula (HFNC) therapy is increasingly used in acute severe asthma care.
However, clinical evidence is low and evidence-based guidelines for the settings are lacking.
Therefore, this research focused on the effect of HFNC therapy on exercise provoked asthma of
children in a prospective randomized cross-over trial. Moreover, the clinical use and feasibility
of Scaled Tidal Flow Volume (STFV) curves is explored. These curves are derived from un-
obtrusive pressure measurements during tidal breathing and could aid in determining the best
HFNC settings. They have not yet been determined in children with asthma or during HFNC
therapy.

Methods
Children with asthma, suspected to be severely uncontrolled, were approached to participate.
They performed two Exercise Challenge Tests (ECTs), with either spontaneous recovery or re-
covery with HFNC therapy, in random order. When the bronchial lability was <30% participants
were excluded. Prior to each ECT, baseline measurements were performed without HFNC
therapy and with two different flowrates. After the ECT the measurements were repeated seri-
ally. Measurements consisted of spirometry, diaphragm electromyography and pressure in the
HFNC device. The pressure measurements were converted to STFV curves.

Results
Seven patients with asthma participated in this study. One of them met the bronchial labil-
ity criterium and performed 2 ECTs. This participant showed comparable recovery of lung
function with HFNC therapy and during spontaneous recovery. The respiratory rate and pa-
rameters describing the shape of the STFV curves decreased. The electrical activity of the
diaphragm increased. These results were in line with the baseline measurements in all 7 par-
ticipants. In the measurements during spontaneous recovery STFV curves no relationship was
found between the Ratio between Forced Expiratory Volume in 1 second and Forced Vital
Capacity (FEV1/FVC-ratio) and the expected FEV1/FVC-ratio derived from the STFV curves
(r = 0.006, p = 0.930). The feasibility of the STFV curves during HFNC therapy was 63% com-
pared to 95% without HFNC therapy.

Conclusion
The breathing pattern, and consequently the STFV curve, changes during HFNC therapy. There-
fore, references for STFV-curves during HFNC therapy have to be made separately from refer-
ences of STFV-curves that are measured without HFNC therapy. Furthermore, future research
on HFNC therapy should focus on the effect of the change in breathing pattern and the clinical
relevance of this effect.
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1 INTRODUCTION

Asthma is themost common chronic disease among children, with a prevalence of 5-10% in chil-
dren up to 12 years in the Netherlands.[1, 2] It is characterised by chronic airway inflammation
and results in respiratory symptoms such as wheezing, shortness of breath, chest tightness and
coughing, together with expiratory airflow limitation.[3] The occurrence and intensity of these
symptoms varies over time and can for instance be triggered by exercise, allergen or irritant
exposure, changes in weather or respiratory infections.[3] An asthma exacerbation, also called
acute severe asthma, is an acute or sub-acute worsening of symptoms.[3] Exacerbations are
often self-managed by patients with the help of a written asthma action plan that shows how to
recognise worsening of symptoms and how to respond to it with rescue medication.[3] However,
when the symptoms continue to deteriorate despite adhering to the action plan, a visit to the
emergency department is required. In the emergency department, high dose bronchodilators
are administered. If clinical signs (such as oxygen saturation, respiration rate, heart rate and
auscultation) indicate that the exacerbation is severe, therapy is extended with systemic corti-
costeroids and Conventional Oxygen Therapy (COT). When there is no sufficient improvement
in symptoms during the first hour, hospital admission is considered. Drowsiness, confusion and
a silent chest are signs that the exacerbation might be life-threatening. When this is the case,
the patient is admitted to the Pediatric Intensive Care Unit (PICU).[3, 4]

A technique that is increasingly used in acute severe asthma care is High Flow Nasal Can-
nula (HFNC) therapy.[5, 6] HFNC is a safe, non-invasive ventilation therapy which is well toler-
ated by children with respiratory distress.[7, 8] Initially HFNC was introduced in PICUs. More re-
cently it is also applied in emergency departments, general wards and even during transport.[9]
An advantage with respect to COT is that the gas mixture is heated (34-37 ◦C) and humidified
(relative humidity of nearly 100%).[9] This reduces damage to the mucosa of the upper airway,
preventing an inflammatory reaction and a nasopulmonary bronchoconstrictor reflex.[10] It is
hypothesized that the high flow of humidified and heated air can even enhance the mobilisa-
tion and evacuation of the abundant mucus present in asthma exacerbations.[11, 12] Besides
this, proposed working mechanisms include washout of deadspace and the increase of airway
pressure, leading to alveolar recruitment.[8] Since the introduction of HFNC there have been
some clinical studies using HFNC therapy in children with asthma exacerbations. However, as
the studies are mainly retrospective observational studies, clinical evidence is low.[13]

The gold standard for the assessment of lung function is spirometry. A drawback of using
spirometry when a child experiences a severe asthma exacerbation is that it is obtrusive. Per-
forming a forced expiratory manoeuvre multiple times can be exhaustive. Especially when a
child experiences an asthma exacerbation, this can be undesirable. On top of that, coopera-
tion is required in order to obtain useful measurements, which can be challenging for young
children and children that are experiencing dyspnea. Measuring the pressure in the HFNC de-
vice could be an alternative way to gain information about the lung function, without tiring the
child and without the need for cooperation. To attain the desired flowrate, the pressure deliv-
ered by the HFNC device to the patient is adjusted. Recently an algorithm has been developed
which converts pressure measurements from a nasal cannula to Scaled Tidal Flow Volume
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curves (STFV-curves).[14] It is hypothesised that the shape of a STFV-curve contains informa-
tion about the degree of recovery of the lung function.[14] Compared to spirometry this would
provide an additional advantage. Because the pressure is measured continuously, recovery or
worsening of the lung function could be quantified sooner. This could aid in adjusting therapy
based on the current status.

The main objective of this study is to investigate whether HFNC enhances the recovery of lung
function in asthmatic children that show a drop in lung function during, or directly after, an Exer-
cise Challenge Test (ECT). An ECT is used to induce a drop in lung function because exercise is
a common trigger for asthma exacerbations in children. The spontaneous recovery time after an
ECT will be compared to recovery with HFNC therapy. Besides this, the effect of HFNC therapy
on the respiratory Electromyography (EMG), the respiratory rate and the shape of STFV-curves
derived from the pressure measured via a nasal cannula will be explored.

The third and fourth objectives focus on the STFV-curves derived from the pressure measured
via a nasal cannula. They have not yet been determined in children with asthma or during
the application of HFNC therapy. As such, this study has the objective to explore the relation
between the shape of STFV-curves and both lung function and diaphragm EMG. Lastly, the
feasibility of obtaining STFV-curves in children during HFNC therapy will be explored.

1.1 Objectives

The objectives of the study are stated as follows:

1. To investigate whether HFNC therapy in asthmatic children enhances the recovery of lung
function in children who show a drop in lung function during, or directly after, an ECT.

2. To explore the effect of HFNC therapy on the respiratory EMG, respiratory rate and STFV-curves
derived from the pressure measured via a nasal cannula during tidal breathing.

3. To relate the recovery of lung function and breathing effort after an ECT to the shape of
STFV-curves derived from pressure changes measured via a nasal cannula during tidal
breathing.

4. To explore the feasibility of obtaining STFV-curves derived from the pressuremeasured via
a nasal cannula during tidal breathing during the application of HFNC therapy in children.
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2 BACKGROUND INFORMATION

This chapter provides background information concerning the physiology of breathing, asthma,
HFNC therapy and outcome measures that are used in this study.

2.1 Physiology of breathing

Breathing is the process that supplies the body with oxygen and releases carbon dioxide from
the body. The actual gas exchange occurs in the alveoli, where oxygen is transported from the
alveloar air into the blood and carbon dioxide is transported the opposite direction. In order to
continue this gas exchange, however, the air in the alveoli needs to be refreshed. This is done
by transporting air from the atmosphere into the alveoli and back, which is called ventilation.
The mechanics of ventilation are described in Subsection 2.1.1.
Air, inhaled from the atmosphere, moves from either the nose or the mouth into the pulmonary
airways. The pulmonary airways progressively bifurcate from the trachea to eventually the
alveoli. In humans there are generally 23 of such bifurcations. To refer to a specific part of the
airways, generation numbers are used, which increase with every division. As can be seen in
Figure 2.1, the alveoli are present from the 16th generation. The generations up until number
16 are the conducting airways. They move the air to and from the alveoli. As no gas exchange
occurs in the conducting airways, the volume of this part of the airways is called dead space.
Despite being called dead space, the conducting airways have an important task, namely con-
ditioning inhaled air, which is elaborated upon in Subsection 2.1.2.

2.1.1 Mechanics of ventilation

Static situation

First, we look at a static situation in which no air is flowing. A static situation occurs at two mo-
ments in the respiratory cycle, namely at the end of the inspiration and the end of the expiration.
The lung volume is at all times determined by the interaction between the lungs and the thoracic
wall. Due to elastic recoil the lungs have a tendency to collapse. The chest wall, however, has
a elastic recoil in the opposite direction, pulling the chest wall outward. The interaction between
the chest wall and the lungs happens via the intrapleural space, which is filled with pleural fluid.
Because the chest wall and the lungs both pull on opposite sides of the intrapleural space,
the intrapleural space is a relative vacuum. In other words, the intrapleural pressure (PIP ) is
lower than atmospheric pressure (< 0cmH2O). This relative vacuum prevents the lungs from
collapsing.[16]
As there is no air flow, the pressure throughout the the respiratory tract is equal in a static sit-
uation, except for a small gradient due to gravity. The alveolar pressure is thus equal to the
atmospheric pressure, with a variation of around 2 cmH2O due to gravitational effects.
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Figure 2.1: Schematic overview of the airways. Taken from Mallik et al.[15]

Dynamic situation

In the dynamic situation air is flowing either into the lung or out of it, due to changes in pressures
and lung volume. Inspiration is caused via contraction of the respiratory muscles, the diaphragm
and selected intercostal muscles. The contraction of these muscles increases the pull of the
chestwall on the intrapleural space, making PIP more negative. In response to this change, the
lungs passively expand, increasing the lung volume. Boyle’s law (Equation 2.1) states that the
absolute pressure (P ) in a closed system is inversely proportional to the volume (V ) the gas
occupies. In this situation this means that the increase in lung volume causes a decrease in the
alveolar pressure, causing the alveolar pressure to be smaller than the atmospheric pressure.
Due to the pressure gradient between the atmosphere and the alveoli, air flows into the lungs.

P ∝ 1

V
(2.1)

In normal, quiet breathing expiration occurs passively via the relaxation of the inspiratory mus-
cles. This has the opposite effect as the inspiration on the lung volume and alveolar pressure.
As a result of the decrease of lung volume, the alveolar pressure increases. When the alveolar
pressure is above atmospheric pressure, this results in air flowing out of the lungs. The PIP ,
and thus the alveolar pressure, is increased even more, when accessory muscles of expiration
are employed. This is for instance the case during a forced expiration, or in individuals with
increased airway resistance, such as asthma.

For laminar airflow in a tube, the same principle as the flow of electrical current through wires
applies. This means that an equation analogous to Ohm’s law can be used. The airflow (Q)
in a tube is proportional to the driving pressure, or pressure difference (∆P ), and inversely
proportional to the resistance (R), see Equation 2.2. In the context of respiration the driving
force is determined by the pressure difference between the alveoli and the atmosphere. The
resistance is the airway resistance (RAW ). From this equation we can see that an increased
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resistance requires an increased pressure difference to achieve a certain airflow.

Q =
∆P

R
=

Palv − Patm

RAW
(2.2)

When flow is laminar Poiseuille’s law can be applied. Poiseuille’s law (Equation 2.3) states that
the resistance (R) of a tube is proportional to the viscosity of the gas (η) and the length of the
tube (l) and inversely proportional to the fourth power of the radius (r). Due to this fourth power
a small change in radius results in a relatively large required pressure difference to obtain the
same flowrate. When the radius decreases 10%, for instance, the pressure difference should
increase with 52% to result in the same flowrate as before the decrease in radius.

R =
8

π
∗ ηl

r4
(2.3)

The flow in a tube is laminar when particles that pass a particular point always have the same
speed and direction. The Reynolds number gives insight in whether flow through a tube is
indeed laminar. It is dependent on the radius (r) of the tube, the velocity (vdot) of the gas
averaged over the cross section of the tube, the density (ρ) of the gas and its viscosity (η).

Re =
2rvρ

η
(2.4)

In ideal laboratory conditions, airflow is laminar when the Reynolds number is less than ap-
proximately 2000. When it is higher than approximately 3000 flow is turbulent. Between those
values the flow is unstable and may switch between laminar and turbulent. This unstable type
of flow is called transitional. However, the conditions of the lungs are far from the ideal lab-
oratory settings. In contrast to long, straight, smooth and unbranched tubes, the geometry of
the lungs is much more complicated. The airways are relatively short, curved, bumpy and most
importantly bifurcated. The bifurcations cause small swirls in the flow. Because the differences
in conditions, the critical value of the Reynolds number is also quite different. It should be less
than 1 for laminar airflow in the lungs.[17] In the largest part of the lungs the airflow is therefore
transitional. The small airways distal to terminal bronchioles and the trachea are exceptions to
this, with respectively laminar and turbulent flow.[17]

As the flow is not laminar in a large part of the lungs, the Equations 2.2 and 2.3 are not valid
there. In laminar flow the airflow is proportional to the pressure difference (Equation 2.2). When
flow is transitional, a higher driving pressure is needed to produce the same airflow, because
swirls/vortices require extra energy. When flow is turbulent the airflow is proportional to the
square root of the driving pressure (Equation 2.5), an even larger driving pressure is therefore
needed to achieve a given flow.[17]

Q ∝
√
∆P

R
(2.5)

2.1.2 Gas conditioning

Conditioning the air consist of filtering particles out of it, warming and moisturising it.[17] Inade-
quate warming of inhaled air could cause infarction, due to air bubbles in the blood. These bub-
bles can develop if gas exchange would happen at a lower temperature, when the solubility of
the blood is higher.[17] Furthermore, it could cause thermal injury to the alveolar membrane.[18]
This process of warming and humidifying gas requires a significant amount of energy. Firstly,
energy is required to heat the gas. In addition, energy is needed to vaporise additional water
into the air. This additional amount of water vapor is required, because air at a higher temper-
ature can contain a higher amount of water vapor. To reach a relative humidification of 100%,
an increased amount of water vapor is needed because the temperature of the air is raised to
body temperature.[19]
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2.2 Asthma

Asthma is characterised by chronic airway inflammation and results in respiratory symptoms
such as wheezing, shortness of breath, chest tightness and coughing, together with expiratory
airflow limitation.[3] The severity and occurrence of these symptoms vary over time. This section
first describes the pathophysiology of asthma, followed by a description of the therapy, mainly
focused on the therapy of exacerbations and lastly it is described how asthma is diagnosed.

2.2.1 Pathophysiology of asthma

Asthma is a heterogenous disease, which means that there are different underlying disease
processes. Subtypes are classified as phenotypes or endotypes and can be recognised based
on clusters of demographic, clinical and/or pathological characteristics. Examples of subtypes
are virus induced asthma and allergic asthma, which are the most common subtypes of child-
hood onset asthma. The clinical utility of these subtypes, however, is low because no strong
relation has been found between these subtypes and specific pathological features and treat-
ment responses.[3]

While the airways of patients with asthma are chronically inflamed, exposure to certain stimuli
can set processes into motion that worsen the symptoms. It called an asthma exacerbation if
the worsening of symptoms is severe enough that a change in treatment is required.[20] The
most common stimulus that triggers asthma excacerbations in children are respiratory viral in-
fections, which account for around 85% of the cases.[21] Other triggers are allergens, smoking,
exercise, cold air and environmental irritants. While non-adherence to therapy is not a trigger,
it does increase the likelyhood that a trigger causes an exacerbation.[21, 22]

Three different processes play a role in asthma exacerbations, namely airway inflammation,
bronchial hyper responsiveness and bronchial constriction (Figure 2.2).[21] In the airways of
patients with asthma the number of inflammatory cells are increased. In response to a trig-
ger the inflammatory cells and hyperactive structural bronchial cells produce inflammatory me-
diators. Via interaction with the smooth muscle and epithelial cells the inflammatory media-
tors cause bronchospasms. This process is called bronchial hyperresponsiveness. Besides
that, continued production of inflammatory mediators cause an increase in edema and mucus
production, which both contribute to bronchial constriction.[20, 21] Both bronchospasms and
bronchial constriction decrease the radius of the bronchi. As seen in Equations 2.2 and 2.3
this greatly increases the pressure difference needed to transport air through these bronchi.
These processes together cause bronchial obstruction resulting in reversible airflow limitation.
Airflow limitation can get a persistent, irreversible component in some patients with asthma due
to airway remodelling caused by the inflammation.[23, 24]

2.2.2 Therapy of asthma

The aims of therapy for asthma are to achieve good symptom control and to minimise future risk
of exacerbations, persistent airflow limitation and side effects of the therapy.[3] Therapy usually
exists of controller medication combined with reliever medication. Controller medications are
used to reduce airway inflammation and reduce risk of a exacerbation which is done via inhaled
corticosteroids with or without the addition of a bronchodilator. Reliever medications are pro-
vided for when symptoms do occur, despite the use of the controller medication. The reliever
medications are Short Acting Beta2-Agonists (SABA) or low dose Inhaled Corticosteroid (ICS)-
formoterol.
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Figure 2.2: Schematic overview of the pathophysiology of asthma. Taken from Leung [21].

Management of asthma exacerbations

The first step when a patient experiences an asthma exacerbation is to follow the steps in their
written asthma action plan. If this is sufficient, the exacerbation is managed at home. The
asthma action plan should be provided by the health care provider and contains information on
how the patient should respond appropriately to worsening of asthma symptoms. This means
that it includes instruction about how and when to temporarily change their medications. If their
asthma symptoms continue to deteriorate despite following the self management instructions,
or if they suddenly worsen, the patient should see their doctor or present to an acute care unit.[3]

A patient presenting in primary or secondary healthcare with an asthma exacerbation is first
assessed to determine the severity of the exacerbation based on a focused history and phys-
ical examination.[3] The severity can be classified as mild, moderate, severe or critical (Table
2.1). After assessment of the severity, treatment appropriate to the severity of the exacerba-
tion is initiated. The aims of the treatment are to decrease symptoms of respiratory distress
and to increase the oxygenation saturation if the patient is hypoxic. If the patient is indeed hy-
poxic, supplemental oxygen is administered by a nasal cannula or mask, regardless of severity.
Besides that, bronchodilators, most often SABA, are repetitively administered to patients with
all severities. If the exacerbation is mild or moderate the bronchodilator is administered via
a metered dose inhalers with a spacer. If the exacerbation is classified as severe or critical
they are administered via nebulization, and the adjunct bronchodilator ispratropium bromide is
administered in addition to the SABA.
The underlying airway inflammation is addressed by the administration of systemic corticoste-
riods. The route of administration, orally of intravenously, as well as the type of corticosteriod,
its dosage, frequency and the duration of the treatment are dependent on the severity of the
exacerbation. If the exacerbation is critical, the PICU is contacted in order to provide critical
care such as ventilation interventions if needed. After initial assessment and treatment the clin-
ical status and oxygen saturation should be frequently re-assessed to determine the treatment
response. The further treatment is adjusted based on these re-assessments.[3, 21]

2.2.3 Diagnosis and assessment of asthma

The diagnosis of asthma and the assessment of asthma control are based on a characteristic
pattern of respiratory symptoms, combined with variable expiratory airflow limitation.[3, 25] The
latter is measured using lung function testing, for which the gold standard spirometry is used.[26]
A spirometer measures volume or flow as a function of time, therefore it can be used to measure
changes in lung volume. During a spirometry test, the patient is instructed to perform a forced
expiratory manoevre. From this measurement the spirometry parameters Forced Expiratory
Volume in 1 second (FEV1), Forced Vital Capacity (FVC) and the ratio between those, called
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Table 2.1: Classification of asthma exacerbation severity in children. Table based on [3] and
[21].

Mild Moderate Severe Critical
Symptoms
Breathlessness Whilst walking At rest At rest (sits upright)
Talks in Sentences Phrases Words
Mental status Normal May be agitated Usually agitated Drowsy or confused
Signs

Work of breathing Minimal intercostal
retraction

Intercostal and
substernal retraction

Significant distress;
all accessory muscles involved;
possible nasal flaring,
paradoxical breathing

Marked respiratroy distress
OR exhaustion/decreasing
effort

Wheeze Moderate wheeze Loud expiration and
inspiratory wheeze Audible wheezing Silent chest

Oxygen saturations >94% 91-94% <90% <90%
Peak expiratory flow
versus personal best >80% 60-80% Best <60% Unable to perform

the Tiffenaux-Pinelli index can be obtained. The FEV1 is the volume of air that is expired in 1
second, during a forced expiration. Children under 6 years of age have a lower lung volume,
which may have the consequence that they complete their expiration in less than 1 second. In
that case the Forced Expiratory Volume in 0.5 second (FEV0.5) or Forced Expiratory Volume
in 0.75 second (FEV0.75) can be used.[27] The FVC is the maximal volume of air that can be
exhaled after a maximal inhalation. Figure 2.3a and 2.3b, show both the FEV1 and FVC. Airflow
limitation and obstruction are confirmed when the FEV1 and/or FEV1/FVC ratio are decreased.
Besides these parameters, the shape of the curve is of importance. The shape used to both
assess the quality of the measurement and to assess possible obstruction.[28–30] While a nor-
mal flow-volume curve has a a straight slope, an obstructive curve is concave. An example of
an obstructive curve is shown in Figure 2.3c.

In the assessment of asthma spirometry is often performed repeatedly, to gain more insight
in the variability and the airway hyperresponsiveness. Two tests in which this is the case are
determining bronchodilator responsiveness and bronchial challenge tests. The bronchodilator
responsiveness, in other words the effect of administrating SABA is evaluated by performing
spirometry before and after administrating SABA. Bronchial challenge tests, however, are more
elaborate and can provide a more definitive conformation when a patient is suspected to have
asthma.[3, 25, 33]

Exercise challenge test

Bronchial challenge tests can be performed with a direct or an indirect stimulus. During di-
rect challenge tests a chemical compound, such as histamine or methacholine, is inhaled that
directly interacts with receptors in the airways. Indirect tests have the advantage that they repre-
sent the current severity of inflammation, which is valuable clinical information.[25, 34] Exercise
is an often used indirect stimulus. During exercise an increased amount of air needs to be condi-
tioned, which causes the Excercise Induced Bronchoconstriction (EIB). There are two theories
about the underlying mechanism, namely the osmotic theory and the thermal theory (Figure
2.4). The osmotic theory is currently thought to be more likely.[32, 35, 36] It is thought that
water loss from the airway surface, due to evaporation, increases the osmolarity of the airway
surface liquid. The hyperosmolarity activates cellular mechanisms to release mediators, which
in turn cause bronchial smooth muscles to contract resulting in airway narrowing.[32, 36] In the
thermal theory the airway cooling causes vasoconstriction of the bronchial vasculature. After
rewarming, the blood flow to the airways is increased which causes swelling of the mocusal
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(a)

(b)

(c)

Figure 2.3: Spirometry measurements showing the FEV1 and FVC. Note that these curves
are obtained from adults, which means that the volumes and flows are higher than in children.
Images adapted from [31]. (a) shows a flow-volume curve of a forced expiratory manoeuvre.
(b) shows the volume-time curve corresponding to the flow-volume curve in a. (c) shows an
example of a obstructive flow-volume curve, which is visible due to the concavity.

Figure 2.4: Thermal (left) and osmotic (right) theory on the pathogenesis of EIB. ASL: airway
surface liquid. Adapted from [32].
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airway resulting in airway narrowing.[32, 36] The effect of both mechanisms is stronger during
exercise in cold air, which contains less water vapor.[37, 38]

For children with asthma exercise is a common trigger to cause bronchoconstriction. In children
EIB is even seen as a sign of uncontrolled asthma. [39] Given that children exercise frequently
in daily life, an ECT is well tolerated and it provides insight in the ’real life’ discomfort a patient
experiences.[37] ECTs are thus used to diagnose asthma, assess asthma control and monitor
effect of therapy in children.

The American Thoracic Society (ATS) has published guidelines for ECTprotocols.[40] The ex-
ercise is preferably performed on a treadmill. For children the duration of the exercise is 6
minutes. During exercise the heart rate is monitored to adapt the intensity of the exercise, in
other words the speed and slope of the treadmill. The target heart rate is 80% of the estimated
maximal heart rate (220-age in years).[40, 41] The patient is nose-clipped during exercise, as
nasal breathing decreases the water loss from the airways. Furthermore, the inhaled air should
be dry.[40] This can be ensured by performing the test in an airconditioned room. In children
under 8 years of age a jumping castle can be used as an alternative for exercise.[42] Spirometry
is measured before and serially after exercise to determine the change in lung function that the
ECT causes. For children a decrease in FEV1 of 13% is considered as diagnostic for EIB.[37,
43] When the decrease in FEV1 diminishes, the maximal decrease of FEV1, called nadir FEV1,
has been measured, patients are administered 200 µg of salbutamol. After 5 minutes of wait-
ing, spirometry is performed again to evaluate the effect. The percentual difference between
the FEV1 measured at baseline and the FEV1 measured after administration of salbutamol is
called the reversibility. The lability is the percentual difference between the lowest and highest
measured FEV1.

2.3 High Flow Nasal Cannula therapy

HFNC therapy is sometimes also called Heated Humidified High Flow Nasal Cannula therapy
(HHHFNC).[7, 8] This name contains all aspects of the therapy: a gas mixture is heated to
34-37 ◦C and humidified to a relative humidity of nearly 100% before it is administered to the
patient at a high flow rate via a nasal cannula.[9] Both the flow rate and the Fraction of inspired
oxygen (FiO2) can be independently adjusted, based on the patients needs. HFNC therapy was
first introduced in pediatric care as oxygen therapy for infants with bronchiolitis.[9, 44] Due to the
easy set-up and the high tolerance of patients it is increasingly used. This increase is present
in both the setting and indications. Whereas HFNC therapy was first only used in PICUs, it was
quickly introduced on emergency rooms and general wards. It is nowadays even used during
transport.[9] Besides bronchiolitis, HFNC therapy is used for pediatric patients weaning from
invasive ventilation and those with obstructive sleep apnea, pneumonia and asthma.[9, 45]

2.3.1 Working mechanisms

Multiple mechanisms of action have been described for HFNC therapy. Nevertheless, these
mechanisms are still being researched, as it is still uncertain which of the mechanism is most
important. This may, however, also be dependent on the underlying cause of the patients respi-
ratory distress.[11] The mechanisms can be divided in mechanisms that are attributed to heating
and humidifying, in other words conditioning, the gas mixture and in mechanisms that are con-
tributed to the high flow.

The gas conditioning by the HFNC device reduces the metabolic cost for the patient. Condition-
ing of inspired air in the airways, requires significant amount of energy, as elaborated upon in
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section 2.1.2. A patient experiencing respiratory distress has a higher minute ventilation, which
means that an even greater volume of air needs to be conditioned. During HFNC therapy this is
already done by the device, resulting in a reduced metabolic cost for conditioning the gas.[19]
The second mechanism attributed to the conditioned gas is a decrease in bronchoconstriction.
As described in the subsection 2.2.3, cold, dry air causes bronchoconstriction via airway in-
flammation and via increased mucus production. . The heated and humidified air delivered by
HFNC therapy may therefore reduce bronchoconstriction, contrary to COT which delivers cold
and dry gas.[12, 19] On top of this, mucociliary clearance is thought to improve as a result of the
gas being conditioned.[11, 12] Increased mucociliary clearance decreases bronchoconstriction
as well.

An obvious benefit of HFNC therapy is the ability to provide flow rates that meet the peak in-
spiratory flow of patients with respiratory distress. Doing so, the high flow reduces the work of
breathing.[11, 19] This has the beneficial consequence that gas mixture provided by the HFNC
device is not diluted by room air, contrary to COT.[11]
Another benefit of the high flow is the washout of the dead space. Via the continuous flow the
air in the dead space is refreshed. Without additional flow, a third of the previously expired tidal
volume is rebreathed leading to a decreased amount of oxygen and increased amount of carbon
dioxide in the inspired air. The high flow increases the breathing efficiency, because the carbon
dioxide is washed out of the dead space and replaced with gas containing the desired fraction
of oxygen (21-100% as set on the device).[11, 12, 19, 46] These two mechanisms together,
cause the FiO2 to be equal to the fraction of oxygen as set on the device.[11]
A third, and more debated, mechanism is the generation of a mild distending positive airway
pressure, also called Positive End-Expiratory Pressure (PEEP). It is thought that a low level of
PEEP can be generated using HFNC therapy.[11, 12, 19, 47] The advantage of PEEP is that it
increases alveolar recruitment. The generation of PEEP is dependent on the amount of flow.
On top of that it is also influenced by the weight of the patient, the size of the cannula and nos-
trils and whether the mouth is open or closed.[11, 12, 48, 49] These different influences could
explain the variety in levels of PEEP that different studies report.

2.3.2 Clinical evidence for children with asthma

In 2021 a review was published about HFNC therapy in children with an asthma exacerba-
tion.[13] Four studies that compared HFNC to either COT of non invasive positive pressure
therapy in children with an asthma exacerbation were identified.[50–53] Based on these stud-
ies the review concluded that HFNC therapy is generally feasible in pediatric emergency de-
partments, pediatric wards, and PICUs for children with an asthma exacerbation. Although this
does give some insight on this topic, the evidence for the use of HFNC therapy for children with
an asthma exacerbation is still limited. It should be noted that the participants of these studies
were quite young, as the median age ranged between 2.98 and 5 years.[13] Besides that, the
flow rate differed between the studies. This is not just the case for the use of HFNC therapy in
childhood asthma but guidelines on flow rate are lacking in general.[13, 45]

2.4 Outcome measures

2.4.1 Diaphragm EMG

EMG measures the electrical activity of skeletal muscles. EMG of the diaphragm using a
esophagal catheter is a well-known method to measure breathing effort.[54] The drawback of
this method is that it is invasive. It is, however, also possible to reproducibly measure the
activity of the diaphragm using surface EMG.[55] Surface EMG of the diaphragm is a simple,
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non-invasive measurement that does not require effort of patients. It is a relatively new method
for assessing lung function. Recent studies have shown that the diaphragm EMG has a strong
correlation with spirometry in children.[56, 57] As such, surface EMG of the diaphragm is a use-
ful method to gain more information on the lung function and effort of breathing.

Multiple parameters can be extracted from the diaphragm EMG signal, including the the peak
amplitude, peak width and the Area Under the Curve (AUC). The peak amplitude (µV ) corre-
sponds to the maximal amount of action potentials within a single inhalation. The peak width (s)
corresponds to the duration of each breath. The AUC (µV · s) corresponds to the total amount
of electrical activity within a single breath. Besides this, the respiratory rate can be determined
from the amount of local maxima.[56]

2.4.2 Scaled Tidal Flow Volume-curves

As described earlier, flow volume curves obtained via forced expiratory manoeuvres are used to
assess bronchial obstruction. Flow volume curves can also be obtained during tidal breathing.
It has been demonstrated in research settings that tidal flow volume curves can also be used
to assess obstruction. In that case the shape is especially important.[58–61] Tidal flow volume
curves have several advantages compared to forced manoeuvres. When patients experience
severe symptoms they may not be able to perform a forced expiratory manoeuvre, while an
unobtrusive measurement of tidal breathing is possible. On top of this, measuring tidal breath-
ing requires less cooperation of the patient. This means that it could be possible to perform
measurements in younger children. Furthermore, it could also be possible, dependent on the
method of measuring the tidal breathing, to measure and assess while a patient is sleeping.

In 2021 Hebbink & Hagmeijer have published a study in which they introduce the concept of
STFV-curves obtained via pressure measurements using a nasal cannula.[14] In this study they
describe themathematical algorithm that is used to convert the pressure into these STFV-curves
as well as an in-vitro validation of the algorithm. In the validation a high accuracy was observed,
making it a promising method to monitor patients with lung diseases without the need for tire-
some forced expiratory manoeuvres.
The tidal flow-volume curves are scaled to eliminate the need to know the aerodynamic resis-
tances playing a role in the respiration. As was pointed out earlier in Equation 2.2, the flow is
proportionally related to the driving pressure and inversely proportional to the resistance. This
means that both the driving pressure and the resistance are required at any time during inspi-
ration and expiration in order to quantify the flow pattern. The pressure can be measured using
a nasal cannula. The aerodynamic resistance, however, cannot be measured that easily and
it is subject to changes during the respiratory cycle. The most obvious change is the change
is flow direction between inspiration and expiration. Other changes that influence the aerody-
namic resistance are the flow topology and change in the geometry of the nostril.

The first step in the algorithm that converts the pressure to the STFV-curves is to assume a
power-law to account for the non-linear relationship between the pressure and the flow (Equa-
tion 2.6). The flow rate (Q(t)) is defined positive during exhalation and negative during inhala-
tion. In Equation 2.6 the sign of a is equal to the sign of ∆p. The values of a and b depend on
the sign of∆p, reflecting that the relationship between the flow and pressure can differ between
inspiration and expiration (Equation 2.7). This means that a and b are ain and bin during inspi-
ration, when the pressure difference is negative. During expiration, the pressure difference is
positive, and a and b are different values than during inspiration, namely aex and bex.

Q(t) = a |∆p(t)|b , with sign(a) = sign(∆p) (2.6)
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a =

{
ain, ∆p < 0,

aex, ∆p ≥ 0,
b =

{
bin, ∆p < 0,

bex, ∆p ≥ 0,
(2.7)

Integrating the flow over time results in the corresponding volume, as flow is the volume of air
displaced per time unit (Equation 2.8).

V (t) =

∫ t

0
Q(τ)dτ (2.8)

For the next steps the total volume is split into the exhaled volume and the inhaled volume. The
inhaled and exhaled volume are defined as the integral of the flow, with a respective maximum
and minimum of zero, on the interval of 0 to t. This is both stated in Equation 2.9.

V (t) = Vin(t) + Vex(t) =

∫ 1

0
min(0, Q(t))dτ ≥ 0 +

∫ 1

0
max(0, Q(t)))dτ ≤ 0 (2.9)

Then, using Equation 2.6 and 2.7, Vin and Vout can be rewritten into Equation 2.10 with Iin and
Iex defined as in Equation 2.11.

Vin(t) = −ainIin(t), Vex(t) = aexIex(t) (2.10)

Iin =

∫ t

0
min(0, sign(∆p)) |∆p(t)|b dτ ≤ 0,

Iex =

∫ t

0
max(0, sign(∆p)) |∆p(t)|b dτ ≥ 0

(2.11)

Next, the need to calculate ain and aex is eliminated using the assumption that the volume
of the inspiration is equal to the volume of expiration when the number of breathing cycles
(K) is large enough. To use the assumption of equal volumes inhaled and exhaled, K needs
to be large in comparison with 1. Typically K is chosen to be 10. The consequence of K
being large is that T is large, which then results in large values for −Vin(T ) and Vex(T ). The
absolute difference between the inhaled and exhaled volume in one breathing cycle differs.
The difference, however, is physiologically limited by the vital lung capacity and typically it is
proportional to the tidal volume. The ratio Vin(T )/Vex(T ) thus assumed to be one. Via some
steps the application of this assumption results in the Equation 2.12 which can be used to
approximate the volume.[14] Note that the constants ain and aex are not used in this equation.

Ṽ (t) ≈ K

(
Iex(t)

Iex(T )
− Iin(t)

Iin(T )

)
(2.12)

The corresponding scaled flow rate is defined as the non-dimensional time derivative of the
scaled volume (Equation 2.13).

Q̃ =
T

2πK

dṼ (t)

dt
(2.13)

In Equation 2.13, the factor 2πK/T represents the average angular frequency of the respiration
signal. Evaluating Equation 2.13 results in Equation 2.14, which is used to approximate the
volume.

Q̃(t) =


|∆p(t)|bin T/(2πIin(T )), ∆p < 0,

|∆p(t)|bex T/(2πIex(T )), ∆p ≥ 0,

(2.14)
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2.4.3 Legendre series

Any function f(x) on the interval of [-1,1], even discontinuous functions, can be written as a
Legendre series (Equation 2.15). It is a great advantage that the Legendre series can be used
to describe discontinuous functions. This property is called completeness and is a property
that most other series, for instance Taylor expansion, lack. The Legendre series are linear
combinations of Legendre polynomials. In other words, the Legendre polynomials of different
orders are each multiplied by a corresponding coefficient and then summed together.[62] As
the STFV-curve are scaled on the interval of [-1,1], the shape of any of these curves can be
described using the Legendre coefficients.

f(x) =
∞∑
l=0

alPl(x) (2.15)

Legendre polynomials

The first seven Legendre polynomials are given in equations 2.16a to 2.16g. Figure 2.4.3 shows
the shapes of these polynomials on the interval between -1 and 1. The derivation of Legendre
polynomials can be found in Appendix A.1.

Figure 2.5: Legendre polynomials of order 0 to 6.

P0 = 1 (2.16a)
P1 = x (2.16b)

P2 =
1

2
(3x2 − 1) (2.16c)

P3 =
1

2
(5x3 − 3x) (2.16d)

P4 =
1

8
(35x4 − 30x2 + 3) (2.16e)

P5 =
1

8
(63x5 − 70x3 + 15x) (2.16f)

P6 =
1

16
(231x6 − 315x4 + 105x2 − 5) (2.16g)

add some additional white text over here,
does that work? It works!! Yay! The equations

are at the right height now.

Legendre coefficients

The Legendre coefficients can be obtained using Equation 2.17. This equation is the result of
combining the properties completeness and orthogonality of the Legendre polynomials together
with the definition of the norm.[62] The property completeness was already mentioned before.
The orthogonality and the definition of the norm will be shortly explained here. How Equation
2.17 can then be derived from this is found in Appendix A.2.

al =
2l + 1

2

∫ 1

−1
Pl(x)f(x)dx (2.17)

Two vectors are called orthogonal if they are perpendicular to each other. To mathematically
prove this, the dot product of the two vectors is determined. When the dot product is zero, the
two vectors are orthogonal. For functions the dot product can also be defined (Equation 2.18).
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When the dot product of these two functions is zero on an interval from x = a to x = b, the
functions are orthogonal on that interval.

(f, g) =

∫ b

a
f(x)g(x)dx (2.18)

This definition can be applied to the Legendre polynomials and it can indeed be proved that dis-
tinct Legendre polynomials are orthogonal on the interval -1 to 1.[63] The proof of this, however,
is outside the scope of this report.

(Pl, Pl′) =

∫ 1

−1
Pl(x)Pl′(x)dx = 0, forl ̸= l′ (2.19)

The norm of a function is the scalar product of itself, which is the same as applies on vectors.
For Legendre polynomials this results in Equation 2.20.

(Pl, Pl) =

∫ 1

−1
Pl(x)Pl(x)dx =

2

2l + 1
(2.20)
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3 METHOD

In the clinical study the protocol as previously written by Ter Wee & Thio is followed, with as
additions the measurement of respiratory EMG and the analysis of the STFV-curves.[64] The
measurement of diaphragm EMG is added as a secondary parameter that assesses lung func-
tion because it provides additional information, without adding extra burden to the participants
or requiring extra effort of them. The gathered EMG data could also be used to explore the
behaviour of EMG parameters over time. The both the original protocol and the amendment
with the additions have been approved by the Medical Ethical Testing Committee (METC).

3.1 Study design

The study is a randomised prospective crossover trial. Patients that perform an ECT for diagno-
sis or assessment of the control of asthma are asked to participate. In regular treatment these
patients perform an ECT. The patients that participate in this study are asked to perform two
ECTs, one of them with spontaneous recovery and the other with HFNC therapy. The ECTs are
performed on two different days within two weeks from each other at approximately the same
time of the day. During the first appointment the order of spontaneous recovery and recovery
with HFNC therapy is randomly determined. Salbutamol is administered longer after exercise
than in the regular protocol, because the time of recovery is an outcome of this study. Therefore
the visits have a duration of approximately 1.5 hour instead of 1 hour. During both visits three
types of measurements are performed: spirometry, respiratory EMG and the pressure in the
nasal airway.

During both visits, baseline measurements of all three types of measurements are performed
before exercise. Spirometry is performed once as a baseline measurement. The pressure and
EMG will be measured during three different flowrates (zero, half of the calculated flowrate and
the calculated flowrate). These measurements are used for the evaluation of the effect of HFNC
therapy. An extra advantage of performing these measurements is that the participants can get
used to the HFNC therapy and know what they can expect after the ECT.
After the ECT, respiratory EMG and spirometry are measured at 1, 3 and 5 minutes after exer-
cise and then every 5 minutes until the FEV1 is higher than 90% of the baseline FEV1 or until 30
minutes have passed, see Figure 3.1 and 3.2. Starting after the first spirometry measurement
post-exercise, the pressure will be measured continuously via a nasal cannula. If 30 minutes
have passed before the FEV1 is higher than 90% of baseline, a bronchodilator (salbutamol, 200
µg) is administered as escape medicine.

3.2 Population

Patients that have an appointment for an ECT are considered for this study. Based on the pa-
tients file, the physician judges whether the asthma might be severe enough to be included in
the study group. This judgement can, for example, be based on previous ECT outcomes, known
non-adherence to therapy, a recent exacerbation or anamnestic worsening of symptoms. The
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Figure 3.1: Study design (part 1 of 2)
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Figure 3.2: Study design (part 2 of 2)
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patients deemed eligible for the study are informed by a letter about the study, which includes
patient information documents and an informed consent document. They receive this letter one
week prior to the appointment for the ECT. A reminder is sent two days prior to the appoint-
ment. Both parents have to sign the informed consent document. When only one of the parents
accompanies the child, the other parent signs and dates the form at home.

3.2.1 Inclusion and exclusion criteria

In order to be eligible to participate in this study, a subject must be between 6 and 18 years of
age, able to perform reproducible lung function tests (spirometry) and have a maximum FEV1

lability of ≥ 30% during the standard ECT. The maximum FEV1 lability can only be determined
in hindsight. When the first spirometry measurement after exercise shows a FEV1 lability of less
than 10% it is suspected that the patient will not reach a lability of 30%. In this case the patient
will not continue in the study. This means that the remainder of the visit follows the regular
protocol and that the second visit is cancelled. When a child is randomised in the group that
first performs the ECT with spontaneous recovery has lability less than 30%, the second visit
is also cancelled. Though the data collected during the first visit is not useful for meeting the
main objective, it is used for the other three objectives. Children that have a cardiac disease
or another pulmonary disease than asthma are excluded, as well as children that are unable to
breathe through their nose or wear the HFNC device and children whose medication is changed
between the two ECTs.

3.2.2 Sample size

Based on a sample size analysis a minimum of 14 patients is thought to be necessary to obtain
significant results.[64] In the analysis the estimation was used that HFNC therapy would de-
crease the recovery time from 20 minutes to 10 minutes. However as this is a rough estimate,
an interim analysis will be performed when 7 patients are included. If the effect of HFNC is
smaller than estimated, the sample size will be expended to a maximum of 28 patients in order
to reach the desired level of significance. If the required number of patients exceeds 28, the
study will be stopped.

3.3 Materials and procedures

3.3.1 Baseline characteristics

During the first appointment the baseline characteristics of the patient are registered. These
consist of age, weight, height, sex, medication, ethnicity, and a Childhood Asthma Control Test
(C-ACT). These characteristics are recorded in an electronic case report form (Castor Electronic
Data Capture), in which the randomization of the participants is performed as well.

3.3.2 Exercise challenge test

The ECT is performed in a climate controlled chamber, which is dedicated for this purpose. The
air in the chamber is dry and has a temperature of around 10 ◦C. As exercise children below 8
years of age jump on a bouncing castle for 6 minutes.[42] Older children run for 6 minutes on
a treadmill with a slope of 10% at at 80% of their predicted maximal heart rate, while wearing a
nose-clip.[40]
Before each ECT, the patient’s antihistamines and Long Acting Beta2-Agonist (LABA) should
be withheld for 48h. SABA as well as vigorous exercise should be avoided 4h before testing.
If a patient has used SABA or LABA in these periods, an attempt is made to reschedule the
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visit. Firstly, because it is less likely that they reach a lability of 30%. Secondly, because the
two ECTs are not comparable if they use their medication prior to one of them.

3.3.3 Spirometry

The lung function is measured before the exercise and multiple times after exercise using the
Vyaire Spirometer. Each spirometry measurement consists of at least two forced expiratory
manoeuvres, during which the subject is nose-clipped.

3.3.4 Diaphragm EMG

The respiratory EMG is measured before each lung function assessment. The subjects are
asked to sit up straight and still with their hands on their knees for 45 seconds. This instruction
is given in order to minimise noise in the EMG signal. The EMG is measured using 2 stick-on
electrodes, which are placed bilaterally at the diaphragm. A reference electrode in the shape
of a wristband is applied to the arm. The electrodes are connected to the Mobi-6 physiological
amplifier (Twente Medical Systems international). Data is transferred from the amplifier to a
computer via Bluetooth and an adapted version of the custom MATLAB application from P.
Keijzer is used for collecting and saving the EMG data.[65]

3.3.5 HFNC therapy and pressure measurement

A basic setup for HFNC therapy consists of an air-oxygen blender, an active humidifier, (heated)
inspiratory circuit and nasal cannula, see Figure 3.3.[66] In order to perform the pressure mea-
surement, the setup is expanded with a pressure sensor. The HFNC therapy is provided by the
Optiflow of Fisher and Paykel. The air is humidified with the MR850 Respiratory Humidifier and
delivered through nasal interfaces, both products are also from Fisher and Paykel. In the room
where the visits take place there are no medical gas supply outlets, instead 10L bottles with
compressed medical gases are used. The pressure sensor is connected to the water chamber
on the active humidifier via a dual flow connector and a platic tube. A PXM409-070HCGUSBH
(Omega) device is used to measure the pressure. The pressure data is transferred to a laptop
via USB connection and the Omega Digital Transducer Application is used for collecting and
saving the data.

When HFNC therapy is applied the FiO2 is set to 21%. The flowrate is based on weight, follow-
ing hospital protocol.[67] For the first 10 kg 2 L/kg/min is applied and 0.5 L/kg/min is added for
each kg above 10 kg, with a maximum flow rate of 50 L/min. The Optiflow device has two tem-
perature settings. When in the setting for invasive ventilation the device aims for a temperature
of 37 ◦C. The setting non-invasive ventilation it aims for 31 ◦C. When used for HFNC therapy,
the invasive setting is used.[68] During the spirometry manoeuvres, when the patient is nose-
clipped, the nasal cannula is disconnected from the circuit that provides the flow and measures
the pressure. As a consequence, the pressure recorded during these periods is not used in the
further analysis. This is approximately 20-30 seconds per spirometry manoeuvre. A custom
MATLAB application, shown in Figure 3.4, is used to keep track of the start and end of these
periods. After each interruption during measurements with HFNC therapy the participants are
instructed to breathe through their nose for 10-20 seconds. This measurement is used to obtain
a no-breathing pressure, which is needed in converting the pressure into the STFV-curve curve.
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Figure 3.3: Basic setup for HFNC oxygen delivery. [66]

Figure 3.4: Screenshot of the custom build MATLAB application for tracking the start and end
of the pressure measurements. When a button has been clicked, the current time is saved and
the button turns green.
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Table 3.1: Overview of parameters used in the analyses

Parameter Unit Parameter Unit Parameter Unit
Derived from spirometry Derived from EMG Derived from pressure or curve
FEV1 L Peakheight µV Respiratory rate breaths/minute
FEV1%pred % Area under curve µV ∗ s Expected FEV1/FVC
FEV1/FVC

3.4 Data analysis

Pre-processing is performed using MATLAB. All statistical analysis are performed using IBM
SPSS statistics. Based on normality, it is determined whether a parametric or non-parametric
statistical test is used as appropriate. The normality of the distribution is verified by visually
inspecting histograms.

3.4.1 Parameter description

Multiple parameters are extracted from the different measurements in order to meet the re-
search objectives: multiple spirometry parameters, two EMG parameters, the respiratory rate
and two parameters from the STFV-curve curves. Table 3.1 shows an overview of the parame-
ters that are determined from the different measured signals.

As spirometry parameters the FEV1 and FEV1/FVC-ratio are used for further analyses. In order
to allow comparisons between patients, the FEV1 is expressed as the percentage with respect
to the predicted FEV1 values (FEV1%pred).

The respiratory EMG signal is pre-processed using MATLAB. First, the EMG signal is filtered to
remove noise (among which the electrical activity of the heart) and artefacts. After filtering, two
parameters will be extracted: the peak amplitude of the EMG signal and the AUC. The peak
amplitude corresponds to the maximal amount of action potentials within a single inhalation and
the AUC to the total amount of electrical activity within a single breath. These steps were imple-
mented by P. Keijzer in the before mentioned MATLAB app for collecting and saving the EMG
signals.

The respiratory rate is derived from the pressure signal. First, the inspirations (negative peaks)
are detected in the signal. The respiratory rate (breaths/minute) is then calculated by dividing
60 by the mean time between the inspiratory peaks.

The pressure segments are converted to STFV-curves using the previously mentioned algorithm
by Hebbink & Hagmeijer.[14] The pressure segments during HFNC are vertically shifted down-
wards with the no-breathing pressure. After each interruption 10-20 seconds of mouth-breathing
are recorded with the intent to use the mean pressure during this period as no-breathing pres-
sure. Instead the mean pressure of the pressure segment in which the participant breaths
through the nose is used. The rationale for this change is elaborated upon in Appendix C.

Two parameters describing the shape of the STFV-curves are used in further analysis, the
expected FEV1/FVC-ratio and the second Legendre coefficient, denoted as −α2. Earlier re-
search with the STFV-curves showed that the shape of the curves could be classified using
the expected FEV1/FVC-ratio.[69] A higher expected FEV1/FVC-ratio corresponds with a bet-
ter STFV-curve. The second Legendre coefficient, describes the roundness of the expiratory
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curve. The second order Legendre polynomial is a parabola, see 2.4.3. When the value of the
second Legendre coefficient is more negative the curve is more similar to the inverse of this
parabola.

3.4.2 Effect of HFNC therapy on lung function

The time to full recovery of lung function (within 10% of baseline FEV1) is the first outcome
measure. The times measured during the two different visits are compared in order to evaluate
the effect of HFNC, the first objective. Because the lung function and time of fully recovered
lung function are numerical parameters, a paired T-test will be used if the values are normally
distributed. Otherwise, a statistic Wilcoxon Signed Rank test is used. Furthermore, boxplots
are used for visual comparison.

Interim analysis

An interim analyse using the O’Brien-Fleming approach will be performed after the inclusion of
7 patients, because the sample size calculation is a rough estimate. The interim analyse will be
used to adapt the number of patients that must be included to reach the desired significance,
as described in 3.2.2 under Sample size.

3.4.3 Effect of HFNC therapy on secondary parameters

To evaluate the effect of HFNC therapy on the secondary parameters two kinds of analyses are
performed. First of all, the other parameters measured during the two visits are compared in the
same way as the lung function parameters, with boxplots and statistical tests. Additionally, the
measurements that are performed with three different settings prior to each ECT are compared
using boxplots and a statistical test. A repeated measures ANOVA is used if the values are
normally distributed, otherwise a Friedman test is used.

3.4.4 Relation between shape of the STFV-curves and other parameters

The relation between the shape of the curves is explored by visually inspecting and comparing
the STFV-curves obtained corresponding to the baseline FEV1, the nadir FEV1 and the FEV1

after salbutamol. On top of this, relation between the two shape describing parameters and
the other measured parameters are evaluated. Correlation between the different parameters
are visually assessed using scatterplots and statistically by determining the correlation using
the Pearson or Spearman correlation, depending on normality. To correct for the repeated
measures in various amounts Generalized Estimating Equations (GEE) are used to determine
the significance of the correlation.
For the analyses of the (cor)relation between the shape describing parameters and the FEV1

with respect to the predicted FEV1 extra data is added. This data was previously collected in
a study on pressure measurements during the recovery after an ECT.[70] A description of the
dataset and how it was collected is found in Appendix B.

3.4.5 Feasibility

To assess the feasibility of obtaining STFV-curves, the percentage of the successfully converted
pressure segments is determined. This is done for the entire dataset of pressure segments, for
the part during which HFNC therapy was applied and the part during which no flow was applied.
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4 RESULTS

In the period between 20 January and 20 April the children with an appointment for an ECT
were screened weekly. Of these children 57 were in the appropriate age range. In this group, 9
patients had asthma which was thought to be severe enough to be included. These 9 patients
were approached to participate in the study, of which 7 wanted to participate. One of those
patients met the inclusion criteria concerning the FEV1 lability during the ECT with spontaneous
recovery. One patient was excluded due to a baseline FEV1 which was so low, that performing
an ECT was deemed irresponsible. All other patients had a lability lower than 30% in their test
with spontaneous recovery, or the lungfunction during the test with HFNC therapy was very
stable. Therefore a lability larger than 30% was highly unlikely. An overview of all participants
characteristics, and the FEV1 values based on which the participants are included or excluded,
is found in Table 4.1. In the evaluation of the main research objective, only the data from
the included patient is used. The data gathered from all participants, including the excluded
participants, were used to evaluate the other research objectives. Given the number of included
participants, it has been decided that the statistical analyses, as well as the interim analysis,
outlined in the method are not conducted.

Table 4.1: Participant characteristics and FEV1 values during the ECT. M = Male, F = Female,
ICS = inhaled corticosteroid, LABA = Long Acting Beta2-Agonist, NCS = nasal corticosteroid,
NA = not adherent to therapy, SR = spontaneous recovery, HFNC = High Flow Nasal Cannula,
LF rev= lung function with reversibility, FEV1 = Forced Expiratory Volume in 1 second.

FEV1
nr Sex Age Height Medication Visittype Baseline Nadir Post salbutamol Lability

M/F yr cm L %pred L %pred L %pred %
Included after both ECTs
1 F 13.8 156.0 ICS+LABA (NA) SR 2.47 87.0 0.92 32.4 2.64 93.0 65.15

HFNC 2.34 82.4 0.89 31.3 2.64 93.0 66.29
Excluded after both ECTs
2 M 11.9 177.8 ICS, NCS (NA) SR 3.17 81.1 3.00 76.7 3.36 85.9 10.12

HFNC 3.08 78.8 2.96 75.7 4.00 106.4 28.85
3 M 15.2 174.6 ICS, NCS SR 3.31 82.8 2.83 70.8 3.24 81.0 14.50

HFNC 3.34 83.5 2.85 71.3 3.34 83.5 14.67
Excluded after one ECT
4 M 9.2 142.5 ICS SR 2.06 99.5 1.95 94.2 1.93 93.2 6.31
5 M 8.0 127.0 ICS, NCS HFNC 1.60 101.9 1.54 98.1 1.73 110.2 10.98
6 M 9.1 124.4 ICS, NCS HFNC 1.41 93.4 1.28 84.8 1.49 98.7 14.09
ECT was deemed irresponsible
7 M 12.3 157.6 ICS+LABA, NCS LF rev 1.09 39.2 x 2.02 72.7 46.04

LF rev 2.55 91.7 x 2.49 89.6 2.35

29



Figure 4.1: Measurements of the included participant. The measurements during the visit with
HFNC therapy are orange and those during the visit with spontaneous recovery are blue.

4.1 Effect of HFNC therapy on the recovery after EIB

As mentioned before, only one patient met the inclusion criteria of severe bronchoconstriction
after exercise. Figure 4.1 shows the parameters measured during both visits of this participant.
The segment at the top shows the percentage of the FEV1 compared to the predicted FEV1.
Concerning the EIB, the recovery during HFNC therapy and during spontaneous recovery are
very similar.

4.2 Effect of HFNC therapy on secondary parameters

Figure 4.1 shows the different parameters, measured during both visits of participant number
one. Both the amplitude and the AUC of the diaphragm EMG are higher using HFNC therapy.
The respiratory rate, however, is lower in all measured segments. This is also the case for the
second Legendre coefficent. The expected FEV1/FVC-ratio is most of the times lower, with of
the values at 5 minutes and 30 minutes as exceptions. Figure 4.2 shows the STFV-curves of
this participant during both visits. The curves with HFNC therapy look more triangular and less
round than those during spontaneous recovery. The shapes of the STFV-curvemeasured during
the visits of participant number 3, shown in Figure 4.3 look less round as well, and even appear
square. Participant number 2 also performed both visits, however, as only one STFV-curve
could be determined during HFNC therapy these are not shown.
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Figure 4.4: Boxplots of the measurements performed at baseline. RR = respiratory rate

Baseline measurements

Figure 4.4 shows the boxplots of the parameters derived from the EMG and STFV-curves during
the baseline measurements of all visits. These boxplots compare the measurements performed
without HFNC therapy, with the flow set to half of the calculated flowrate and with the calculated
flow. The respiratory rate seems to decrease at the calculated flowrate. Both the amplitude and
the AUC of the diaphragm EMG increase. Furthermore, it can be noticed that the variation in
both EMG parameters increases at the calculated flowrate. The FEV1/FVC-ratio and second
Legendre coefficient decrease with increasing flow. It should be noted though that not all mea-
surements were successfully converted to STFV-curves. As a consequence the boxplots of the
FEV1/FVC-ratio and second Legendre coefficient cover less datapoints.

4.3 Relation between shape of the STFV-curves and other parameters

In Figure 4.5 three curves are shown from each participant that performed an ECT with spon-
taneous recovery. The top row shows the curves during the baseline measurement, the middle
row the curves of the segment corresponding to the nadir FEV1 and the third row shows the
curves after salbutamol was administered. The FEV1 values that correspond to these curves
are found in Table 4.1. The shapes of the baseline curves vary. Both the curves of participant
number 1 and 4 show a slope on the left, even though the curve of participant 1 is more rounded.
The baseline curve of participant number 2 is more flattend at the top. The curve of participant
number 3 is quite square. The curve of participant 1 at nadir FEV1 is less round, compared to
baseline, while the leftward slope is still there. The curve post salbutamol is more similar to the
baselinecurve than to the curve at nadir FEV1. This participant had lability of 65%, while the
other three presented participants had a lability lower than 15%. The three curves of participant
2 are quite similar. The curve post salbutamol is more round, the top is not flattenened, contrary
to the baseline curve and, in lesser extent, the curve at nadir FEV1. The curve of participant 3
at nadir FEV1 is very different than the curve at baseline. Whereas the curve at baseline is quite
square, the curve at nadir FEV1 is more round. The curve of this participant after salbutamol
differs to both previous curves. It has a leftward slope. The curve of participant 4 at nadir FEV1
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Table 4.2: The statistics of the correlation between the parameters describing the shape of the
STFV-curve and the spirometric parameters.

Pearson’s r regression equation p-value
expected FEV1/FVC-ratio

FEV1%pred .143 y = 0.652 + 0.000*x 0.279
FEV1/FVC-ratio .006 y = 0.612 + 0.003*x 0.930

−α2

FEV1%pred .381 y = 0.224 + 0.001*x 0.012
FEV1/FVC-ratio .302 y = 0.202 + 0.168*x 0.066

Table 4.3: Comparison of obtained valid curves with HFNC and without HFNC

With HFNC Without HFNC Total
Valid curves 26 39 65
No valid curves 15 2 17
Total 41 41 82
Percentage valid curves 63% 95% 79%

is quite similar to the curve at baseline. The curve post salbutamol however looks different. It is
based on less breathing cycles, and those breathing cycles differ between themselves, resulting
in an unusual shape.

4.3.1 Shape describing parameters

To explore the relation between the parameters describing the shape of the STFV-curve and the
spirometric parameters scatterplots were made. On top of this, the correlation coefficient and its
significance were determined between these parameters. To correct for the correlation between
participants a GEE was used for determining the significance. The results of the spirometric
parameters are shown in Table 4.2, Figure 4.7 and Figure 4.6. A moderate positive relation was
found between −α2 and the percentage of predicted FEV1. No relation is found between the
expected FEV1/FVC-ratio and either spirometric parameter. It is interesting to note the ranges
of values in the scatterplot of the expected FEV1/FVC-ratio versus the actual FEV1/FVC-ratio,
the left scatterplot in Figure 4.6. The expected FEV1/FVC-ratio does not exceed 0.8 while a
large part of the corresponding values of the FEV1/FVC-ratio are above 0.8.
The scatterplots and statistic results of the correlation between the shape describing parameters
and the diphragm EMG and respiratory rate are presented in Appendix D

4.4 Feasibility of STFV-curves during HFNC therapy

Table 4.3 compares the amount of pressuremeasurements that were converted to valid STFV-curves
during the application of HFNC therapy and without HFNC therapy. The pressure measure-
ments recorded without HFNC therapy could be converted to a valid STFV-curve in all but 2
cases, resulting in a percentage of 95%. On the other hand 63% of the pressure measurement
recorded during HFNC therapy resulted in valid curves.

Based on the pressure segments from which no valid STFV-curve could be obtained during
HFNC therapy, three causes have been identified for this. The most prevalent cause was that
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Figure 4.6: Scatterplots of the FEV1/FVC-ratio vs the expected FEV1/FVC-ratio and the second
Legendre coefficient

Figure 4.7: Scatterplot of percentage of predicted FEV1 vs expected FEV1/FVC-ratio and the
second Legendre coefficient. The extra datapoints in the left scatterplot data points are from
the previously collected dataset described in Appendix B.
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Figure 4.8: Example of gradual pressure decrease

pressure segments did not contain enough breathing cycles. The algorithm needs at least
10 breathing cycles, which was not the case in 7 of the pressure segments. Secondly, in 5
pressure segments the pressure gradually decreased. Figure 4.8 shows an example of this. As
mentioned before the pressure needs to fluctuate around zero, which is why these segments
could not be converted to valid curves. The third cause is that some patients were breathing
through their mouth instead of through their nose during some segments. This was identified in
2 of the pressure segments, one of which is shown in Figure 4.9.

Figure 4.9: Example of mouth breathing during the pressure segment
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5 DISCUSSION

This randomized prospective cross-over trial explored the effect of HFNC therapy in children
with asthma. Seven patients with asthma participated in the study, of which only one participant
met all inclusion criteria relating to the bronchial lability. As such, no definitive conclusion can
be drawn on the effect of EIB. The measurements of the included and the excluded participants
were used in the evaluation of the secondary research questions. We observed that HFNC
therapy decreased the respiratory rate, expected FEV1/FVC-ratio and -α2, while diaphragm
EMG amplitude and AUC increased. Furthermore, the FEV1/FVC-ratio and −α2 showed a
weak positive relation, while no relation was observed between the parameters describing the
shape of the STFV-curves and the spirometric parameters, diaphragm EMG parameters and
respiratory rate. Lastly, the feasibility of the STFV-curve was considerably lower during HFNC
therapy. Causes of this were too short pressure measurements, a gradual pressure decrease
and mouthbreathing.

5.1 Effect of HFNC therapy

HFNC therapy did not accelerate the recovery of EIB as measured by spirometry, nor did it re-
duce the fall of FEV1. It should be noted that this is based on only one participant who showed a
bronchial lability sufficient to meet the inclusion criteria. It should be noted that this patient might
not be representative for the population of children with asthma, since the participant was born
prematurely (<30 weeks) which is known to influence the development of the lungs. Even if this
result would be confirmed in a larger group of patients it would not mean that HFNC therapy is
not beneficial in children with asthma, as other parameters could be influenced by HFNC ther-
apy. In this one participant the other parameters measured over time seemed to be influenced
by HFNC therapy. The respiratory rate, expected FEV1/FVC-ratio and -α2 decreased, while
EMG amplitude and AUC seemed to increase, which in line with the baseline measurements
performed in all participants (Figure 4.4).

HFNC therapy decreased the respiratory rate in all measurements over time in the included
participant and in the baseline measurements with the full calculated flowrate. At the base-
line measurements with half of the calculated flow, the respiratory rate is comparable with the
measurement without flow. A decrease in respiratory rate with increasing flowrate is also found
in other studies on HFNC therapy in both infants with bronchiolitis and children with asthma
exacerbations.[52, 71, 72] Milesi et al. observed a change in inspiration/expiration-ratio: the
inspiration shortenend and the expiration prolonged.[71] HFNC therapy could reduce the inspi-
ration time due to the flow that meets the inspiratory flow demand. During expiration, on the
other hand, the patient exhales against the high flow which could pose additional respiratory
resistance, thereby prolonging the exhalation. The shortened inspiration and prolonged expira-
tion could be balanced at half of the calculated flowrate, explaining the comparable respiratory
rate in the baseline measurements without flow and at half of the calculated flowrate. Another
possible explanation for the decreased respiratory rate during HFNC therapy is that the washout
of dead space decreases the carbon dioxide in the arterial blood, resulting in a decreases of
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the respiratory drive.

The decreasewe observed in expected FEV1/FVC-ratio and−α2, and the corresponding change
in shape of the STFV-curves, could be explained by a prolonged expiration during HFNC ther-
apy. It is hypothesized that the prolonged expiration caused by the additional respiratory resis-
tance makes the STFV-curve less round, making it look more ’obstructive’ which decreases the
−α2. Additionally, it looksmore triangular, with the consequence that the expected FEV1/FVC-ratio
is lower.

HFNC therapy increased the amplitude and AUC of the diaphragm EMG. It should however be
noted that the EMG amplitude and AUC are measured per breathing cycle. As the respiratory
rate shows a decrease, the effect of HFNC therapy on the work of breathing is uncertain.
It is assumed that the peak in the diaphragm EMG corresponds to the inspiration, since the
diaphragm is active during inspiration. However, during HFNC therapy the inspiration is sup-
ported, which makes this finding unexpected. The expiration, however, could take more effort.
The peaks in the EMG could therefore represent the expiration instead of the inspiration. The
measured activity could be the activity of the rectus abdominis, a secondary muscle of expira-
tion. These two reasons are hypothesised to be the explanation for the increased amplitude
and AUC.
Most studies that evaluated diaphragm EMG during HFNC therapy observed a reduction in AUC
and amplitude. Pham et al. observed a decrease in the diaphragm activity during HFNC ther-
apy compared to no HFNC therapy.[73] In this study the electrical activity of the diaphragm was
measured invasively with a nasogastric probe. Jeffreys et al. compared the amplitude and AUC
during different flowrates and showed a decrease as the flowrate is increased. These measure-
ments were performed using surface EMG like in this study, however, no measurements without
flow were performed.[74] Both studies were performed with infants, with respiratory distress,
bronchopulmonary dysplasia, bronchiolitis and a cardiac disease. This difference makes the
results less comparable to this study. A study with adults with Chronic Obstructive Pulmonary
Disease (COPD) that had received mechanical ventilation, however, also found a decrease in
electrical activity of the diaphragm during HFNC therapy compared to COT, measured using
a nasogastric probe.[75] As such, it seems that the difference in age would not explain the
findings in this study. Participants in these studies had respiratory problems at the time of the
measurement. The participants in this study, however, did not have those at the baseline mea-
surements, as asthma is an episodic disease and prior to exercise the lung function is usually
normal. This could have been a factor that contributed to the differences in results. Another
factor could be the variation in how the flowrates were set in the studies. In this study it was
based on weight. Pham et al. also based it on weight and used a flowrate of 2 L/kg/min. As
the infants were all under 10 kg, this was equal to the calculation in this study. Jeffreys et al.
evaluated flowrates of 4L/min, 6 L/min and 8L/min. Di Mussi et al. titrated the flowrate up with
5-10 L/min starting from 20 L/min, up to the highest flow compatible with patient comfort, with a
maximum flow of 60 L/min. Even if these factors have contributed to the unexpected results in
this study, they do not fully explain it.

HFNC therapy could still be beneficial despite not having an effect on EIB. In order to ex-
plain this, an introduction of the maximal flow volume envelope is needed. The idea is that the
flow volume curve of a forced inspiration and expiration, shows the boundaries in which the
tidal breathing occurs. The boundaries of the breathing envelope allow for different breathing
patterns. The breathing patterns can be visualised with tidal flow volume curves inside of the
maximal flow volume curve. Two examples, of one normal subject and of one subject with an
obstructive lung disease, are shown in Figure 5.1. Note that these tidal flow volume curves
are not scaled. Scaling would eliminate the possibility to compare the quantities of flows and
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Figure 5.1: Maximal flow volume curves of a normal subject on the left and a subject with an
obstructive lung disease on the right. Inside the maximal flow volume curves, tidal breathing
curves measured during exercise are shown.[76]

volumes. During physiological stress, such as exercise, the breathing pattern changes. The
demand of oxygen increases, which requires a larger volume of air inhaled and exhaled per
minute. This can be done by increasing the tidal volume and/or the respiratory rate. With ob-
struction, in other words a restriction of the flow volume envelope, a leftward shift is required
to maintain the increase in tidal volume.[76, 77] This leftward shift increases the end expiratory
lung volume and decreases the inspiratory reserve volume, called dynamic hyperinflation. A
drawback of dynamic hyperinflation is that it is tiring for the respiratory muscles. During dy-
namic hyperinflation the respiratory muscles have to perform at a sub-ideal position and length,
which increases the energy expenditure of breathing. On top op that, contributes the decrease
of inspiratory reserve volume to a feeling of dyspnea[78]. After exercise, the demand of oxygen
decreases and, as a result, the tidal volume and respiratory rate decrease to a resting breath-
ing pattern. However, when obstruction is induced by exercise, the rightward shift is restricted.
HFNC therapy decreases the respiratory rate probably by increasing the expiration time, which
is hypothesised to limit the leftward shift, thereby preventing dynamic hyperinflation.

5.2 Relation between shape of the STFV-curve and other parameters

In the STFV-curves measured during ECT with spontaneous recovery, the curve at nadir FEV1

looks different compared to the STFV-curves at baseline and post salbutamol in the included
participant. In the other three participants this difference was not observed. This is in line
with earlier research which used an previous algorithm to convert pressure measurements
to STFV-curves curves.[70] This study reported that it was possible to recognise obstructive
and non-obstructive curves, but no parameters capable of separating them were found. The
STFV-curves of these four participants did show a high variability. Nourry et al. have shown
that trained children adapt their breathing pattern in a similar way during exercise, but the adap-
tations in breathing pattern vary in untrained children.[79] It is likely that a large variation exists

40



in how children adapt their breathing pattern within the boundaries of the forced flow volume
curve that are limited during bronchoconstriction. This could explain the variation in the shapes
of the STFV-curve.

Concerning the shape-describing parameters, in three combinations of parameters a moder-
ate, significant relation was found. A positive moderate relation was found between −α2 and
the FEV1/FVC-ratio. When the FEV1/FVC-ratio decreased the forced flow volume curve is more
concave. It is expected that this is also visible in the STFV-curve, and results in a curve which is
less round and thus shows a lower value of the −α2. Besides this, a moderate negative relation
was found between −α2 the diaphragm EMG amplitude. When −α2 decreases, in other words,
then the curve is less round, the EMG amplitude increases. The expected FEV1/FVC-ratio
showed a moderate positive relation with the respiratory rate. A breathing strategy with a lower
respiratory rate would be correlated to STFV-curve curves that look less concave. This could
represent an effect of exercise, on both the respiratory rate and the tidal breathing pattern.

The expected FEV1/FVC-ratio did not show a relation with the measured FEV1/FVC-ratio. The
calculation of the expected FEV1/FVC-ratio is based on a dataset consisting of 58 adults (54.0 ±
16.9 years of age) of which 16 had no underlying disease and the other participants did have an
underlying disease, most of them COPD.[69] This difference in population is likely the explana-
tion of why no relation was found between these parameters. The FEV1/FVC-ratio is significantly
dependent on age.[80] In younger children a higher FEV1/FVC-ratio is predicted, and the pre-
dicted FEV1/FVC-ratio decreases with age. Secondly, the diagnosis of COPD is made based
on a decreased FEV1/FVC-ratio. Because of these two reasons, the high FEV1/FVC-ratio val-
ues reported in this study (>0.85) were not represented in the dataset with adults. This could
explain that expected FEV1/FVC-ratio values found in this study, did not correlate, and were
lower than, the measured FEV1/FVC-ratio.

5.3 Feasibility

The percentage of obtained curves from pressure segments during HFNC therapy was consid-
erably lower than those without HFNC therapy. Three causes were identified that explained
why these segments were not successfully converted to curves. The most prominent cause
was that the pressure segments did not contain enough breathing cycles. This is caused by
a combination of the available time in the protocol and the decreased respiratory rate during
HFNC therapy. Especially the time available between the spirometry measurements at 3 min
and 5 minutes was short. When flow was used, 10-20 seconds of mouthbreathing was recorded
with the aim of using that for the no-breathing pressure. This reduced the time available for ob-
taining nose-breathing measurements which are needed for conversion to the curves.

The second identified cause was a gradual pressure decrease. Several causes of this decrease
were suggested. One suggestion was that muscus entered the cannula. This was thought to
give a more sudden effect on the pressure, not a gradual change over time. Another suggestion
was a leak. This could be either in the set-up of the system providing the HFNC therapy, or an
anatomic leak. This seemed unlikely as the gradual pressure decrease was seen during a
baseline measurement with half of the flow, and not in the successive baseline measurement
with the full flow. If it would have been a leakage, the decrease would have been present in
both of these measurement, as only the flowrate was changed between these measurements.
The suggestion that the decrease of the pressure resulted from the bottle with compressed air
being near empty, was discarded for the same reason. As such there is no likely explanation
yet. In order to increase the feasibility of the STFV-curves the cause of the pressure decrease
should be investigated.
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Ideally the gradual pressure decrease is prevented. When it would turn out that this is not pos-
sible, the drift could be removed using a high-pass filter as a preprocessing step. Curves could
then be obtained from these filtered pressure signals. An example of this is given in Appendix E.
If this is done with more measurements, it should be further investigated what filter design would
be ideal for this application. Ideally it would not influence the shape of the STFV-curve. To find
out to what extend a filter would influence the shape of the curve the following steps could be
used. First, one or more pressure segment could be manipulated by adding a drift signal to the
original signal. Next, a filter can be applied. Lastly, the shape of curves resulting from the ma-
nipulated, filtered signal and the original signal can be compared. Based on this comparison it
can be determined whether filtering the segments with gradual pressure decrease is desireable.

The third cause of not obtaining valid curves during HFNC therapy was mouthbreathing. In
this study it was possible to limit the occurrence of mouthbreathing, by instructing children. In
clinical practice however this is more difficult and undesireable to require this instruction. One
of the proposed appliances of STFV-curve is to unobtrusively gain insight in the lung function
while a child is sleeping, with the advantage of not waking a child. In other studies with younger
children mouth-breathing is prevented by using a pacifier. It could be worthwhile to explore
whether this would also work in older children.

5.4 Strengths and limitations

This study set out to investigate the effect of HFNC therapy in a novel way, which is a strength
of the study. The clinical effect of HFNC therapy in children with asthma has not before been
analysed in a controlled design. By provoking an asthma attack via an ECT it was possible to
perform this study as a clinical prospective randomized cross-over trial. On top of that, a novel
study endpoint was evaluated: STFV-curves resulting from the algorithm by Hebbink & Hagmei-
jer [14]. These STFV-curves have not yet been measured in children with asthma. Moreover,
measurement of STFV-curves during HFNC therapy has only been done in an in-vitro laboratory
setting.

The main limitation in this study is that only one participant met the inclusion criteria of a
bronchial lability larger than 30% in the ECT. In the study period there were more patients
performing an ECT that met this inclusion criterium. However, prior to their ECT it was not ex-
pected that they would show a bronchial lability larger than 30%. During the study period 59
children that had an appointment for an ECT met the inclusion criterium concerning age and
were further screened by evaluating their electronic patient file. Further screening consisted of
looking for clues that could help to build expectation on whether the asthma of these patients
would be controlled or not, such as therapy (non-)adherence, a recent exacerbation and the
result of previous ECTs. When one of these clues were present the treating health specialist
was consulted for their expectation. Despite this screening process, predicting the result of an
ECT was difficult. This shows that these ECTs provide valuable information in assessing the
status of a patient’s asthma. For this study, however, it has the unfortunate consequence that
no definitive conclusion can be drawn on the first, and main, research objective. On top of that,
based on these inclusion rates, it would mean that an additional one and a half year are needed
to reach the desired number of participants for the interim analysis.

Another limitation concerns the non-breathing pressure needed to convert the pressure seg-
ments measured during HFNC therapy to STFV-curves. The best out of three included options,
the mean of the entire pressure segment, is used in this study. However, this is likely not ideal,
which decreases the validity of the reported shape describing parameters. One could, for in-
stance, imagine that the actual non-breathing pressure would be lower than the used mean
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pressure if the pressure segment starts and ends with an expiration. The curves during HFNC
therapy may not be as robust as those without HFNC therapy, nevertheless they provide addi-
tional information.

5.5 Future perspectives

This study has identified several causes for a lower feasibility of STFV-curves during HFNC
therapy. Based on these findings precautions can be taken which are thought to increase the
feasibility. It is, however, also shown that the shape of the curve is influenced by the use of
HFNC therapy. As a consequence, references that are being developed for the curves without
HFNC therapy should not be used for the curves with HFNC therapy. Besides this, it is likely
that a the magnitude of the effect changes with the flowrate. This would mean that it is even
more difficult to build references for the STFV-curves during HFNC therapy. As such, it would
be recommended to first investigate the use of the STFV-curves more. At a later stage this
might be expanded by building a reference set for STFV-curves obtained during HFNC therapy.
The main recommendation is, therefore, to study the topics HFNC therapy and STFV-curves
separately.

For the assessment of children with asthma the STFV-curves could still be a valuable to add to
the toolbox of clinicians. Only a part of the children with an asthma exacerbation are treated
with HFNC therapy. In other children the STFV-curves could be useful. Before clinical appli-
cation more research is needed. When this is performed separately from the HFNC therapy
research, it is a lot easier to include a larger amount of participants, and thus measure children
with a larger variety of lung function decrease. Participating would be less demanding for the
children than during this study. Measurement are only performed during the regular care visit.
This could be during a lung function measurement with reversibility, as well as during the ECT.
Measuring the pressure can be done using a nasal cannula directly connected to a pressure
sensor. This looks less imposing for children than the setup in this study. It is recommended to
take into account that exercise can influence the breathing pattern for some time after the ECT.
Another recommendation is ask participants to rate their feeling of dyspnea using the Visual
Analogue Scale (VAS). This provides insight in the experience of the patient which could be
related to their breathing pattern.

Concerning the effect of HFNC therapy and how to objectively titrate the settings, it could be
worthwhile to investigate this during metacholine challenge tests. In a metacholine challenge
test metacholine is repeatedly applied until the lung function is decreased with 20%. This would
provide more controllable fall in FEV1, compared to using exercise as challenge. The drawback
is that it is not part of regular work-up for children with asthma.

Furthermore it is recommended to use the AIRVO2 (Fisher & Paykel) as HFNC device, which is
currently used more in clinical practice than the HFNC set-up used in this study. The AIRVO2
provides several advantages. Firstly, the flow and temperature can be set more precise. Fur-
thermore, the AIRVO2 extracts air from the surroundings. This makes a medical air wall outlet
or a bottle with compressed medical air obsolete, as long as no additional oxygen is required.
A drawback of using the AIRVO2 is that it needs an hour-long cleaning process after use. This
means that two participants cannot be tested directly after each other, unless two devices are
available.

This study raises the question of how HFNC therapy affects the breathing pattern in children
with asthma. It would be interesting to investigate this, in order to gain more insight into the
working mechanism of HFNC therapy. In order to do this, it is recommended to measure the
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time of inspiration and expiration, and their ratio. Furthermore, it would be interesting to take
measure the EMG not only of the diaphragm, but also the accessory respiratory muscles. This
would provide information which muscles are used. Besides that, the additional EMG mea-
surements could help to place the breathing pattern into the flow-volume envelope. Measuring
tidal flow volume curves via the conventional way is not recommended as mouthbreathing is
required for this. Mouthbreathing wouldmake the results less representative for clinical practice.

Continuing onmeasurements of the diaphragmEMG, there are some questions that were raised
during this study on that topic. Asmentioned before, it is assumed that the peak in the diaphragm
EMG signal corresponds to the inspiration, since the diaphragm is active during inspiration. This
assumption could be confirmed by measure the pressure and EMG simultaneously at the same
device. Besides that, performing these measurements during HFNC therapy could provide
insight on the hypothesis that this changes as a result of the HFNC therapy. Both signals were
collected during this study. Unfortunately, it was not possible to perform these analyses, as
there was a changing time difference between the two used devices.
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6 CONCLUSION

This randomized prospective cross-over trial set out to explore the effect of HFNC therapy dur-
ing ECTs in children with asthma. Unfortunately, no conclusion can be drawn on the effect of
HFNC therapy on the recovery of EIB, as only one participant met the strict inclusion criteria
concerning the lability in lung function. It was shown that HFNC therapy decreases the respi-
ratory rate and the parameters used to describe the shape of STFV-curves in both the baseline
measurements prior to exercise in all participants and the measurements during recovery of
the included participant. This is thought to be the consequence of a prolonged expiration and
changed breathing pattern during HFNC therapy. Furthermore, HFNC increased the diaphragm
EMG parameters during these measurements. The EMG parameters are measured per breath-
ing cycle. As a consequence they do not fully represent the work of breathing, which is the activ-
ity per time-unit. In the measurements during spontaneous recovery no relationship was found
between the FEV1/FVC-ratio and the expected FEV1/FVC-ratio derived from the STFV-curves
(r = 0.006, p = 0.930). On top of this, a lower feasibility was found for obtaining STFV-curves
during HFNC therapy, compared to measurements without HFNC therapy. Precautions can be
taken to increase the feasibility of STFV-curves during HFNC therapy. These precautions in-
clude increasing the measurement time of the pressure, using a high-pass filter to remove drift
and exploring methods that discourage mouthbreathing.

Themain implication of the findings in this study is that references for STFV-curves during HFNC
therapy have to be made separately from references of STFV-curves that are measured without
HFNC therapy. Therefore, it is recommended to investigate the effect of HFNC therapy and the
STFV-curves separately. Furthermore, future research on HFNC therapy should investigate the
effect on the changes in breathing pattern and the clinical relevance of this effect.
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A APPENDIX: DERIVATION OF LEGENDRE POLYNOMI-
ALS AND COEFFICENTS

A.1 Polynomials

To arrive at the Legendre polynomials of the different orders, the generating function (Equation
A.1) can be used.

Φ(x, h) := (1− 2xh+ h2)−1/2 (A.1)

As a first step, x in the generating function is seen as a fixed variable. This means that Φ is
seen as a function of a single variable h for now. Φ(h) is then expanded as a Taylor expansion
in powers of h, which results in Equation A.2.

Φ(h) = Φ(0) +
dΦ

dh
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To take into account the dependence of x, Equation A.2 does not change much. The derivatives
with respect to h are written as partial derivatives instead of total derivatives, which results in
Equation A.3.

Φ(x, h) =
∞∑
l=0

1

l!

∂lΦ

∂hl
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h=0

hl (A.3)

When this expression is evaluated at h = 0, the coefficients of the Taylor expansion, given
by the partial derivatives of Φ with respect to h, depend on x but are independent on h. The
Legendre polynomials (Pl) are defined to be equal to these coefficients. The resulting Equation
A.4 is therefore the formal definition of the Legendre polynomials.

Φ(x, h) =
∞∑
l=0

Pl(x)h
l (A.4)

Comparing this formal definition to the Taylor expansion (Equation A.2), results in Equation A.5.
Written in this way, the link with the partial derivatives of Φ(x, h) is visible.

Pl(x) =
1

l!

dlΦ

dhl

∣∣∣∣
h=0

hl (A.5)

Equation A.5 is combined with the generation function (Equation A.1) to determine the Legendre
polynomial for each order. For the zeroth Legendre polynomial (l = 0), no derivative is taken.
Evaluating it then at h = 0, gives P0(x) = 1. For the first order Legendre polynomial (l = 0), Φ
is differentiated once with respect to h, which results in Equation A.6 after simplification.

∂Φ

∂h
= (x− h)(1− 2xh+ h2)−3/2 (A.6)
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Following Equation A.5 the next steps are to evaluate A.6 at h = 0 and divide the result by 1!.
This results in P1 = x. For arriving at the second order Legendre polynomial, Φ is differentiated
twice with respect to h. This results in Equation A.7.

∂2Φ

∂h2
= (3x2 − 1− 4xh+ 2h2)(1−−2xh+ h2)−5/2 (A.7)

The next steps are to evaluate this at h = 0 and divide it by 2! = 2, resulting in P2 =
1
2(3x

2 − 1).

The same steps as described above can be used to determine higher order Legendre polyno-
mials. The higher the order, however, the more tedious the determination of the polynomial
gets, as a higher order derivative has to be determined. Fortunately, there are other ways to
determine these polynomials. One way to do that is via recursive relations. When those are
used, a Legendre polynomial of a certain order is calculated using the polynomials of the two
orders below it. [63] The proof and explanation of these methods, however are beyond the
scope of this thesis.

A.2 Coefficients

The norm and the orthogonality (Equation 2.20) 2.19can be combined into one single equation
using the Kronecker symbol (δll′). The Kronecker symbol is 1 when l = l′ and 0 when l ̸= l′.
This results in Equation A.8.

(Pl, Pl′) =

∫ 1

−1
Pl(x)Pl′(x)dx =

2

2l + 1
δll′ (A.8)

To arrive at the equation used to determine the Legendre coefficients (Equation 2.17) the first
step is to take the definition of the Legendre series (Equation 2.15) and to multiply both sides
with a Legendre polynomial with order l′. Next, both sides are integrated on the interval of -1 to
1. These steps result in Equation 2.16.∫ 1

−1
f(x)Pl′(x)dx =

∫ 1

−1

∞∑
l

alPl(x)Pl′(x)dx (A.9)

As the summation and Legendre coefficient are constants the right-hand side can be reordered
into Equation A.10. ∫ 1

−1
f(x)Pl′(x)dx =

∞∑
l

al

∫ 1

−1
Pl(x)Pl′(x)dx (A.10)

Now, the combination of the norm and orthogonality (Equation A.8) comes into play. Exactly
this expression can be recognised in the right-hand side of Equation A.10. Substituting it results
in Equation A.11. ∫ 1

−1
f(x)Pl′(x)dx =

∞∑
l

al
2

2l + 1
δll′ (A.11)

Taking l′ = l, makes the Kronecker delta 1 and results in Equation A.12. Reordering it results
in the expression for al (Equation 2.17) that this section started with.∫ 1

−1
f(x)Pl(x)dx = al

2

2l + 1
(A.12)

52



B APPENDIX: PREVIOUSLY COLLECTED DATA

In addition to the data collected in this study, data from a previous study is used. In 2019 K.
Wijlens performed a study in which exercise induced changes in lung function were compared
to changes in the tidal phase diagram.[70] Using the parameters triangularity, sphericity and
the Area under the expiratory part of the phase diagram (Aex1), it was not possible able to
discriminate between healthy and unhealthy shapes of curves, but difference could be seen by
the naked eye. Since the performance of that study, the algorithm for generating the scaled
flow-volume tidal curves has been improved. In 2019, the phase diagram was obtained via
integrating the pressure signal, while the current algorithm uses an approach that is also valid
for non-laminar flow. The way unrepresentative breaths are selected is also improved. A breath
can be unrepresentative because the patient coughs, swallows, talks, or breaths through the
mouth. The unrepresentative breaths are disregarded for the mean scaled flow-volume curve.
Besides this, more insight is gained in parameters that can be used to describe the shape of
the curve. The first three coefficients of the Legendre polynomials are thought to be promising,
which were not yet evaluated by K. Wijlens.

B.1 Dataset

K. Wijlens included 18 patients (aged 4-18 years) with pediatrician diagnosed asthma or with a
suspicion of asthma. The data of 15 of these patients will be used, as 15 gave permission for
using their data in further research. These patients were already scheduled for an ECT. Spirom-
etry was performed before the ECT, at 1, 3 and 6 minutes after exercise and 5 minutes after
administration of salbutamol. After the spirometrymeasurement at 1minute post-exercise, pres-
sure was measured continuously. During spirometry and Forced Oscillatory Technique (FOT)
measurements the pressure measurement was shortly interrupted, because the participant is
nose-clipped during these measurements. Figure B.1 provides an overview of the measure-
ments. The pressure measurements were performed using the Optiflow nasal cannula directly
connected to a pressure sensor.

Figure B.1: Timing of measurements during the study in 2019, extracted from [70]
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B.2 Analysis

The current algorithm to obtain scaled tidal flow volume curves is applied on each time segment.
Of each scaled curve the coefficients of the zeroth to fifth Legendre polynomials, which describe
the shape of the curve, are determined. Before this is done, the pressure measurement of each
visit needs to be divided into the time periods between the interruptions for spirometry and FOT
measurements. For this the moments of the interruptions that were annotated by K. Wijlens are
used.
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C APPENDIX: NO-BREATHING PRESSURE

For converting the pressure signal measured during HFNC therapy into scaled tidal flow volume
curves, a no-breathing pressure is needed. Without HFNC therapy the no-breathing pressure is
zero. However, this is not the case during the application of HFNC therapy, as there is a contin-
uous airflow. Two options have been proposed by R. Hebbink to clinically obtain a no-breathing
pressure, namely by measuring the pressure during holding the breath or during mouth breath-
ing.[69] Using the mean pressure during nose-breathing is added as a third option. The reason
for this is that the pressure fluctuates around the mean, just as the pressure fluctuates around
zero without HFNC therapy. During the visit with HFNC the participants are instructed to breathe
trough their nose for 10-20 seconds and/or to hold their breath for 2-3 seconds after each inter-
ruption. The custom MATLAB application also keeps track of these periods.
Three options were evaluated, namely the mean pressure during 20 or 10 seconds of mouth
breathing, the mean pressure during 3 seconds of holding their breath in and lastly the mean
pressure during the full segments that were converted to scaled tidal flow volume curves. This
last option proved to be the best. The other options both had a lower pressure, which resulted
in pressure waves that fluctuated at a level above zero, making it impossible to obtain tidal flow
volume curves via this method in most segments. Another disadvantage of the breath holding
option was that it proved to be difficult for a large part of the children, especially after exercise.
Figure C.1 shows the mean pressures during mouth breathing and nose breathing during the
segments measured in the first two participants.
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Figure C.1: Comparison of the means per segment during breathing through the nose and
mouth. The top shows the mean pressure of both measurements over multiple segments in
two participants. The bottom shows the pressure difference between the mean pressure of the
nose and the mouth.
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D APPENDIX: ADDITIONAL TABLES AND FIGURES

Figure D.1: Scatterplot of the diaphragm EMG amplitude vs FEV1/FVC-ratio and the second
Legendre coefficient

Table D.1: The statistics of the correlation between the shape describing parameters of the
STFV-curve and the diaphragm EMG parameters and respiratory rate

Pearson’s r regression equation p-value
expected FEV1/FVC-ratio

EMG amplitude .310 y = 0.587 + 0.004*x 0.099
EMG AUC .105 y = 0.601 + 0.001*x 0.616
RR .361 y = 0.544 + 0.005*x 0.028

−α2

EMG amplitude .300 y = 0.300 - 0.004*x <0.001
EMG AUC .136 y = 0.345 - 0.002*x 0.146
RR .130 y = 0.367 - 0.002*x 0.560
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Figure D.2: Scatterplot diphragm EMG AUC vs expected FEV1/FVC-ratio and the second Leg-
endre coefficient

Figure D.3: Scatterplot respiratory rate vs expected FEV1/FVC-ratio and the second Legendre
coefficient
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E APPENDIX: FILTERINGAPRESSURESEGMENTWITH
DRIFT

Figure E.1 shows a period of a pressure measurement with a gradual pressure decrease, or
in other words drift. Two different filteres have been applied to this pressure signal, shown in
the other two subfigures of Figure E.1. Both filters are local differentiators, with Equation E.1
as transfer function. In filter 1 α is 0.99 and in filter 2 it is 0.999. As a consequence, the time
constant (1/(1 − α)) of filter 1 is larger. Figure E.2 shows the periodograms of the original
pressure signal and the signal after the application of each filter. The low frequencies (0-0.1
Hz) are better removed with filter 1, however, the shape of the signal after applying filter 2 looks
more similar to the original pressure signal in Figure E.1. As such, it could be possible that part
of the signal in the removed range contributes to the shape of the curves and is undesirable to
remove. Therefore, the algorithm for converting the pressure to a STFV-curve is applied on the
pressure filtered with filter 2, which resulted in E.3.

Hn(z) =
1− z−1

1− αz−1
, αf1 = 0.99, αf2 = 0.999 (E.1)

Figure E.1: Signal with drift, and the same signal with two different filters applied.
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This example shows that it is possible to remove the gradual pressure decrease found inmultiple
pressure measurements which makes it possible to obtain a valid STFV-curve from it. It should
however be taken into account and further investigated what the effect is of filtering on the shape
of the STFV-curve and whether that is desireable.

Figure E.2: Periodograms of the three different signals

Figure E.3: STFV curve
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