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1.1 Introduction

Chronic Obstructive Pulmonary Disease (COPD) is a highly prevalent chronic health condition, which
leads to disability, morbidity, and mortality (1-3). The Global Initiative for Chronic Obstructive Lung
Disease (GOLD) report defines COPD as “a common, preventable, and treatable disease characterized
by persistent respiratory symptoms and airflow limitation that is due to airway and/or alveolar
abnormalities, usually caused by significant exposure to noxious particles or gases” (4)"°%. The
international, population-based BOLD study aims to use standardized survey methods and a
spirometric criterion for COPD, enabling direct comparisons between study populations. The
prevalence of spirometry-defined COPD (FEV1 /FVC < 0.7, FEV1 <80% of predicted value) is
approximately 10% worldwide and it varies between European countries (5). There were 251 million
cases of COPD reported globally in 2016, and there were 3.17 million deaths from COPD, which is 5%
of the global mortality in 2015 (3). The treatment of COPD results in high health care costs and has
become a global financial burden (1, 2). Many patients with COPD are suffering from dyspnea, which

is the main symptom of COPD causing limitation of basic daily life activities (4-6).

Dyspnea is a multidimensional sensation (7-9). There are three major dimensions. First the sensory-
perceptual domain, which includes dyspnea intensity and quality. Second, the affective distress which
is focused on the perception of immediate unpleasantness or cognitive evaluation response for
potential consequences of what is perceived. Moreover, the third dimension is the symptom impact
burden, which reflects how dyspnea affects functional ability, disability, quality of life, or health status
(6, 8). The sensory-perceptual domains of dyspnea in COPD (intensity and quality) have been studied
extensively (intensity is also a major focus on this thesis), but the perception of the affective distress
component of dyspnea (unpleasantness perceived for a given intensity) has not received much
attention (9). The experience of dyspnea derives from interactions among multiple physiological,
psychological, social, and environmental factors (10). Anxiety and fear are important psychological
factors that could impact the perception of dyspnea (11-15). In patients with COPD, increased levels

of (non-specific) anxiety and dyspnea-specific fear are associated with increased dyspnea (13, 14).

Dyspnea perception shares many characteristics with pain (16, 17). Both are subjective perceptions of
physiological sensations, and both pain and dyspnea contain a sensory (intensity) and an affective
(unpleasantness) dimension (18, 19). Studies show that perception of both dyspnea and pain are
processed partly in similar areas of the brain (the insula, dorsal anterior cingulate cortex, amygdala,
and medial thalamus) which have been documented for their role in emotional (fear and anxiety)

processing (20, 21). Applying neurophysiologic and psychophysical concepts of pain could be beneficial
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in the understanding of the mechanism of dyspnea, leading to better management in both pain and

dyspnea in patients.

Respiratory and peripheral muscle weakness are important factors that contribute to dyspnea and
exercise limitation in COPD (22-24). Patients who have decreased inspiratory muscle strength
experience more symptoms of dyspnea during exercise, independently from the severity of airflow
obstruction (25). From resting to exercise, the mechanical loading on the respiratory muscle quickly
becomes overwhelming, leading to a growing disparity between the ventilatory load and the capacity
of the respiratory muscles; as a result, dyspnea occurs. Improving respiratory muscle capacity
(inspiratory muscle function, including strength and endurance) by inspiratory muscle training (IMT)

has been shown to significantly improve dyspnea and exercise capacity (26, 27).

Inspiratory muscle training (IMT) is an intervention aiming to ameliorate the imbalance between
demand for inspiratory muscle work and capacity by improving inspiratory muscle function. The
muscles adapt to the training by changing their structure (28) and induce changes in muscle functions
(i.e., improvements in strength, speed of contraction, power output and endurance) (29). The concept
of training is to apply functional overload by requesting the muscles to work longer at a higher intensity
and/or more frequently than what they are accustomed to. The adaptation elicited by training depends
upon the type of stimulus. Generally, inspiratory muscles respond to high-load-low-frequency loading

for strength-training and prolonged low-load-high-frequency contraction for endurance training (29).

Dyspnea and locomotor muscle fatigue are the primary causes that contribute to impaired exercise
capacity in patients with COPD (34, 35). Muscle fatigue is defined as a reduction in the ability of a
muscle to generate force or power output induced by exercise (30). As mention above, the
improvement in the inspiratory muscle function could also improve exercise capacity. However, it is
unclear how the improvement in the inspiratory muscle function could improve exercise capacity. The
mechanism suggested a link between inspiratory and locomotor muscle work in which high-intensity
contractions (during exercise) of both respiratory muscles and locomotor muscles cause reduction of
muscle blood flow to both groups of muscles resulting in fatigue and reduction of exercise endurance
(31, 32). Studies found that unloading of the respiratory muscles improved limb muscle fatigue during
exercise (33, 34). Chiappa et al. found an improvement in exercising forearms and resting calf blood

flow after IMT in patients with chronic heart failure (35).

From the abovementioned introduction, the evidence suggest that IMT can improve dyspnea sensation
and exercise capacity in patients. However, the mechanism “how” IMT could improve these two

elements has not been comprehensively investigated. In addition, the effect of IMT on locomotor
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muscle fatigue and psychological factors has not been investigated. Therefore, the main aim of this
thesis project is to investigate potential physio/psychological mechanisms explaining the effect of IMT
on dyspnea and exercise tolerance. The main hypothesis is that improvement in dyspnea and exercise
capacity in response to IMT could be explained by these physiological and psychological mechanisms.
Detailed background information is provided in chapter 2 and the rationales leading to the research

qguestions with an overview of each study are presented in chapter 3.

1.2 Introduction to the individual chapters

Chapter 2: Respiratory muscle function and exercise limitation in patients with chronic obstructive

pulmonary disease: a review

The aims of this review are 1) to provide a summary of physiological mechanisms linking respiratory
muscle dysfunction to dyspnea and exercise limitation, 2) to provide an overview of available
therapeutic approaches to maintain load-capacity balance of respiratory muscles during exercise, and
3) to review potential mechanisms that could explain the effects of interventions aimed to optimize
dynamic respiratory muscle function including inspiratory muscle training. Additionally expert

commentary was provided to indicate underexplored areas and potential future research questions.

Chapter 3: General methodology

In this chapter, a detailed overview of the main study as well as its components that offer answers to
the specific research questions formulated in the different chapters. The general methodology is

sketched out as well as the different specific research questions and hypothesis.

Chapter 4: Comparison between manual and (semi-) automated analyses of esophageal diaphragm

electromyography during endurance cycling in patients with COPD

Chapter 4 offers a methodology study in which an algorithm uses commercially available software to
make analyses more time-efficient, transparent, and freely accessible to other researchers was
developed. This chapter aims to investigate the inter-rater reliability of the previous developed manual
method, to explore the agreement between the manual and the proposed new method both cross-
sectionally (to evaluate validity) and changes in response to intervention (to evaluate responsiveness).

This new method was used in the analysis of respiratory muscle activation in chapter 5.

Chapter 5: Effects of inspiratory muscle training on dyspnea and respiratory muscle function at rest

and during exercise in patients with COPD
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In chapter 5, we investigate the effects of IMT on the activation of respiratory muscles in relation to
dyspnea sensation during exercise and during an IMT session in patients with COPD. Furthermore, in
an explorative fashion, we tested whether the activation of the extra-diaphragmatic inspiratory
muscles would be higher than the activation of the diaphragm during an IMT session compared to

during exercise.

Chapter 6: Impact of inspiratory muscle training on respiratory and locomotor muscle perfusion,

oxygenation and locomotor muscle fatigue during exercise in patients with COPD

This chapter aims to evaluate the effects of IMT on changes in respiratory and locomotor muscle blood

flow and locomotor muscle fatigue during cycling exercise.

Chapter 7: Impact of inspiratory muscle training on the perception and neural processing of

respiratory sensations in COPD

Chapter 7 focuses on the perception of the respiratory distress component of dyspnea. This chapter
investigated the effects of IMT on changes in the unpleasantness of dyspnea, general anxiety and

dyspnea specific fear.

Chapter 8: General discussion

Chapter 8, elaborates on the findings of the three mechanisms proposed in chapter 5, 6 and 7, the role
of IMT in clinical practice, future perspective of IMT, and introduce the potential future research

guestions to be explored.
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2.1. Abstract

Introduction: Respiratory muscle dysfunction is common and contributes to dyspnea and exercise
limitation in patients with chronic obstructive pulmonary disease (COPD). Improving dynamic function

of respiratory muscles during exercise might help to reduce symptoms and improve exercise capacity.

Areas covered: The aims of this review are to 1) summarize physiological mechanisms linking
respiratory muscle dysfunction to dyspnea and exercise limitation; 2) provide an overview of available
therapeutic approaches to better maintain load-capacity balance of respiratory muscles during
exercise; and 3) to summarize current knowledge on potential mechanisms explaining effects of
interventions aimed at optimizing dynamic respiratory muscle function with a special focus on

inspiratory muscle training.

Expert commentary: Several mechanisms which are potentially linking improvements in dynamic
respiratory muscle function to symptomatic and functional benefits have not been studied so far in
COPD patients. Examples of underexplored areas include the study of neural processes related to the
relief of acute dyspnea and the competition between respiratory and peripheral muscles for limited
energy supplies during exercise. Novel methodologies are available to non-invasively study these
mechanisms. Better insights into the consequences of dynamic respiratory muscle dysfunction will

hopefully contribute to further refine and individualize therapeutic approaches in patients with COPD.

Keywords: Chronic obstructive pulmonary disease, dyspnea, exercise capacity, respiratory muscle

dysfunction, therapeutic approaches
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2.2. Introduction

Chronic obstructive pulmonary disease (COPD) is a common, preventable, and treatable condition,
characterized by persistent airflow limitation (1). Notably, the most prominent exercise-limiting
symptom of COPD is dyspnea (2), which is associated with avoidance of activities and subsequent
deconditioning (3). Dyspnea is defined as an uncomfortable sensation of breathing (2). Dyspnea and
exercise limitation in patients are multifactorially determined. Both have been closely linked to
increased respiratory neural drive (RND), dynamic mechanical constraints during exercise breathing,
and functional respiratory muscle weakness leading to neuroventilatory dissociation (2-4), in variable
combinations. It has long been postulated that functional inspiratory muscle weakness, per se,
contributes to dyspnea causation in advanced COPD (5). Respiratory muscle dysfunction is moreover

frequently observed in patients with COPD (6).

Several factors contribute to respiratory muscle dysfunction in these patients including lung
hyperinflation, hypoxemia, hypercapnia, inflammation, malnutrition, long-term use of corticosteroids,
physical inactivity, and changes in fiber-type distribution in the respiratory muscles (7-10). Lung
hyperinflation is a major cause of respiratory muscle dysfunction in patients with obstructive lung
disease since it places the inspiratory muscles at a mechanical disadvantage. An increased load on the
respiratory muscles on the other hand is already present during resting breathing in these patients and
will be further exacerbated during periods of tachypnea. There are compensatory mechanisms by
which the respiratory muscles of these patients adapt to these mechanical disadvantages and
increased loads. The chest wall reconfigures to accommodate the overdistended lungs, and the
diaphragm partially preserves its ability to generate pressure by adapting to its shortened operating
length. The diaphragm also becomes more fatigue resistant (3, 11-13). These compensatory
mechanisms can however quickly become overwhelmed during tachypnea-induced dynamic

hyperinflation (DH).

Several pharmacological and non-pharmacological treatment options are available to enable the
respiratory muscles to better maintain load—capacity balance under these circumstances, either by
attempting to decrease the load on the respiratory muscles (e.g. bronchodilation, ventilatory support,
breathing exercises), or by improving static and dynamic respiratory muscle function (e.g. inspiratory
muscle training [IMT], breathing exercises) (14, 15). IMT has been frequently applied to improve
inspiratory muscle function (both pressure-generating capacity and endurance) in COPD patients in

order to reduce dyspnea and to improve exercise capacity (16).

The aims of this review are to (1) summarize physiological mechanisms linking respiratory muscle

dysfunction to symptoms of dyspnea and exercise limitation in COPD; (2) provide an overview of
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available therapeutic approaches (both pharmacological and non-pharmacological) to improve load
capacity balance and (3) summarize current knowledge on potential mechanisms linking
improvements in respiratory muscle function to reductions in symptoms and improvements in exercise
capacity in patients with COPD. Gaps in the current literature and priorities for future research in this

area will be identified and highlighted.

2.3. Load—capacity balance of the respiratory muscles, dyspnea, and exercise limitation in patients

with COPD
2.3.1. Respiratory muscles during resting breathing

Respiratory muscle dysfunction is highly prevalent in patients with COPD and can be defined as the
presence of at least one of the following conditions: weakness or reduced endurance which
predisposes muscles to fatigue earlier (17). Respiratory muscle strength is usually determined by
assessing voluntary maximal pressure-generating capacity. Maximal inspiratory mouth pressure
(PImax) is commonly measured in clinical practice (18). Respiratory muscle endurance is defined as the
ability of the muscles to sustain breathing at a given level of minute ventilation (ventilator endurance)
or a given level of inspiratory pressure (18). Muscle fatigue is defined as a loss of the capability to
generate skeletal muscle force and/or contractile velocity at a given resistance that is characterized by
recovery after resting (18). Several factors are known to contribute to respiratory muscle dysfunction
in COPD including cigarette smoking, malnutrition, systemic inflammation, aging, comorbidities,
concomitant treatments, exacerbations, and reduced physical activity (17). Gas exchange
abnormalities, hypoxemia, or reduced oxygen delivery can lead to impaired muscle strength and
endurance in COPD patients (19). Chronic corticosteroid use might also lead to steroid induced
myopathy which can affect both respiratory and limb muscles (20). Static lung hyperinflation due to
airway narrowing and loss of elastic recoil in COPD patients leads to air trapping during expiration,
resulting in a progressive increase in functional residual capacity (FRC) and a reduction in inspiratory
reserve capacity (21). Hyperinflation has a pronounced effect on the function of the respiratory
muscles. It chronically shortens the inspiratory muscles, thereby reducing their pressure generating
capacity (22). Total diaphragm length is shorter in patients with COPD compared to healthy subjects
both at residual volume and at FRC (12). On the other hand, it has been shown that the diaphragm of
COPD patients with hyperinflated lungs can develop greater pressures than healthy subjects when they
are forced to increase their lung volume to similar absolute levels. However, when comparing
pressure-generating capacity at FRC, reductions are observed in COPD patients with hyperinflated
lungs when compared with healthy subjects (Figure 2.1) (11, 13, 23). Moreover, patients have less

diaphragm mobility than healthy subjects due to their limited ability to further shorten their diaphragm
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fibers from this chronically shortened resting position (24). Muscles with higher percentages of type |
fibers are best suitable for sustained, low-intensity efforts, whereas those with type Il predominance
are capable of fast, high-powered, but nonsustainable, contractile work. The respiratory muscles have
a mixture of these properties, ensuring both the fatigue resistance necessary for continuous lifelong
tidal breathing and sufficient power development needed for high-velocity contractions for example
during exercise tachypnea (25). Major morphological abnormalities in respiratory muscles of patients
with COPD include atrophy of all fiber types and a shift toward more oxidative and fatigue-resistant
type | fibers. These changes, while maintaining endurance capacity of the diaphragm on the one hand
are also associated with reduced maximal force development and reduced maximal shortening

velocity, i.e. reduction in muscle power that can be developed during contractions (9, 10).

140+
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Figure 2.1 Relationships between maximal transdiaphragmatic pressure during static inspiratory efforts (PdiMax) and lung
volume in normal subjects and emphysema patients. FRC = functional residual capacity; RV = residual volume; TLC = total
lung capacity. (Adapted from Bellemare et al. (23).

The pressures that respiratory muscles are required to generate during tidal breathing represent the
load on the respiratory system. The total load on the respiratory muscles in patients with COPD can be
subdivided into the following components: first, elastic loads refer to the elastic recoil forces of the
lungs and chest wall. These loads are increased when patients are forced to breathe further away from
relaxation volume (FRC). The associated decreases in lung and chest wall compliance at higher lung
volumes require the respiratory muscles to generate greater pleural pressures during respiration
(Figure 2.2) (25, 26). Threshold loads imposed by intrinsic positive end-expiratory pressure are a direct
consequence of dynamic lung hyperinflation with expiration being incomplete and inward recoil of the
lungs and chest wall persisting at the end of expiration (Figure 2.2) (15). Second, resistive loads are
caused by narrowing of peripheral airways. This imposes a resistance to airflow and results in a

continuously increased load on both the inspiratory and expiratory muscles during breathing (15).
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Increases in load on the respiratory muscles will be most pronounced during periods when breathing
frequency and hyperinflation are acutely increased (e.g. exercise, disease exacerbations, periods of

agitation, or anxiety).
2.3.2. Respiratory muscles during exercise

During exercise, several factors contribute to further decrease the (already reduced) capacity of the
respiratory muscles. While in chronic (static) hyperinflation, the inspiratory muscles may adapt by
dropout of sarcomeres, such that, at a given lung volume pressure generation is well preserved or even
increased (Figure 2.1), which will not be possible during acute hyperinflation (15). Functional
weakening will occur during exercise due to dynamic alterations in the length—tension (pressure—
volume) and force—velocity (pressure flow) characteristics of these muscles (27). Changes in pressure—
flow characteristics during exercise are caused by increases in inspiratory flow during exercise
tachypnea. Alterations in the length tension characteristics of the respiratory muscles are a direct
consequence of DH which forces respiratory muscles to operate at shorter lengths (28).
Simultaneously, DH also results in substantial increases in the elastic and threshold loads on the
inspiratory muscles (29) (Figure 2.2). Acute hyperinflation thus further reduces the pressure-
generating capacity of the inspiratory muscles, while at the same time the load on the muscles is
further increased. The combination of excessive mechanical loading and increased velocity of

shortening of the inspiratory muscles can result in a fatiguing contraction pattern during exercise.
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Figure 2.2 (a) Campbell diagram in a normal subject showing the volume of lung or chest wall (VL) plotted against pleural
pressure (PPl). FRC is functional residual capacity, here equal to Vrel, the relaxation volume of the respiratory system. The
continuous line (loop) traces a complete breath from FRC; arrows show direction. The dashed line shows the elastic
characteristic of the lung (the negative of elastic recoil pressure), and the dotted line shows the elastic characteristic of the
relaxed chest wall. Pmus is pressure change generated by inspiratory muscles (shown by the length of the horizontal arrow).
The diagonally hatched area is work done against resistance, and the stippled area is work done against elastance of lung and
chest wall. (b) Campbell diagram to illustrate the effects of dynamic hyperinflation on inspiratory muscle work. FRC is
increased above relaxation volume. PEEPi is the intrinsic positive end-expiratory pressure that must be overcome before
inspiratory flow can begin (shown as the length of the horizontal arrow). Diagonally hatched area is work done against
resistance, stippled area is work done against elastance of lung and chest wall, and horizontally hatched area is work to
overcome PEEPI. (In this illustration, work done against inspiratory resistance is increased from that shown in Figure 2.2(a),
but elastic characteristics of lung and chest wall are unchanged.) (Loring SH et al. Pulmonary characteristics in COPD and
mechanisms of increased work of breathing. J Appl Physiol. 2009; 107: 309-314.).

2.3.3. The role of respiratory muscles in dyspnea perception and exercise limitation

Dyspnea perception, the most common complaint in COPD patients, is defined as a subjective
experience of breathing discomfort that consists of qualitatively distinct sensations notably perceived
work/effort, tightness, and air hunger (30, 31) that vary in intensity, and limit physical activity (2, 32).
Dyspnea typically occurs not at rest but during activities when the load—capacity balance of the

respiratory muscles is disturbed (33).

In the presence of (functional) respiratory muscle weakness, pressure generated during exercise tidal
breathing can represent a large fraction of the reduced maximal pressure generation capacity of the
inspiratory muscles. Under these circumstances, a sense of excessive work of breathing or increased
perceived inspiratory effort can develop (34). DH further amplifies this perceived effort for inspiration
(increased load/reduced capacity) and is associated with dyspnea during walking (35) and cycle
ergometry exercise (26). In an attempt to maintain adequate pressure generation in face of the
dynamic functional weakness of the inspiratory muscles, RND from the central motor cortex will be

increased (Figure 2.3). This uncoupling of the drive to the respiratory muscles from mechanical and
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ventilatory output has been termed neuroventilatory dissociation (36). In other words, when the
afferent feedback originating from the muscular and mechanical response of the respiratory system
about changes in intrathoracic pressure, respiratory muscle length, and chest wall or lung movement
are interpreted as insufficient for the corresponding efferent motor command, dyspnea sets in (Figure

2.3) (37).

DH brings end inspiratory lung volume during exercise close to total lung capacity and reduces
inspiratory reserve volume. Consequently, patients develop a rapid and shallow breathing pattern.
Impairments in dynamic respiratory muscle function might further exacerbate the rapid and shallow
breathing of these patients during exercise by promoting further restriction of tidal volume (VT)
expansion (38). In addition, the relative contribution to chest wall motion of the rib cage and neck
muscles in comparison to the diaphragm in COPD patients is increased (39). With increasing lung
hyperinflation in COPD patients, the inspiratory muscles of rib cage and accessory respiratory muscles
are increasingly recruited even at relatively low work rates (40). These alterations in breathing pattern
and respiratory muscle recruitment should be taken into consideration when implementing

therapeutic strategies aimed at improving respiratory muscle function (41).
2.3.4. Neural processing of dyspnea

The sensation of dyspnea is multidimensional. In addition to the preceived sensory intensity of
different qualities of dyspnea (i.e. increased work/effort of breathing, air hunger, or chest tightness)
(2), the emotional impact or unpleasantness of the sensation (affective dimension) plays also an
important role (Figure 2.3) (30, 42). For the same degree of neuromechanical uncoupling and related
increases in RND, the sensory intensity of different dyspnea qualities should be similar. The
unpleasantness associated with a given intensity of dyspnea can however be perceived very differently
(43). This might be relevant in motivating patient behaviors and might also be linked to their
willingness to engage or tolerate activities for a given level of dyspnea sensory intensity. In
neurophysiological models of dyspnea perception during activities in patients with lung diseases
(Figure 2.3), it is assumed that, as a result of increasing neuroventilatory dissociation the activation of
central limbic structures is increased (42). The affective unpleasantness component of respiratory
distress is believed to be linked to varying degrees of activations of limbic and closely related brain
structures, which play important roles in the neural processing and regulation of emotions (42, 44-47).
Prominent areas include the insula, anterior cingulate cortex, amygdala, and prefrontal cortex (45-47).
Indeed, several studies have linked activations of the insula, anterior cingulate cortex, and/or amgydala

complex with the affective unpleasantness of dyspnea (48-50).
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So far, the neural processing mechanisms underlying the perception of dyspnea have mostly been
studied in healthy subjects using several neuroimaging techniques including (44-47) Positron Emission
Tomography (PET) (51), Functional Magnetic Resonance Imaging (fMRI), Near-Infrared Spectroscopy
(NIRS) (52), and even lesion methodology (53). Notably, neural processes related to the relief of acute
dyspnea have rarely been studied. The two available studies demonstrated contrasting findings with
one fMRI study showing a reversal of dyspnea-induced brain activation during dyspnea relief (54),

whereas a PET study showed distinct response patterns for dyspnea relief (55).

Respective neuroimaging studies in patients suffering from dyspnea are still rare. However, first
studies have suggested that patients might show some differences in their neural processing of
dyspneic stimuli (52, 56, 57). For example, a study in asthma patients using fMRI found that, while
dyspnea intensity ratings were comparable to healthy subjects, ratings for dyspnea unpleasantness
were reduced, which was associated with reduced insular cortex activity and increased activity in the
periaqueductal gray (PAG). The authors suggested that this downregulation of insular cortex activity
in patients relative to healthy controls may represent a neuronal habituation mechanism of the brain
in response to repeated experiences of dyspnea over the course of the disease (58). In general, future
investigations in dyspneic patient groups are clearly needed. Reductions in perceived unpleasantness
for a given dyspnea intensity are likely contributing in variable degrees to the relief in symptoms
observed after treatments aimed at restoring load—capacity balance of the respiratory muscles during
exercise such as IMT or breathing exercises. One important research question would be to study the
activation patterns of the aforementioned brain areas in response to interventions aimed at relieving

dyspnea.

Another noninvasive method to study the neural processing of respiratory stimuli is respiratory-related
evoked potentials (RREPs) recorded from the electroencephalogram (EEG) (59). This technique can
differentiate between early, sensory-related processing (RREP components with a latency < 100 ms)
and later, cognitive-emotional processing (RREP components with a latency > 100 ms). This allows the
examination of the impact of emotional states and traits on the neural processing of respiratory
sensations (60). For example, studies using RREPs in low anxious healthy volunteers have shown that
unpleasant emotional states can reduce the neural processing of respiratory sensations, whereas high
anxious individuals demonstrate increased neural processing of respiratory sensations in unpleasant
relative to neutral emotional contexts (61, 62) and reduced neural filter capacities for repeatedly
presented respiratory stimuli (61, 62). Moreover, in healthy subjects, when breathing itself becomes
more difficult and unpleasant, RREPs can reflect an increase in the neural processing of respiratory
sensations (63). This might be especially relevant as anxiety and depression are highly prevalent

comorbidities in patients with COPD and are associated with worse disease outcomes (64). These
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psychological comorbidities can substantially affect the perception of respiratory sensations beyond
respiratory limitations, usually by increasing perceived dyspnea unpleasantness levels (65), which is
most likely moderated by limbic and closely related brain areas (48, 50, 56). Again, respective RREP
studies in patients suffering from dyspnea are still rare, necessitating future investigations. However,
first studies have suggested that patients might show some differences in their RREP patterns as well
as in other EEG derived measures of respiratory-related cortical activity such as pre inspiratory
potentials (52, 56, 57). An important question for future research would be to study changes in these

measures in response to interventions aimed at relieving dyspnea.
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Figure 2.3 Neurobiological model of perceived dyspnea during exercise in patients with COPD. The somatosensory cortex
calibrates and interprets the appropriateness of the mechanical/muscular response of the respiratory system (conveyed via
afferent signals from different receptors indicated with red arrows) to a copy of the efferent respiratory neural drive that is
centrally generated (indicated with green arrows). The sensory intensity of dyspnea during exercise increases in proportion
to a widening disparity between increasing drive and the limited muscular-mechanical response of the respiratory system
(neuroventilatory dissociation). Afferent sensory input, including input from respiratory muscle afferents (indicated with red
arrows), combined with central activation of limbic structures probably contributes to the perception of respiratory distress
(affective unpleasantness of dyspnea). Full color available online. (Adapted from O’Donnell DE et al. (42) and Gosselink R,
Decramer M. Revalidatie bij chronisch obstructieve longziekten. Bohn Stafleu van Loghum. 2016:2;318. ISBN 978-90-368-
1544-4; Fig 2-2:40.)

2.3.5. Respiratory muscle-induced metaboreflex

All the aforementioned mechanical abnormalities of the respiratory system result in an increase of
respiratory muscle oxygen consumption both during quiet breathing and especially during exercise in
COPD patients in comparison to healthy subjects (66). This higher respiratory muscle oxygen
consumption reflects the increased load on, and reduced efficiency of, the respiratory muscles (66).
Locomotor muscles are usually also impaired and also contribute to the exercise limitation in COPD
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patients (7). The locomotor muscle fatigue developing in the majority of patients after exercise might
partly be attributable to insufficient oxygen transport as a consequence of excessive respiratory
muscle work (67). In patients with COPD, exercise capacity is limited by constraints on ventilation and
on the mechanisms regulating metabolism and blood supply at the level of the working (respiratory
and locomotor) muscles (68). Whether and to which extent respiratory muscle fatigue (both in
inspiratory and expiratory muscles) can occur following exhaustive exercise in patients with COPD is
subject to discussion (69). It is clear however that exercise-induced dynamic lung hyperinflation can
result in a fatiguing contraction pattern especially in patients with low PImax by increasing the tension
time index ([PI/PImax] x [Ti/Ttot]). Previous studies have proposed that an exercise induced-fatiguing
contraction pattern may elicit a sympathetically mediated vasoconstrictor response in locomotor
muscles; the so-called ‘respiratory muscle metaboreflex’ (Figure 2.4) (70). In theory, this fatiguing
contraction pattern could reflexively decrease locomotor muscle blood flow, thus allowing blood flow

to be redistributed in favor of the respiratory muscles (Figure 2.4) (71).

RESPIRATORY MUSCLE METABOREFLEX
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Figure 2.4 Respiratory muscle fatigue-induced metaboreflex, which increases sympathetic vasoconstrictor outflow, causing
reduced blood flow to locomotor muscles and locomotor muscle fatigue. In turn, the limb fatigue comprises an important
dual contribution to both peripheral and central fatigue mechanisms, which contribute to limiting exercise performance.
Reprinted from Dempsey JA, Romer L, Rodman J, Miller J and Smith C. Consequences of exercise-induced respiratory muscle
work. Respir Physiol Neurobiol. 2006;151:242-250. Copyright (2006), with permission from Elsevier.
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In summary, it is clear that COPD patients not only face increased loads on their respiratory muscles,
but the capacity of their respiratory muscles to generate pressure is also frequently decreased. This
mismatch easily disturbs the load—capacity balance of the respiratory muscles, especially during
periods of tachypnea induced DH resulting in further functional weakening of and increases in elastic
and resistive loads on the inspiratory muscles. This dysbalance is also closely related to the intensity
and quality of dyspnea and might also be related to the affective dimension (i.e. unpleasantness) of
dyspnea perception. As a result, a potentially fatiguing respiratory muscle contraction pattern
develops during exercise in many of these patients. This might contribute to the early development of
leg muscle fatigue via the so-called respiratory muscle metaboreflex in selected patients. Treatments
that either decrease load on the respiratory muscles and/or improve the capacity and dynamic
functioning of respiratory muscles should be effective in reducing dyspnea and might also result in

improved exercise capacity (22).

2.4. Therapeutic approaches for improving load— capacity balance by decreasing the load on the

respiratory muscles
2.4.1. Bronchodilators

Bronchodilation reduces resting and/or dynamic lung hyperinflation (deflation) and has the potential
to improve dyspnea and exercise capacity. The physiological effects of pharmacological lung volume
deflation are (1) reduced elastic loads on inspiratory muscles at rest and during exercise by breathing
at lower lung volumes (2) increased pressure-generating capacity of inspiratory muscles during
exercise tidal breathing by breathing at lower lung volumes, and (3) breathing with larger tidal volumes
during exercise by breathing at lower lung volumes. These three aspects together will result in
enhanced neuroventilatory coupling, delayed ventilatory limitation to exercise, and reductions in
exertional dyspnea. A more detailed overview on bronchodilation as part of the pharmacological

management of breathlessness is provided in a recent review manuscript on this topic (72).
2.4.2. Exercise training

Aerobic exercise training improves exercise capacity and reduces symptoms of dyspnea in patients
with COPD (73). This training primarily improves the utilization of oxygen by the exercising muscles (by
delaying anaerobic metabolism, lactate threshold) and thus reduces ventilatory needs for a given work
rate. This will in turn reduce the degree of DH at a given work rate (74). Reduced ventilation will allow
patients to reduce their breathing frequency, increase VT, and reduce EELV for a given work rate, and

thereby result in reduced symptoms of dyspnea and improved exercise endurance (75, 76).
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2.4.3. Oxygen supplementation

Similarly, supplemental oxygen during exercise has been consistently shown to reduce ventilation and
breathlessness at comparable work rates during endurance exercise testing in COPD patients with and
without resting hypoxemia (77). This supplementation delayed ventilatory limitation and
accompanying dyspnea by reducing ventilatory demand during exercise for a given work rate (78). This

will result in an unloading of the respiratory muscles.
2.4.4. Noninvasive ventilatory support

Improvements in dyspnea during exercise in response to noninvasive ventilation (NIV) are probably
mostly related to adjustments in the load/capacity balance of the respiratory muscles (79). This is
achieved by unloading the inspiratory muscles during exercise (79, 80). Several small RCTs have
demonstrated that the addition of NIV to an exercise training program in COPD results in higher
training intensities being tolerated and larger improvements in exercise capacity (81, 82). Using a
continuous positive airway pressure (CPAP) during exercise in COPD patients resulted in reduced tidal
excursions of esophageal pressure. This decreased inspiratory effort during CPAP was significantly
correlated with reductions in perceived dyspnea intensity (83). Pressure support ventilation was also

found to be able to reduce inspiratory effort and dyspnea during exercise in patients with COPD (80).
2.4.5. Heliox supplementation

Heliox is a low density gas mixture (79% helium, 21% oxygen) that has been used in patients with COPD
to reduce airflow resistance during the increasing ventilatory needs of exercise (84). Heliox breathing
increases the size of a resting maximal flow-volume loop and seems to slow down the increase in EELV
during exercise (84). This will simultaneaously reduce functional weakening and load on the respiratory

muscles during exercise.
2.4.6. Breathing exercises

Slow and deep breathing during exercise has been hypothesized to decrease hyperinflation, work of
breathing, and improve symptoms and exercise capacity (85). Spahija et al. found that some patients
can achieve reductions in EELV by using pursed lips breathing (PLB) during exercise and breathing
deeper and slower. Inspiratory effort decreased and symptoms improved in these selected patients

(86).
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2.5. Therapeutic approaches for improving load- capacity balance by improving the respiratory

muscle capacity
2.5.1. Pharmacological treatment

Only few pharmacological agents that aim to improve respiratory muscle function are available for
clinical use. A recent review has summarized the available options (87). Two different strategies are
possible. The first approach aims at improving respiratory muscle protein content by either inhibiting
proteolysis (e.g. bortezomib) or stimulating muscle growth (e.g. anabolic hormones). Schols et al.
found for example that the exogeneous anabolic steroid nandrolone together with high caloric feeding
significantly improved inspiratory muscle strength in patients with stable COPD during an 8-week
pulmonary rehabilitation (PR) program (88). Another way to improve respiratory muscle function is by
optimizing contractile function of the available muscle mass for example by using positive inotropes
(e.g. B-adrenoreceptor agonists calcium sensitizers). Levosimendan is the only calcium sensitizer
approved for use in humans. Improved calcium sensitivity of diaphragm muscle fibers in COPD patients

might enhance their force-generating capacity (89).
2.5.2. Breathing exercises

Contraction of abdominal muscles during active expiration increases abdominal pressure (90). This
increase in abdominal pressure results in a lengthening of the diaphragm, which can help to optimize
its end-expiratory length tension characteristics in COPD patients with severe static hyperinflation (91).
The advantages of optimizing positioning of the diaphragm during active expiration need to be
balanced against the risk of premature airway collapse, especially in patients with severe expiratory
flow limitation due to emphysema. Active expiration against a positive pressure by using PLB can help
to counteract premature airway collapse during active expiration. This technique is therefore
oftentimes spontaneously applied especially by patients with severe expiratory flow limitation. PLB in
combination with active expiration can moreover also potentially combine the beneficial effects of
these two interventions by simultaneously increasing diaphragm capacity and unloading the

respiratory muscles by reducing DH.
2.5.3. Body positioning techniques

Adopting a forward leaning position is associated with a significant reduction in electromyographic
activity of scalene and sternocleidomastoid muscles, an increase in pressure-generating capacity of
the inspiratory muscles, improved diaphragm function (92), and significant improvements in

thoracoabdominal movements (93). Moreover, forward leaning position with arm support (e.g. by
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using a rollator) might further improve efficiency of accessory inspiratory muscles. This approach has

previously been shown to result in reduced dyspnea and improved walking capacity (94).
2.5.4. Inspiratory muscle training

IMT has been extensively studied in the past decades in COPD patients. IMT has been shown to
improve inspiratory muscle function and to reduce dyspnea and improve exercise capacity when
applied as a stand lone intervention with controlled training loads (16). In patients with COPD, IMT has
the potential to reduce the demand/capacity imbalance imposed on the compromised respiratory
muscles especially during exercise (16, 34, 95). The three most commonly used types of training are
flow-resistive loading, mechanical threshold loading (MTL) and normocapnic hyperpnoea (low
pressure-high flow loading). More recently, an electronic flow-resistive breathing device has been
developed with a dynamically controlled tapered flow resistive load (TFRL-IMT). This type of loading

combines characteristics of threshold loading and flow-resistive loading.

Data obtained from meta-analysis in COPD patients indicate that IMT as a stand-alone therapy
improves inspiratory muscle strength and endurance, and reduces symptoms of dyspnea (16).
However, exercise performance and quality of life were not significantly improved when IMT was
added to general exercise training program (16). The value of IMT as an adjunct to exercise training in
COPD patients is therefore still under debate (96-99). Most IMT interventions in patients with COPD
have been implemented as fully or partially supervised daily training for 30 min with controlled training
loads using MTLIMT. It has also been shown that short and largely home-based IMT protocols (around
6—10 min of daily training) significantly improve inspiratory muscle function with both MTL-IMT and
TFRL-IMT protocols (100). A recent study also found additional benefits of this IMT protocol as an
adjunct to a PR program in COPD patients with inspiratory muscle weakness. Patients could achieve
significantly higher peak work rate and exercise ventilation without increasing dyspnea sensation

(101).

2.6. Candidate mechanisms connecting improvements in respiratory muscle function to changes in

symptoms and exercise capacity

Several mechanisms might be responsible for improvements in dyspnea and exercise capacity after
improvements in respiratory muscle function: (1) reductions in dyspnea intensity and sense of
excessive work of breathing by changes in neuromechanical coupling (by reduction in neural drive and
improvement in breathing pattern), (2) changes in the neural processing of dyspnea, (3) changes in the
respiratory muscle recruitment pattern, and (4) reductions in respiratory muscle energy demands and

increased energy supplies to peripheral muscles.
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2.6.1. Improving neuroventilatory coupling by reducing neural drive and modifying breathing

pattern

Electromyographic activity of the diaphragm (EMGdi) has been studied as a surrogate for RND in
patients with COPD (102). A pilot study reported reductions in respiratory effort and EMGdi during iso
work rate exercise in response to IMT in these patients (103). Wanke et al. previously investigated the
effects of IMT in addition to general exercise training and observed additional improvements in
exercise capacity and larger VT expansion at peak exercise in the IMT group (104). More recently, the
attenuation of dyspnea after resistive loading in patients with COPD has been related to possible
reductions in DH, secondary to alterations in breathing pattern, during whole-body exercise (95). In
line with these findings, the addition of IMT to a PR program in COPD patients with inspiratory muscle
weakness resulted in a deeper and slower breathing pattern at iso-ventilation during exercise (Figure
2.5) (101). However, timing components of breathing (duty cycle) did not change after IMT. Taken
together these data indicate that IMT has the potential to reduce the so-called ‘length—tension
inappropriateness’, thereby improving neuroventilatory coupling and reducing the perception of
excessive respiratory effort. The potential effects of combined IMT/breathing retraining interventions
on DH by stimulating higher inspiratory flow rates in order to leave more time for expiration during

exercise warrant further study.
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Figure 2.5 Changes in tidal volume (VT) and respiratory frequency (fR) at comparable percentages of baseline maximal
ventilation (V'Emax) (40, 60, 80, 100 and peak ventilation) at baseline and after training in (a) and (b) the inspiratory muscle
training group and (c) and (d) the control group. *p < 0.05 (baseline versus week 8) based on post hoc tests from mixed model
analysis, values represented as mean + SEM. (Charususin et al. (101).
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2.6.2. Changes in respiratory muscle recruitment pattern

It is unclear whether (specific types of) IMT primarily improve diaphragm function or mainly promote
rib cage and accessory muscle function in patients with COPD. It has been suggested that in severe
COPD, improving rib cage and accessory inspiratory muscle function should be a priority (40). Ramirez-
Sarmiento and colleagues found that MTL-IMT in COPD resulted in structural changes (muscle
hypertrophy with increases in proportion of type | fibers and size of type Il fibers) in external intercostal
muscles (105). Dekhuijzen and colleagues showed that adding IMT to PR in COPD improved EMG-
fatigability of the diaphragm (106). The recruitment pattern of respiratory muscles during IMT can be
manipulated by specific instructions given in healthy subjects. Simple instructions to promote
diaphragmatic breathing in these volunteers did increase the recruitment of the diaphragm during
training (107). However, training resistance was relatively low (40% PImax) and the tidal volume was
not controlled between the different breathing strategies. It is also unclear whether these findings are
reproducible in patients with moderate-to-severe expiratory flow limitation and varying degrees of
static hyperinflation. It is also unknown whether this will lead to larger improvements in diaphragm
strength and whether more recruitment of the diaphragm is desirable in these patients. The
differences in the proportion of RND to the diaphragm, the inspiratory muscles of the rib cage, and
accessory respiratory muscles as well as changes in the respiratory muscle recruitment patterns both
during exercise as during training sessions in response to IMT in patients with COPD should be
investigated. This will help to elucidate whether different muscle groups can be specifically targeted
during training. It will also help to study which specific improvements in diaphragmatic and non-

diaphragmatic muscles will be most beneficial for patients during exercise breathing.
2.6.3. Changes in the neural processing of dyspnea

In healthy subjects, measurement of cortical neuronal activation before and after IMT (75% of PImax,
four sets of six breaths per day, 5 days per week for 6 weeks) showed that neither the amplitude nor
latency of early peak components of the RREP changed (108). However, it is interesting to investigate
the response of RREPs related to perceived dyspnea intensity and dyspnea unpleasantness and the
effect of IMT in COPD patients, specifically responses of the cognitive-emotional, later RREP
components. Moreover, the number of neural processing studies in relation to dyspnea sensation is
still limited, especially in cardiopulmonary patients (44, 45, 47). Therefore, it is currently unknown
whether sensory and/or affective aspects of dyspnea and related brain activation patterns might be
modifiable by IMT. Further investigations using measurements of the neural processing of respiratory
sensations in response to interventions are therefore required. In addition to studying such functional

brain activation patterns, examining additional changes in the brain structure of patients due to
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interventions such as IMT might be highly informative, also in relation to sensory and affective aspects

of dyspnea (109).

2.6.4. Reduction in respiratory muscle energy demands and increased energy supplies to

peripheral muscles

Several reports suggest that unloading the respiratory muscles in patients with COPD either by
pharmacological (i.e. bronchodilators) or non-pharmacological strategies (i.e. pure oxygen or heliox
supplementation, proportional assist ventilation) can significantly improve exercise tolerance (110-
115). These effects have been related to improvements in blood flow, oxygen delivery, and oxygen
availability at the level of peripheral muscles. Only one study so far measured the response to
unloading respiratory muscles on locomotor muscle fatigue in patients with COPD (67). The authors
found that the locomotor muscle fatigue is partly attributable to insufficient oxygen transport as a
consequence of excessive respiratory muscle work (67). However, the improvement of oxygen
availability at the level of peripheral muscles might have occurred due to larger central hemodynamic
responses (imposed by the aforementioned strategies) and not as a result of redistribution of blood
flow and oxygen from the respiratory to peripheral muscles (112-114, 116). Indeed, Louvaris et al.
simultaneously measured inspiratory, expiratory, and locomotor muscle blood flow and oxygen
delivery using NIRS along with central hemodynamic responses during cycling exercise in COPD
patients (111). They demonstrated that improvement in exercise tolerance, peripheral muscle
perfusion, and oxygen delivery following heliox and oxygen supplementation did not occur on the basis
of blood flow redistribution from the respiratory to locomotor muscles. In contrast, the effects were
due to greater central hemodynamic responses namely greater cardiac output with heliox and higher

systemic oxygen concentration with oxygen breathing (111).
2.7. Conclusion

In conclusion, respiratory muscle dysfunction in COPD is known to contribute to dyspnea and exercise
limitation. Dyspnea intensity and unpleasantness will increase when the respiratory muscle load—
capacity balance is disturbed. Several therapeutic approaches are available to help patients to improve
neuroventilatory coupling during exercise. Underlying mechanisms of these interventions on relieving

symptoms and increasing capacity deserve further study in the years to come.
2.8. Expert commentary

In order to better identify patients who are likely to achieve functional and symptomatic benefits and
to better individualize treatment approaches, the following emerging research areas should be

explored in more detail in the coming years. An important and largely unanswered research question
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is whether simple breathing exercises, either alone or in combination with IMT, can be used to train
patients with COPD to breathe slower and deeper during exercise. It is also unclear whether patients
can be trained to combine these modifications in exercise breathing pattern with additional changes
in the timing components of their breathing. Increases in inspiratory flow resulting in shortening of
inspiratory time should change the duty cycle by leaving more time for expiration during exercise
tachypnea. Taken together, these changes in breathing pattern during exercise should reduce DH and
improve neuroventilatory coupling, symptoms, and exercise performance. With the advance of novel
portable technologies, it should become more feasible to implement breathing retraining strategies

with real-time feedback on breathing pattern characteristics into PR programs in the coming years.

Several specific issues are also worth addressing concerning the application of IMT in these patients.
It should be investigated whether the diaphragm and non-diaphragmatic muscles of inspiration can be
selectively targeted during training interventions. Since diaphragm contribution is impaired in patients
with severe lung hyperinflation, both at rest and specifically during exercise, it has long been
hypothesized that it might be most useful to specifically provide a training stimulus to non-
diaphragmatic respiratory muscles. Exactly how this can be achieved and whether it will resultin larger
functional and symptomatic benefits has so far however not been elucidated. Evolutions in
semiautomatic processing and analyzing of simultaneously recorded analog signals will make it easier
to study these mechanisms in the years to come. To provide answers to these unresolved hypotheses,
data on changes in respiratory muscle activation and energy demands need to be combined with
thoracic and abdominal pressure signals during training interventions as well as during exercise tidal
breathing. These data will contribute to provide answers to the important question as to how one

should optimally train the respiratory muscles of patients with COPD.

The more widespread use of minimally invasive techniques such as NIRS has furthermore made it
feasible to study the competition for energy supplies between respiratory and peripheral muscles
during exercise. The impact of this competition on exercise capacity is another important research area
that should be further explored in the coming years. It will also allow to study whether interventions
aimed at restoring load— capacity balance of the respiratory muscles during exercise might be able to

modify these processes.

A particularly interesting and largely unexplored area of research centers on the use of noninvasive
techniques (e.g. neuroimaging and EEG methods) to study the neural processing of dyspnea.
Reductions in perceived unpleasantness for a given dyspnea intensity are likely contributing in variable
degrees to the relief in symptoms after treatments aimed at restoring load—capacity balance of the

respiratory muscles. So far, the neural processing mechanisms underlying the perception of dyspnea
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have mostly been studied in healthy subjects using several neuroimaging techniques including PET,
fMRI, and NIRS. Respective neuroimaging studies in patients suffering from dyspnea are still rare.
Neural processes related to the relief of acute dyspnea in response to interventions have also rarely
been studied. Based on preliminary findings it has been hypothesized that reductions in ratings for
dyspnea unpleasantness in response to interventions will be associated with reduced insular cortex
activity and increased activity in the PAG. One important research question would be to study the
activation patterns of specific brain areas (e.g. insular cortex activity and PAG) in response to
interventions aimed at relieving dyspnea (e.g. breathing exercises or IMT). Another emerging
noninvasive method to study the neural processing of respiratory stimuli is RREPs recorded from the
EEG. The technique allows the examination of the impact of emotional states and traits on the neural
processing of respiratory sensations. This might be especially relevant as anxiety and depression are
highly prevalent comorbidities and can substantially affect the perception of respiratory sensations in
patients with COPD. RREP studies in patients suffering from dyspnea are still rare, necessitating future
investigations. Another important question for future research would be to study changes in these
measures in response to interventions aimed at relieving dyspnea. Some of the aforementioned
techniques (e.g. fMRI and RREPs from the EEG) might even have the potential to be used during real-
life dyspnea inducing situations such as exercise. Even though these studies will be challenging to
conduct, they would offer valuable insights into the effects of interventions on modifying dyspnea

processing during ‘real-life’ situations.
2.9. Five-year view

Several key mechanisms which are likely contributing in variable degrees to symptomatic and
functional improvements in response to interventions aimed at ameliorating dynamic respiratory
muscle function have remain understudied in patients with COPD. The more widespread use of
minimally invasive techniques such as NIRS, neuroimaging, and EEG methods is expected to result in
exciting novel insights in the coming years. Neural processes related to the relief of acute dyspnea in
response to interventions are expected to be discovered. Some of these techniques also have the
potential to be used during real-life dyspnea inducing situations such as exercise. These studies will
offer valuable insights into the effects of interventions targeting the respiratory muscles on modifying

dyspnea processing during ‘real-life’ situations.
Key issues

e Respiratory muscle dysfunction in COPD is known to contribute to dyspnea and exercise limitation.
e Dyspnea intensity and unpleasantness will increase when the respiratory muscle load-capacity

balance is disturbed.

38



e Several therapeutic approaches are available to help patients to improve neuroventilatory
coupling during exercise.

e Underlying mechanisms of these interventions on relieving symptoms and increasing capacity
deserve further study in the years to come.

e Examples of underexplored areas include the study of neural processes related to the relief of
acute dyspnea and the competition between respiratory and peripheral muscles for limited energy
supplies during exercise.
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Chapter 3
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General methodology



3.1 Overview of the study

According to the introduction and background presented in chapters 1 and 2, the general aim of this
thesis is to investigate potential mechanisms that could explain the effect of IMT on dyspnea and
exercise tolerance namely neuro-ventilatory, muscle metaboreflex and neural processing mechanism.
The overview of the study is presented in figure 3.1 below. In short, an introduction to the available
mechanisms linking respiratory muscle dysfunction to dyspnea and exercise limitation are presented
in chapter 2. Then, chapter 4 offers a methodological study in which a time efficient analysis method
was developed and compared with the previously available manual method. This new method was
used in the analysis of respiratory muscle activation in chapter 5. For chapter 5, 6 and 7, a randomized
control trial (RCT) was performed in order to investigate three different mechanisms regarding
dyspnea and exercise limitation in response to IMT in patients with COPD (i.e., neuro-ventilatory,
muscle metaboreflex and neural processing mechanism). Chapter 8 elaborates on the findings of the
three mechanisms that has been investigated. The roles of IMT in clinical practice, future perspective

of IMT and possible future research questions were discussed.

Overview of the studies

Chapter 2

—»| ® Available mechanisms linking
respiratory muscle dysfunction to
dyspnea and exercise limitation

Chapter 4
Methodology e Developing and testing an analysis

method
* |nvestigating neuroventilatory

Investigation mechanism

Chapter 5

(RCT) Chapter 6

* |nvestigating muscle metaboreflex
mechanism

Chapter 7

* Investigating neural processing of
' respiratory sensations

Chapter 8
Discussion/conclusion

e Discussion of the 3 investigated
mechanisms and future perspective

Figure 3.1 Overview of how the chapters are organized in this thesis
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3.2 Rationale and specific aims of individual chapters

Chapter 4: Comparison between manual and (semi-) automated analyses of esophageal diaphragm

electromyography during endurance cycling in patients with COPD

As mentioned in chapter 2, neural respiratory drive (NRD) can be indirectly assessed by measuring the
EMG of the diaphragm (EMGdi) (1-3). In this research project, EMGdi was measured using a multipair-
esophageal electrode catheter (Yinghui Medical Equipment Technology Co. Ltd., Guangzhou, China).
Because of the proximity of the EMG electrodes to the heart, the ECG artifact is commonly found in
the EMG signals. It is known that manual ECG removal methods, which were mostly used in previous
studies, is time-consuming and prone to inter-rater variability (3-5). Therefore, in chapter 3, we
developed an algorithm to semi-automatically remove the ECG artifact using commercially available
software (LABVIEW) to make the analysis more transparent and freely accessible to other researchers.
This chapter aims to investigate the inter-rater reliability of the manual method of EMGdi amplitude
analysis and to explore the agreement between the manual and the proposed semi-automated
analysis method of EMGdi amplitude signals both cross-sectionally (to evaluate validity) and changes
in response to intervention (to evaluate responsiveness). We hypothesized that the EMGdi analyzed
with the semi-automated method would agree well with values obtained by the manual method while

requiring less analyzing time.

Chapter 5: Effects of inspiratory muscle training on dyspnea and respiratory muscle function at rest

and during exercise in patients with COPD

Previous studies found that IMT can improve inspiratory muscle function, the sensory intensity of
dyspnea, reduce neural respiratory drive, (diaphragmatic EMG) and improve exercise tolerance in
COPD patients with inspiratory muscle weakness (6). It has been argued that diaphragm EMG might
not reflect the overall NRD and the extra-diaphragmatic inspiratory muscles of the neck and rib cage
might also contribute importantly to the NRD (7-9). The distribution of the overall NRD and the muscle
activation patterns between the diaphragm and extra-diaphragmatic respiratory muscles in COPD
patients and potential changes in response to IMT, have not yet been studied. Therefore, in chapter 5,
our aim was to investigate the effects of either IMT or sham-IMT on a complete neural respiratory
drive (EMG activity of the diaphragm, scalene, sternocleidomastoid, and rectus abdominis) in relation
to dyspnea sensation during CWR cycling and to study how these muscles are recruited and activated
during IMT sessions in patients with COPD. We hypothesized that eight weeks of IMT would improve
dyspnea sensation during exercise and reduce the neural respiratory drive to the diaphragm and extra

diaphragmatic inspiratory muscles. Furthermore, in an explorative fashion, we tested whether during
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an IMT session, the activation of the extra-diaphragmatic inspiratory muscles would be higher than the

activation of the diaphragm during cycling.

Chapter 6: Impact of inspiratory muscle training on respiratory and locomotor muscle perfusion,

oxygenation and locomotor muscle fatigue during exercise in patients with COPD

This study investigates potential changes in the ‘muscle metaboreflex’ in response to IMT in patients
with COPD. In this patient population, during exercise, the work of the respiratory and locomotor
muscles can be increased to such an extent that muscle fatigue can be developed (10, 11). This, in turn,
may activate the ‘muscle metaboreflex” which can induce sympathetically mediated vasoconstriction
of locomotor muscles leading to premature termination of exercise secondary to the restriction in
blood flow and oxygenation to respiratory and locomotor muscles, and development of respiratory
and locomotor muscle fatigue (10, 11). We compared blood flow (BFI) and tissue oxygenation (StiO,)
of respiratory and locomotor muscles during the CWR cycling test. The aim was to evaluate the effects
of IMT in comparison with sham training on changes in respiratory and locomotor muscle blood flow
and locomotor muscle fatigue during cycling exercise. The hypothesis was that after eight weeks of
IMT, the relative effort of the inspiratory muscles would be decreased (by increasing their capacity) at
iso-load during exercise and this would attenuate the respiratory muscle metaboreflex, which would

improve respiratory and locomotor muscle blood flow, and reduced locomotor muscle fatigue.

Chapter 7: Impact of inspiratory muscle training on the perception and neural processing of

respiratory sensations in COPD

Chapter 7 is focuses on the perception of the respiratory distress component of dyspnea. The non-
invasive technique of measuring respiratory-related evoked potentials (RREPs) recorded from the
electroencephalogram (EEG) was used to assess the neural processing of respiratory sensations (12).
RREP is a measurement of cerebral cortical activity, which is elicited by the activation of lung and
muscle mechanoreceptors in response to short inspiratory occlusions or inspiratory resistive loads
(12). Several RREP peaks in the averaged EEG signal have been shown to be related to the onset of the
respiratory stimulus. The early peaks (Nf, P1, and N1) reflect the initial arrival and the first-order
processing of afferent respiratory signals in sensorimotor regions (13). The later peaks (P2, and P3)
characterize subsequent higher-order cognitive processing and are vulnerable to cognitive and
affective processes (13). N1, however, can also be affected by attention/affect-related processes (14).
In healthy subjects, significant increases in magnitude of N1, P2, and P3 peaks were found when
breathing became more difficult and unpleasant indicating an increase in the neural processing of

respiratory sensations reflective of higher cognitive processing (15). A previous study found no changes

50



in early RREP components in response to IMT in healthy subjects (16). The effect of IMT on later
components of RREP (P2, and P3) has not yet been studied in patients with COPD. Therefore, in this

study, we are focusing on evaluating the effects of IMT on the later components of RREP (P2, and P3).

The aim of this chapter is 1) to investigate the effects following 8 weeks of IMT on changes in the
unpleasantness component of dyspnea in relation to the neural processing of respiratory sensations,
specifically in the higher order cognitive-affective processing related to the later components of the
RREP in response to short inspiratory occlusions during unloaded breathing. 2) to assess the impact
of IMT on general anxiety and dyspnea specific fear. In addition, the correlations between changes in
later peak components of the RREP in response to IMT and changes in the perceived intensity and
unpleasantness of respiratory sensations during unloaded breathing, dyspnea-specific fear and general
anxiety are investigated. The hypotheses are 1) after eight weeks of IMT, the unpleasantness of
respiratory sensations would be reduced, which would be paralleled by a reduction in the amplitudes
of the later RREP components. 2) IMT could reduce levels of general anxiety and dyspnea-specific fears

and these might be associated with changes in later peak components of the RREP.
Chapter 8: General discussion

In chapter 7, the elaboration on the findings of the methodology chapter and the three mechanisms
that had been investigated (in chapter 5, 6 and 7), the role of IMT in clinical practice, future perspective

of IMT and possible future research questions are summarized.

3.3 General methodology and experimental set up for the RCT

Clinically stable COPD patients with reduced inspiratory muscle strength were included in this RCT
(inclusion and exclusion criteria are presented in chapter 5). Patients were allocated into an IMT group
or a sham training group and underwent 8 weeks of IMT or sham training. According to the sample
size calculation, 16 patients were required in the intervention group and 8 patients were needed in

the control group (detail of group allocation and sample size calculation can be found in chapter 5).

The primary outcome (Borg dyspnea score) and other outcomes were measured during a constant
work rate (CWR) cycling test (cycling at 75% of maximal work rate) until symptom limitation. After the
training, the test was repeated at the same work rate, comparisons of all outcomes were made at the
iso-time (the end time of the shortest cycling test). An additional CWR cycling test was performed to
measure the locomotor muscle fatigue using magnetic stimulation. The test was stopped at identical
time at post-measurement to measure the fatigue at the iso-time. Additional unloaded breathing trials

with inspiratory occlusions were performed during the measurement of electroencephalogram (EEG)
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to investigate the affective perception of dyspnea. The specific methods and measurements used in
the different studies are described in detail in each study. The ethical committee of the University

Hospital Leuven, Belgium approved the study (558513).

All measurements were performed at baseline and after 8 weeks of training. Six visits (3 pre /3 post)
to the Respiratory Division of the University Hospital Leuven were required for each patient for
outcome measurements. Visit 1 was an initial screening for pre-measurement. This visit aimed to
assess eligibility and familiarize the patients with testing protocols. The measurements included
pulmonary function testing, cardiopulmonary exercise testing (CPET), inspiratory and expiratory
muscle strength testing, endurance breathing task, and answering questionnaires regarding dyspnea
sensation. An arterial blood gas measurement was also performed, values obtained from the blood
gas results were used in the calculation of the central hemodynamic values in chapter 6. Visit 2 can
be separated into two parts. First, the unloaded breathing trial with inspiratory occlusions during the
EEG measurement was performed. The results were used in chapter 6 regarding the neural processing
of respiratory sensations. The second part of visit 2, locomotor exercise-induced quadriceps contractile
fatigue was measured by supra-maximal stimulation of the femoral nerve with a double twitch
stimulation technique. This twitch stimulation technique was performed before and after a CWR

endurance cycling test. The locomotor muscle fatigue results were presented in chapter 6.

Visit 3 a considerable number of outcomes were measured during two tasks (i.e., one session of IMT
and CWR cycling). A multipair-esophageal electrode catheter was used to assess EMGdi and
transdiaphragmatic pressure (Pdi). A surface EMG wireless transmission system was used to measure
the activation of extra-diaphragmatic inspiratory muscles (sternocleidomastoid, and scalene) and one
expiratory muscle (rectus abdominis). The results of the activation of all muscles measured were used
in chapter 4. Cardiac output, heart rate, and stroke volume were continuously measured by an
impedance cardiography device. Respiratory and locomotor muscle blood flow was assessed by near-
infrared spectroscopy (NIRS) using the light-absorbing tracer indocyanine green (ICG) dye. Muscle
oxygenation (StiO,) was also continuously assessed by NIRS. These hemodynamic parameters, muscle
blood flow, and muscle oxygenation results were used in chapter 6. At post-measurement visits, all the
tests were repeated except the CPET, and arterial blood gas measurement. The CWR cycling test for
twitch measurements was stopped concurrently as the time limit of pre-measurement rather than at

symptom limitation. Sequences of measurements performed in each visit are presented in Table 3.1.
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Table 3.1 measurement sequences

Pre-measurement Post-measurement
Initial screening
¢ pulmonary function assessments pulmonary function assessments
e inspiratory muscle strength and inspiratory muscle strength and
Visit 1 endurance tests endurance tests
e questionnaires regarding dyspnea questionnaires regarding dyspnea
(3 hours) perception (BDI/TDI, MRC) = perception (BDI/TDI, MRC)
e arterial blood gas measurement %
e cardiopulmonary exercise testing =
(CPET) $
e unloaded breathing trial during EEG 0 unloaded breathing trial during EEG
Visit 2 measurement measurement
e quadriceps contractile fatigue quadriceps contractile fatigue
(3 hours) (measured using magnetic stimulation (measured using magnetic stimulation
pre and post CWR cycling test) pre and post CWR cycling test)
Visit 3 L . . . . .
e inspiratory muscle training trial Inspiratory muscle training trial
(3 hours) e CWR cycling test CWR cycling test

Inspiratory muscle training (IMT)/sham training protocol

According to a previously established method (17), patients performed home-based daily inspiratory

muscle training consisting of two training sessions of 30 breaths (4-5 minutes per session). The

intensity of the training starting at approximately 40% of maximal inspiratory pressure (MIP) measured

at baseline. In the training group, the intensity would be increased weekly to the highest tolerable

intensity (approximately 40-50% of MIP achieved on that week). In the sham group, the training

intensity remained the same for the entire 8 weeks at approximately 10% of the patient’s initial MIP.

Weekly measurements of MIP were performed in both groups. One training session per week was

performed while supervised at the research center. IMT was performed using an electronic tapered

flow-resistive loading (TFRL) device (POWERbreath®KH1, HaB International Ltd., Southam, UK) for 8

weeks.
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4.1 Abstract

Background: Electrocardiogram (ECG) contamination is present in diaphragm electromyography
(EMGdi) recordings. Obtaining EMGdi without ECG contamination is crucial for EMG amplitude
analysis. Manually selecting EMGdi in between QRS complexes has been most commonly applied in
recent years (manual method). We developed a semi-automated analysis method based on Least
Mean Square Adaptive Filtering combined with a synchronously recorded separate ECG channel to
remove ECG artifacts from the EMGdi signals. We hypothesized that this approach would shorten

analysis duration and might minimize the potential for inter-rater disagreement.

Aims: We aimed to evaluate agreement between the semi-automated method and the manual

method and inter-rater reliability of the manual method.

Methods: EMGdi signals of seven patients with COPD were recorded using an esophageal catheter
during an exercise test on a cycle ergometer. Four patients subsequently participated in an inspiratory
muscle training (IMT) program for eight weeks. After IMT, the tests were repeated. EMGdi/EMGdiMax
as obtained either manually by the two assessors or retrieved from the semi-automated method were

compared.

Results: Semi-automated EMGdi/EMGdiMax agreed well with values obtained by one of the two
manual assessors (assessor 1) both at pre-intervention measurements (mean difference -0.5%, 95% ClI
-19.6% to 18.6%) and for the pre/post IMT differences (mean difference 1.2%, 95% Cl -16.8% to 19.2%).
Intra-class correlation coefficients between methods were 0.96 (95% Cl: 0.94 to 0.97) at pre-
intervention measurements and 0.78 (95% Cl: 0.58 to 0.89) for pre/post IMT differences (both
p<0.001). EMGdi/EMGdiMax from assessor 2 was systematically lower than from assessor 1 and
agreed less well with the semi-automated method both at pre-intervention measurements (mean
difference: 9.3%, 95% Cl:-11.4% to 29.9%) and for pre/post IMT differences (mean difference 7.0%,
95% Cl: -20.4% to 34.4%). Analysis duration of the semi-automated method was significantly shorter

(2949 minutes) than the manual method (8220 minutes, p<0.001).

Conclusion: The developed semi-automated method is more time efficient and will be less prone to
inter-rater variability that was observed when applying the manual analysis method. It is, therefore,

proposed as a new standard for objective EMGdi amplitude analyses in future studies.

Keywords: electromyography, electrocardiography, diaphragm electromyography, chronic

obstructive pulmonary disease, respiratory muscle training
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4.2 Introduction

Electromyography (EMG) is an assessment of muscle activation by recording the electrical activity of
the muscle tissue. Assessments of diaphragm EMG (EMGdi) amplitude are frequently applied in both
clinical and research settings, where they can serve as an indirect measure of neural respiratory drive
(NRD) during different conditions such as resting breathing, exercise breathing, or during sleep (1-4).
EMGdi can be recorded either via surface electrodes placed on the chest wall, with needle electrodes
inserted into the costal diaphragm, or with an esophageal catheter equipped with EMG electrodes (5-
7). The EMGdi recording contains artifacts from the power line, from movement, and from cardiac
activity. Movement artifacts are associated with very low frequencies and can be easily removed by
applying high pass filtering at 20Hz. However, the cardiac activity artifacts, as detected by
electrocardiogram (ECG), is more difficult to remove because of the overlapping bandwidth spectrum
between ECG and EMGdi. The majority of the EMGdi signal is concentrated in the bandwidth between
20-250Hz, while the bandwidth of the ECG frequency spectrum lies between 0-100Hz (8). It is crucial
to obtain the EMGdi signal without the ECG contamination, to ensure the accuracy of the EMGdi signal,
(7,9, 10). Separating ECG from EMGdi is particularly challenging in EMG amplitude analyses, especially
during exercise, since the EMGdi amplitude can be larger than the ECG. This makes it more difficult to

identify ECG artifacts within the EMG signal.

One widely used method to obtain the EMGdi signal without ECG contamination is to manually select
EMGdi data in between QRS complexes (2, 7, 11-14). By placing a separated time-synchronized ECG
channel next to the EMG channel, the ECG channel is visually identifiable, thereby allowing to retrieve
the EMGdi in between QRS complexes. However, there are some limitations to this method. First, this
method is time-consuming, especially for recordings that contain many breathing cycles such as during
exercise. Second, based on the experience in our research group, it might be subjective to inter-rater
variability since the retrieved data can vary depending on the judgment of the assessor. Inter-rater
variability could arise from the fact that several EMGdi parts are available to choose from in between
QRS complexes during every inspiration. No specific instructions are currently available as to which
interval should be preferably selected under these circumstances while selection of either ascending,
descending, or peak intervals of the uncontaminated signal might result in vast differences in the
recorded EMG amplitude. Selection width of the chosen interval while avoiding artifact to either side
of the selected interval might be another factor that could explains the inter-rater variability of the
obtained EMG amplitude for a given breath. A final limitation of the manual method is that EMGdi
activity “buried” in the ECG signal cannot be selected. Depending on the location of the QRS complexes

the data outside of contaminated area might not be the best representation of the actual EMG
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amplitude (e.g., the part containing the highest amplitude of the signal might not be available to
select). This might be especially problematic during exercise, when several heartbeats typically occur

during a single inspiration.

Several methods have been previously applied to automatically deduct or remove ECG artifacts from
EMGdi signals. However, the majority of methods does not rely on ECG data from a separately
collected ECG channel. These methods typically suffer from problems with frequency-overlapping,
difficulties in waveform identification, and processing difficulties due to the sometimes smaller
amplitude of the ECG signal in comparison to the EMG signal (e.g. during near maximal diaphragm
activation throughout exercise hyperpnea) (8, 10, 15, 16). Bloch suggested using a separate and
simultaneous recording of a time-synchronized ECG channel to avoid these problems (17). For analysis,
he proposed to initially use the amplitude threshold to identify the QRS complex of the ECG, followed
by applying a least squares subtraction on the time domain to remove ECG artifacts (17). This method
introduced by Bloch has not been extensively evaluated or validated especially not for EMGdi

recordings of resting and exercise breathing obtained with an esophageal catheter.

Up to now, there is no gold standard method available for removing ECG artifacts while analyzing
EMGdi amplitude data. From the reviewed methods above, manually selecting EMGdi in between QRS
complexes has so far been the most applied method. This method will be mentioned onward as the
“manual” method. Because of the shortcomings of the manual method, we were interested in
developing and evaluating an alternative method that could potentially shorten the duration of the
analysis and overcome several problems related to the expected inter-rater ambiguity that seems
inherent to the somewhat subjective judgements that have to be made while applying the manual
analysis method. Therefore, we developed a custom “semi-automated method” based on a Least
Mean Square (LMS) Adaptive Filtering method (17) combined with a synchronously recorded,
separated ECG channel. We aimed to compare this “semi-automated method” with results obtained
from the manual method. In addition, we also aimed to formally study the degree of inter-rater
variability that can be expected when applying the manual analysis method. Responsiveness (i.e. the
ability of a measure to detect change) is an important feature of assessment methods that needs to
be evaluated separately from reliability and validity (18).The degree of agreement between methods
was therefore evaluated both cross-sectionally (i.e. of data obtained at a single point in time) to
evaluate validity and reliability as well as by comparing changes in activation observed after an

intervention period between methods to evaluate and compare responsiveness.

Accordingly, the aims of this study were the following: (1) to investigate the inter-rater reliability of

the manual method of EMGdi amplitude analysis and (2) to explore the agreement between the
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manual and the proposed semi-automated analysis method of EMGdi amplitude signals both cross-
sectionally (to evaluate validity) and of changes in response to an intervention (to evaluate

responsiveness).

4.3 Materials and methods

4.3.1 Study design and subjects

Clinically stable patients with moderate to severe COPD were included in this study. Data were
retrieved from patients who had been enrolled in a clinical study (ClinicalTrials.gov |dentifier:
NCT03240640). The Ethical Committee Research of KU Leuven/ UZ Leuven, Belgium approved the
study (S58513). All participants signed written informed consent. EMGdi was recorded during a
constant work rate cycle ergometer (CWR) test before and after eight weeks of inspiratory muscle
training (IMT). The EMGdi data were first analyzed using the manual method by two independent
assessors. The same data were then analyzed again using the semi-automated method. Comparisons
were made both between the results obtained by the two assessors using the manual analyzing
method as well as between results obtained by both manual assessors and from the semi-automated
method. The details of each analysis method are described below. Interim analysis of these data has

been presented at ERS International Congress 2018 (19).

4.3.2 Pulmonary function and respiratory muscle function measurements

Pulmonary function testing (MasterScreen Body, CareFusion, Hoechberg, Germany) was performed
according to ERS guidelines (20-22). Maximal inspiratory, expiratory mouth pressures (MIP and MEP)
and transdiaphragmatic pressure (PdiMax) during sniff maneuver were assessed according to

international guidelines (23).
4.3.3 EMG recording and analysis
Esophageal catheter and positioning

A multipair-esophageal electrode catheter (Yinghui Medical Equipment Technology Co. Ltd.,
Guangzhou, China) was used to assess EMGdi. The catheter is approximately 60 centimeters long, two
millimeters in diameter, and is equipped with five EMG electrode pairs feeding five EMGdi channels.
The catheter was inserted nasally and then swallowed by the patient. The positioning of the catheter
was performed according to procedures established in previous studies (1, 2). In short, the patient was
asked to perform several slow maximal inspiratory capacity (IC) maneuvers (an inspiration through the
open mouth from the functional residual capacity to total lung capacity). The best position was
determined as the location which the largest EMGdi amplitudes were recorded from the outer
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electrode pairs and the smallest from the middle pairs (Figure 4.1). (1, 2, 24). After positioning, the

catheter was secured by taping one end onto the patient’s nose.
EMGdi sampling and processing

The EMGdi signals were first amplified (Biomedical amplifier, Guangzhou, China), sampled at 2000Hz
by a data acquisition system (Micro1401-3, Cambridge Electronic Design Limited, Cambridge, UK) and
then processed with a specific software package (Spike 2, Cambridge Electronic Design Limited,
Cambridge, UK). During processing the raw EMGdi data were first high pass filtered at 20Hz to minimize
motion artifacts and then transformed into “Root Mean Square” (RMS). The EMGdi signals recorded
during breathing were then normalized by presenting the recorded value relative to the signal
obtained during maximal activation; EMGdi/EMGdiMax%. The highest EMGdi signal obtained from any
of the five channels during each subsequent breath was retrieved for analyses. Maximal activation of
the diaphragm was obtained during typical (i.e. fast) exercise IC maneuvers, either during resting
breathing or during exercise breathing (25). The patients were asked to perform these IC maneuvers
every minute during the three resting minutes preceding the cycling test, and every other minute
during the cycling test. The largest RMS amplitude obtained during any of the recorded IC maneuvers

was selected as EMGdiMax.
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Figure 4.1 A five diaphragm EMG (EMGdi) channel recording contains electrocardiogram (ECG) artifacts during
resting breathing. From top to bottom the channels are as follow; Channel 1: Respiratory flow (I/sec; negative
flow indicating the inspiratory cycle), Channel 2: ECG recording (volt), Channel 3-7: EMGdi recordings. The
correct positioning of the catheter is shown when the largest EMGdi amplitudes are in the outer EMGdi channels
(3 and 7), and the smallest amplitude is in the middle channel (5). The inspiratory capacity (IC) maneuver is
highlighted in the red box indicated by the higher flow, which accompanies the maximal activation of the
diaphragm (EMGdiMax).

4.3.4 ECGremoval with the manual method

From the processed data, both assessors were instructed to perform the manual analysis of the EMGdi
signals in agreement with previously published methods. They were instructed to extract the EMGdi
signals from segments of inspiratory cycles between QRS complexes (1, 2, 13, 24); however, reflecting
previously-published methods, no instructions were given with regards to handling possible residual
interference by P, T, or U waves (Figure 4.2). Thus, we cannot exclude the possibility of such
interference within the manually-derived EMGdi signal. Noteworthy, the values that have been
extracted between QRS complexes in most previous literature is the peak RMS EMGdi signal of a given
breath (2, 13, 26-28). However, as we were interested in measuring an estimate of the integral (i.e.,
mean) respiratory neural drive of the inspiratory cycle of a given breath, the mean value between QRS
complexes that would represent the integral activation was used for analysis instead of the peak value
(29). The time-synchronized flow and ECG channels were used as a guide for EMGdi selection. Five
representative (preferably consecutive) breaths towards the end of each minute were selected. The
choice of using five breaths towards the end of a given minute is based on in-house previous analysis

that shows the mean value obtained from the last five breaths of a given minute being similar to the
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average of the values obtained from the last 30 seconds of the same minute. Breaths were disregarded
in case they represented short sighs or included visible noise (e.g. from coughing) or if they were visibly
different compared to surrounding breaths. The average of EMGdi of these five breaths was used as

representative of diaphragm activation of each minute of the cycling test.
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Figure 4.2 lllustration of the diaphragm EMG (EMGdi) recordings towards the end of the (symptom limited)
cycling test. Channel 1: respiratory flow (I/sec; negative flow indicating the inspiratory cycle), Channel 2:
electrocardiogram (ECG) recording (volt), Channels 3-7: RMS EMGdi recordings. For the data analysis using the
manual method, the mean values of EMGdi in between QRS complexes during the inspiratory cycle were
selected. The periods highlighted in light blue are the possible periods that could be chosen without ECG
contamination in each inspiratory cycle. The average of EMGdi of five consecutive breaths was used as a
representative value of EMGdi of that minute. Vertical cursors 1, 2, 3, and 4 were used as a tool during manual
analysis to retrieve mean values of EMGdi in the selected period.

4.3.5 ECG removal with the semi-automated method

To perform semi-automated ECG exclusion using the newly developed algorithm several steps had to
be executed. First, in the data acquisition software (Spike 2, Cambridge Electronic Design Limited,
Cambridge, UK), the following recording channels were selected and exported at 1000 Hz into a text
file using the export option from the data acquisition software: ECG, EMGdi (5 channels),respiratory
flow and volume, and a channel including event markers. These markers were manually inserted during
the test to spot the transition from one condition to another during the test. The entire length of the
data file, including the resting period before cycling, one minute of unloaded cycling and all minutes

of loaded cycling until symptom limitation were exported. The exported file was then imported into
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LABVIEW (National Instruments, Austin, TX) software. The waveforms of the recorded channels was

also visible in LABVIEW for inspection.

To reduce the ECG content of the diaphragm EMG channels we used a method called “adapted
filtering”. The Least Mean Square (LMS) Adaptive Filter is a pattern recognition algorithm, which is
available in the LABVIEW software. This method is a filtering method in the frequency domain that
aims to remove the ECG frequency content out of the total signal. The filter was tuned to comply with
the minimum error and consequently delivered the best results to remove the ECG component from
the recorded signal. We used a filter length of 70 and a step size of 0.01 as the most optimal coefficients
for this analysis. A separate channel was used to record the ECG synchronously to tune the coefficients
of the Finite Impulse Response (FIR) filter continuously. In this way, the removal was very precise, even
though the heart rhythm was changing throughout the test. More detail concerning the Least Mean

Square (LMS) Adaptive Filtering can be found in this link http://www.ni.com/example/31220/en/.

The ECG filtering algorithm was pre-set in the LABVIEW software, the ECG channel was recognized
automatically by the algorithm. After importing the data, the assessor selected the ECG exclusion
option on all EMGdi channels. The algorithm then automatically ran and the assessor was notified
when the “cleaned” EMGdi data were ready to be retrieved. These results were then saved in a
separate text file. This text file containing the cleaned EMGdi data was then re-imported into the data
acquisition software (Spike 2). The assessor then used a respiratory script application (commercially
available upon purchase of the software) available in the data acquisition software (spike 2) to further
process the data. The respiratory script automatically marks the inspiratory and the expiratory cycle
of each breath throughout the selected recording interval based on the respiratory flow signal (i.e.
based on zero-flow points). The mean of the integrated EMGdi signal (RMS) during every inspiratory
cycle (marked periods) throughout the cycling test was then automatically calculated and exported to
an excel sheet. The values of these mean integrated EMGdi signals of every breath could not be
manipulated by the assessor. The assessor then identified the resting and exercise period of each test
and each minute of the test was manually marked. The average of the mean of integrated RMS from
every inspiratory cycle in each minute was then manually calculated and used as a representative
diaphragm activation of each minute of the cycling test (Figure 4.3). In a similar way, IC maneuvers
were manually identified and activation data retrieved. In summary, while the method involves some
manual steps it is not possible to manually manipulate EMGdi amplitude signals within separate
breaths. The method is therefore (in contrast to the manual method) not prone to inter rater
variability. Differences in outcomes could only occur in case of not selecting appropriate minute

intervals or IC maneuvers.”
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The reported results used for analysis were taken from one of the five channels that (on average)

contained the largest EMGdi signals during IC maneuvers.
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Figure 4.3 lllustration of the diaphragm EMG (EMGdi) recordings towards the end of the (symptom limited)
cycling test (period comparable to Figure 4.2). For the data analysis using the semi-automated method. Channel
1: respiratory flow (I/sec; negative flow indicating the inspiratory cycle), Channel 2: ECG recording (volt) ; The
absolute ECG values (volt) from this re-imported data after having been processed in LabVIEW using the semi-
automatic algorithm were transformed into an abstract unit. Therefore, the signal appeared to be distorted and
cannot be compared directly to the pre-processed ECG signal, Channels 3-7: the processed EMGdi data from our
customized algorithm without ECG contamination in the diaphragmatic EMG signal (EMGdi). Channel 8: br.# =
beginning of the inspiratory cycle and Channel 9: T exp. = beginning of the expiratory cycle indicates the
inspiratory and expiratory cycle of each breath which was marked automatically by the program. The EMGdi
during a full inspiratory cycle can be selected (highlighted in light blue). The average of the mean EMGdi from
every inspiratory cycle in each minute was analyzed. Vertical cursors 1 and 2 indicate a longer period that the
value of EMGdi could be retrieved compare to the same breath in figure 4.2 that only shorter periods were
available.

4.3.6 Exercise testing

All patients underwent constant work rate (CWR) cycling tests consisting of three minutes of resting,
one minute of unloaded cycling and immediately followed by cycling against 75% of the patient’s peak
work rate achieved during a maximal incremental cardiopulmonary exercise test (CPET)(30) until
symptom limitation. The tests were conducted on an electrically-braked cycle ergometer (Ergometrics
900, Ergoline, Blitz, Germany) with detailed metabolic (SensorMedics Vs229d, Acertys Healthcare,
Aartselaar, Belgium) and cardiopulmonary measurements (Cardiosoft, Acertys Healthcare, Aartselaar,

Belgium). The respiratory flow signal was recorded during the exercise to be able to identify the
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respiratory cycle. ECG recordings were obtained via an impedance cardiography device (PhysioFlow,
Manatec Biomedical, Folschviller, France) validated for COPD patients and recorded as a separate
channel (31). Analog outputs of all variables (i.e., respiratory flow, 5 EMGdi and ECG) were collected
in separate channels with a data acquisition unit (Micro1401-3, Cambridge Electronic Design Limited,
Cambridge, UK). Data channels were synchronously collected by the same system and processed with
the same acquisition software (Spike 2, Cambridge Electronic Design Limited, Cambridge, UK). The
system was a priori checked for potential time delays between the different systems providing the
signals of the different channels (e.g., ECG and EMGdi). No time delays were present and therefore,

no additional post collection synchronization of data had to be performed.

4.3.7 Inspiratory muscle training (IMT)

Inspiratory muscle training was performed daily by four subjects using an electronic
POWERbreathe®KH2 device (HaB International Ltd., Southam, UK) for eight weeks, according to a
previously published protocol (32). In short, the patients trained at the highest tolerable intensity, 30
breaths per session and two sessions per day. Progression of training intensity and MIP measurements

were performed weekly.

4.3.8 Statistical analyses

Comparisons of diaphragm activation at pre-measurement and pre/post IMT differences obtained
from two assessors using the manual signal processing method and with the semi-automated signal
processing method were made. Pearson’s correlation coefficient (r) was used to establish associations
between measurements. The intra-class correlation coefficient (ICC) based on a mean-rating, absolute-
agreement, 2-way mixed-effects model was used to quantify agreement between two assessors (inter-
rater reliability) and between the two methods. Agreement of the results from two assessors and
between the two methods was assessed by plotting mean differences between assessors or methods
against average values (Bland-Altman plots) (33). Limits of agreement were defined as £1.96 x standard
deviation of the difference between the two methods, corresponding to 95% confidence intervals (Cl).
The interaction over time between the two assessors and the two methods was assessed using
repeated measures ANOVA. Within rater Coefficient of Variation (CV) for the two raters was calculated
from 5 representative breaths during resting and at the end of exercise. For the semi-automated
method, the CV was also calculated at the same time points. Statistical analyses were performed using
GraphPad Prism version 8 for Windows (GraphPad Software, La Jolla, California, USA) and IBM SPSS
Statistics 25.0 Desktop (IBM Corp., Armonk, NY, USA). Statistical significance was considered at p<0.05.

Data are presented as means + SD
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4.4 Results

Datasets supporting the conclusions of this manuscript are available on request. Characteristics of
included patients are presented in table 4.1. Patients exhibited moderate to severe airway obstruction
with static hyperinflation, reduced exercise capacity, and inspiratory muscle strength. There are

approximately four heartbeats during one inspiratory cycle both at rest and during exercise (table 4.1).

| All subjects (n=7)
General characteristic
Male : Female 4:3
Age, years 6615
BMI, kg/m2 2547
Pulmonary function
FEVy, L (%pred) 1.37+0.57 (56+31)
FEV4/FVC,% 42%15
IC, L (%pred) 1.96+0.44 (76127)
FRC, L (%pred) 5.14+1.85 (161+42)
RV, L (%pred) 3.6411.48 (149157)
TLC, L (%pred) 7.10£1.73 (122+19)
D.CO, mmol/min/Kpa (%pred) 4.63+2.01 (59+25)
Respiratory muscle strength
MIP at RV, cmH,0 (%pred) -77+11(85+18)
Pdimax, cmH,0 89+19
MEP at TLC, cmH,0 (%pred) 167+55(99+34)
Symptom-limited peak incremental cycling ergometer exercise test
Cycling duration (minutes) 7.7+1.5
Peak Work rate, W (% pred) 82127 (64+24)
VO, L/min (%pred) 1.40+0.60 (74+33)
HR, bpm (%pred HRmax) 118+16 (7619)
Ventilation, L/min (%MVV) 44.617.6 (88+13)
Constant work rate cycling test (CWR cycling)

Cycling work rate, W (%Wmax) 59420 (72+£3)
Cycling duration, min 8.0+3.7
Resting HR, bpm (%pred HRmax) 80%10 (52+16)
HR at end exercise, bpm (%pred HRmax) 124417 (80+10)
Resting BF, bpm 2218
BF at end exercise, bpm 32+8
HR:BF at rest, per min 3.9+1.1
HR:BF at end exercise, per min 4.1+£1.2
Ventilation, L/min (%MVV) 38.3+8.4 (80+11)
Resting Ti, s 1.11£0.5
Ti at end exercise, s 0.810.2
Resting Te, s 2.1+0.7
%change from rest Ti -25+22
%change from rest Te -36123

Table 4.1 Patient characteristics: pulmonary function, respiratory muscle strength, maximal and endurance
exercise capacity. Abbreviations: “FEV1, forced expiratory volume in one second; FVC, forced vital capacity; IC,
inspiratory capacity; FRC, functional residual capacity; RV, residual volume; TLC, total lung capacity; DLCO,
diffusing capacity of the lung for carbon monoxide; MIP at RV, maximal inspiratory mouth pressure at residual
volume; PdiMax, maximal transdiaphragmatic pressure during sniff maneuver; MEP at TLC, maximal expiratory
mouth pressure at total lung capacity; VO2, oxygen consumption; HR, heart rate; MVV, maximal voluntary
ventilation; BF, breathing frequency; Ti, inspiratory time; Te, expiratory time; %pred, %predicted.”
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Comparisons of EMGdi/EMGdiMax% obtained by either the two assessors or as processed with the

semi-automated method from data collected during a constant work rate cycling task

The intra-class correlation coefficients (ICC) between diaphragm activation signals obtained with the
manual methods by two assessors at pre-measurement was 0.94, p<0.0001, 95% CI 0.17 to 0.98 (Figure
4.4A). The ICC between EMGdi signals from the semi-automated method and the results obtained by
using the manual method from assessor 1 and 2 at pre-measurement were 0.96, p<0.0001, 95% CI 0.94

to 0.97(Figure 4.4B) and 0.91, p<0.0001, 95% CI 0.60 to 0.97(Figure 4.4C), respectively).
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Figure 4.4 The correlation between EMGdi/EMGdiMax% calculated from the manual method by two assessors
during the pre-measurement CWR cycling test (A); the semi-automated method and the manual method by
assessor 1 (B); and the semi-automated method and the manual method by assessor 2 (C). Line of identity, linear
regression coefficients, intra-class correlation coefficients (ICC) and significances are presented in each figure.
Each of the data points represents the activation of diaphragm EMG (EMGdi/EMGdiMax%) of each patient in
every minute during the pre-measurement CWR cycling test.

Bland - Altman plots for the agreement of EMGdi/EMGdiMax% for the above-mentioned comparisons
are presented in Figures 4.5A, 5B, and 5C. On average, the EMGdi/EMGdimax% obtained from the
manual method by assessor 2 resulted in lower values than those obtained from assessor 1 (average
bias of the differences: -9.9%; Cl: -22.9% to 3.0%, Figure 4.5A). The plot of agreement between
EMGdi/EMGdimax% values from the semi-automated method and results of the manual method
obtained by assessor 1 showed that on average the values from the semi-automated method were
very similar with the values obtained from the manual method by assessor 1 (average bias of the
differences: -0.5%; Cl: -19.6% to 18.6%, Figure 4.5B). The plot of agreement between the values from
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the semi-automated method and those obtained by the manual method from assessor 2 showed
higher values from the semi-automated method (average bias of the differences: 9.3%; Cl: -11.4% to

29.9% Figure 4.5C).
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Figure 4.5 The results from the manual method by two assessors and the semi-automated method are compared
in seven patients in each minute during the pre-measurement CWR cycling test. Bland-Altman plots of
EMGdi/EMGdiMax% calculated from the manual method by two assessors (A); the semi-automated method and
the manual method by assessor 1 (B); the semi-automated method and the manual method by assessor 2 (C).

Average EMGdi/EMGdiMax% obtained from the manual method by two assessors and values obtained
with the semi-automated method were plotted against time for each minute during CWR cycling are
presented in Figures 4.6A, 6B, and 6C. There were no significant method by time interactions observed
neither between the values from two assessors (Figure 4.6A; P=0.24), nor between values from the
semi-automated method and assessor 1 (Figure 4.6B; P=0.30), or the semi-automated method and

assessor 2 (Figure 4.6C; p=0.11).
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Figure 4.6 Average diaphragm activation (EMGdi/EMGdiMax%) of seven patients during CWR cycling test at pre-
measurement calculated from the manual method by two assessors (A); the semi-automated method and the
manual method by assessor 1 (B); the semi-automated method and the manual method by assessor 2 (C).

Average absolute maximal activation values (obtained during IC maneuvers) obtained by assessor 1
and 2 with the manual analysis method of were 0.146+0.062 volt and 0.150+0.060 volt, respectively.
No significant differences were found between the maximal activation values obtained by assessor 1

and 2 (p=0.25).

The Coefficient of Variation (CV) of assessor 1 was 22% at rest and 13% at the end of exercise at pre-
measurement. At post-measurement, the CV was 21% at rest and 26% at end exercise. For assessor 2
the CV was 54% at rest and 11% at the end of exercise. At post-measurement, the CV was 28% and
20% at rest and end exercise respectively. The CV calculated from the semi-automated were 13% and
11% at rest and end exercise respectively at pre-measurement. At post-measurement, the CV was 10%

and 12% at rest and end exercise respectively.

Comparisons of the pre/post intervention differences in EMGdi/EMGdiMax% obtained by either the two
assessors or as processed with the semi-automated method from data collected during a constant work

rate cycling task

After eight weeks of IMT, inspiratory muscle function was improved in four patients that had

completed the IMT protocol (two men and two women, age 64+4 years, BMI 25+7 kg/m?, FEV;

69



1.5620.69 L (63+41 %predicted)) who participated in the IMT intervention. Maximal inspiratory
pressure (MIP) improved from -77+15 cmH,0 (84+16 %predicted) to -91+25 cmH,0O (100+30
%predicted). Maximal transdiaphragmatic pressure (Pdi) measured during maximal inspiratory sniff
maneuvers improved from 93+21cmH,0 to 105+24 cmH,0.The average cycling duration was 8.4+2.5
minutes at pre-measurement and 16.4+7.8 minutes at post measurement. The pre/post IMT
differences in EMGdi/EMGdiMax% during cycling before and after IMT, were calculated. The
correlations between the pre/post IMT differences in EMGdi/EMGdiMax% calculated from the manual
method by two assessors and the semi-automated method during the CWR cycling test before and

after the intervention are presented in Figures 4.7A, 7B and, 7C.

The ICC between the values of pre/post differences from assessor 1 and assessor 2 was 0.40, p=0.02,
95% Cl -0.09 to 0.68 (Figure 4.7A). The ICC between the pre/post IMT differences from the semi-
automated method and assessor 1 was 0.78, p<0.0001, 95% CI 0.58 to 0.89 (Figure 4.7B), while the ICC
between the pre/post IMT differences from the semi-automated method assessor 2 was 0.04, p=0.44,

95% Cl -0.58 to 0.46 (Figure 4.7C).
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Figure 4.7 The correlation between the pre/post difference in four participants EMGdi/EMGdiMax% calculated
from the manual method by two assessors (A); the semi-automated method and the manual method by assessor
1 (B); the semi-automated method and the manual method by assessor 2 (C). Line of identity, linear regression
coefficients and intra-class correlation coefficients (ICC) and significances are presented in each figure. Each of
the data points represents the pre/post differences of diaphragm EMG activation (EMGdi/EMGdiMax%) pre and
post the intervention of each patient in every minute during CWR cycling test.
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Bland - Altman plots for the agreements of pre/post IMT differences in EMGdi/EMGdiMax% calculated
from two analyzing methods are presented in Figure 4.8A, 8B, and 8C. On average, the pre/post IMT
differences in EMGdi/EMGdiMax% obtained from the manual method from assessor 2 was lower than
assessor 1 (average bias of differences: -8.2%; CI:-30.9% to 14.5%, Figure 4.8A). The pre/post IMT
differences in EMGdi/EMGdiMax% obtained from the semi-automated method was on average similar
to values obtained with the manual method by assessor 1 (average bias of differences: 1.2%;-16.8% to
19.2%, Figure 4.8B). The pre/post differences values from the semi-automated method are higher
than the values from the manual method by assessor 2 (average bias of differences: 7.0%; Cl: -20.4%

to 34.4%, Figure 4.8C).
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Figure 4.8 The results from the manual method by two assessors and the semi-automated method are compared
in four patients in each minute during CWR cycling test pre and post the intervention. Bland-Altman plots of the
pre/post differences in EMGdi/EMGdiMax% calculated from the manual method by two assessors (A); the semi-
automated method and the manual method by assessor 1 (B); the semi-automated method and the manual
method by assessor 2 (C).

Average EMGdi/EMGdiMax% values obtained from the manual method by the two assessors and the
semi-automated method were plotted against time for each minute during CWR cycling performed pre
and post the IMT intervention period (Figures 4.9A, 9B and 9C). There were no significant method by
time interactions observed between the values from two assessors (figure 4.9A; P=0.29), the semi-
automated method and assessor 1 (Figure 4.9B p=0.55) and the semi-automated method and assessor

2 (Figure 4.9C; P=0.50).
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Figure 4.9 Average diaphragm activation (EMGdi/EMGdiMax%) of four patients during CWR cycling
test pre and post the intervention calculated from the manual method by two assessors (A); the semi-
automated method and the manual method by assessor 1 (B); the semi-automated method and the
manual method by assessor 2 (C).

Average absolute maximal activation values (during IC maneuver) obtained with the manual analysis
method by assessor 1 and 2 were 0.121+£0.075 volt and 0.124+0.072 volt respectively at pre-
measurement, and 0.158+0.101 volt and 0.142+0.92 volt respectively at post-measurement (p=0.62

and P=0.20 respectively).
Duration of analysis between manual and semi-automated method

The average duration of 11 CWR cycling tests (seven at pre-measurement and four at post
measurement), including resting and unloaded cycling, was 136 minutes (range 4.2 to 22.0 minutes).
The analyzing time using the manual method was 82120 minutes (range 63 to 115 minutes) for
assessor 1 and for the semi-automated method was 2919 minutes (range 18 to 49 minutes). Difference

between methods 53+15 minutes (p <0.0001)

72



4.5 Discussion

Main findings

We validated a custom developed ECG removal method for EMG amplitude analysis against a
commonly used manual approach. The main findings of this study are that the newly developed semi-
automated EMGdi analysis method is more time efficient and that it will be less prone to the inter-
rater variability that was observed when the manual method was applied by two independent
assessors. EMGdi amplitudes obtained with the semi-automated method agreed well with values
obtained by one of the two manual assessors. The findings suggest that EMGdi analysis using the
proposed semi-automated method can be used to evaluate changes in EMG amplitudes over a wide

range of minute ventilations recorded at rest and during exercise in patients with COPD.
Inter-rater reliability of the manual method

Resting diaphragm activation (EMGdi/EMGdiMax%) values obtained by both assessors using the
manual method ranged from 10% to 20% (Figure 4.6 A, B, and 4.9 A, B). During the CWR cycling
exercise, this activation increased steeply at the beginning of the exercise and reached a plateau until
the exercise was terminated by patients’ symptom limitation (Figure 4.6 A, B, and 4.9 A, B). Similar
patterns were observed in previous studies (1, 2, 12). The observed differences of 8% to 9% in EMGdi
amplitudes between raters are however substantial and might impact on the ability to detect
differences in EMG amplitudes after interventions (Figures 4.5A and 4.8A). Along these lines the
pre/post IMT differences manually obtained by assessor 1 resulted in a reduction of approximately
20% of EMGdi/EMGdiMax at iso-time (Figure 4.9A, B), whereas analyses performed by assessor 2
resulted in a much smaller reduction of approximately only 10% (Figure 4.9A and 4.9C). In an attempt
to explain these differences we looked into the manual analyses as performed by the two assessors in

more detail.

Since EMGdimax (volt) values obtained by the two assessors were similar, the differences in the
EMGdi/EMGdiMax ratio between the two assessors must have originated from the selection of the
EMGdi signal between QRS complexes of the tidal breaths. Retrospectively, we observed that in most
cases there were several intervals between QRS complexes that assessors could select for their
analyses (Figure 4.2). Upon closer inspection we further realized that assessor 1 systematically tended
to choose the period that resulted in the “highest” EMGdi value of each inspiratory cycle (frequently
occurring towards the very end of an inspiratory cycle), while assessor 2 always chose intervals that
contained the “widest” available signal typically located more ‘centrally’ within each inspiratory phase.

This is illustrated in Figure 4.2. While assessor 1 systematically selected the period between cursor 3

73



to 4, assessor 2 tended to choose the period between cursor 1 to 2. We noticed that especially during
pre-IMT assessments the amplitude of EMGdi was higher towards the end of each inspiratory cycle,
indicating more pronounced diaphragm activation towards the end of the inspiratory cycle (Figure
4.11A). Since the given illustrative example occurred frequently during the tests the intervals selected
by assessor 1 often resulted in higher values than the intervals chosen by assessor 2 (Figure 4.5A and

4.8A).

As stated earlier the values of EMGdimax were not significantly different between two assessors. This
initially seems surprising given the different approaches taken by the two assessors as described
above. It can be explained however based on the shorter inspiratory period (Ti) during the IC
maneuvers (during which the EMGdimax signals were obtained) in comparison to the tidal breaths
(during which the EMGdi intervals were selected). As illustrated in Figure 4.10 during the short
inspiratory periods of the IC maneuvers there was frequently only a single EMG interval between QRS
complexes available to select. This can most likely explain the smaller differences in EMGdimax values

between assessors in comparison to EMGdi.
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Figure 4.10 Example of EMGdi recordings during a cycling exercise towards the end of the (symptom limited)
cycling test for the analysis using the manual method. Channel 1: respiratory flow (I/sec; negative flow indicating
the inspiratory cycle), Channel 2: ECG recording (volt), Channels 3-7: Diaphragm EMG (RMS EMGdi) recordings.
The IC maneuver is highlighted in the red circle indicated by the higher flow, which accompanies the maximal
activation of the EMGdi. The periods highlighted in light blue are the periods that could be chosen without ECG
contamination in an inspiratory cycle during IC maneuver. With the short inspiratory time during the IC
maneuver, it left only one available (light blue) period that EMGdi could be retrieved.

Interestingly there was also less disagreement between the results from assessor 1 and 2 during the
post-intervention analyses in comparison to pre-intervention comparisons (Figure 4.9A). Despite both
assessors treating the EMGdi data with the same approach as for the pre-intervention measurements
(i.e., one rater looking for the highest while the other looked for the widest available signal interval),
the values from assessor 2 were closer to the values from assessor 1. This finding can probably be

explained by previously reported pre/post differences in EMG amplitude signal patterns over time,
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during muscular activation, in response to muscle training (34). Known effects of muscle training,
including inspiratory muscle training, are improvements in force output and motor learning, thereby
decreasing muscle activation levels at iso-loads (35, 36). In fact, higher EMGdimax and decreased
relative activation of the diaphragm (i.e., lower muscle activity) after training at iso-loads were

previously reported by our group (12).

As shown in figure 4.11A and as mentioned earlier, during pre-IMT assessments, the EMGdi signal from
the diaphragm increased from the beginning towards the end of the inspiration. The EMGdi values
(volt) between cursors 1 to 2 were always lower than those between cursors 3 to 4 (Figure 4.11A). The
numbers marked in red are the values taken as a representative mean EMGdi of that breath (Figure
4.11A, B). After inspiratory muscle training, however, EMGdi values earlier during inspiration were less
different from those towards the end of the inspiratory phase (Figure 4.11B). It therefore seems like
patterns that had previously been observed after resistance training of peripheral muscles (reduced
EMG/time slopes after training) (34), were also detected in our diaphragm EMG data. These findings
can probably help to explain why inter-rater differences, despite of using similar approaches, were less

pronounced after the resistance training period.
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Figure 4.11 Example of EMGdi recordings during cycling exercise towards the end of the (symptom limited)
cycling test at the pre- (A) and post- (B) measurement for the analysis using the manual method. Channel 1:
respiratory flow (I/sec; negative flow indicating the inspiratory cycle), Channel 2: ECG recording (volt), Channels
3-7: Diaphragm EMG (RMS EMGdi) recordings. The periods highlighted in light blue are the possible periods that
could be chosen without ECG contamination in an inspiratory cycle. Numbers in cursors regions boxes show the
mean EMGdi values between two vertical cursors. The numbers in red indicate that the differences in the mean
values between cursors 1 to 2 are closer to the values between cursor 3 to 4 at post-measurement.
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Comparisons between manual and semi-automated EMGdi analyses

Data from the manual analyses of assessor 1 (who searched for the intervals containing the EMGdi
signal with highest amplitude for every breath) resulted in good agreement with the results from the
semi-automated method. We assume that the semi-automatically processed data are most

IM

representative of the “real” EMGdi values since the ECG contamination was eliminated from the signal.
Based on these findings the analysis strategy of assessor 1 should probably be favored (i.e. selecting
the EMGdi interval in between QRS complexes that provides the “highest” amplitude) should probably
be favored above the approach taken by assessor 2. This is further supported by the fact that
magnitude of pre-post intervention differences of both assessor 1 and from the semi-automated
method are in line with findings from a previous study that assessed diaphragm activation during the
CWR cycling test before and after a similar IMT intervention (12).Therefore, if the manual method
should be used, we would recommend to manually select EMG parts between QRS complexes that
result in the “highest” average EMGdi (i.e. selecting intervals towards the end of each inspiratory
period). This strategy of manual analysis showed a good agreement with the semi-automated method
on a group level, suggesting that both methods can be used interchangeably. The discussion onward

will focus on the comparisons between the results of the semi-automated method and values obtained

with the manual method from assessor 1.

Bland - Altman plots of both pre-intervention measurements and pre/post IMT differences in
EMGdi/EMGdiMax% showed good overall agreement. Considering the differences, which scattered
randomly above and below zero, it did not appear as if there were systematic over- or
underestimations present, or that differences between methods became larger when activation was

higher (i.e., at higher minute ventilation during cycling) (Figure 4.5B and 4.8B).

Two factors probably contribute to the relatively wide (+/- 20%) limits of agreement that were
observed between methods. Firstly, during manual analyses QRS complexes occurring during the
inspiratory cycles can cover major parts of the inspiratory EMG signal. These parts (which might
contain the highest activation portion during a given inspiration) are consequently not available for
analysis (Figure 4.12). This limited availability of EMGdi signal probably contributed to either over- or
underestimation of the manual signal in contrast to the semi-automatically processed signal which

could always take the full inspiratory period (i.e. from zero flow to zero flow) into consideration.

A second factor that probably contributes to the width of the limits of agreement between methods is
the fact that the average EMGdi from the manual method is obtained from a representative sample of
5 consecutive breaths towards the end of each exercise minute. In contrast during the semi-automated

method, all breaths performed during each minute are analyzed (2). It might very well be that the
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sample of 5 breaths is not always a perfect representation of average EMGdi during a given minute of
breathing resulting in between method differences on a minute-by-minute basis. The overall
agreement of the EMGdi/EMGdiMax between two methods on a group level was however good, and
no significant method by time interaction effects were observed (Figure 4.6B and 4 9B). This suggests

that both methods can be used interchangeably on a group level.

LT —— - i
il SR o s -
FL(BTPS) 7 . 277 i 2
Itr/s 1 5 N SRS o
5.0
| ] i f f ] | | |
wo 5 ) od ad AN A A AL A kA
~ o~ N | Ko i P VI AA VimgeWmimey . A \ NAJ
volt 2 AN ALY ! A |\ WU IPAVA AL A .
=™y L//’ i’ v "v"/ W \\’“W.J venil y‘,, : N \V 5 \/h/l LJ ¥
v : . g
0.4

) i 10 I Ql "1 ( l"t ‘ f “‘w | ‘U F‘ |
T P WY W IO T ¥ ﬁ ,‘nu P
EN Mo 10 AN I g, | b, ‘ ) JRNT \ I

0.0~ e
0.4 g I \
EMGdi2 | ! I i I f\ ﬁ I | [ T I .
vor 4 1) i LE\ 1 IPW [‘U" ) ‘W‘ﬂ "\‘ "1I\| M ,4\'|w (\‘ W/ ‘/‘W Hln H\‘L :I[l‘ ﬂ A “‘Hﬂr W ]‘.'n j,"‘ ‘I‘J\l
AL Jl.j\, } W) | N ‘w i AW Ve T Llu Wy m\ M L NA ‘. . W ‘f‘un“ NV b [,
0.03 SV N,V A o rtnd U it N
] , |
EMGdi3 " { i ,‘i | 'i \1 I M‘f “ l‘\
I | | 1 i I
Vol S 02 V\ kl‘ M M f‘i‘; ‘['J‘ '\li'r‘ ,,ﬁ;’a ‘.“jf\ J“‘ lu.\\ ml ‘h“. M r|‘ ji,\ |”|
1/ W Bt L :JJ'U W /’L\ ! \“ A ,f“ Ll l‘;’\v’lv"'L\J-\\,J LAl MU A mf Wl e, ) [\ r“'\l LA f‘! \
0.0 = we d U AV W (PO PR WO L T B NV AL VR WYY 4 VU LV AR N |
EMGdid (Wlé } (L ﬁ}l | P ﬂ U! ‘| m‘ ﬁ‘i |
14 = ‘
Vol 6025 J”L I | I Y N B ﬁ . fl"\ AT | | i L. A
VLA A A LY \ N U AN e LAV L W A
0.00- : . -
0.50
EMGdi5 1 ’ | | N 1
vote 7 g8 ’Jll j f‘t | "R Y T T N ho) i
h y P b / }' i N \ ol | M\ L M Ll N i f
000 = i MW"/ i g ) L ASL A el WV i LM/\,! AL e A et PN W N n |

: : - - T R B e s
Time (s) I7X7 0 ]787 5 1788 () 1788.5 178‘) 0 178‘)5 I7‘)1) () I7‘)() 3 1791.0 1791.5 1792.0 1792.5 1793.0

Figure 4.12 Illustration of the EMGdi recordings during cycling exercise towards the end of the (symptom limited)
cycling test when the inspiratory time (Ti) is shorter. Channel 1: respiratory flow (I/sec; negative flow indicating
the inspiratory cycle), Channel 2: ECG recording (volt), Channel 3-7: Diaphragm EMG (RMS EMGdi) recordings.
Several QRS complexes appear during the inspiratory cycle which is already a short period. The QRS complexes
take up a large part during the inspiratory cycle resulting in less “clean” EMGdi to be selected. The red circle
shows one inspiratory cycle when the QRS complex appears precisely at the peak of the amplitude of the EMGdi.
The EMGdi buried under this QRS complex cannot be retrieved. Therefore, the assessor must choose the part
outside of the QRS complex, which results in lower mean EMGdi value, thus underestimates the diaphragm
activation. The blue highlight shows a small period of peak EMGdi. The mean EMGdi value of this period will be
higher (average of high values in the short time) therefore the EMGdi being overestimated.

Degree of variation

The coefficients of variation (CV) were calculated from the manual analyses performed by two raters
were mostly higher than the CV calculated from the semi-automated method. This lower degree of
variability when using the semi-automated method will probably increase the ability to detect true

differences between measurement conditions. The reduction in variability is most likely due to both
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the absence of noise within breaths as well as the fact that instead of a representative sample of 5

breaths all breaths of each minute were used for analyses.
Clinical implications

The EMGdi/EMGdiMax ratio is currently being used as a surrogate of neural respiratory drive (NRD)
and both magnitude as well as changes in NRD have been shown to be closely related to (changes in)
dyspnea sensation (12, 37) which is an important symptom in patients with chronic obstructive and
restrictive lung diseases (38). It is essential to obtain correct values of diaphragm activation to be able
to interpret the results linked with the patient’s symptoms and also to reliably detect changes induced
by different interventions. A reliable and objective method to process these data is beneficial for

breathlessness management in patients with COPD both in research and clinical routine.
Strengths and limitations

The semi-automated method was designed to overcome several shortcomings of the manual method.
By automatically removing ECG artifacts throughout the recording, the analysis time is shortened by
more than half. After the ECG artifact was removed the resulting ‘clean’ EMGdi signal could be
integrated over the full inspiratory cycle. This integration of EMG activity over the course of a
contraction is a common practice for other skeletal muscles but was not possible with the manual
EMGdi analysis methods available so far. In addition it facilitates the performance of breath-by-breath
analyses which allows all data points to be considered. This is the first time that the inter-rater
reliability of the often used “manual method” has been evaluated. We were for the first time able to
identify several sources for inter-rater variability which should be eliminated by the more objective,
semi-automated processing of full inspirations that have previously been cleaned of ECG artifacts by

our newly developed method.

Limitations of our study are the relatively small sample size and the absence of an age-matched control
group. The results would need to be confirmed in a larger sample of subjects performing different
types of exercise tests resulting in a large variability of heart rate and ventilation responses. In addition,
inclusion of a healthy age-matched control group and comparisons of findings with COPD patients
would have allowed further investigations into the validity of the semi-automated method at rest and
during exercise. Since our methods were only compared in a specific group of patients future studies
might be required to further validate the use of the semi-automated EMGdi analysis in other
populations. In our study EMGdi signals were evaluated only at the extremes of activation (i.e. resting
breathing and close to maximal activation). The model/approach has not been tested over a range of

intensities (and as such diaphragm activity). It would have been preferable to evaluate the responses
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over a broader range of minute ventilations and heart rate (e.g. during a stepwise maximal incremental
exercise test). Further study is also needed with regard to responsiveness of the signals and
reproducibility of findings both before and after different pharmacological and non-pharmacological

interventions that are supposed to reduce respiratory effort and symptoms of breathlessness.

4.6 Conclusion

The semi-automated ECG artifact removal method for EMGdi analyses will be helpful to eliminate
sources of inter-rater variability that were observed between different raters applying the manual
method. Therefore the semi-automated method offers a more objective approach for analyzing EMGdi
data while at the same time requiring significantly less analyzing time. We propose this method as a

new standard for objective EMGdi amplitude analyses in the future.
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5.1 Abstract

Background: Patients with COPD experience dyspnea during exercise, leading to the limitation in
exercise tolerance and activities in daily life. Patients with low inspiratory muscle strength experience
more significant dyspnea during exercise due to the mismatch between load and capacity of the
respiratory muscles. It has been demonstrated that inspiratory muscle training (IMT) reduces dyspnea
sensation by reducing activation of the diaphragm (EMGdi). However, whether IMT also reduces

activation of the extra-diaphragmatic inspiratory muscles is unknown.

Aim: This study evaluated the effect of 8 weeks IMT or sham training on dyspnea, respiratory muscle
function and activation during exercise. Also, respiratory muscle activation during an IMT session was

investigated.

Method: Patients were randomized into an IMT (n=11) or sham-IMT (n-5) group. The training consisted
of two sessions daily, each including 30 breaths, for eight weeks. Training load was 40-50% of the
weekly maximal inspiratory pressure (MIP) in the IMT group and 10% of the initial MIP in the sham
group. MIP and constant work rate (CWR) cycling test were performed before and after the training.
Perception dyspnea was rated every minute during CWR cycling test using a modified Borg scale. An
esophageal catheter and surface EMG electrodes were used to assess EMGdi, transdiaphragmatic
pressures and extra-diaphragmatic respiratory muscle activation [scalene, sternocleidomastoid (SCM)

and rectus abdominis]. All parameters were compared at iso-time (time of the shortest cycling test).

Results: After 8 weeks of IMT, there was a significant improvement in MIP in the IMT group compared
to the sham group (mean between-group difference in the pre-post intervention change scores of -16
[95%CI -29, -3] cmH,0, p=0.02), Cohen’s d effect size of 0.86. At iso-time during the CWR cycling test,
a trend of improvement in dyspnea measured by Borg score was found in the IMT group compared to
the sham group (mean between-group difference in the pre-post intervention change scores of -2.2
[95%CI -4.5, 0.2], p=0.07), , Cohen’s d effect size of 0.60. Mean between-group difference in the pre-
post intervention change scores of endurance cycling time was 5.0 [95%Cl -1.9, 11.9] minutes, p=0.14
in the IMT group compared to the sham group, Cohen’s d effect size of 0.50. Mean between-group
difference in the pre-post intervention changes of diaphragm, scalene, SCM and rectus abdominis
muscle activation reported as ratios of maximal activation (EMG/EMGMax%) were -22 [95%CI -57,
13]1%,; p=0.17, -8 [95%CI -25, 10]%; p=0.37, -4 [95%CI -27, 20]%; p=0.74, -4 [95%Cl -12, 5]%; p=0.33 in
the IMT group compared to the sham group, with Cohen’s d effect size of 0.64, 0.31, 0.11 and 0.34

respectively. There was a significant within-group reduction in activation of the diaphragm
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(EMGdi/EMGdiMax%) in the IMT group at post-measurement compared to pre-measurement (from
78+10% to 57+21%, p=0.046). This reduction was a result of the reduction in the tidal EMGdi (-22%)
and increase in EMGdiMax (8%). The unchanged ratio of SCM activation was the result of a
combination of increased tidal EMGSCM and increased SCMMax (percent changes of tidal and Max
EMG were 21% and 16% respectively). During the IMT session, SCM and scalene muscles were

activated more compared to during cycling.

Conclusion: These preliminary results suggest that IMT improves inspiratory muscle strength with
large effect size, while a trend of dyspnea improvement during potential longer exercise duration with
medium effect size was observed. These improvements after IMT during the exercise were
accompanied by a potentially better function of the diaphragm (improvement in Pdi,sniff, and
reduction of diaphragm activation during exercise with medium effect sizes) and more reliance on the
SCM muscle during exercise breathing. The more reliance on the SCM potentially was contributed by

higher SCM stimulation during IMT.

Keywords: Dyspnea, Inspiratory Muscle Training (IMT), Diaphragm activation, Neural Respiratory

Drive NRD, COPD, Extra-diaphragmatic muscle activation
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5.2 Introduction

Chronic obstructive pulmonary disease (COPD) is one of the leading causes of morbidity, mortality and
health care cost worldwide (1-3). A large proportion of patients with COPD experience a limitation in
activities in daily life and decreased exercise tolerance because of persistent dyspnea (4-6). Dyspnea is
a sensation of respiratory discomfort, which could be described differently in each individual such as
air-hunger, work/effort, and tightness (7). Dyspnea was defined as “a subjective experience of
breathing discomfort that consists of qualitatively distinct sensations that vary in intensity” (8)***¢. Due
to dyspnea, patients avoid exercise and develop deconditioning which further reduces their exercise

capacity and aggravates symptomes. (8, 9).

Respiratory muscle weakness is highly prevalent and contributes to symptoms and functional
limitations in patients with COPD (10). Independent of the severity of airflow obstruction patients who
have decreased inspiratory muscle strength experience more symptoms of dyspnea during exercise
(11). Hyperinflation is an important factor that contributes to an increase in dyspnea in patients with
COPD. During quiet breathing, the diaphragm was adapted and remodeled to generate better
respiratory work (e.g., increasing in slow-twitch muscle fiber to increase resistance in fatigue) (12, 13).
However, during exercise, acute dynamic hyperinflation reduces the pressure generating capacity of

the diaphragm, therefore, the adaptation to chronic mechanical loaded became more difficult (14, 15).

Factors that contribute to increasing dyspnea in patients with COPD mainly are the factors that either
increase load or decrease capacity of respiratory muscles (11). This mismatch between load and
capacity increases Neural Respiratory Drive (NRD) (neural control of respiration descending from the
central motor cortex) which is closely related to perceived dyspnea sensation (16, 17). However, since
NRD cannot be directly measured, it was suggested to measure this neural output through activation

of respiratory muscles or electromyogram of the diaphragm (EMGdi) (17).

Pulmonary rehabilitation is one of the most successful treatments that reduces dyspnea, improves
functional exercise capacity, and quality of life in patients with COPD (18, 19). In addition, selective
inspiratory muscle training (IMT) effectively improves inspiratory muscle functions (strength and
endurance), as measured by EMGdi, dyspnea and exercise capacity (20, 21). However, the diaphragm
is not the only muscle responsible for inspiration, the extra-diaphragmatic inspiratory muscles could
play an additional role in pressure generation at rest and during exercise breathing (22). For example,
it has been found that in the patients with increasing chronic airflow obstruction, ribcage and accessory
inspiratory muscles are activated more (22). Abdominal muscles, which are expiratory muscle, also
activate more during exercise. The role of abdominal muscles is to decrease the end expiratory volume

during expiration and gradually relax during inspiration (to prevent immediate fall in abdominal
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pressure) to allow the two compartments of the ribcage to expand synchronously and as a result,

permit diaphragm to act as a flow generator (23).

Langer and colleagues found an improvement in dyspnea sensation together with a reduction of
diaphragm activation during exercise breathing in response to IMT (24). However, whether the
activation of extra-diaphragmatic respiratory muscles contributed to these changes in dyspnea
sensation is unclear. Also, whether the changes in the overall respiratory neural drive were mostly
related to modifications in the diaphragm or extra-diaphragmatic respiratory muscles still needs to be
assessed. Therefore, the aim of this study is to investigate the effects of either IMT or sham-IMT on a
more comprehensive measurement of neural respiratory drive (EMG activity of the diaphragm,
scalene, sternocleidomastoid and rectus abdominis) in relation to dyspnea sensation during constant
work rate (CWR) cycling. We furthermore also aimed to study how these muscles were recruited and
activated during IMT sessions in patients with COPD. The hypothesis was that eight weeks of IMT would
improve dyspnea sensation during exercise and reduce the neural respiratory drive to the diaphragm

and extra-diaphragmatic respiratory muscles.
5.3 Materials and method
5.3.1 Subjects

Clinically stable patients with COPD who had a reduction in inspiratory muscle strength (maximal
inspiratory pressure (MIP) below predicted values) and a persistent activity related dyspnea (score
fewer than 7 on baseline dyspnea index (BDI) questionnaire) were included in this study. Exclusion
criteria were as follow: unable to perform physiological testing, active cardiovascular comorbidity, or

other conditions that could affect dyspnea or exercise capacity.
5.3.2 Design

This single-blind, placebo-controlled, randomized clinical trial was approved by The Ethical Committee
Research of KU Leuven/ UZ Leuven, Belgium (S58513) and registered with ClinicalTrials.gov
(NCT03240640). All patients signed written informed consent. After the inclusion, the patients were
randomized into intervention (IMT) or control (sham IMT) group. The allocation was performed by
using a previously published method (25); opaque sealed envelopes were prepared and numbered
sequentially, IMT and control interventions were distributed in a two to one ratio (see sample size
calculation) in randomly ordered block sizes of 3 and 6. Physiotherapists providing the intervention
and the outcome assessors were aware of group allocation. However, the subjects were blinded to
their group assignment. To enhance adherence and compliance in the sham IMT group, the training

was presented as an endurance training in the sham IMT group and strength training in the IMT group.
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Three testing visits and eight training follow up visits were required for each patient. The first visit was
to assess eligibility and familiarize the patients with the testing protocol. The measurements included
pulmonary function testing, cardiopulmonary exercise testing (CPET), inspiratory and expiratory
muscle strength testing (MIP, MEP), endurance breathing task, and answering questionnaires
regarding dyspnea sensation [Baseline and transitional dyspnea index (BDI/TDI)](26) and, modified
Medical Research Council dyspnea scale (MMRC) (27, 28). The second and the third testing visits were
identical, but measured at pre and post eight weeks of intervention. The measurements for these visits
were constant work rate (CWR) cycling test until symptom limitation with the recording of the
diaphragm and extra diaphragm respiratory muscles electromyography (EMG). The outcomes

measured were compared at the iso-time (time of the shortest test).
5.3.3  Pulmonary function and respiratory muscle function measurements

Pulmonary function testing (MasterScreen Body, CareFusion, Hoechberg, Germany) was performed
according to ERS guidelines (29-31). Global respiratory muscle strength was assessed by measured
maximal static inspiratory and expiratory mouth pressures (MIP and MEP) according to the
international guidelines (32). MIP was measured at residual volume (RV). Patients were asked to
perform a maximum inspiratory (Mueller maneuver) effort for at least 1.5 seconds through a system
that allows a small leak to prevent glottis closing. The pressures were recorded via a pressure
transducer. MEP were measured at total lung capacity (TLC) with the same system but the patients
were asked to perform the maximal expiratory (Valsalva maneuver) effort instead (33). The three
values that vary less than 10% were obtained and the maximal value of these three was recorded as a

MIP or MEP, respectively.

Maximum sniff and cough pressures were assessed via a multipair-esophageal electrode catheter
(Yinghui Medical Equipment Technology Co. Ltd., Guangzhou, China). Sniff esophageal (Pes,max)
pressure assesses global inspiratory muscle strength and sniff transdiaphragmatic pressure (Pdi,max)
assesses diaphragm strength. Maximal gastric pressure (Pga,max) during coughing represents
abdominal strength. The patients were asked to perform maximum effort of sniff through un-occluded
nostrils for the maximal sniff maneuver. For the maximal cough maneuver, the patients were asked to
cough as forceful as possible. Each maneuver was repeated at least 3 and up to 10 attempts until a
plateau was reached then the highest values were recorded (32, 33).

Inspiratory muscle endurance was measured using an electronic POWERbreathe®KH2 device (HaB
International Ltd., Southam, UK) as performed in previous studies (34, 35). The patients were asked
to breathe against resistance until symptom limitation. The inspiratory load that allows them to

breathe for 3-7 minutes (approximately 50%-60% of their initial MIP) was selected for the test. During
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the test, the same instructions were given as during the training session (fast, forceful and deep
inspiration). At post measurement, the same tests were repeated with the same resistance. Borg
dyspnea and breathing effort scores [ranging from 1 (nothing at all) to 10 (maximal)] were asked
before the test and at the end of pre measurement test (36). The Borg scores at iso-time were also
asked when the post-tests were longer than pretests. The test will be stopped when the patient
perform the task for 15 minutes.

5.3.4 Questionnaires
5.3.4.1 Baseline and transitional dyspnea index (BDI/TDI)

Baseline Dyspnea Index (BDI) is a questionnaire which administers rating of dyspnea severity at a single
state providing a multidimensional measurement of dyspnea based on 3 components that evoke
dyspnea in activities of daily living in symptomatic individuals. There were 24 items in total in the BDI
and divided into 3 categories, namely functional impairment, magnitude of task, and magnitude of
effort. Rating of each category ranging from O (very severe) to 4 (no impairment). A total score ranging
from 0 to 12. The lower the score, the worse the severity of dyspnea. There are also three additional
options in each category, which do not contribute to the scoring, allow circumstances in which dyspnea

cannot be rated (26).

Transition Dyspnea Index (TDI) measures changes in dyspnea severity from the baseline established by
the TDI. The TDI consists of 24 items and divided into 3 categories which are change in functional
impairment, change in magnitude of task, and change in magnitude of effort. Each category can be
rated by seven grades ranging from -3 (major deterioration) to +3 (major improvement). A total score
ranging from - 9 to + 9. The lower the score means the more deterioration in the severity of dyspnea.
There is one additional option in each category, which does not contribute to the score, allows for

circumstances in which impairment is due to reasons other than dyspnea (26).

The BDI and TDI show good reliability and validity in dyspnea measurement in patients with COPD (37).
Change in the transition dyspnea index of 1-unit has been reported as a minimal clinically important

difference (38).
5.3.4.2 Modified Medical Research Council dyspnea scale (mMRC)

The modified medical research council dyspnea scale (mMMRC) is used to establish baseline functional
impairment due to dyspnea attributable to respiratory disease. The mMRC is rated on a five scale,
ranging from O (best) to 4 (worst) based on the patient’s perception of dyspnea in daily activities (39).

It has been validated in patients with COPD (40).
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5.3.5 Measurements and analyses

5.3.5.1 Diaphragm electromyography (EMGdi) and respiratory pressure recording via esophageal

catheter

A multipair-esophageal electrode catheter (Yinghui Medical Equipment Technology Co. Ltd.,
Guangzhou, China) was used to assess EMGdi and transdiaphragmatic pressure (Pdi) (calculated from
esophageal and gastric pressures (Pes and Pga). The catheter is approximately 60 centimeters long,
two millimeters in diameter, and is equipped with five EMG electrode pairs, esophageal and gastric
balloons. After applied topical anesthesia, the catheter was inserted nasally and then swallowed by
the patient. The positioning of the catheter was performed according to procedures established in
previous studies (41, 42). The patients performed several slow maximal inspiratory capacity (IC)
maneuvers (an inspiration through the open mouth from the functional residual capacity to total lung
capacity). The best position was determined as the location that the largest EMGdi amplitudes were
recorded from the outer electrode pairs and the smallest from the middle pairs (41-43). After
positioning, the catheter was secured by taping one end onto the patient’s nose then connected to an

amplifier (Biomedical amplifier, Guangzhou, China) before being sampled at 2000Hz.

Esophageal and gastric balloons were filled with 0.8 and 1.4 milliliters of air respectively. Pes and Pga
were recorded using differential pressure transducers range +250 cmH,0 and 50 cmH;0 respectively
(Model MP 44 1-871 for Pes and MP 45-28-871 for Pga, Validyne Engineering Corp., Northridge, CA
USA), amplified and sampled at a rate of 100Hz. Forced vital capacity (FVC) and IC maneuver were
performed to obtain maximal muscle activation (EMG) and dynamic inspiratory and expiratory

pressures before and during the exercise tests.
5.3.5.2 Surface electromyography (EMG) recording

EMG of extra-diaphragmatic inspiratory muscles (sternocleidomastoid, and scalene) and one
expiratory muscle (rectus abdominis) were recorded using a surface EMG wireless transmission system
(Desktop Direct Transmission System (DTS), Noraxon USA, Inc., Scottsdale, AZ USA). The skin was
prepared by scrubbing the area with cotton pads soaked with alcohol until the skin turn light red. The
specific location of the placement of these surface EMG electrodes were as follow; at midpoint along
the long axis of the sternocleidomastoid muscle between the mastoid process and the medial clavicle,
posterior triangle of the neck at the level of the cricoid process for scalene muscle, and at muscle belly
above umbilicus for rectus abdominis muscle. The EMG sensors were connected and placed next to

each electrode for the transmission of the signal.
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5.3.5.3 EMG sampling and processing

EMG data (both EMGdi and surface EMG) were sampled by a data acquisition system (Micro1401-3,
Cambridge Electronic Design Limited, Cambridge, UK) and then processed with a specific software
package (Spike 2, Cambridge Electronic Design Limited, Cambridge, UK). During processing, the raw
EMGdi data were first high pass filtered at 20Hz and then transformed into “Root Mean Square” (RMS).
ECG artifacts were removed by the method presented in the previous chapter (chapter 4). Then all
EMG signals were normalized as a proportion of the volitional maximum and EMG/EMG,Max%.
Maximal activation (EMG,Max) of all interested muscles were obtained by selecting the highest
activation during IC maneuvers (inspiratory muscle) either during resting breathing or during exercise
breathing of the CWR cycling test (44) and FVC maneuvers (expiratory muscle) performed before the

cycling test.
5.3.6 Exercise testing

A maximal incremental cardiopulmonary exercise test (CPET) until symptom limitation was conducted
on an electrically-braked cycle ergometer (Ergometrics 900, Ergoline, Blitz, Germany) with detailed
metabolic (SensorMedics Vs229d, Acertys Healthcare, Aartselaar, Belgium) and cardiopulmonary
measurements (Cardiosoft, Acertys Healthcare, Aartselaar, Belgium) according to guidelines (45). ECG
recording was obtained via an impedance cardiography device (PhysioFlow, Manatec Biomedical,
Folschviller, France) validated for COPD patients and recorded as a separate channel (46). The
incremental protocol was a 10 or 20 W/min stepwise protocol. Breath-by-breath measurements were

evaluated as 30-s averages, and “peak” was defined as the last 30 s of loaded pedaling.

Constant work rate (CWR) cycling test consists of three minutes of resting, one minute of unloaded
cycling and immediately followed by cycling against approximately 75% of the peak work rate achieved
during CPET with the same equipment. Analog outputs of all variables (i.e., respiratory flow, 5 EMGdi,
surface EMGs and ECG) were collected in separate channels with a data acquisition unit (Micro1401-
3, Cambridge Electronic Design Limited, Cambridge, UK). Data channels were synchronized in time and
processed with the same acquisition software (Spike 2, Cambridge Electronic Design Limited,

Cambridge, UK).

Inspiratory capacity (IC) was measured at rest, every second minute during cycling, and at the end of
the cycling test (47). Perceived dyspnea intensity, unpleasantness of breathing and leg discomfort at
rest, every minute during cycling, and the end of the cycling were asked using the modified 10-point

Borg scale [ranging from 1 (nothing at all) to 10 (maximal)] (36).
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5.3.7 Inspiratory muscle training (IMT)

According to a previously established method (34), patients performed home-based daily inspiratory
muscle training consisting of two training sessions of 30 breaths (4-5 minutes per session). The
intensity of the training starting at approximately 40% of maximal inspiratory pressure (MIP) measured
at baseline. In the training group, the intensity was increased weekly to the highest tolerable intensity
(approximately 40-50% of MIP achieved on that week). In the sham IMT group, the training intensity
remained the same for the entire 8 weeks at approximately 10% of the patient’s initial MIP. Weekly
measurements of MIP were performed in both groups. One training session per week was performed
supervised at the research center. IMT was performed using an electronic tapered flow-resistive

loading (TFRL) device (POWERbreath®KH1, HaB International Ltd., Southam, UK) for 8 weeks.
5.3.8 Breathing pattern and respiratory muscle EMG during an IMT session

At baseline, all patient performed one IMT session against approximately 50% of their MIP for 30
breaths using the same training device. This task is a replication of one IMT session that the patient
performed at home. During this IMT session, the breathing parameter (flow, volume, and pressure of
breathing), diaphragm EMG, and surface EMG were recorded. Borg dyspnea and breathing effort were

asked before the IMT session (resting breathing) and at the end of the session.
5.3.9 Physical activity

Physical activity was measured twice, once during the first week after the initial visit and second during
the last week of the IMT or sham IMT training. The physical activity was measured using the Dynaport
Movemonotor (Mc Roberts BV, The Hague, The Netherlands). The patients were wearing the monitor
at their waist during the period of 7 days from the moment they were wakened up until the moment
that they went to bed. The days that the patients were wearing the monitor for more than eight hours

were defined as valid days, and the results were included in the analysis.
5.3.10 Statistical analyses

The power calculation was performed to detect a between-group difference of one unit in the change
in dyspnea intensity rating on the Borg dyspnea scale (minimal clinically important difference), at iso-
time limit of CWR cycle test. The pre-specified level of statistical power (B) is 80% and the alpha level
(a), or the type | error rate is less than 5%. By assuming a decrease of 1 point in the intervention group
and no change in the sham IMT group with an SD of 1 unit in the change in dyspnea between pre- and
post- measurements, a sample size of 16 and 8 patients is required in the IMT and the sham IMT group

respectively.
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Statistical significance was considered at p<0.05. Data are presented as means + SD. Test of normality
was performed using Kolmogorov-Smirnov and/or Shapiro-Wilk. The difference between pre and post
measurement were calculated for all outcomes measured including the outcomes measured at iso-
time during CWR cycling tests and unpaired t-tests were applied to test for between-group differences.
Paired t-test was used to test the within-group differences between pre and post-intervention
measurements. In case the normality was not met, or the sample size was too small to test for
normality, nonparametric tests were performed. Wilcoxon match-pairs signed rank test, and Mann-
Whitney test compared ranks were used instead of paired and unpaired t-test respectively. In addition,
Cohen’s d effect sizes were calculated by dividing mean differences by the standard deviations of the
differences. Small effect sizes were defined as scores between 0.2 and 0.5, medium effect sizes as
scores between 0.5 and 0.8 and large effect sizes were those greater than 0.8. Statistical analyses were
performed using GraphPad Prism version 8 for Windows (GraphPad Software, La Jolla, California, USA)

and IBM SPSS Statistics 25.0 Desktop (IBM Corp., Armonk, NY, USA).
5.4 Results
The results presented here in this chapter are preliminary results.

A consort flow diagram is presented in Figure 5.1. During the inclusion period from October 2016 to
April 2019, 128 patients who had previously attended the pulmonary rehabilitation program at
University Hospital Leuven and who were still in clinical follow-up until at least 2014 were screened.
One hundred and eleven patients were excluded because the inclusion criteria were not met. Forty-
two patients were contacted and 25 of them declined to participate. Therefore, 16 patients were
included, and after randomization 11 were allocated into an intervention group, five were allocated
into a sham IMT group. The results presented here is the analysis of 11 patients in the intervention
group and five in the sham IMT group (Figure 5.1). Of note, two patients in the sham IMT group and

five patients in the IMT group did not agree to swallow the esophageal electrode catheter.
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CONSORT Flow Diagram

Enrollment
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Figure 5.1 Consort flow diagram showing the progress of participants through different phases of the study.

Baseline characteristics of the included patients are summarized in Table 5.1. Participants were
patients with moderate to severe COPD. The patients in the sham IMT group compared with the IMT
group showed greater severity in expiratory airflow limitation, lower body mass index, reduced TLCO,
lower exercise capacity and greater mechanical constraints at the end of exercise (IRV 0.19 L). The age,
level of activity related dyspnea, lung hyperinflation, functional capacity, physical activity, and
respiratory and locomotor muscles strength were comparable between two groups (Table 5.1). Seven
patients indicated that the reason for stopping exercise during symptom-limited peak incremental

cycle ergometer exercise was from breathing discomfort, six patients stated that it was a combination
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between breathing and leg discomfort and three patients reported legs discomfort as a primary reason

for stopping exercise.

The six-minute walking distance was comparable in both groups. The patients in the IMT group
achieved slightly higher steps per day compared to the sham group. The quadriceps muscle force was

slightly higher in the IMT group (Table 5.1).
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Table 5.1 Baseline characteristics at study enrolment

All Subjects (n=16) Sham IMT (n=5) IMT (n=11)
Overall Characteristics
Male:Female, n 9:7 2:3 7:4
Age, years 66+5 689 65+4
Height, cm 164 +9 157 +3 167 +9
Weight, kg 70+ 21 52+3 7721
Body Mass index, kg/m? 25.8+6.6 21.6+1.6 27.7+7.1
BDI total score (0-10) 6.5+1.7 6.3+1.0 6.6+1.9
MRC dyspnea scale (0-4) 1.4+0.8 2.0+0.8 1.1+0.6

Lung Function

FEV1, L (% predicted)

1.52 +0.56 (62 * 26)

1.32 +0.40 (59 + 17)

1.68 £ 0.66 (64 + 34)

FEV1/FVC, % (% predicted)

43.6 +11.5

40.0 £ 8.6

45.2+12.7

IC, L (% predicted)

2.52+£0.62 (79 + 24)

2.08 £0.31(74 £30)

2.71+0.63 (82 +22)

FRC, L (% predicted)

4.89 +1.49 (160  32)

4.65+1.00 (168 + 14)

4.99 +1.7 (157  38)

RV, L (% predicted)

3.47 +1.15 (153 £ 42)

3.50 + 0.80 (172 * 16)

3.45 + 1.32 (145 + 48)

RV/TLC, %

52+10

63+5

48+8

TLC, L (% predicted)

6.82 +1.57 (123 £ 15)

6.14 +0.90 (127 £ 7)

7.13 +1.74 (122 £ 18)

sRaw, kPa/L/s (% predicted)

0.51 +0.32 (198 + 130)

0.69 + 0.46 (265 * 166)

0.43 +0.23 (168 + 108)

TLCO, mmol/min/Kpa (% predicted)

4.07 £1.70 (54 £ 19)

3.24+0.39 (47 £7)

4.49 +1.98 (57 £ 23)

Symptom-limited peak incremental cycle ergometer exercise test

Work Rate, W (%predicted)

81+ 26 (61 + 18)

67 £ 24 (64 £ 22)

87 + 26 (60 £ 17)

VO,, L/min (%predicted)

1.43 £0.47 (75 £ 23)

1.21+0.35(70 + 18)

1.53 £0.50 (77 * 26)

HR, beats/min (%predicted)

121 + 18 (78 + 10)

114 + 21 (75 + 12)

124 + 16 (79 + 10)

Ventilation, L/min (%MVV)

47 £11(92 £ 15)

45 + 18 (87 £ 4)

48 £ 8 (95 + 18)

IRV, L 0.37+0.35 0.19+0.15 0.46 £0.39
Dyspnea, Borg Units 6.4+25 56+1.5 6.9+2.8
Leg Discomfort, Borg Units 6.1+£2.0 48+15 6.8+2.0
Unpleasantness, Borg Units 6.3+£2.8 4.8+1.7 6.9+3.0

Functional capacity, physical activity, respiratory and locomotor muscle strength

6-minute walking test, meters

(%predicted) 489 £ 50(72 £ 16) 489 £ 45(78 £17) 489 £ 55 (69 * 16)
Quadriceps muscle force, kg 37+10 34+13 38+ 10

Sniff Pes, cmH,0% -62+12 -55+11 -65+12

MIP at RV, cmH,0 (% predicted) -73+£14 (84 +21) -73+7(98 £ 14) -73+17 (77 +£21)

MEP max at TLC, cmH,0 (% predicted) 158 + 45 (167 £ 46) 143 + 46 (164 £ 46) 165 + 45 (168 £+ 48)
Physical activity, steps/day 7278 £ 3713 6796 + 4267 8363 £ 2079

Values are means = SD. #=Pes, sniff cut-off below -70 cmH.0 in men and -60 cmH:0 in women for significant inspiratory muscle weakness.
Abbreviations: BDI = Baseline Dyspnea Index, total scores range from 0 (most severe activity related dyspnea) to 12 (no activity-related
dyspnea); mMMRC dyspnea scale = modified Medical Research Council dyspnea scale, scores range from 0 (best) to 4 (worst); VO = oxygen
consumption; HR = heart rate; MVV= maximal voluntary ventilation; FEV1 = forced expiratory volume in one second; FRC = plethysmographic
functional residual capacity; FVC = forced vital capacity; IC = inspiratory capacity; RV= residual volume; TLC = total lung capacity; sRaw =
specific airway resistance; DLCO = diffusing capacity of the lung for carbon monoxide; Pes= esophageal pressure; MIP at RV= maximal
inspiratory mouth pressure at residual volume; MEP at TLC= maximal expiratory mouth pressure at total lung capacity. Predicted values of
Neder et al. were used (48) for MIP and MEP. Predicted peak work rate and peak VO, were those of Blackie et al. (49). Predicted peak HR=220-

age. Predicted 6MWD Troosters et al. (50).

98




After eight weeks of IMT or sham IMT training, there were no significant within-group differences in
quadriceps strength or steps per day observed. There was a reduction of 735+3514 and 1164+2702
steps per day in the sham and IMT group, respectively.

The compliance and the progression of the training intensity of each week of training are presented in
Figure 5.2. The compliance with the prescribed training sessions was 95+9% in the IMT group and

91+11% in the sham IMT group.
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Figure 5.2 Average inspiratory resistance that had to be overcome by the patients during weekly-supervised
inspiratory muscle training (IMT) sessions expressed as percentage of baseline maximal inspiratory mouth
pressure (MIP) measured from residual volume. Percentages displayed below weekly averages indicate average
compliance of participants with prescribed sessions each week. Values are means £SD.

The responses of IMT or sham IMT on the primary outcome measures are presented in Table 5.2. There
was a significant improvement in the pre-post intervention changes of inspiratory muscle strength
(MIP) in the IMT group compared to the sham group (Cohen’s d effect size of 0.86). The MIP was also
significantly increased within the IMT group compared to the pre-measurement scores. There was no
significant improvement in the pre-post intervention change scores of maximal esophageal pressures
(Pes,sniff), and maximal transdiaphragmatic pressures (Pdi, sniff) in the IMT group compared to the
sham group (Table 5.2), (Cohen’s d effect size 0.34 and 0.64 respectively). Pes,sniff and Pdi,sniff were

not changed within-group after either intervention compared to pre-intervention (Table 5.2).

There was no significant improvement in the pre-post intervention changes of inspiratory power per
breath and total work of breathing in the IMT group compared to the sham group during the
endurance-breathing test (Cohen’s d effect size of 0.39 and 0.14 respectively). The inspiratory power

per breath and total work of breathing were significantly improved within-group in the IMT group at
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post-intervention compared to pre-intervention. There was no significant improvement in the pre-post
intervention changes of endurance breathing time in the IMT group compared to the sham group
(Cohen’s d effect size 0.29). However, the endurance breathing time was significantly improved within-
group at post-intervention compared to pre-intervention in both groups. There was no significant
improvement in the pre-post intervention changes of cycling duration in the IMT group compared to
the sham group (Cohen’s d effect size of 0.50). However, the cycling duration was five minutes longer
within-group in the IMT group post-intervention compared to pre-intervention while this longer
duration was not observed within-group in the sham group (Table 5.2, Figure 5.3 A-D). There was no
significant improvement in the pre-post intervention change scores of TDI and mMRC in the IMT group

compared to the sham group (Cohen’s d effect size of 0.29 and 0.09 respectively).
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Table 5.2 Responses to IMT and sham IMT: main outcome measures

Sham IMT IMT Mean difference of P values
P values P value | change Sham IMT- IMT Between
Pre Post within Pre Post within (95% Cl) or differences
group group between medians groups
FEVy, L (% 132+040 | 1.27+0.36 1.68£0.66 | 1.65+0.61 -0.25
62 4374 37
predicted) (59 +17) (57¢19) | 9020 | (64434 63+33) | O% (0.87t0038) | 0378
4.65+1.00 | 4.80%1.08 5414183 | 534+201 0.21
FRC, L (%predi 2 5904 2
C L(%predicted) | (e qa) | (173216) | 92%° | (166+36) | (165:43) | O (-0.23 t0 0.67) 0.2939
149+031 | 1.42+066 228057 | 2.24+043 | 0.7107 -0.03
IC, (L) (%predi . .

C, (1) (%predicted) (74 + 30) (70+38) | 060 (85 + 29) (85 +29) (-0.39 to 0.33) 0.8600
IC/TLC, % 25:9 23+11 0.4870 319 31+ 10 0.7209 20 (-7t0 3) 0.3720
Inspiratory muscle strength
Pes, sniff, cmH,O 55+11 58+ 15 0.5063 65+ 12 74+19 | 0.1548 7 (-13 to 28) 0.4312
Pdi, sniff, cmH, 0" 72+ 10 67+ 23 0.6313 94t 18 105+18 | 0.1111 -16 (-39 t0 8) 0.1590

MIP at RV, cmH,0 73+7 77+11 73+17 93+19

' 4624 .0004* -16(-29to - 0175
(%predicted) (98 + 14) (10215 | 040 (77¢21) | (97+24) | %000 6(-29t0-3) | 00175

Inspiratory muscle endurance test
Inspiratory load, 45+ 12 i 49+ 13 i i i
cmH,0
Endurance 71%41 | 10349 | 0.0158* | 59%3.1 | 106+44 | 0.0310% 22 0.4059
breathing time, min o o : o o ’ (-7.8 to0 3.4) )
Inspiratory -1.3
+ + + + *
sower/breath, W 33+12 40+14 | 02619 | 33:17 50+3.0 | 0.0161 (3410.0) 0.2381
Total external -52
237+1 283+ 102 . 206 + 151 +31 .0114* .
nspiratory work 374153 83110 0.5408 06+ 15 483+313 | 0.0114 (33610 234) 0.6964
Constant work rate cycle ergometer test
0,
Work Rate, W (% 53421 (79 +6) - 65+ 21 (74 +5) ; - ;
Max)
Exercise time, min 68447 | 68450 | 09999 | 66+23 | 11.6%72 | 0.0996 | -50(119t0o19) | 0.1398
Activity-related dyspnea
gx:(cl‘_jg;p”ea 20£08 | 20%14 |>09999 | 1106 | 12:04 |>0.9999 | -0.1(-1.0t00.8) | 0.7867
TDI total score -1.6
- + - - + .

(90 9) 23+33 3.9:30 (5.7 t0.2.5) 0.3976

Values are means * SD. #=Pes,sniff cut-off below -70 cmH,0 in men and -60 cmH,0 in women for significant

inspiratory muscle weakness. ##=Pdi,sniff normal value of Pdi sniff range 82-204 cmH,0.

Abbreviations: FEV; = forced expiratory volume in one second; FRC = plethysmographic functional residual
capacity; IC = inspiratory capacity; TLC = total lung capacity; Pes = esophageal pressure; Pdi = diaphragmatic
pressure; MIP at RV= maximal inspiratory mouth pressure at residual volume; mMRC = modified Medical
Research Council, with dyspnea scale scores ranging from 0 (best) to 4 (worst);TDI, transition dyspnea index, with
scores ranging from -9 (maximal worsening of symptoms) to 9 (maximal improvement of symptoms); TLC, total
lung capacity. *P < 0.05, within-group difference, pre- vs. post-intervention by paired t-test (or Wilcoxon match-
pairs signed rank test). ). ‘P < 0.05 by unpaired t-test (or Mann-Whitney test compares ranks) comparing
treatment differences for IMT vs. sham IMT.

Training responses at iso-time during CWR cycling test

Exercise physiological response

Training responses to IMT at iso-time during CWR cycling test are presented in Table 5.4. There was no

significant difference in the pre-post intervention changes of ventilation (VE), breathing pattern (Vt,

BF), operating lung volumes (IC, IRV) and oxygen saturation (SpO;), at iso-time in the IMT group

compared to the sham group (Table 5.4 and Figure 5.3 A-D). The sham IMT group seems to have

ventilated more at post-measurement cycling test compared to pre-measurement, however, the value
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did not reach a significant difference. While the ventilation was more or less the same at pre/post
measurement in the IMT group, however, the oxygen consumption (VO;) was significantly reduced
within-group at post-measurement at iso-time (Table 5.4 and Figure 5.3 A-D). The sham IMT group was
breathing faster, and with lower tidal volume compared to the IMT group, however, the values were
not significantly different (Table 5.4). The IC was significantly lower in the sham IMT group compared
to the IMT group at pre-measurement (p=0.0168). However, the IC values were not changed within-
group at post-measurement in both groups. At iso-time during CWR cycling test, the IRV in both groups
was higher than at the end of maximal cycling test (table 5.1 and 5.4). Heart rate responses were

comparable in both groups and were not changed after the intervention (Table 5.4).
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Figure 5.3 Minute ventilation (VE) and oxygen consumption (VO;) during rest and every minute of CWR cycling
test at pre- and post- measurement of the IMT group (A and C) and sham group (B and D).

Symptoms response

There was a trend for an improvement in the pre-post intervention change of Borg scores of dyspnea
intensity in the IMT group after the training compared to the sham group (p=0.0660, Table 5.4 Figure

5.4 A, B), (Cohen’s d effect size 0.60). There was no significant improvement in the pre-post
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intervention change scores of Borg scores of leg discomfort, and unpleasantness of breathing in the
IMT group compared to the sham group (Table 5.4 Figure 5.4 C-F). (Cohen’s d effect size 0.46 and 0.29
respectively). Borg scores of dyspnea intensity, leg discomfort, and unpleasantness of breathing were
slightly increased within-group in the sham-IMT group and slightly decreased within-group in the IMT
group at post-measurement compared to pre-measurement. However, the changes did not reach

statistical significance (Table 5.4 Figure 5.4 A-F).

All the patients in the sham group reported dyspnea and combination of dyspnea and leg discomfort
both at pre and at post-measurement as the reasons for stopping the cycling test. Eight patients in the
IMT group reported dyspnea and combination of dyspnea and leg discomfort as the main reason to
stop exercise at pre-measurement and post-measurement. Three patients in the IMT group reported
leg discomfort as the main reason for stopping exercise at pre-measurement vs. two at the post, and

one patient reported back pain as the reason (Table 5.3).

Table 5.3 reason for stopping CWR cycling exercise

Reason for stopping Pre-measurement Post-measurement
cycling (number of patients) (number of patients)
sham IMT IMT sham IMT IMT
Breathing discomfort 3 2 4 4
Leg discomfort - 3 - 2
Combination (breathing
2 6 1 4
+ leg discomfort)
others - - - 1 (back pain)
Total 5 11 5 11

103



Table 5.4 Responses to IMT during CWR cycle ergometer test at iso-time

Measurements during symptom-limited CWR cycle sham IMT IMT Mean difference of change | p 5 ;e
ergometer exercise at iso-time P values P values Sham IMT -IMT (95% C1) Between
g Pre Post within Pre Post within or differences between rou
group group medians group
Work rate, W (% Max) 53+21(79 +6) - 65+21 (74 +5) - - -
Exercise time at Isotime, min 6.0+4.5 - 56+2.2 - - -
Dyspnea, Borg Units$ 42+1.9 5.0+1.9 0.2302 6.5+2.4 57+2.6 0.1027 2.2(-0.2t04.5) 0.0660
Leg Discomfort, Borg Units 40+2.1 46+2.3 0.4263 6.9+19 5.9+2.7 0.1449 1.6 (-0.7 to 3.8) 0.1503
Unpleasantness, Borg Units 40+2.1 42+1.9 0.6213 6.7+2.7 5.8+3.0 0.4785 1.1(-1.4to0 3.6) 0.3586
Change from rest of Dyspnea, Borg Units 35+1.1 41+14 0.5012 55+2.2 48+20 0.3409 1.3(-1.29 t0 3.9) 0.2942
Change from rest of Leg Discomfort, Borg Units$ 3.0£1.0 34+21 >0.9999 59+1.8 50+2.4 0.2368 1.3(-1.3t03.9) 0.2914
Change from rest of Unpleasantness, Borg Units 3.8+2.0 34+1.1 0.6213 56124 48+25 0.2962 0.5(-2.3t03.2) 0.7224
VO, L/min 1.15+0.27 (36 +13) 1.10+0.30 (35 + 14) 0.2393 1.36+0.41(48+16) | 1.26+0.36(44 +13) 0.0251* 0.05 (-0.08 t0 0.19) 0.4109
HR, beats/min 122 +34 (81 +19) 123 +37 (81 £21) 0.8083 124+11(79+7) 119+11(77+7) 0.1243 5 (-4 to 14) 0.2607
Sp02, % 88.0+5.8 88.6+4.5 0.4946 89.5+3.6 89.5+4.5 0.9756 0.6 (-2.0t03.1) 0.6403
Breathing pattern
Ventilation, L/min 33.9+11.1 37.0+13.4 0.1057 416+73 40.9+6.8 0.7334 3.8(-2.8t010.4) 0.2339
Ventilation, %MVV 76 +11 83+10 0.1250 79+12 79+14 0.8532 7(-3to17) 0.1442
Vi, L 1.09+0.27 1.15+0.33 0.0917 1.46+0.38 1.43+0.32 0.6875 0.14 (-0.03 to 0.31) 0.0887
BF, breaths/ min 329+45 323+5.9 0.7005 289+5.5 29.5+5.8 0.4960 -1.2(-4.6t02.2) 0.4595
IC, LS 1.28+0.32 1.28+0.31 0.8750 1.89+0.38 1.88+0.51 0.8588 0.02 (-0.29 to 0.32) 0.9072
IRV, L 1.04+0.28 1.15+0.33 0.0562 1.32+0.44 1.30+0.37 0.6765 0.13 (-0.03 to 0.28) 0.1078
Ti/Ttot, % 37+6 365 0.2000 41 +3 41 +5 0.9063 -1 (-6 to 4) 0.7341
Muscle activation
EMGdi/EMGdi,max, % 80+8 823 0.8829 78 +10 57+21 0.0462* 22 (-13to57) 0.1690
EMGscm/EMGscmmax, %% 48 +10 44 +8 0.6250 29+15 33+21 0.4651 8 (-10to 25) 0.3717
EMGsca/EMGscamax, %% 57+7 64 +14 0.4157 33+21 37+23 0.6266 -4 (-27 to 20) 0.7379
EMGabd/EMGabdmax, % 32+18 36+22 0.4536 23+17 23+17 0.8268 -4 (-12to 5) 0.3268
Pressures and effort of breathing
Pes,tidal, cmH,0 24+5 26+8 0.4867 32+10 33+10 0.8438 -1(-13 to 10) 0.7627
Inspiratory Pes, cmH>0 -22+2 -21+2 0.2048 -18+4 -18+6 0.9671 1(-8to9) 0.8345
Inspiratory Pes/Pes,sniff, % 39+13 35+13 0.0073* 29+7 27+12 0.3737 -2(-12to 8) 0.6152
Inspiratory Pdi, cmH.0 30+2 300 0.9145 268 29+12 0.3711 -4 (-22 to 14) 0.5892
Inspiratory Pdi/Pdi,sniff, % 41+3 40+10 0.8938 27t6 28+11 0.7364 -2 (-21to 16) 0.7764

Values are means * SD. *p<0.05 within-group difference pre vs post intervention by paired t-test (or Wilcoxon match-pairs signed rank test). P < 0.05 by unpaired t-test (or Mann-Whitney test compares ranks) comparing treatment differences for
IMT vs. sham IMT. 8P < 0.05 by unpaired t-test (or Mann-Whitney test compares ranks) comparing treatment differences for baseline values IMT vs. sham IMT. Abbreviations: VO, = oxygen consumption; HR = heart rate; SpO, = oxygen saturation
by pulse oximetry; MVV = maximal voluntary ventilation; Vt = tidal volume; BF= breathing frequency; IC = inspiratory capacity; IRV = inspiratory reserve volume; Ti/Ttot = inspiratory duty cycle; EMGdi = electromyogram of the diaphragm measured
during tidal inspiration; EMGdimax = the largest value of the diaphragm during a maximum inspiratory maneuver; EMGscm= electromyogram of the sternocleidomastoid measured during tidal inspiration; EMGscmmax= the largest value of the
sternocleidomastoid during a maximum inspiratory maneuver; EMGsca= electromyogram of the scalene measured during tidal inspiration; EMGscamax=the largest value of the scalene during a maximum inspiratory maneuver; EMGabd=
electromyogram of the abdominal (rectus abdominis) muscles measured during tidal expiration; EMGabd,max= the largest value of the abdominal (rectus abdominis) muscles during a maximum force vital capacity maneuver; Pestidal = the tidal
swing of Pes; inspiratory Pes = the most negative Pes during a tidal inspiration; inspiratory Pdi = the most positive Pdi during a tidal inspiration
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Figure 5.4 Borg dyspnea, leg discomfort and unpleasantness scores during rest and every minute of CWR cycling
test at pre- and post- measurement of the IMT group (A, C and E) and sham group (B, D and F).

105



Respiratory pressure and effort of breathing responses

There was no significant improvement in the pre-post intervention changes of esophageal pressures
(Pes), and transdiaphragmatic pressures (Pdi) at iso-time in the IMT group compared to the sham group
(Table 5.4). Pes and Pdi were not changed within-group at iso-time during the constant work rate
exercise after intervention either in the IMT or the sham group compared to pre-intervention (Table

5.4).

The pre-post intervention change scores of global inspiratory muscle effort (Inspiratory Pes/Pes,sniff)
and diaphragmatic effort (Pdi/Pdi,sniff) were not changed after the intervention at iso-time during the
CWR cycling exercise in the IMT group compared to the sham group (Table 5.4). Pes/Pes,sniff was
significantly reduced within-group after the intervention at iso-time during the CWR cycling exercise
in the sham group. Pdi/Pdi,sniff was not changed within-group after the intervention at iso-time during

the CWR cycling exercise in both groups (Table 5.4).
Muscle activation response

At pre-measurement, the activation of the diaphragm was similar in both groups. The activation of
sternocleidomastoid and scalene were significantly higher in the sham IMT group (p=0.0417 and
0.0238, respectively) (Table 5.4 and Figure 5.5 C, D, E, and F). Patients in the sham IMT group activated
slightly more of rectus abdominis muscle compared to the IMT group, but the values did not reach

statistical significance (Table 5.4 and Figure 5.6 A and B).

There was no statistical difference of pre-post intervention change scored of diaphragm activation
(EMGdi/EMGdiMax%) after the intervention at iso-time during the CWR cycling exercise in the IMT
group compared to the sham group (Cohen’s d effect size of 0.64). At iso-time, EMGdi/EMGdiMax%
decreased within-group significantly at post-measurement for the IMT group compared to the pre-
measurement. There was no within-group change in EMGdi/EMGdiMax% in the sham IMT group at
iso-time at post-measurement compared to pre-measurement. However, patients in the sham IMT
group activated the diaphragm slightly more towards the end of the CWR cycling test compared to the
IMT group, while during resting breathing the activation of the diaphragm in the sham IMT group was
slightly lower. (Table 5.4 and Figure 5.5. A and B).

The pre-post intervention changes of the extra-diaphragmatic respiratory muscles activations
(EMG/EMGMax% of sternocleidomastoid, scalene and rectus abdominis) at iso-time were not changed
at post-intervention in the IMT group compared to the sham group (Table 5.4, Figure 5.5 C-F, and

Figure 5.6 A and B), (Cohen’s d effect size 0.31, 0.11 and 0.34, respectively). The extra-diaphragmatic
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respiratory muscles activations were not changed at iso-time during the CWR cycling exercise at post-
measurement compared to pre-measurement in both groups (Table 5.4, Figure 5.5 C-F, and Figure 5.6

A and B).

Percent change from baseline (pre-measurement) of the tidal and maximal (during IC maneuver)
activation of the diaphragm, sternocleidomastoid (SCM), scalene and rectus abdominis at iso-time
during CWR cycling of the IMT group are presented in table 5.5. EMGdi/EMGdiMax% reduced from
78% at pre-measurement to 57% at post-measurement, this change was contributed by the reduction
of tidal EMGdi together with the increase in EMGdiMax. For the extra-diaphragm respiratory muscles,
the activation ratio (tidalEMG/EMGMax%) were similar between pre/post measurement. The tidal
EMG and EMGMax of scalene and rectus abdominis were similar between pre/post measurement
resulted in no change in activation ratios. However, for SCM, the unchanged activation ratio was due

to an increase in both tidal and Max SCM EMG.

Table 5.5 Percent change from baseline (pre-measurement) of the tidal and maximal activation (during
IC maneuver) of the diaphragm, sternocleidomastoid (SCM), scalene and rectus abdominis of the IMT

group at iso-time during CRW cycling test.

Diaphragm SCM Scalene Rectus abdominis
change from baseline
Tidal EMG (%) 22 21 0.9 ®
change from baseline
EMG Max (%) 8 16 1 !
TidalEMG/EMGmax PRE (%) 78 29 33 23
TidalEMG/EMGmax POST (%) 57 33 37 23
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Figure 5.5 Muscle activation (EMG/EMGMax%) during rest and every minute of CWR cycling test at pre- and post-
measurement of the IMT group of diaphragm (A), sternocleidomastoid (C), and scalene (E), and sham group of

diaphragm (B), sternocleidomastoid (D), and scalene (F).
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Figure 5.6 Abdominal (rectus abdominis) muscle activation (EMGABD/EMGABDMax%) during expiration at rest
and every minute of CWR cycling test at pre- and post- measurement of the IMT group (A) and the sham IMT
group (B).

Training responses at peak exercise during CWR cycling test
Exercise physiological response

Training responses to IMT at peak exercise during CWR cycling test are presented in Table 5.6. At the
peak of the CWR cycling test, there was no significant difference in the pre-post intervention changes
of oxygen consumption (VO;), ventilation (VE), breathing pattern (Vt, BF), and oxygen saturation
(Sp0y), in the IMT group after the intervention compared to the sham group (Table 5.6 and Figure 5.3
A-D). There were no changes in ventilation (VE), breathing pattern (VT, Fb), and oxygen saturation
(Sp0,), in both groups after either intervention compared to pre-intervention (Table 5.6 and Figure 5.3
A-D). However, oxygen consumption (VO;) was significantly lower at the post-measurement compared
to pre-measurement in the sham IMT group. There was no significant difference in the pre-post
intervention changes of tidal operating lung volumes (IRV, IC) in the IMT group compared to the sham
group. Tidal operating lung volumes (IRV, IC) were not changed between pre/post measurements in

both groups at the end of the constant work rate exercise (Table 5.6).
Symptom responses

There was no significant improvement in the pre-post intervention change scores of Borg scores of
dyspnea, leg discomfort, and unpleasantness of breathing in the IMT group compared to the sham
group (Table 5.6, Figure 5.4 A-F). There were no significant within-group differences of dyspnea, leg

discomfort, and unpleasantness scores at the end of the cycling test after the intervention compared

109



to pre-intervention in both groups, even though the IMT group was cycling longer at the post-

measurement (Table 5.6, Figure 5.4 A-F).
Respiratory pressure and effort of breathing responses

There were no significant differences in the pre-post intervention changes of esophageal pressures
(Pes), and transdiaphragmatic pressures (Pdi) at the end of the CWR cycling test in the IMT group
compared to the sham group (Table 5.6). Pes and Pdi were not changed at the end of the constant
work rate exercise after the intervention in both groups compared to before the intervention (Table
5.6). The pre-post intervention change scores of global inspiratory muscle effort (Inspiratory
Pes/Pes,sniff) and diaphragmatic effort (Pdi/Pdi,sniff) were not changed after the intervention at the
end of the CWR cycling exercise in the IMT group compared to the sham group (Table 5.6).
Pes/Pes,sniff and Pdi/Pdi,sniff were not changed at the end of the constant work rate exercise at post-

measurement compared to pre-measurement in both groups (Table 5.6).
Muscle activation response

Diaphragm activation increased steeply at the beginning of the cycling test to the iso-time, afterwards,
there was a small increase of the activation until the end of the exercise in the IMT group (Table 5.6
and Figure 5.5 A). However, there were no further increases in diaphragm activation in the sham IMT
group, the activation steeply increased at the beginning of the cycling then reaching the plateau. The
activation of the extra-diaphragm respiratory muscles were also increased from the beginning of the
cycling until reaching the plateau and there were no further increases after the reaching plateau
towards the end of the exercise in both groups even with the longer cycling time in the IMT group

(Table 5.6 and Figure 5.5 C-F, Figure 5.6 A and B).

There was no statistical difference of pre-post intervention changes of all respiratory muscle
activations (EMG/EMGMax% of diaphragm, sternocleidomastoid, scalene and rectus abdominis) after
the intervention at the end of the CWR cycling exercise in the IMT group compared to the sham group
(Table 5.6, Figure 5.5 A-F and 5.6 A and B). All respiratory muscles activations were not changed at the
end of the CWR cycling exercise at post-measurement compared to pre-measurement in both groups

(Table 5.6, Figure 5.5 A-F, and Figure 5.6 A and B).
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Table 5.6 Responses to IMT at the end of the CWR cycle ergometer test

Sham IMT P values IMT P values Mean difference of
within within change
group group Sham IMT -IMT P values
Pre Post Pre Post (95% Cl) or Between group
differences
between medians

Dyspnea, Borg Units 58+23 58+23 >0.9999 7527 7324 0.9922 0.2 (-2.1t02.4) 0.8657
Leg Discomfort, Borg Units 52+27 52+29 >0.9999 79+1.8 75+23 0.3409 0.4(-1.4t02.3) 0.6110
Unpleasantness, Borg Units 52+27 50124 0.7040 75+28 7.0+2.6 0.6719 0.3(-2.2t02.7) 0.8279
VO, L/min 1.16+0.28 (43+19) | 1.10+0.29 (41+17) 0.0476* | 1.36+0.40(48 +16) | 1.31+0.39 (46 + 15) 0.2946 -0.01 (-0.16 to 0.14) 0.8430
HR, beats/min 122 +34 (81 +19) 123+37 (81 +21) 0.6864 124+11(797) 126 +16 (81 + 10) 0.3940 -1(-9to7) 0.7798
Breathing pattern

BF, breaths/ min 34.0+7.7 33.9+8.0 0.9277 30.7+6.8 32.0+7.0 0.5994 -1.4(-9.9t07.1) 0.7158
Vt, L 1.01+0.28 1.11+0.34 0.6312 1.43+0.38 1.40 + 0.35 0.0836 0.13 (-0.08 to 0.34) 0.2019
Ti/Ttot, % 38+6 36+5 0.2560 40+4 40+3 0.8805 -1(-4to2) 0.3866
Ventilation, L/min 35.2+13.1 38.0+17.4 0.2735 4224738 43.5+8.0 0.5907 1.9(-6.7 to 10.5) 0.6368
Ventilation, 6MVV 79+12 82+8 0.4055 80+11 83+15 0.4679 1(-13to 15) 0.8786
Muscle activation

EMGdi/EMGdi,max, % 81+7 79+2 0.6909 79 +15 62 +24 0.1055 14 (-23 t0 52) 0.3728
EMGscm/EMGscmmax, % 53+4 54 +10 0.8302 29+16 34+21 0.3737 -4 (-22 to 14) 0.6581
EMGsca/EMGscamax, % 56 +12 66 + 25 0.5420 35+22 38 +23 0.7118 8 (-21to037) 0.5613
EMGabd/EMGabdmax, % 35+20 41+23 0.3323 24 +17 25 +20 0.8038 5(-9to 18) 0.4617
Effort of breathing

Inspiratory Pes/Pes,sniff, % 39+15 33+11 0.2602 31+5 27 +9 0.0990 -2(-11to 7) 0.5606
Inspiratory Pdi/Pdi,sniff, % 41+2 406 0.7809 30+8 2610 0.1981 1.7 (-7 to 10) 0.6486

Values are means + SD. *p<0.05 within-group difference pre vs post intervention by paired t-test (or Wilcoxon match-pairs signed rank test). 'P < 0.05 by unpaired t-test (or Mann-Whitney test compares ranks)
comparing treatment differences for IMT vs. sham. Abbreviations: VO, = oxygen consumption; HR = heart rate; SpO2 = oxygen saturation by pulse oximetry; MVV = maximal voluntary ventilation; Vt = tidal volume; BF
= breathing frequency; IC = inspiratory capacity; IRV = inspiratory reserve volume; Ti/Ttot = inspiratory duty cycle; EMGdi = electromyogram of the diaphragm measured during tidal inspiration; EMGdimax = the largest
value of the diaphragm during a maximum inspiratory maneuver; EMGscm= electromyogram of the sternocleidomastoid measured during tidal inspiration; EMGscmmax= the largest value of the sternocleidomastoid
during a maximum inspiratory maneuver; EMGsca= electromyogram of the scalene measured during tidal inspiration; EMGscamax=the largest value of the scalene during a maximum inspiratory maneuver; EMGabd=
electromyogram of the abdominal (rectus abdominis) muscles measured during tidal expiration; EMGabd,max= the largest value of the abdominal (rectus abdominis) muscles during a maximum force vital capacity
maneuver; Pestidal = the tidal swing of Pes; inspiratory Pes = the most negative Pes during a tidal inspiration; inspiratory Pdi = the most positive Pdi during a tidal inspiration
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Responses during an IMT session of patients in the IMT group

Breathing pattern, respiratory symptoms, respiratory muscle activation, respiratory pressures and effort
of breathing during an IMT session (breathing against 50% of patient’s MIP) of the patients in the IMT

group are reported in table 5.7.
Breathing pattern response

At the end of the IMT session (last minute) compared to resting breathing, tidal volume, and inspiratory
flow were increased while the breathing frequency was decreased. The inspiratory time was increased,

resulting in decreases in the duty cycle (Table 5.7).
Symptoms responses

The patients perceived higher Borg dyspnea score at the end of the IMT session compared to resting

breathing (Table 5.7).
Respiratory pressure and effort of breathing responses

Esophageal pressures (Pes), and transdiaphragmatic pressures (Pdi), global inspiratory muscle effort
(Inspiratory Pes/Pes,sniff) and diaphragmatic effort (Pdi/Pdi,sniff) were increased at the end of the IMT

session compared to resting breathing (Table 5.7).
Muscle activation response

Inspiratory muscles activations (i.e., diaphragm, sternocleidomastoid, and scalene muscle) were increased
during loaded breathing compared to resting breathing (Table 5.7, Figure 5.7). The activation of expiratory
(rectus abdominis) muscles during loaded breathing was slightly increased from resting breathing but to a

lesser extent compared to the inspiratory muscles (Table 5.7, Figure 5.7).
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Table 5.7 Breathing pattern, muscle activation, respiratory pressures and effort of breathing during one
IMT session (30 breaths) of the patients in the IMT group. The values are the average for 1 minute at rest

and the end of the session.

IMT
Rest | End
Pressure, cmH,0 (% MIP) 41+11(53+7)
Dyspnea, Borg Units 0.7t 1.2 49+2.7
breathing effort, Borg Units 0.8+1.1 5.3+2.0
Unpleasantness, Borg Units 1.0+1.4 6.0+2.3
Breathing pattern
Ventilation, L/min 12.6+2.3 12.2+39
Vi, L 0.78 £0.27 2.20+0.92
BF, breaths/min 19.1+6.9 6.1+2.3
Inspiratory peak flow, L/s 0.89+0.21 2.32+1.00
Ti,s 1.38+0.48 2.48 + 0.97
Ti/Ttot, % 386 24+ 8
Muscle activation
EMGdi/EMGdi,max, % 29+19 66 + 30
EMGscm/EMGscmmax, % 614 63+44
EMGsca/EMGscamax, %% 14+ 14 67 £48
EMGabd/EMGabdmax, % 2 +3 6+5
Pressure and effort of breathing
Pes,tidal, cmH,0 12+4 38+17
Inspiratory Pes, cmH,0 -12+5 -62 £ 26
Inspiratory Pes/Pes,sniff, % 19+6 98+ 16
Inspiratory Pdi, cmH,0 224 7317
Inspiratory Pdi/Pdi,sniff, % 23+4 78 +13

Values are means + SD. Abbreviations: Vt = tidal volume; Fb= breathing frequency; Ti’ inspiratory time; Ti/Ttot = inspiratory duty cycle; EMGdi =
electromyogram of the diaphragm measured during tidal inspiration; EMGdimax = the largest value of the diaphragm during a maximum
inspiratory maneuver; EMGscm= electromyogram of the sternocleidomastoid measured during tidal inspiration; EMGscmmax= the largest value
of the sternocleidomastoid during a maximum inspiratory maneuver; EMGsca= electromyogram of the scalene measured during tidal inspiration;
EMGscamax=the largest value of the scalene during a maximum inspiratory maneuver; EMGabd= electromyogram of the abdominal (rectus
abdominis) muscles measured during tidal expiration; EMGabd,max= the largest value of the abdominal (rectus abdominis) muscles during a
maximum force vital capacity maneuver; Pestidal = the tidal swing of Pes; inspiratory Pes = the most negative Pes during a tidal inspiration;
inspiratory Pdi = the most positive Pdi during a tidal inspiration
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Figure 5.7 Muscle activation (EMG) during rest and the last minute of the IMT session of the IMT group; diaphragm
(A), sternocleidomastoid (B), scalene (C), and abdominal (rectus abdominis) (D).

5.5 Discussion
Main findings

These preliminary results show that 8 weeks of IMT but not the sham IMT can improve inspiratory muscle
strength measured from MIP, while a trend of dyspnea improvement during potential longer exercise
duration was observed. These improvements after IMT during the exercise were accompanied by a
potentially better function of the diaphragm and more reliance on the sternocleidomastoid muscle during
exercise breathing. The dynamic breathing parameters and muscle activation during IMT session were
different from those during exercise. Patients in the IMT group achieved greater tidal volume, SCM and

scalene activation, pressures of breathing and breathing effort, while dyspnea rating, breathing frequency
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and rectus abdominis activation were decreased at the end of IMT session compared to at the end of

cycling test.
Baseline characteristics

Patients included in this study presented with significant activity-related dyspnea and exercise intolerance.
Maximal incremental cardiopulmonary exercise test (CPET) confirmed low peak power output (61+18%
predicted work rate), seven patients defined severe dyspnea (Borg 6) as the dominant exercise-limiting
symptom (Table 5.1). Ventilatory limitation and critical inspiratory constraint were also contributed to
exercise intolerance in all patients. At peak incremental exercise, the peak ventilation reached 92+15% of
MVV in both groups. The inspiratory constrain was also presented in both group, at peak exercise, IRV
declined to an average of 0.37+0.35 L (Table 5.1). The two groups were well matched for baseline activity-

related dyspnea measured by baseline dyspnea index questionnaire (BDI).

Patients in the sham IMT group presented with more severe airflow obstruction (FEV: 43+33% pred),
greater static hyperinflation (FRC 168+14% pred, RV/TLC 63%5%) and lower diffusion capacity (47+7%
pred) compared to the IMT group (Table 5.1). Of note, the sniff Pdi which indicates diaphragm function,
was much better preserved in the IMT group (94118 cmH,0) compared to the sham IMT (72110 cmH,0),
consequentially from the less lung hyperinflation in the IMT group (Table 5.2). The more severe pulmonary
function in the sham group also contributed to greater activation of extra-diaphragmatic respiratory
muscle during exercise in the sham IMT compared to the IMT group (Table 5.4, Figure 5.5 C-F, Figure 5.6
A and B). This is in line with the previous study that found that with an increase in airflow obstruction, the
ventilatory pressure generation was shifted from generated by a diaphragm to inspiratory ribcage muscle

with a significant contribution by the expiratory muscle (22).

Patients in the IMT group presented with higher body mass index and achieved higher VO, during peak
incremental cycling test (VO, 77£26%pred) (Table 5.1). A study found that increased in BMI in patients
with COPD was shown to be potentially advantageous, resulting in lack of increase in dyspnea and exercise
intolerance due to the alteration in elastic properties of the lung, raised intra-abdominal pressures, reduce
lung hyperinflation and preserved inspiratory capacity (51). This emphasizes the potential bias of the

results from the difference in baseline characteristic between patients groups.

Patients in the IMT group presented with slightly more reduction in functional capacity (6MWD = 69116%
predicted; Table 1), but slightly higher in quadriceps force compared to the sham group. The physical

activity level of the patients in both groups was comparable the patients reaching more than 5000 steps
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per day which above the step-defined sedentary lifestyle index (52) and enough steps to avoid severe

physical inactivity in the patients with COPD (53).

The differences in baseline characteristic between the two groups presented above could lead to a
discussion about the statistical analysis used in this study. The analysis of this study compared the mean
of the change scores of the two groups using the unpaired t-test/Mann-Whitney test to estimate the
treatment effect. However, once the average baseline scores are not the same in each group, this unpaired
t-test/ Mann-Whitney test approach might not be the best suitable for the data because the test does not
control for baseline imbalance. The analysis of covariance (ANCOVA) might be the better choice for the
analysis. ANCOVA adjusts each patients’ follow up scores by their own baseline score using the regression
method, therefore, eliminate baseline imbalance (54). However, in this study, the use of ANCOVA is not
appropriated at this moment due to the small sample size in these preliminary results. The assumptions
needed in order to perform ANCOVA are not met, for example, the normal distribution of the data or the
homogeneity of variance. Therefore, we hope that once the number of inclusion is increased, we will be

able to use a more sophisticated test for the data analysis.
Effect of IMT on inspiratory muscle function at rest

After 8 weeks of training, patients in the IMT group were able to significantly improve their MIP compared
to the sham group (mean difference -16 [95%CI -29, -3] cmH,0) (Table 5.2) with the large effect size of
0.86. In the study of Langer and colleagues, applying the same regime of IMT program, a similar magnitude
of improvement (mean difference -15 [95%Cl -26, -3] cmH,0) was found with the Cohen’s d effect size of
1.04 (24). In the previous meta-analyses, the significant improvements in MIP of -12 to -13 cmH,0 were
found in the IMT group compared to sham control (20, 21). A small increase in MIP,-4 cmH,0, (Table 5.2)
in the sham IMT group was also observed, in line with the previous study that found an improvement of -
6 cmH,0 with the same sham intervention program (24). This suggests that the increase in MIP in the IMT

group was not explained by the placebo effect or by the improved technique of test performance.

Even though the inspiratory muscle strength measured by Pes,sniff and Pdi,sniff was not significantly
improved in the patient in the IMT group compared to the sham group, however, the values changed in
the expected direction ( mean between-group difference in the pre-post intervention changes of -7 [95%ClI
-28, 13] cmH,0 and 16 [95%Cl -8, 39] cmH,0 respectively). Interestingly, the magnitude of the increase in
Pdi,sniff was greater than Pes,sniff, and this accompanied with larger effect size (0.64 and 0.34

respectively), suggesting improvement in the diaphragm function in response to IMT. The improvement in
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Pdi,sniff was slightly lower than what has been shown in the previous study (mean between-group

difference in the pre-post intervention changes of 18 cmH,0) (24).

There was no significant between-group difference in the pre-post intervention change scores of
endurance breathing duration, power per breath, and total external work found in the IMT group
compared to the control group (Table 5.2), with the small effect size. However, the endurance breathing
duration (mean difference 2.2 [95%Cl -3.4, 7.8] minutes), inspiratory power/breath (mean difference 1.3
[95%CI -0.9, 3.4] W), and total external inspiratory work (mean difference 52 [95%Cl -234, 338] J) in the
IMT group changed in the expected direction (increase) compared to the sham group (Table 5.2). This
indicated that the patients in the IMT group were able to generate higher inspiratory volume and faster
inspiratory flow in response to IMT. However, the mean difference of 2.2 minutes in the endurance
breathing duration in the IMT compared to sham group was lower than that found in the previous study,
~6.0 minute (24). In the meta-analysis, the increased mean difference of ~4 minutes in the endurance

breathing duration in the IMT compared to sham group was found (20).

The smaller improvement in between-group difference in the pre-post intervention change scores of
endurance breathing duration compared to the previous study might be explained by the increase in
endurance breathing duration in the sham IMT group at post-measurement compared to pre-
measurement found in this study (Table 5.2; within-group difference of ~5 minutes in the IMT group and
~3 minutes in the sham IMT). The improvement of breathing duration in the sham IMT could have been, in
part, the result of a learning effect. Another explanation could have been that the standardized initial
resistance chosen for the endurance-breathing test was not challenging enough for the patients in the
sham IMT group. From the previous protocol, the expected breathing duration at baseline during this
endurance-breathing test should be in between 3-7 minutes (34). In our study, the baseline breathing time
of 7 minutes in the sham IMT group was observed. Indeed this is a methodological shortcoming in the
study that we could not follow the initial protocol. This emphasized the importance of choosing suitable
breathing resistance for the test to avoid the ceiling effect. In contrast with the IMT group, the increase in
endurance time in the sham IMT group (~ 3 minutes) was not associated with an increased power or work

of breathing (Table 5.2), indicating no improvement in the quality of breathing in the sham IMT group.

Effect of IMT on Dyspnea and Exercise Performance

There was no significant between groups difference in the activity-related dyspnea measured by TDI.

However, the improvement in TDI was greater in the IMT group compared to the sham group (mean
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difference 1.6 unit), which exceed the minimal clinically important differences of 1 unit (55). However, in
the previous study, the improvement in TDI in the IMT group was greater compared to the sham IMT
(mean difference 3.1 [95%CI 0.5, 5.7] unit) (24). This lower improvement between groups of TDI in our
study could be explained by the improvement in TDI in the sham group. For the within-group differences,
the TDI score improved by approximately 4 units in the IMT group and 2 units in the sham IMT group. The
degree of improvement in the IMT group was similar to what has been found in previous studies (24, 35,
56). However, it is difficult to explain why the improvement also occurred in the sham IMT group. This
contrasts with the finding of the previous study, which found small improvement in the sham IMT group
with an increased score of 1.2 unit (24). This could have been the effect of control breathing exercise

during the sham IMT that, in part, could improve the activity related dyspnea.

The mMRC was used to evaluate functional impairment due to dyspnea in clinical practice. There was no
significant between groups difference in the pre-post intervention change scores of mMRC scores
observed. Baseline scores of mMMRC were slightly higher in the sham IMT group (2.0 unit) compared to the
IMT group (1.1 unit). At post-measurement, no significant within-group changes were observed in either
group. The mMRC scores of both groups at baseline indicates a low symptom level, which is in contrast to
the BDI score at baseline, (6.5 and 7), which indicated more severe dyspnea. It has been found that the
mMRC had a moderate to poor correlation to the BDI (0.61 to 0.37), however, the magnitude of the
discrepancies between these tools was not reported (57). The mMRC and BDI cannot be used
interchangeably; the BDI has the potential advantage of covering the sensory component of dyspnea,
which is not the case of the mMRC. Therefore, it is not uncommon that the patients who rate low
symptoms in mMRC could rate high symptom in BDI (57). With the now underpowered trial, the

assumption of the lack of significant improvement between groups cannot be confirmed.

There were no significant between-group differences found in the pre-post intervention change scores of
cycling duration. However, the cycling duration in the IMT group compared to the sham group changed in
the expected direction (increase) (mean difference 5 minutes), with medium effect size 0.50 (Table 5.2).
Minute ventilation and breathing pattern (BF, Vt, and Ti/Ttot) were comparable between groups at iso-
time (Table 5.4). These results are in line with the previous study that found an increase of 4 minutes
cycling duration in the IMT group after the same IMT program with comparable VE, and breathing pattern
(24). For the within-group differences, minute ventilation and breathing pattern (BF, Vt, and Ti/Ttot) were
comparable between pre and post measurement in the IMT group. The patients in the sham IMT group

breathed deeper and with the same breathing frequency compared to pre-measurement resulting in
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higher ventilation at post-measurement. However, no significant difference between pre and post-

measurement was found.

Interestingly, regarding the potential improvement in exercise capacity in response to IMT, the physical
activity (step/day) were not improved. However, similar to the reasons why physical activity does not
improve following a conventional exercise training that exercise training is not designed to change the
behavior of these patients (58). It has been suggested that in patients with sufficient exercise tolerance,
specific interventions that aim to change the inactive behavior is needed to improve their physical activity

(59).

At iso-time, the patients in the sham IMT group reached lower minute ventilation and VO, during the
cycling test compared to the IMT group (Table 5.4 and Figure 5.4 A, B, C, and D). This is in line with more
severe airflow obstruction, greater static hyperinflation, and lower diffusion capacity in the sham IMT
compared to the IMT group (Table 5.1). While the ventilatory limitation (VE/MVV%) in both groups were
comparable during CWR cycling at iso-time, however, the sham IMT group presented with greater
inspiratory constraint (Table 5.4). As a direct consequence, the extra-diaphragmatic respiratory muscles

were recruited more in the sham group (Table 5.4, Figure 5.5 C-F, Figure 5.6 A and B).

At iso-time, there was a significant lower VO; at post-measurement compared to pre-measurement in the
IMT group (Table 5.4). This finding is in contrast with the previous study (24) that did not find any changes
in VO, at iso-time during the CWR cycling test. The reduction of VO, together with the reduction in
diaphragm activation (EMGdi/EMGdiMax%) at iso-time in response to IMT might indicate a better
diaphragm function to generate the same work of breathing (generated the same ventilation with the

same respiratory pressures; Table 5.4).
Dyspnea, Neural Respiratory Drive, and Respiratory Muscle Activation during Exercise

There was a trend of between-group difference in the pre-post intervention change scores of dyspnea
Borg score (mean difference -2.2 [95%Cl -4.5, 0.2], p=0.07; Table 5.4, figure 5.4 A, B) with a medium effect
size of 0.60, while the between-group difference in the pre-post intervention change scores of the
diaphragm activation (EMGdi/EmGdimax%) changed in the expected direction (reduce) (mean difference
-22[95%CI-57, 13], p=0.17; Table 5.4, figure 5.4A, B), with a medium effect size of 0.64 at iso-time, despite
a very small sample size of EMGdi in the sham group (n=2). With the comparable minute ventilation,
breathing pattern, operating lung volume and pressure of breathing generated, the pre-post intervention

changes of diaphragm activation during cycling was significantly reduced (from 78110% to 57+21%,
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p=0.046) in the IMT group compared to the unchanged activation in the sham IMT group (Table 5.4 and
Figure 5.5 A, B). The pre-post intervention change scores of the diaphragm activation in the IMT group
compared to the sham group was also found in the previous studies (24) with a similar degree of reduction
(mean difference -24 [95%CI -39, -9] %). This reduction of percent activation of the diaphragm could have
been due to the increased in EMGdiMax (inspiratory muscle strength) assumable coming from the
potential neuronal adaptation leading to more recruitment of the motor units during the maximal

voluntary activation (60, 61).

Of note, the potential reduction in the pre-post intervention change scores of diaphragm activation was
not presented with the reduction in the pre-post intervention change scores of diaphragmatic effort
(Inspiratory Pdi/Pdi,sniff%) (Table 5.4). In contrast, in the previous study, mean difference of -8 [95%ClI -
16, 0] % of the pre-post intervention change scores of diaphragmatic effort was found (24). There was no
significant between-group difference in the pre-post intervention change scores of global inspiratory effort
(Inspiratory Pes/Pes,sniff%), in contrast to the previous study that found the reduction in the pre-post
intervention change scores of Pes/Pes,sniff (mean difference -9 [95%CI -16, 2]%) (24). The significant pre-
post within-group reduction of -4% of global inspiratory effort was found in the sham IMT group (Table
5.4). However, at this point, it is difficult to explain what could cause this reduction (Table 5.4), possibly
because of a very small sample size in this group. The pressures of breathing were analyzed from only 2

patients in the sham IMT group.

The potential reduction in EMGdi/EMGdiMax% reflects reduction of the neural respiratory drive (NRD)
which closely related to dyspnea in patients with COPD (62, 63). Dyspnea occurs when the level NRD or
neuromuscular effort of breathing is inappropriately high relative to pressure generating capacity that can
be achieved from the mechanical/muscular response (16, 64). It was unclear whether the extra-
diaphragmatic respiratory muscles were contributing to this improved in mechanical response during
breathing. At iso-time during the exercise test, the pre-post intervention change scores of the extra-
diaphragmatic respiratory muscles activations reported as ratios of maximal activation (EMG/EMGMax%)
were not found in the IMT compared to the sham group. However, these unchanged ratios might come
from the different proportion between the “tidal” EMG and the EMGMax. At post-measurement, these
muscles could become stronger, therefore, the EMGmaxes were increased. To remain the same ratio of
the EMG/EMGmax as in the pre-measurement, the “tidal” activation of these muscles actually needed to
be higher. The higher tidal EMG indicated more motor unit recruited at post-measurement of these

muscles. Therefore, the reduction in the activation of the diaphragm might also come from the
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“unloading” of the diaphragm by these extra-diaphragmatic respiratory muscles. From the reason
mentioned above, we looked into the data from the IMT group of our study and calculated the percent
changes of tidal EMG and EMGMax from baseline of the diaphragm, sternocleidomastoid (SCM), scalene

and rectus abdominis (Table 5.5).

The data in table 5.4 show that for diaphragm at post-measurement compare to pre, and there was an 8%
increase of EMGdimax, however, the tidal EMGdi reduce in the much more degree. For SCM there was a
16% increase in SCMmax, however, the tidal SCM also increased in the more or less the same degree (21%)
to remain the “unchanged” ratio. This indicates an increased reliance on SCM after the intervention. The
changes in both EMGmax and EMG tidal for scalene and rectus abdominis were small and indicated no
changes. Therefore, we concluded that the improvement in inspiratory muscle strength and potential
improve in exercise capacity after IMT were a combination of the better function of the diaphragm and

more reliance on the sternocleidomastoid muscle (even though EMG/EMGmax ratio remained constant).

In these preliminary results, the reduction in the pre-post intervention change scores of dyspnea sensation
on Borg during CWR cycling test at iso-time in the IMT compared to the sham group did not reach the
significant difference (mean difference -2.2 [95%Cl -4.5, 0.2], p=0.07), with a medium effect size of 0.60.
However, the magnitude of the improvement reached the minimal clinically important difference of
dyspnea Borg score of 1 unit (65). Together with other pieces of evidence of the improvement in
inspiratory muscle strength, quality of breathing during endurance breathing test, some degree of
improvement in exercise capacity is suggested. We would assume that once the inclusions are completed
with the expected sample size, the effect of IMT on dyspnea during exercise would be more evident and

reach statistical significance.

The patients in the sham IMT group, in general, activated more of all respiratory muscles (diaphragm,
sternocleidomastoid, scalene, and rectus abdominis muscles) compare to IMT (Figure 5.5 and 5.6). They
also generated slightly higher respiratory pressure (Pes, Pdi) and effort of breathing (Pes/Pes,sniff,
Pdi/Pdisniff) compared to the IMT group during both pre and post-measurement (Table 5.3). It has been
proposed that the measurement of diaphragm activation can be used as an objective physiological
measurement of disease severity in COPD (62). In line with this assumption, the patients in the sham IMT
group presented with more severe airway disease, indicated by the lower FEV; %pred (Table 5.1 and 5.2).
Higher dynamic hyperinflation (significantly lower in IC and lower IRV) (Table 5.2) also supports the higher
activation of the diaphragm in the sham IMT group (66). The higher activation of extra-diaphragmatic

muscles could also be explained by the higher level of the hyperinflation of the patients in the sham IMT

121



group. This was also found in a previous study that the activation of the inspiratory muscle of the rib cage
and expiratory muscle increased their contribution to generating pressure when the diaphragm function

is altered (22).
Dyspnea, Neural Respiratory Drive, and Respiratory Muscle Activation during an IMT session

During the IMT session compared to rest, the patients in the IMT group breathe deeper with higher
inspiratory flow and lower breathing frequency (Table 5.7). Inspiratory pressures (Pes and Pdi) during the
loaded breathing were also increased compared to rest (Table 5.7). The patients generated higher
inspiratory flow, which enhanced inspiratory muscle shortening and resulted in higher power output, in

line with previous studies (34, 67).

Tidal volume during IMT (2.20 L) was higher than that at the end of pre-measurement CWR cycling test
(1.43 L), (Table 5.6 and 5.7). With the lower breathing frequency during IMT (6.1 bpm) compared to at the
end of the pre-measurement CWR cycling test (30.7 bpm), the minute ventilation was also lower during
IMT (Table 5.6 and 5.7). The pressures of breathing were much higher during IMT (Pes = -62 and Pdi = 73
cmH,0) compared to at the end of the pre-measurement CWR cycling test (Pes = -18 and Pdi = 26 cmH,0)
(Table 5.4 and 5.7). The higher volume and pressure of breathing during IMT compared to during CWR

cycling test contributed to higher work of breathing or energy generated by the patients (35).

During an IMT session, diaphragm activation (Table 5.7, Figure 5.7 A; EMGdi/EMGdiMax 66+44%) was
lower compared to the end of cycling (Table 5.6, Figure 5.5 A; EMGdi/EMGdiMax 79+15%). The extra-
diaphragmatic inspiratory muscles were activated more during the IMT session (Table 5.7, Figure 5.7 B,
and C) compared to at the end of the cycling (Table 5.6, Figure 5.5 C, and E). The activation of rectus
abdominis muscles during the expiration phase of the IMT session was slightly increased (4%) compared
to resting breathing and the activation was much less (6+5%) compared to the activation at the peak of
CWR cycling (24+17%) (Table 5.6 and 5.7, Figure 5.6 A and 5.7 D). This finding suggests different muscle
activation patterns between spontaneous exercise breathing during the cycling test and breathing during
the IMT session. It is important to point out that the IMT session is the replication of one session of 8
weeks IMT training program, even though the patients in the IMT group were trained with this high
activation of extra-diaphragmatic inspiratory muscles for 8 weeks, however, the muscle activation pattern

during CWR cycling was not changed.

The effort of breathing (Pes/Pes,sniff and Pdi/Pdi,sniff) was higher during the IMT (Table 5.7; 98+16% and
78+13% respectively) compared to the effort of breathing at peak CWR cycling (Table 5.6; 31+8% and
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30+8% respectively). This confirmed that a loaded (resistive) breathing task at 50%MIP is considered as a
high-intensity load IMT, a high effort of breathing from the patients is required to complete the IMT
session. However, the perceived dyspnea and effort of breathing after 30 breaths of IMT (Table 5.7; Borg
dyspnea 4.9+2.7 and Borg breathing effort 5.3+2.0) showed a moderate score, which reflexes the
feasibility to perform the training. The maximal effort of breathing is stimulated during the IMT session,

while only moderate perceived Borg score was presented.
Strengths and limitations

This study is the first that offers a more comprehensive measurement of NRD by incorporated the
measurement of extra-diaphragmatic respiratory muscles (sternocleidomastoid, scalene, and rectus
abdominis muscle) activation via surface EMG. This allows us to evaluate the specificity of IMT; recruitment
and activation patterns of different respiratory muscles during exercise in response to the training. We
also offer a comprehensive measurement of physiological variables (breathing parameters, muscle
activation, detailed metabolic, pressures of breathing) that could contribute to changes in response to
IMT. These variables were continuously synchronized with sophisticated data acquisition software, which

allows all data to be considered by the breath-by-breath analysis.

This study is also the first study that presented the activation of the diaphragm and extra-diaphragmatic
respiratory muscles during the IMT session. This information could enhance the understanding of what
stimulus was given during the IMT training itself. It can also help with the elaboration on the effect of IMT

during the exercise.

The main limitation of our study now is indeed the relatively small sample size. Once more data being
analyzed the finding of the study can potentially change. During the inclusion period of 2 years and 6
months, there were only 16 patients participated in the study from, considering, a big pool of patients in
the University hospital. Seven of the patients either refused to swallow the esophageal electrode catheter
or could not tolerate the insertion of the catheter despite the used of local anesthesia due to high irritation
and strong gag reflex. This reflects the difficulty of the inclusion due to the invasiveness of the method and
the intense of the protocol that required a lot of effort and time from the patients to participate. We hope
that once the number of inclusions is completed, more precise insight of the outcome measured can be

shown.

The methodological shortcoming was also presented in this study for the endurance breathing test

protocol. The baseline endurance breathing during was quite longer than initially anticipated. The
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explanation could be that the resistance chosen for the test was not challenging enough for the testing.
This reflects the ceiling effect when the sham control group could also improve their endurance breathing

time at post measurement.
5.6 Conclusions

In patients with moderate to severe COPD, an intensive home-based and partially supervised IMT program
of 8 weeks tended to improve inspiratory muscle strength with the large effect size and possibly improved
endurance exercise performance and symptoms of dyspnea during exercise with the medium effect sizes.
These improvements presumably due to a combination of improved functioning of the diaphragm
(improvement in Pdi,sniff, and reduction of diaphragm activation during exercise with medium effect sizes)
and more reliance on the sternocleidomastoid (SCM) muscle. The more reliance on the SCM potentially

was contributed by higher SCM stimulation during IMT.
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Impact of Inspiratory Muscle Training on
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6.1 Abstract

Background: It has been postulated that metabolites accumulating in both respiratory and locomotor
muscles during high-intensity contractions can cause an increase in group lll and IV afferent activity leading
to a sympathetically mediated vasoconstriction of both sets of muscle vasculature (the so-called muscle
metaboreflex). This sympathetic vasoconstrictor activity might contribute to limiting muscle blood flow
and oxygen availability, accelerating the development of muscle fatigue and consequently limiting exercise
performance. In healthy subject, it has been demonstrated that strengthening the respiratory muscles
following an inspiratory muscle training (IMT) program can contribute to a delayed onset of the respiratory
muscle metaboreflex by attenuating the onset of reflex vasoconstriction of limb muscles during whole-
body exercise. Whether improvements in respiratory muscle function following IMT can attenuate the

respiratory muscle metaboreflex at a given level of exercise in patients with COPD is unclear.

Aim and hypothesis: To evaluate the effects of 8 weeks IMT or sham training on changes in respiratory
and locomotor muscle blood flow and locomotor muscle fatigue during cycling exercise in patients with
COPD. The hypothesis was that 8 weeks IMT would decrease the relative load on the inspiratory muscles
(by increasing maximal pressure-generating capacity) and therefore attenuate the respiratory muscle
metaboreflex. This was hypothesized to result in improvements in respiratory and locomotor muscle blood
flow, and reduced locomotor muscle fatigue during cycling exercise at iso-time after the intervention

period in comparison to the sham training group.

Methods: Blood flow index (BFI) and muscle oxygenation (StiO,) of respiratory muscles (scalene, 7t
intercostal, and rectus abdominis) and locomotor muscle (vastus lateralis) were assessed at rest, iso-time
and at the end of exercise (task failure) during a constant work rate (CWR) cycling test (performed at 75%
of peak workrate). Respiratory and locomotor muscle BFlI was assessed by near-infrared spectroscopy
(NIRS) in conjunction with injections of the light-absorbing tracer indocyanine green (ICG) dye. StiO; was
also assessed continuously by NIRS. Central hemodynamic responses (i.e. cardiac output and systemic
oxygen delivery) were also assessed. Lower limb muscle fatigue following CWR cycling was evaluated by
assessing potentiated quadriceps twitch force pre and post-intervention. In addition, breathing pattern,
respiratory pressure generation (Pes and Pdi), andEMG responses of respiratory muscle (diaphragm,

scalene, sternocleidomastoid, and rectus abdominis) were continuously assessed during exercise.

Results: There was a potentially prolonged endurance cycling time post-intervention (mean difference in

the pre-post intervention change scores 5.0 [95%Cl -1.9, 11.9] min, p=0.14) in the IMT group compared to
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the sham group with the Cohen’s d effect size of 0.50. The pre-post intervention difference of Borg scores
of dyspnea intensity and leg discomfort in the IMT group after the training compared to the sham group
were changed in the expected direction (decrease) (mean difference -2.2 [95%Cl -4.5, 0.2], p=0.07, Cohen’s
d effect size of 0.60 and -1.6 [95%CI -3.8, 0.7], p=0.15, Cohen’s d effect size 0.46, respectively). There was
no between-group difference in potentiated quadriceps twitch force observed at iso-time. At iso-time,
absolute values of cardiac output and changes from rest in BFl and StiO; of scalene and 7" intercostal were
comparable at pre and post intervention between IMT and sham group at iso-time. At iso-time, there was
a significant increase in the pre-post intervention difference of changes from rest of BFI of rectus
abdominis muscle in the IMT group compared to sham. At post-intervention, patients in the IMT group
demonstrated a further increase of the perfusion of all respiratory and locomotor muscles (scalene +1.24
+2.97nM/s p=0.25 [+30%)], intercostal +0.85 + 2.75nM/s p=0.36 [+24%)] rectus abdominis +0.75+1.49nM/s
p=0.14 [+20%)], vastus lateralis +1.27+ 2.09nM/s p=0.10 [+32%]), with preserved StiO, during the additional
5 minutes from iso-time towards the end of cycling exercise despite the plateaus in cardiac output and

systemic oxygen delivery.

Conclusions: These results suggest that the potential improvement in endurance cycling time following
IMT can probably not be attributed to improvements in respiratory or locomotor muscle perfusion and
fatigue secondary to the attenuation of the muscle metaboreflex. The effects are more likely to result from
a potential reduction of dyspnea sensation. Since we observed plateaus in cardiac output and systemic
oxygen delivery from iso-time on to the new time to task failure of CWR cycling at post-measurement in
the IMT group, the increases in perfusion of both respiratory and locomotor muscles are more likely to

result from reallocation of available blood flow from other tissues to the working muscles following IMT.

Keywords: Inspiratory Muscle Training (IMT), muscle blood flow, near infrared spectroscopy, muscle

perfusion, muscle fatigue, COPD
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6.2 Introduction

Dyspnea and locomotor muscle fatigue are primary causes that contribute to impaired exercise capacity
in patients with COPD (1-3). In addition to ventilatory, gas exchange, and circulatory impairment,
respiratory and locomotor muscle strength is frequently reduced in patients with COPD (4). Respiratory
muscle dysfunction is an important feature of patients with COPD. The mechanical disadvantages imposed
by pulmonary hyperinflation, systemic inflammation, and oxidative stress are considered the main causes
of respiratory muscle dysfunction. In addition, the adoption of a sedentary lifestyle by the patients
together with other factors, such as exacerbations, and malnutrition, contribute to muscle dysfunction (5).
Furthermore, in patients with COPD, a restriction in oxygen delivery to the respiratory and locomotor
muscles during exercise might indicate the inability of the circulatory system to satisfy their energy
demands (6). All these factors by their interplay could accelerate the development of both respiratory and

locomotor muscle fatigue, contributing to exercise limitation (7-9).

During high-intensity exercise, a so-called muscle metaboreflex which is mediated by chemically sensitive
nerves located in the muscle parenchyma can be activated by the accumulation of metabolites in the
exercising muscles (10-12). The efferent response to metaboreflex activation can induce sympathetically
mediated vasoconstriction in respiratory and locomotor muscles leading to premature termination of
exercise secondary to restriction in blood flow and oxygen delivery to the working muscles, and then
resulting in development of both respiratory and locomotor muscle fatigue (7). Indeed, recent notions
suggest that sympathetic vasoconstrictor activity is a 2-way street which can be stimulated by both limb
and respiratory muscle metaboreceptors during exercise (13) by increasing group Ill and IV muscle afferent

activity during fatiguing contraction patterns in both muscle groups (13).

In healthy subjects, it has been demonstrated that inspiratory muscle training (IMT) can attenuate the
respiratory muscle metaboreflex resulting in improvements in limb muscle blood flow, oxygenation, and
delayed onset of limb muscle fatigue (14). In addition, it has been shown in healthy subjects that following
six weeks of IMT, the oxygen requirements of respiratory muscle were significantly lower during isocapnic
hyperpnea exercise thus providing an insight into the mechanism(s) explaining the reported improvements
in whole-body endurance performance following IMT (15). A study also showed that in patients with
chronic heart failure (CHF), IMT could improve blood flow to resting and exercising limb muscle along with

the improvements in exercise capacity (16).
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In patients with COPD, improvements in respiratory muscle function after IMT can be translated into
improvements in exercise capacity (17-20), however, the exact mechanisms underlying these
improvements are not entirely clear. A study demonstrated a reduction in leg muscle fatigue after
respiratory muscle unloading (proportional assist ventilation, heliox, and supplemental O,) in patients with
COPD (21). The effects of IMT (i.e. respiratory muscle strengthening) on respiratory and locomotor blood
flow and leg muscle fatigue have not yet been studied in this patient population. Along these lines,
whether high-intensity IMT can attenuate the respiratory and locomotor muscle metaboreflex resulting in
improvements in respiratory and locomotor muscle blood flow and decrease in locomotor muscle fatigue

at a given level of exercise has not been investigated before in patients with COPD.

Accordingly, the aims of the study were to evaluate the effect of eight weeks of high-intensity IMT in
comparison with sham training on changes in respiratory and locomotor muscle blood flow, oxygenation
and locomotor muscle fatigue during cycling exercise. We hypothesized that eight weeks of IMT would
decrease the relative load on the inspiratory muscles (by increased maximal pressure-generating capacity)
and therefore attenuate the respiratory muscle metaboreflex that would be manifested improvements in
respiratory and locomotor muscle blood flow, and reduced locomotor muscle fatigue during cycling

exercise at iso-time as compared to the sham training.

6.3 Materials and methods

This study is a part of the larger clinical trial (NCT03240640; S58513). The subjects included in this study
were the same patients who participated in the same clinical trial in chapter 5. The inclusion/exclusion
criteria and the initial screening for eligibility for the study were explained in chapter 5. The measurement
of cardiopulmonary exercise testing (CPET), pulmonary function and respiratory muscle, EMG
measurement and analysis, and CWR cycling test were performed according to the explanation in chapter

5.

6.3.1 Study design
The patients performed a cardiopulmonary exercise test (CPET), and a constant work rate (CWR) cycling
test. The protocol of CWR cycling test was described in chapter 5. In short, the patient was cycling at 75%
of their maximal work rate during CPET until symptom limitation. The CWR cycling in chapter 5 was
performed until symptom limitation pre and post measurement in order to allow subjects to reach a new
time to task failure. To evaluate locomotor muscle fatigue, an additional CWR cycling test was performed

with the measurement of locomotor muscle fatigue before and after the cycling. At post-measurement,
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this additional CWR test was stopped at the time limit of the pre-intervention cycling test in order to

evaluate changes in leg fatigue at iso-time.
6.3.2  Muscle perfusion and oxygenation

Respiratory and locomotor muscle blood flow was assessed by near-infrared spectroscopy (NIRS) in
conjunction with the light-absorbing tracer indocyanine green (ICG) dye. Muscle oxygenation (StiO) was

continuously assessed by NIRS (22, 23).
6.3.2.1 Near-infrared spectroscopy (NIRS)

NIRS is a noninvasive measurement of oxygen-related indexes in the microcirculation. The principle of NIRS
measurement is based on the distinctly different absorbance of infrared light (wavelength 700-900 nm) by
oxygenated (HbO,) and deoxygenated (Hb) hemoglobin. A NIRS probe consists of the emission and
receiving optodes of the NIRS light, which incorporated the specific wavelengths of infrared (24). These
two optodes (i.e., emission and receiving) were attached in the area of interest with a maximum separation
distance of 40 mm that allows a penetration depth of the NIRS light into the body of 20 mm. Muscle oxygen
saturation index (StiO;) expressed in percentage (%), is the ratio of oxygenated to total tissue hemoglobin
concentration expressed as [(oxyhemoglobin/(oxyhemoglobin+deoxyhemoglobin)] x 100% and commonly
adopted as an absolute index of oxygen availability that depict the dynamic balance between local tissue
oxygen supply (delivery) and utilization (extraction)(25, 26). In this study, two commercial Near-Infrared
Spectroscopy (NIRS; NIRO-200 and a NIRO-200NX; HAMAMATSU Photonics KK) devices were used that
both incorporate the Spatially Resolved Spectroscopy method (SRS) and the Modified Beer-Lambert
method (MBL) in a near-infrared spectrum of 735, 810, and 850 nm. NIRS optodes were placed at the right
posterior triangle of the neck, left 7™" intercostal space, abdominal (rectus abdominis) and left anterolateral
upper leg to measure scalene, intercostal, rectus abdominis, and vastus lateralis muscles perfusion
respectively. Arterial blood gas analysis was performed at baseline to acquire hemoglobin values for StiO;

calculation.

6.3.2.2 Blood flow index (BFI) by NIRS and Indocyanine green (ICG) injection (NIRS-ICG)

NIRS-ICG is a reliable, robust, and essentially noninvasive tool for assessing relative changes in respiratory

and locomotor muscle perfusion in healthy and patients with COPD (23, 27). To obtain BFI, intravenous

injection of ICG dye was performed via a venous catheter placed at the antecubital forearm in line as

previously validated for patients with COPD (23). ICG injections were performed at rest and at the last 30
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seconds of CWR cycling. The concentration curve of ICG was recorded on the NIRS device. BFI was
calculated by dividing the ICG peak concentration (nM) by the rise time (second) from 10-90% of peak (23).
At post-measurement, the ICG was injected at rest and at the same time limit of the pre-test as well as at

the end of exercise if prolonged (i.e., post-peak).

6.3.3 Central hemodynamics
Cardiac output, heart rate, and stroke volume were continuously measured by impedance cardiography
device (PhysioFlowPF50; Manatec Biomedical, Macheren, France) previously validated for COPD patients
(28). Estimated systemic oxygen delivery was calculated by the product of cardiac output and arterial
oxygen content; the latter was calculated as the product of 1.39 x hemoglobin concentration [Hb] and
%Sp0: (29). Hemoglobin concentration [Hb] values were obtained from arterial blood sample from all
patients.
6.3.4 Assessment of quadriceps strength and fatigue

Locomotor exercise-induced quadriceps contractile fatigue was measured by supra-maximal stimulation
of the femoral nerve with a double twitch stimulation technique. Maximum voluntary contraction (MVC)
and potentiated quadriceps twitch force (Ptw) were assessed at baseline and after 8 weeks IMT using the
previously established protocol (30, 31). The patient was sitting in a recumbent chair with 120° hip
extension and 90° knee flexion, both arms crossed on the chest, with a waist strap to the chair. The right
leg of the patient was attached at the ankle level to a fixed strain gauge dynamometer connected with
signal analog force transducer (546QD; CDS Milan, Italy) and amplifier (Biopac MP150; Biopac Systems,
Goleta, California, USA). The strain gauge signals of quadriceps force (kg) were stored on the computer via
AcgKnowledge data acquisition software (AcgKnowledge 4.0, BIOPAC Systems, Inc., Santa Barbara, CA,
USA). The femoral nerve was stimulated through a 45-mm, figure-of-eight coil powered by a double
Magstim stimulator (Magstim Co Ltd, Whitland, UK). Twitch forces were measured at 30, 50, 70, 80, 90,
95 and 100% of the maximum stimulator output. Maximality of the non-volitional contraction was ensured
by that the twitch force did not further increase between 90% and 100% of the power output
(supramaximal stimulation). The patient performed five isometric maximal voluntary contractions (MVC)
for 3 seconds. Superimposed twitches were obtained during the preceding MVC to ensure maximal
potentiation. TWqpot was systematically measured 3 seconds after the end of each MVC maneuver. The
highest TWqpot was taken for the calculation.

The twitch measurements were performed at rest, 10 and 35 minutes after CWR cycling test to symptom
limitation. At post-measurement, after 8 weeks of training, the patients were asked to stop cycling at the
same end time of the pre-measurement (iso-time). A fall of TWqpot more than 15% at 10 minutes after
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CWR cycling test was defined as significant contractile fatigue (31). Ptw at 35 minutes after the cycling test
was measured to investigate the recovery of fatigue after exercise (21).
6.3.5 Statistical analysis

Responses were compared at an iso-time point of the exercise (i.e., the end time of the shortest cycling
test), between pre and post IMT intervention thus ensuring that the leg muscles performed the same
amount of work. The detail of the statistical analysis is described in chapter 5. In short, paired t-tests were
used to compare responses at the comparable exercise time point (i.e., rest; iso-time) between baselines
and post eight weeks intervention. In case the normality was not met, or the sample size was too small to
test for normality, the nonparametric tests were performed. The level of significance for all analyses was

set at P <0.05.

6.4 Results

Preliminary results of intermediate analyses are reported in this chapter. Baseline characteristics at study
enrolment are presented in chapter 5. Additional baseline variables regarding central hemodynamic
parameters are presented in Table 6.1. Hemodynamic parameters at rest were comparable between the

two groups at baseline. Hemoglobin values were in the normal range in all the patients.

Table 6.1 Baseline characteristics (note: other baseline values are presented in Table 5.1, chapter 5)

All subjects Sham IMT IMT
(n=16) (n=5) (n=11)
Resting central hemodynamic
Oxygen uptake (VOy), | /min 0.32+0.09 | 0.31+0.12 | 0.33+0.08
Heart rate, bpm 80+ 12 77+8 82+14
Sp0y, % 94.8+1.8 95.4+1.1 945+2.1
Cardiac output, I/min 5.51+1.35 5.33+1.60 5.59+1.31
Stroke Volume ml/beat 68.7+13.0 | 67.9+14.5 | 69.1+13.0
Arterial O, content (Ca0;), mlO,/dl | 18.93 +1.76 | 18.38 £ 0.77 | 19.18 + 2.04
Systemic O, delivery, 10/min 1.03+0.24 | 0.98+0.30 | 1.06+0.22
Hemoglobin, g/dl
Men 14.0-18.0 148+1.6 13.8+£0.6 15.0+1.7
Women 12.0-16.0 13.9+0.4 13.9+0.6 13.8+0.2
Symptom-limited incremental cycle ergometer exercise test
Peak Cardiac output, |/min 12.02+2.16 | 11.58+2.33 | 12.23 +2.17
Nadir SpO_, % 89.3+4.0 90.6 +4.8 88.7+3.7

Central hemodynamic and metabolic responses (VO;) during CWR cycling exercise
Central hemodynamic parameters during cycling for both groups are presented in Table 6.2. No significant

within-group difference were found in hemodynamic parameters between pre versus post measurements
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(Table 6.2) in either group. Change from rest to iso-time of arterial oxygen saturation (Sp0-), and systemic
oxygen delivery (Figure 6.1 A and B) during CWR cycling were also comparable between pre versus post
measurements within each group. The values at the new time to task failure during cycling exercise (Post
Peak) of the IMT group are also presented in Figures 6.1 A and 6.1 B, and in Table 6.2. For the IMT group,
all central hemodynamic values at Post Peak were not significantly different from those at iso-time (Figures
6.1 A and 1B, and Table 6.2).

Table 6.2 Central hemodynamic responses during CWR exercise before (PRE) and after the intervention

period (POST) both at iso-time and at the new time to task failure (Post Peak).

Sham IMT (n=5) IMT (n=11)
ISO-time
POST . POST . POST

PRE (1SO-time) differences PRE (1SO-time) differences (Peak)
Cardiac output, [/min 1155+3.68 | 11.77+338 | 0224127 | 11.50+2.38 | 11.93+2.80 | 041+160 | 12.03+2.97
Heart rate, bpm 122 +34 123+33 15 124 +11 119+38 -4+10 126+ 16
Stroke Volume ml/beat 943+12.9 86.4+13.6 73 87 94.4116.1 99.4+18.3 6.0 £ 16.0 94.8+16.3
Mean arterial blood 113+ 14 116 +11 2+7 114 +11 11310 1+11 11711
pressure, mmHg
Sp0,, % 88.0+5.8 88.6+ 4.5 11+1.4 89.5+3.6 89.5+4.5 0942 88.6+4.1
/:]rltgr}z'l 0, content (Ca0,), 16.85+0.62 | 17.07+0.44 | 0224028 | 17.95+2.14 | 18.17+2.32 | 0.23+0.84 | 18.01+2.20

2,

lsc‘)’;t/er::: 02 delivery, 1.95+0.63 2004061 | -0.10+0.18 | 2.06+036 2134047 | 008+035 | 213+0.52

Values are means * SD. *p<0.05 within-group difference of pre vs post measurement paired t-test (or Wilcoxon match-pairs signed rank test).
Abbreviations: SpO2 = oxygen saturation by pulse oximetry.
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Figure 6.1 Values are presented as median, min and max. Change from rest to iso-time and peak exercise of arterial oxygen
saturation pre and post 8 weeks training measured during CWR cycling A; Change from rest to iso-time and peak exercise of
systemic oxygen delivery pre and post 8 weeks training measured during CWR cycling B.

Blood flow index (BFI) and oxygenation (StiO;) of respiratory and locomotor muscles during CWR cycling

exercise

Changes from rest of the respiratory and locomotor muscles blood flow index (BFI, nM/s) at iso-time pre

and post-intervention during CWR cycling test for IMT and sham group are presented in Figure 6.2. The
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changes from rest to iso-time in BFI of scalene, 7" intercostal, and vastus lateralis muscles at pre and post-
intervention were comparable between the IMT and sham group. There was a significant between-group

difference in BFI of rectus abdominis muscles (Figure 6.2 C).
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Figure 6.2 Values are presented as median, min and max. Change from rest to iso-time of blood flow index (BFI, nM/s) pre and
post 8-week training during cycling of Scalene A; 7th intercostal B; rectus abdominis muscle C; and quadriceps D.

Changes from rest in muscle oxygenation (StiO;) of respiratory and locomotor muscles pre and post 8-
week intervention during CWR cycling test are presented in Figure 6.3. At iso-time following IMT,
inspiratory, expiratory, and leg muscle oxygenation remained comparable to that observed before IMT

(Figure 6.3).
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Figure 6.3 Values are presented as median, min and max. Changes from rest to iso-time of muscle oxygen saturation (StiO2, %)
pre and post 8-week training during cycling of Scalene A; 7th intercostal B; rectus andominis muscle C; and quadriceps D.

Central and local hemodynamic and oxygenation responses during CWR cycling for the IMT group at the

end of (peak) exercise

Figure 6.4 presents the changes from rest in CO, BFI, and StiO, during CWR cycling exercise in the IMT
group at rest, iso-time pre and post-intervention, and the end of (peak) exercise post-intervention. At iso-
time CO was increased ~6 L at pre and post measurements, with no further increase at the end of exercise
(Figure 6.4 A) during post measurements in the IMT group. At the end of cycling exercise post-intervention,
patients in the IMT group demonstrated a further increase of the perfusion of all respiratory and
locomotor muscle as compared to that at iso-time (Figure 6.4 B, D, F and H) (scalene +1.24+2.97nM/s
p=0.25; [+30%], intercostal +0.85+2.7nM/s p=0.36; [+24%)] rectus abdominis +0.75+£1.49nM/s p=0.14;
[+20%)] (vastus lateralis +1.27+2.09 nM/s p=0.10; [+32%]) while StiO, values for scalene, 7*" intercostal,
rectus abdominis and vastus lateralis muscles remained preserved and comparable to the values recorded

atiso-time (Figure 6.4 C, E, G, and I).
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Figure 6.4 Change from rest of cardiac output at rest, iso-time and end exercise during CWR cycling test at pre and post
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post measurement of scalene B; 7t intercostal D; Abdominal (rectus abdominis) F; and Vastus Lateralis H; change from rest of
StiO; at rest, iso-time and end exercise during CWR cycling test at pre and post measurement of scalene C; 7t intercostal E;
Abdominal (rectus abdominia) G; and Vastus Lateralis I.

Lower limb muscle fatigue following CWR cycling
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Potentiated quadriceps twitch forces (PtW) expressed as “percent change from pre-exercise baseline” at
10 minutes after CWR cycling test are presented in Figure 6.5. There was no difference in the percentage

change of PtW between pre-post interventions among the two groups.
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Figure 6.5 Values are presented as median, min, and max. Potentiated quadriceps twitch force (PtW) expressed as differences
from pre-exercise baseline to 10 minutes after CWR cycling test of both groups pre and post-intervention.
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6.5 Discussion

Main findings

The main findings of this study is that in response to IMT, respiratory and locomotor muscle blood flow,
muscle oxygenation, and limb muscle fatigue were not changed in the IMT group compared to the sham
group at iso-time during post-intervention cycling (Figures 6.2, 6.3 and 6.5). However, there was a
potential improvement in endurance cycling duration accompanied by a trend of reduction in dyspnea
sensation and potential reduction in leg discomfort (results reported in chapter 5 table 5.4) at post-
measurement in the IMT group compared to the sham group. Despite plateaus in cardiac output and
systemic oxygen delivery from iso-time to the new time to task failure of CWR cycling test in the IMT group
after the intervention, there was a further increase in the perfusion of all respiratory and locomotor

muscles (Figure 6.4).
Patient characteristics, functional capacity, physical activity, and locomotor muscle strength

Central hemodynamic variables were comparable between the two groups at rest. The hemoglobin level
of the patients in both groups was in the normal range, indicating that there was sufficient hemoglobin to
carry oxygen to individual cells in the body. At post-measurement, there was no significant difference in
functional capacity, locomotor muscle strength, and physical activity in both groups (results reported in
chapter 5, Table 5.1). The patients in both groups reduced their daily step count slightly at post-
measurements (results reported in chapter 5), excluding a major role for changes in physical activity levels

to contribute to changes is physical fitness.

Central hemodynamic response during CWR cycling

At iso-time, there was no significant change in central hemodynamic parameters between pre/post-
intervention in each group (Table 6.2, Figure 6.1 A, and B). At (new) peak cycling test at post-measurement
of the IMT group, these hemodynamic values were also comparable with those at the iso-time (Table 6.2,
Figure 6.1 A, and B). This suggests no effect of IMT or sham IMT on central hemodynamic values after eight
weeks of training. These findings are in line with previous studies that investigated the effects of
inspiratory muscle training in patients with heart failure with preserved ejection fraction on
echocardiogram parameters. Specifically, a meta-analysis (32) that included three randomized controlled
trials, one non-randomized controlled trial, and one pre-post study (total of 228 individuals) indicated no
significant improvements in any of echocardiographic parameters such as diastolic function, ventricular
volumes and ejection fraction following IMT. Two more recent randomized studies in patients with CHF

supported the previous findings by showing that despite a significant increase in exercise capacity of the
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patients randomized to IMT, this increase was not associated with improvements in the diastolic function
of the heart (33, 34).
Respiratory and locomotor muscles perfusion (BFI) and oxygenation (StiO:), and locomotor muscle

fatigue during CWR cycling exercise at iso-time

At iso-time during cycling exercise, there were no differences in changes from rest to iso-time of BFl and
StiO; observed in any of the muscles in the IMT group compared to the sham group (Figure 6.2 and 6.3),
except for a significant increase in change from rest to iso-time of BFI to rectus abdominis muscle in the
IMT group compared to the sham group (p=0.026, Figure 6.2 C). This between-group difference in change
from rest to iso-time of BFI to rectus abdominis muscle was mainly influenced by a reduction in BFI to
rectus abdominis muscle at post-measurement in the sham group, which was not expected and might
partly be explained by the small sample size. The differences in changes from rest to iso-time of StiO, to
rectus abdominis muscle between the IMT and the sham group was also comparable. Despite no changes
in cardiac output and systemic oxygen delivery found at iso-time in both group (Table 6.2), this finding
seems to indicate that at iso-time perfusion and oxygenation of all muscles was not influenced by the IMT
intervention. There was no significant between-group difference in the pre-post intervention change of
percent change from pre-exercise baseline of potentiated quadriceps twitch force (PtW) at 10 minutes
after iso-time CWR cycling test (P=0.6188; Figure 6.5). This indicates no effect of IMT or sham IMT on

locomotor muscle fatigue at iso-time of CWR cycling test.

Several studies showed that unloading respiratory muscles (reduce work of breathing) using heliox, oxygen
or proportional assisted ventilation can improve respiratory and locomotor muscle blood flow and
oxygenation during exercise, reduce dyspnea and increase endurance exercise duration in patients with
COPD (8, 29, 35-37). In addition, by supplementing oxygen, heliox, or using proportional assisted
ventilation, the reductions in locomotor muscle fatigue was observed (21). However, in our study the
potential improvement in endurance cycling duration, trend of improvement in dyspnea sensation and
potential reduction in perceived leg discomfort during exercise (results reported in chapter 5 Table 5.2 and
5.3) were presented in the absence of changes in leg muscle perfusion, oxygenation, and objectively

measured leg muscle fatigue (quadriceps twitch force).

Several factors could be speculated to explain these unexpected findings. First, the impact of better
respiratory muscles capacity (significant improvement in MIP, chapter 5; Table 5.2) on exercise limitation
is not as great as the impact of respiratory muscles unloading. The stronger respiratory muscles after IMT

could perhaps delay the fatiguing respiratory muscle contraction pattern during exercise to some degree,
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as indicated by potential prolonged endurance exercise and reduction in symptoms. However, as the
cycling exercise prolongs, the continuously increasing load on the respiratory muscle (due to dynamic
hyperinflation) could potentially stimulate a fatiguing respiratory muscles contraction pattern and

contribute to the early development of leg muscle fatigue via respiratory muscle metaboreflex (38).

Secondly, in our patients, the symptoms of dyspnea might be the most dominant contributor to exercise
limitation rather than leg fatigue. From the results presented in chapter 5, 75% of the patients in the IMT
group report dyspnea or combination of dyspnea and leg discomfort as the main reason to stop cycling.
They also rated the dyspnea intensity at the new peak time to task failure at post-measurement the same
as in the rating at the peak of pre-measurement, indicating that dyspnea is the main factor of limiting
exercise. The example can be made by comparing the results of our study to the study of Amann et al.
(21). The patients in our study presented with more reduction in respiratory muscle strength and more
static hyperinflation. During the baseline cycling test with the comparable workrate the patients in the
study of Amann could cycle for 3 minutes longer. Even though the main symptom of stopping exercise in
both studies was dyspnea, however, in our study, the dyspnea symptom was more pronounced and
occurred earlier compared to the study of Amann. Therefore, it could have been that at the moment of
stopping exercise in our study, the muscle metaboreflex was not yet stimulated by fatigue of the

respiratory muscle.

The findings from our study so far did not support the hypothesis regarding the impact of IMT on
respiratory muscle metaboreflex, in contrast to the previous studies that found the improvements in limb
muscle blood flow, oxygenation, delayed onset of limb muscle fatigue in healthy subjects (14) and
patients with chronic heart failure (16) following IMT. However, it is important to point out that there are
several differences in the study protocol of those trials compared to our study. First, in those previous
studies, respiratory muscle fatigue was induced by inspiratory loading, while in our study there was no
external load on the respiratory muscles. Second, the exercise-induced locomotor muscle fatigue was not
a whole-body exercise in these studies; one study used a duration of a control performance for calf plantar
flexion exercise as a measurement of locomotor muscle fatigue, while the other used time to task failure
while the individuals were performing the handgrip exercise protocol. Therefore, it could have been that
in our study, the spontaneous breathing during CWR cycling exercise could not induce respiratory muscle
fatigue to the point that respiratory muscle metaboreflex was triggered. Another explanation might be
that due to the excessive blood flow demand to both respiratory and locomotor muscles during the whole-

body exercise in our study, the improvement in the respiratory muscle capacity was probably not enough
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to attenuate the muscle metaboreflex. Especially, when the sympathetic vasoconstrictor activity is a 2-
way street which can be stimulated by both limb and respiratory muscle metaboreceptors during exercise
(23).

Respiratory and locomotor muscles perfusion (BFl) and oxygenation (StiO;), from iso-time to the new

time to task failure during CWR cycling exercise in the patients in the IMT group

At post-measurements, the patients in the IMT group could prolong the exercise time by 5.0 [95%Cl -1.9,
11.9 minutes (75% increased) compared to the sham group. Interestingly, the patients in the IMT group
demonstrated a capacity to further increase the perfusion of all respiratory muscles and locomotor muscle
by 24-32% during this final part of the test compared to iso-time (Figure 6.4). Despite the plateaus in
cardiac output and systemic oxygen delivery (Table 6.1 and Figure 6.2), this increase in respiratory and
locomotor muscle perfusion was adequate to preserve the oxygenation (StiOz) in both respiratory and
locomotor muscles until the end of the exercise (Figure 6.3 and 6.4).

These results suggest reallocation of available blood flow from other sources to the working muscles
following IMT. Potential contributions of blood flow could have come from other muscles body organs
that are activated less during exercise. Another possibility is that blood flow reallocation from diaphragm,
according to the results found in our study (a significant within-group reduction in activation of the
diaphragm (EMGdi/EMGdiMax%) in the IMT group at post-measurement compared to pre-measurement
(from 78+10% to 57+21%, p=0.046, chapter 5 table 5.4, Figure 5.5 A). A reduce activation of the
diaphragm might provide more blood flow availability to be distributed to the more active muscles during
exercise. However, the measurement of diaphragm blood flow is not possible, therefore, the speculation
has to be considered with caution.

Strengths and limitations

This is the first study that aimed to explore mechanisms, in addition to changes in dyspnea perception,
underlying the IMT-induced improvements in exercise endurance capacity in COPD. It is the first study
evaluating changes in central and local muscle hemodynamic variables and locomotor muscle fatigue in
response to IMT in these patients. Another novelty of this study is that simultaneous measurements of
local muscle hemodynamics in both the inspiratory and vastus lateralis muscles were performed while
controlling for changes in cardiac output and breathing parameters. This enabled us to investigate the
potential of IMT to alter the distribution of blood flow to these muscle groups.

The study also has several important limitations. The major problem is that with the limited sample size,

the study is still underpowered. Therefore to confidently explain the results without the prove of
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statistically significant results is difficult. We also did not objectively measure diaphragm fatigue and
measuring blood flow in the diaphragm is still not possible non-invasively by NIRS. Therefore, the evidence
of change in blood flow to the diaphragm, which is the most important respiratory muscle and requires a
large proportion of respiratory muscle blood supply, could not be monitored.

6.6 Conclusions

The findings in this study indicate that in our patient population the potential improvements in endurance
time following IMT can probably not be attributed to improvements in respiratory and/or locomotor
muscle perfusion, oxygenation and limb muscle fatigue secondary to the attenuation of the muscle
metaboreflex. The effects are more likely to result from a potential reduction in dyspnea sensation. The
further increases in perfusion of both respiratory and locomotor muscles from iso-time on to the new time
to task failure in the intervention group despite the plateaus in cardiac output and systemic oxygen
delivery might suggest a reallocation of available blood flow from other tissues to the working muscles

following IMT.

146



References

1. Killian KJ, Leblanc P, Martin DH, Summers E, Jones NL, Campbell EJ. Exercise capacity and
ventilatory, circulatory, and symptom limitation in patients with chronic airflow limitation. Am Rev Respir
Dis. 1992;146(4):935-40.

2. Spruit MA, Singh SJ, Garvey C, ZuWallack R, Nici L, Rochester C, et al. An official American Thoracic
Society/European Respiratory Society statement: key concepts and advances in pulmonary rehabilitation.
Am J Respir Crit Care Med. 2013;188(8):e13-64.

3. Saey D, Debigaré R, LeBlanc P, Mador MJ, C6té CH, Jobin J, et al. Contractile Leg Fatigue after Cycle
Exercise. Am J Respir Crit Care Med. 2003;168(4):425-30.

4, Hamilton AL, Killian KJ, Summers E, Jones NL. Muscle strength, symptom intensity, and exercise
capacity in patients with cardiorespiratory disorders. Am J Respir Crit Care Med. 1995;152(6):2021-31.

5. GeaJ, Pascual S, Casadevall C, Orozco-Levi M, Barreiro E. Muscle dysfunction in chronic obstructive
pulmonary disease: update on causes and biological findings. J Thorac Dis. 2015;7(10):E418-E38.

6. Vogiatzis I, Athanasopoulos D, Habazettl H, Aliverti A, Louvaris Z, Cherouveim E, et al. Intercostal

muscle blood flow limitation during exercise in chronic obstructive pulmonary disease. Am J Respir Crit
Care Med. 2010;182(9):1105-13.

7. Dempsey JA, Romer L, Rodman J, Miller J, Smith C. Consequences of exercise-induced respiratory
muscle work. Respir Physiol Neurobiol. 2006;151(2-3):242-50.

8. Dempsey JA, Sheel AW, St Croix CM, Morgan BJ. Respiratory influences on sympathetic vasomotor
outflow in humans. Respir Physiol Neurobiol. 2002;130(1):3-20.

9. Gagnon P, Bussieres JS, Ribeiro F, Gagnon SL, Saey D, Gagne N, et al. Influences of spinal anesthesia
on exercise tolerance in patients with chronic obstructive pulmonary disease. Am J Respir Crit Care Med.
2012;186(7):606-15.

10. Hopkinson NS, Dayer MJ, Moxham J, Polkey MI. Abdominal muscle fatigue following exercise in
chronic obstructive pulmonary disease. Respir Res. 2010;11:15.

11. Mador MJ, Kufel TJ, Pineda LA, Sharma GK. Diaphragmatic fatigue and high-intensity exercise in
patients with chronic obstructive pulmonary disease. Am J Respir Crit Care Med. 2000;161(1):118-23.

12. Boushel R. Muscle metaboreflex control of the circulation during exercise. Acta Physiol (Oxf).
2010;199(4):367-83.

13. Sheel AW, Boushel R, Dempsey JA. Competition for blood flow distribution between respiratory
and locomotor muscles: implications for muscle fatigue. J Appl Physiol. 2018;125(3):820-31.

14. McConnell AK, Lomax M. The influence of inspiratory muscle work history and specific inspiratory
muscle training upon human limb muscle fatigue. J Physiol. 2006;577(Pt 1):445-57.

15. Turner LA, Tecklenburg-Lund SL, Chapman RF, Stager JM, Wilhite DP, Mickleborough TD.
Inspiratory muscle training lowers the oxygen cost of voluntary hyperpnea. J Appl Physiol (1985).
2012;112(1):127-34.

16. Chiappa GR, Roseguini BT, Vieira PJ, Alves CN, Tavares A, Winkelmann ER, et al. Inspiratory muscle
training improves blood flow to resting and exercising limbs in patients with chronic heart failure. J Am
Coll Cardiol. 2008;51(17):1663-71.

17. Charususin N, Gosselink R, Decramer M, Demeyer H, McConnell A, Saey D, et al. Randomised
controlled trial of adjunctive inspiratory muscle training for patients with COPD. Thorax. 2018;73(10):942-
50.

18. Langer D, Ciavaglia C, Faisal A, Webb KA, Neder JA, Gosselink R, et al. Inspiratory muscle training
reduces diaphragm activation and dyspnea during exercise in COPD. J Appl Physiol (1985).
2018;125(2):381-92.

19. Petrovic M, Reiter M, Zipko H, Pohl W, Wanke T. Effects of inspiratory muscle training on dynamic
hyperinflation in patients with COPD. Int J Chron Obstruct Pulmon Dis. 2012;7:797-805.

147



20. Gosselink R, De Vos J, van den Heuvel SP, Segers J, Decramer M, Kwakkel G. Impact of inspiratory
muscle training in patients with COPD: what is the evidence? Eur Respir J. 2011;37(2):416-25.

21. Amann M, Regan MS, Kobitary M, Eldridge MW, Boutellier U, Pegelow DF, et al. Impact of
pulmonary system limitations on locomotor muscle fatigue in patients with COPD. Am J Physiol Regul
Integr Comp Physiol. 2010;299(1):R314-24.

22. Louvaris Z, Habazettl H, Asimakos A, Wagner H, Zakynthinos S, Wagner PD, et al. Heterogeneity of
blood flow and metabolism during exercise in patients with chronic obstructive pulmonary disease. Respir
Physiol Neurobiol. 2017;237:42-50.

23. Louvaris Z, Habazettl H, Wagner H, Zakynthinos SG, Wagner PD, Vogiatzis |. Near-infrared
spectroscopy using indocyanine green dye for minimally invasive measurement of respiratory and leg
muscle blood flow in patients with COPD. J Appl Physiol (1985). 2018.

24, Boushel R, Langberg H, Olesen J, Gonzales-Alonzo J, Bulow J, Kjaer M. Monitoring tissue oxygen
availability with near infrared spectroscopy (NIRS) in health and disease. Scand J Med Sci Sports.
2001;11(4):213-22.

25. Panagiotou M, Vogiatzis |, Louvaris Z, Jayasekera G, MacKenzie A, McGlinchey N, et al. Near
infrared spectroscopy for the assessment of peripheral tissue oxygenation in pulmonary arterial
hypertension. Eur Respir J. 2016;48(4):1224-7.

26. Boushel R, Langberg H, Olesen J, Nowak M, Simonsen L, Bulow J, et al. Regional blood flow during
exercise in humans measured by near-infrared spectroscopy and indocyanine green. J Appl Physiol (1985).
2000;89(5):1868-78.

27. Habazettl H, Athanasopoulos D, Kuebler WM, Wagner H, Roussos C, Wagner PD, et al. Near-
infrared spectroscopy and indocyanine green derived blood flow index for noninvasive measurement of
muscle perfusion during exercise. J Appl Physiol (1985). 2010;108(4):962-7.

28. Louvaris Z, Spetsioti S, Andrianopoulos V, Chynkiamis N, Habazettl H, Wagner H, et al. Cardiac
output measurement during exercise in COPD: A comparison of dye dilution and impedance cardiography.
Clin Respir J. 2019.

29. Borghi-Silva A, Oliveira CC, Carrascosa C, Maia J, Berton DC, Queiroga F, Jr., et al. Respiratory
muscle unloading improves leg muscle oxygenation during exercise in patients with COPD. Thorax.
2008;63(10):910-5.

30. Machado Rodrigues F, Demeyer H, Hornikx M, Camillo CA, Calik-Kutukcu E, Burtin C, et al. Validity
and reliability of strain gauge measurement of volitional quadriceps force in patients with COPD. Chron
Respir Dis. 2017;14(3):289-97.

31. Burtin C, Saey D, Saglam M, Langer D, Gosselink R, Janssens W, et al. Effectiveness of exercise
training in patients with COPD: the role of muscle fatigue. Eur Respir J. 2012;40(2):338-44.

32. Taylor RS, Davies EJ, Dalal HM, Davis R, Doherty P, Cooper C, et al. Effects of exercise training for
heart failure with preserved ejection fraction: a systematic review and meta-analysis of comparative
studies. IntJ Cardiol. 2012;162(1):6-13.

33. Palau P, Dominguez E, Lopez L, Ramon JM, Heredia R, Gonzalez J, et al. Inspiratory Muscle Training
and Functional Electrical Stimulation for Treatment of Heart Failure With Preserved Ejection Fraction: The
TRAINING-HF Trial. Rev Esp Cardiol (Engl Ed). 2019;72(4):288-97.

34, Palau P, Dominguez E, Nunez E, Schmid JP, Vergara P, Ramon JM, et al. Effects of inspiratory muscle
training in patients with heart failure with preserved ejection fraction. Eur J Prev Cardiol.
2014;21(12):1465-73.

35. Chiappa GR, Queiroga F, Jr., Meda E, Ferreira LF, Diefenthaeler F, Nunes M, et al. Heliox improves
oxygen delivery and utilization during dynamic exercise in patients with chronic obstructive pulmonary
disease. Am J Respir Crit Care Med. 2009;179(11):1004-10.

148



36. Louvaris Z, Zakynthinos S, Aliverti A, Habazettl H, Vasilopoulou M, Andrianopoulos V, et al. Heliox
increases quadriceps muscle oxygen delivery during exercise in COPD patients with and without dynamic
hyperinflation. J Appl Physiol (1985). 2012;113(7):1012-23.

37. Louvaris Z, Vogiatzis I, Aliverti A, Habazettl H, Wagner H, Wagner P, et al. Blood flow does not
redistribute from respiratory to leg muscles during exercise breathing heliox or oxygen in COPD. J Appl
Physiol (1985). 2014;117(3):267-76.

38. Moxham J, Jolley C. Breathlessness, fatigue and the respiratory muscles. Clin Med. 2009;9(5):448-
52.

149



150



Chapter 7

Impact of Inspiratory Muscle Training on
The Perception and Neural Processing of
Respiratory Sensations in COPD

Sauwaluk Dacha, Thomas Reijnders, Ysys Denutte,

Andreas von Leupoldt, Rik Gosselink, & Daniel Langer

Preliminary results

151



7.1 Abstract

Background: Dyspnea is the sensation of breathing discomfort. It is regarded as a multidimensional
symptom which can be subdivided into a sensory-perceptual domain (intensity and quality of dyspnea)
and an affective distress domain (unpleasantness). Dyspnea is an important symptom in patients with
COPD, contributing to limitations in daily activities and impaired quality of life. Inspiratory muscle training
(IMT) has been shown to improve inspiratory muscle capacity (strength and endurance), reduce sensory
intensity of exertional dyspnea perception, and improve exercise capacity in patients with COPD. However,
whether IMT has an impact on the perception of affective distress (unpleasantness) of dyspnea, dyspnea-

related fear and the underlying neural processing of symptom perception in COPD is unknown.

Aim: 1) To investigate the effects of eight weeks of IMT in comparison with sham training on changes in
the perception of affective unpleasantness of dyspnea and underlying neural processing of respiratory
sensations in patients with COPD. We specifically aimed to focus on the higher order cognitive-affective
processing reflected in the later components of respiratory-related evoked potentials (RREPs) recorded in
the electroencephalogram (EEG) in response to short inspiratory occlusions during unloaded breathing. 2)

To assess the impact of IMT on general anxiety symptoms and dyspnea-specific fears.

Methods: RREPs in the EEG elicited by short inspiratory occlusions during unloaded breathing were
assessed before and after the intervention period. Mean amplitudes of later peak components of the
RREPs (P2 and P3) were recorded and changes after the intervention period were compared between
groups. In addition, intensity and unpleasantness ratings in response to occlusions during unloaded
breathing, general anxiety levels, and disease-specific fear ratings were assessed before and after the

intervention period and compared between groups.

Results: Intensity and unpleasantness ratings in the IMT group after the training compared to the sham
group changed in the expected direction (i.e. reduction) (Mean between-group differences in the pre-post
intervention change scores of -0.7 [95%Cl -2.4, 0.9], p=0.34, Cohen’s d effect size 0.30 for intensity and -
0.9 [95%Cl -2.6, 0.7], p=0.25, Cohen’s d effect size 0.36 for unpleasantness were observed on a modified
Borg-scale). Further, there was a trend for a reduction in the mean amplitude of the P2 component of the
RREP in the IMT group after IMT compared to the sham group (mean between-group difference in the pre-
post intervention change scores of -2.48 [95%Cl -5.73, 0.77] microvolts, p=0.12, Cohen’s d effect size 0.50).
Ratings on the dyspnea-related fear subscale of the Breathlessness Beliefs Questionnaire (BBQ) were also

changed in the expected direction (i.e. reduction) in the IMT group compared to the sham group after IMT
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(mean between-group differences in the pre-post intervention change scores of -1.8 [95%Cl -6.3, 4.9]

units, p=0.42, Cohen’s d effect size 0.25).

Conclusions: Based on these preliminary data collected during unloaded breathing we conclude that
potential reductions in the affective unpleasantness and intensity of respiratory sensations in the IMT
group (with small effect sizes) might be paralleled by changes in the neural processing of these respiratory
sensations (with a medium effect size) as well as by improvements in dyspnea-related fears (small effect
size). It could be speculated that the repeated experience of dyspnea during IMT might contribute to
modify the affective unpleasantness of respiratory sensations (next to the sensory intensity) and dyspnea-
related fears in patients with COPD as a result of habituation in the neural processing. Enlarging the sample
size and additional assessments under conditions of loaded breathing and exercise-induced dyspnea

would be required to confirm these initial trends.

Keywords: Inspiratory Muscle Training (IMT), dyspnea perception, EEG, respiratory-related evoked

potential, COPD
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7.2 Introduction

Dyspnea is the sensation of breathing discomfort. It is oftentimes operationalized as a multidimensional
construct that consists of qualitatively distinct sensations varying in intensity, unpleasantness, and
emotional and behavioral significance (1). The sensory-perceptual domains of dyspnea (intensity and
quality) and several biological variables associated with these sensations have been studied intensively in
patients with COPD. However, the perception of the respiratory distress component of dyspnea (affective
unpleasantness perceived for a given intensity) and its association with several psychological variables has
received considerably less attention (2, 3). A recent study showed that improving inspiratory muscle
function in COPD patients with inspiratory muscle weakness by inspiratory muscle training (IMT) can
reduce respiratory neural drive as measured with diaphragmatic electromyogram (EMGdi) and the sensory
intensity of dyspnea during exercise (4). Another study compared the sensory intensity and affective
unpleasantness of dyspnea between patients with asthma and healthy subjects. Both groups showed
similar ratings of the sensory intensity of dyspnea; however, in patients with asthma, this was associated
with ratings of less affective unpleasantness of dyspnea (5). The authors suggested that altered neural
processing in patients with asthma (possibly related to gradual habituation to dyspnea stimuli by frequent
exposure) might explain this reduction in the affective unpleasantness component of dyspnea at a similar

intensity of the sensation (5).

It has been suggested that neuromechanical uncoupling between mechanical/muscular responses of the
respiratory system to elevated levels of respiratory motor drive could increase activation of central limbic
structures related to dyspnea processing, resulting in increased affective respiratory distress (2). De-
activation of the limbic system might, therefore, play a central role in desensitization processes of this
affective unpleasantness component of dyspnea (2). The reduction of the affective unpleasantness of
dyspnea in patients with COPD in response to rehabilitation was often explained by the mechanism of
desensitization to dyspnea (6, 7). However, only a few studies have systematically evaluated this potential
mechanism (8, 9), especially in patients with COPD (10-13). Therefore, it remains unclear whether the
affective unpleasantness component of dyspnea and the associated central neural processing can be
modified by interventions such as respiratory muscle training in COPD patients. However, it has been
suggested that respiratory muscle training might be able to alter the perception of dyspnea despite the
absence of changes in ventilatory capacity (14). This implies that changes in the perception of dyspnea
could occur separately from other physiological changes, but the involvement of respective neural

processes and specific psychological factors herein remains widely unknown. An important psychological
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factor impacting on the perception of dyspnea is anxiety and fear (15-19). Both, increased levels of general
(non-specific) anxiety and dyspnea-specific fear have been shown to be related to increased dyspnea
reports in patients with COPD (16-18), but their associations with the neural processing of dyspnea and

effects of IMT are not well understood.

The neural processing of respiratory sensations such as dyspnea can be investigated by using the non-
invasive technique of measuring respiratory-related evoked potentials (RREPs) recorded from the
electroencephalogram (EEG). The RREP is a measurement of cerebral cortical activity, which is elicited by
the activation of lung and muscle mechanoreceptors due to short inspiratory occlusions or resistive loads
(20). The early peaks of the RREP (Nf, P1, and partly N1) reflect the initial arrival and first-order processing
of afferent respiratory signals in sensorimotor regions (21). The later peaks (P2 and P3) characterize
subsequent higher-order cognitive processing and are vulnerable to cognitive and affective processes (21).

N1, however, can also be affected by attention and affect related processes (22).

In healthy subjects, a significant increase in the magnitude of N1, P2, and P3 peaks was found when
breathing became more difficult and unpleasant. This indicates an increase in the neural processing of
respiratory sensations reflective of higher order cognitive-affective processing (23). Moreover, a previous
study investigated the effects of inspiratory muscle training on the RREP in healthy individuals and
hypothesized that once the inspiratory muscles become stronger, the inspiratory motor drive would be
decreased. Although respective decreases in the motor drive were indeed achieved after training, this
study found no changes in early sensory-related RREP components (24). However, the effect of inspiratory

muscle training on later cognitive-affective components of the RREP has not yet been studied.

This study aimed at 1) Investigating the effects of eight weeks inspiratory muscle training on changes in
the affective unpleasantness component of dyspnea in relation to the neural processing of respiratory
sensations, specifically in the higher order cognitive-affective processing reflected by the later
components of the RREP (P2 and P3) in response to short inspiratory occlusions during unloaded
breathing. 2) Assessing the impact of IMT on general anxiety and dyspnea-specific fear. In addition, the
correlations between the changes in these later peak components of the RREP in response to IMT with
changes in the perceived intensity and affective unpleasantness of respiratory sensations during unloaded
breathing, dyspnea-specific fear and general anxiety were investigated. The hypotheses were that 1) after
eight weeks of IMT, the affective unpleasantness of respiratory sensation would be reduced, which would

be associated with the reduction in the amplitudes of the later RREP components (P2 and P3). 2) IMT could
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reduce general anxiety levels and dyspnea-specific fears and that these reductions might be associated

with the changes in the later peak component of the RREP.

7.3 Materials and methods

7.3.1 Design

The neural processing of respiratory sensations (dyspnea) was investigated using the non-invasive
technique of measuring respiratory-related evoked potentials (RREPs) recorded from the
electroencephalogram (EEG) (20-22). Patients in this study were the same subjects who participated in
experiments summarized in chapters 3 and 4. The measurements were performed at baseline (before
starting IMT or sham IMT) and again after 8 weeks of intervention. The patients were asked to complete
the following questionnaires: Hospital anxiety and depression scale (HADS) and the Breathlessness Beliefs
Questionnaire (BBQ) regarding general anxiety and dyspnea-specific fear, respectively. The investigators
who performed the tests in this study were blinded for the patient’s group allocation.

7.3.2  Electroencephalogram (EEG) measurement

The measurement of RREP using EEG was performed similarly to the protocol established in previous
studies (25, 26).

7.3.2.1 The setup

The patient was sitting in a test room separated from the investigator facing a computer screen which
presented the standardized instructions. A copy of the display of the patient’s computer screen was also
visible for the investigator. The patient breathed via a mouthpiece through a breathing circuit with a nose
clip attached. The breathing circuit consisted of a two-way non-rebreathing valve connected in series to a
pneumotachograph, a loading manifold, and a pressure-activated occlusion valve. The mouthpiece and
the valve system were held with a suspensor to eliminate the need for the patient to hold or bite the
mouthpiece. The investigator could observe the patient via an intercom system.

The patient then was acquainted with the setting by using the mouse of the computer and breathing
through the mouthpiece while wearing a nose clip. Thereafter, patients underwent a brief resistive loaded
breathing task, which will be reported elsewhere. After a rest period, the RREP task followed as described
below.

7.3.2.2 The Respiratory-Related Evoked Potentials (RREP) during unloaded breathing

The EEG sensor net [129-channel system, Electrical Geodesics Inc., Eugene, USA] was positioned on the
patient scalp. The first block of the task consisted of 3 minutes breathing through the breathing circuit
without external load (“unloaded breathing”). During breathing, the computer screen displayed a central
fixation cross on a gray background. The investigator interrupted the patient’s inspiration briefly for 600
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milliseconds at the onset of inspiration every two to six breaths by manually activating the occlusion valve
with pressurized air through a trigger box. These occlusions induced the RREP during the unloaded
breathing. The patient then rated the perceived intensity and unpleasantness of the occlusions by mouse
click on the modified Borg Scale (27) that appeared on the computer screen. Then the patient rested for
two minutes. The second block of the task was comparable to the first block, but in addition, an inspiratory
resistive load was added to the breathing circuit (“loaded breathing”). Thereafter, both first (unloaded)
and second (loaded) block were repeated in a similar way.

The main outcome measurement analyzed during this task were the ratings of intensity and
unpleasantness of occlusions and the RREP components P2 and P3 during unloaded breathing. Responses
during loaded breathing will be analyzed separately. Anillustration of typically P2 and P3 peak components

of the RREP and related scalp topographies provided in figure 7.1.

o Centro - Parietal
ol N1
O%w ‘ )
Figure 7.1 lllustration of typically observed group means for
%_ 21 the respiratory-related evoked potential and related scalp
topographies (at their peak latencies) at centro-parietal
+ regions.
4 = Breath 3 8
6l wmmmm Breath 12 Adapted from: Von Leupoldt A, Bradley MM, Lang PJ,
Davenport PW. Neural processing of respiratory sensations
8l when breathing becomes more difficult and unpleasant. Front
Physiol. 2010;1:144.(23)
Breath 3:
Breath 12:

7.3.3 Modified 10-point Borg scale
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The modified 10-point Borg scale was developed to measure overall exertion during physical activity. It
was modified from the original perceived exertion scale described by Borg comprised a scale ranging from
6 to 20. The modified Borg scale consists of a scale ranging from 0 (nothing at all) to 10 (Maximal), including
written indicators of severity to anchor specific numbers of the scale (27). The scale has been used widely
to quantify various “perceived symptom” for example breathlessness and muscle fatigue during exercise.
The validity and reliability of Borg ratings of breathlessness during exercise have been evaluated in several
studies (28, 29). The minimal clinically important difference of the dyspnea Borg score is 1 unit with
moderate effect size (30).

7.3.4 General anxiety measurement

The Hospital Anxiety and Depression Scale (HADS) (31) was used to measure general anxiety levels at
baseline and 8 weeks after IMT or sham IMT. The HADS consists of 7 items of the anxiety subscale and 7
items of the depression subscale. In this study, only the 7 items of the anxiety subscale were used. The
HADS was validated and showed good reliability in somatic, psychiatric, and primary care patients and the
general population (32). Items are scored on a scale from 0 to 3, with total scores ranging between 0 and
21. Higher scores indicate higher anxiety levels (31).

7.3.5 Dyspnea-specific fear measurement

The Breathlessness Beliefs Questionnaire (BBQ) (33) was used to measure dyspnea specific fear. The BBQ
is a self-administered questionnaire and, consists of two subscales divided into 6 items of the “Activity
Avoidance (BBQ-AA)” subscale and 5 items of the “Somatic Focus or dyspnea-related fear (BBQ-SF)”
subscales (33). High scores on the BBQ-AA reflect the belief that physical activity might make the patients’
disease and dyspnea worse (physical activity-related fear) and should be avoided. An example of BBQ-AA
is “It’s really not safe for a person with a condition like mine to be physically active”. High scores on the
BBQ-SF-scale reflect the belief that breathlessness is a signal of potential bodily harm (dyspnea-related
fear). An example of BBQ-SF is “Whenever | feel short of breath my body is telling me | have something
seriously wrong.” Each item is rated on a five-point Likert-type scale, ranging from 1 (totally disagree) to 5
(totally agree) with a total score of 30 on BBQ-AA and 25 on BBQ-SF subscale. The BBQ shows good
reliability and has been validated in patients with chronic respiratory disease (33).

7.3.6  Statistical analysis

All EEG data were processed offline using the software package BESA Research 6.0 (BESA, Gréfelfing,
Germany). After filtering of data (high-pass filter: 0.1Hz, low-pass filter: 30Hz, notch filter: 50Hz), and the
correction and removal of artifacts (for example eye blinks and movement artifacts), data were re-

referenced to the original average reference. The remaining epochs of interest were extracted 200ms
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before, and 1200ms after the onset of the occlusions and thereafter averaged across all occlusions of the
two unloaded blocks. Based on earlier studies (34, 35), the RREP components were identified as P2
(=positive peak — in the central scalp region, latency: 160-230ms) and P3 (=positive peak — in the centro-
parietal scalp region, latency: 250-350ms). The mean amplitudes were calculated around each peakin a
latency window of +/-20ms for both P2 and P3, and entered into the subsequent statistical analysis.

The ratings of intensity and unpleasantness of occlusions (Borg) and the mean amplitudes of the RREP
components(uV) were averaged across the two unloaded breathing blocks. Then the comparisons
between pre/post measurement within-group, and the pre/post differences between groups were
performed. Statistical significance was considered at p<0.05. Data are presented as means + SD. Tests of
normality were performed using Kolmogorov-Smirnov and/or Shapiro-Wilk tests. Paired t-tests were used
to test the within-group differences between pre and post-intervention measurements. In case the
normality was not met, or the sample size was too small to test for normality, nonparametric tests were
performed. Wilcoxon signed rank test, and Mann-Whitney test were used instead of paired and unpaired
t-test, respectively. As a measure of effect size for these tests, Cohen’s d was calculated.

Correlations between the amplitude changes in the later peak components of the RREP in response to IMT
with changes in the ratings for unpleasantness and intensity of occlusions, disease-specific fear, and
general anxiety were performed using Pearson’s correlation coefficient (r) or Spearman’s correlation (rho),
when the normal distribution of the data was not met. Statistical analyses were performed using GraphPad

Prism version 8 for Windows (GraphPad Software, La Jolla, California, USA)

7.4 Results
Due to large delays in the recruitment of patients, only preliminary results are reported in this chapter.

Baseline characteristics of patients at study enrolment are presented in chapter 5 (Table 5.1).
Perceived intensity and unpleasantness of the occlusions

Perceived intensity and unpleasantness ratings on the modified Borg scale in response to occlusions during
unloaded breathing are presented in Table 7.1. The intensity and unpleasantness ratings in the IMT group
after the training compared to the sham group were changed in the expected direction (reduce) (mean
between-group differences in the pre-post intervention change scores of -0.7 [95%Cl -2.4, 0.9], p=0.34,
Cohen’s d effect size of 0.30 and -0.9 [95%CI -2.6, 0.7], p=0.25, Cohen’s d effect size 0.36, for the intensity

and unpleasantness ratings, respectively (Table 7.1). There was a trend of within-group reduction in the
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ratings for unpleasantness and intensity in the IMT group at post-measurement compared to pre-

measurement (within-group differences -1.0+1.5, p=0.06 and -1.1+1.5 p=0.06, respectively).
Respiratory-Related Evoked Potential (RREP)

Amplitudes (microvolts) of the P2 and P3 components of the Respiratory-Related Evoked Potential (RREP)
during unloaded breathing at baseline and after 8 weeks of sham IMT or IMT are presented in Table 7.1.
A trend of improvement (reduction) in P2 amplitude was found in the IMT group compared to the sham
group (mean between-group difference in the pre-post intervention change scores of -2.48 [95%Cl -5.73,
0.77] Vv, p=0.12), with the Cohen’s d effect size of 0.50. There was no significant between-group
difference in the pre-post intervention change scores in the amplitude of P3 observed (mean between-
group difference in the pre-post intervention change scores of -0.76 [95%Cl -4.44, 2.92] uV, p=0.66), with
the Cohen’s d effect size of 0.13. There was no significant within-group difference observed in both P2 and
P3. However, the P2 amplitude in the IMT group changed in the expected direction (reduction) at post-
measurement compared to pre-measurement (within-group differences -1.20+2.83, p=0.19) while the P2

amplitude was increased in the sham group (within-group differences 1.28+1.47, p=0.13) (Table 7.1).
General anxiety

The results regarding the HADS anxiety and depression scores of the patients in both groups at pre and
post-measurement are presented in Table 7.1. There were no significant changes observed in the HADS
anxiety and depression scores within and between groups in response to the intervention. The Cohen’s d

effect sizes were 0.09 and 0.10, respectively, for HADS anxiety and depression.
Dyspnea-specific fears

Dyspnea-specific fears measured with the BBQ are presented in Table 7.1. The BBQ scores are presented
separately for activity avoidance (BBQ-AA) and dyspnea-related fear (BBQ-SF) subscales. There were no
significant differences in the pre-post-intervention change scores of BBQ-AA and BBQ-SF between the IMT
group and the sham group (Table 7.1). The Cohen’s d effect sizes were 0.07 and 0.25, respectively, for
BBQ-AA and BBQ-SF. However, there was a trend towards a significant reduction in the dyspnea-related
fear score (BBQ-SF) in the IMT group at post-measurement compared to pre-measurement (within-group

differences -2.0+3.8 p=0.12 Table 7.1).
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Table 7.1 Ratings for occlusions and mean amplitudes (microvolts) of the later peak components of the Respiratory-Related Evoked Potential

(RREP) during unloaded breathing, general anxiety levels and dyspnea-specific fear at baseline and after 8 weeks of sham IMT or IMT training

Sham IMT (n=4) IMT (n=11) Mean difference of change P values
Differences Differences Sham IMT-IMT (95%Cl) or between
PRE POST (P values within PRE POST (P values Differences between rou
group) within group) medians group
Perceived intensity and unpleasantness
. . -0.2+0.4 -1.1+1.5
Occlusion Intensity (Borg) 1.8+1.0 1.6+1.2 (0.3910) 2.9+1.2 2.0+0.8 (0.0597) -0.7 (-2.4t00.9) 0.3378
Occlusion Unpleasantness -0.1+0.6 -1.0+1.5
+ + + + - -
(Borg) 2.3+1.3 2.1+1.3 (0.7177) 2.9+1.2 1.8+£1.0 (0.0547) 0.9(-2.6t00.7) 0.2531
RREP
+ - +
P2 (nV) 0.02+1.73 1.30+£1.11 1(581_2153)7 1.76+2.54 0.56+2.33 102(1);58)3 -2.48 (-5.73t00.77) 0.1234
+ +
P3 (nV) 1.90+£1.77 2.87+3.09 0(3?;;;;6 1.92+1.78 2.14+1.95 0(527_5%362)7 -0.76 (-4.44 t0 2.92) 0.6645
Questionnaires
+ +
HADS Anxiety (0-21) 6.0t1.4 6.51£0.6 (%57_5%)3) 7.3£2.7 8.213.0 ((())i;i(?) 0.4 (-2.5t0 3.3) 0.7673
+ +
HADS Depression (0-21) 2.3t1.5 2.812.1 ((());118) 5.21£3.0 6.112.6 ((())i_227§) 0.4 (-2.3t0 3.1) 0.7452
BBQ Activity avoidance + + 0.5+1.0 + + 0.0+4.2 ) )
(0-30) 11.5+3.1 12.0+2.2 (0.3910) 15.4+4.4 15.445.1 (>0.9999) 0.5(-5.2t04.2) 0.7810
BBQ Dyspnea related fear + + -0.3+2.8 + + -2.0£3.8
(0-25) 13.316.3 13.0+3.6 (0.8675) 16.9£3.2 14.94£3.2 (0.1154) 1.8(-6.3t02.8) 0.4232

Values are mean + SD; *P < 0.05, within-group difference, pre- vs. post-intervention by paired t-test (or Wilcoxon signed rank test); P < 0.05 by unpaired t-test (or Mann-Whitney
test) comparing differences of pre-post intervention change scores for IMT vs. sham IMT; (4V) = microvolts
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Correlations between the changes in response to IMT between the mean amplitudes of the RREP, the

intensity and, the affective unpleasantness ratings, dyspnea-specific fear, and anxiety scores

Across subjects from both groups (IMT and sham IMT), there was no significant correlation between
the changes of the mean amplitude of later peak components (P2 and P3) and the changes in the
intensity and the affective unpleasantness ratings for occlusions, changes in anxiety scores and
changes in dyspnea-specific fear scores (Table 7.2). However, there was a trend for a positive linear
relationship (r=0.361, p=0.18) between the reduction of P2 mean amplitudes and the reduction in the

affective unpleasantness ratings for occlusions (Figure 7.2).

Table 7.2 Correlation (across subjects from both groups (IMT and sham IMT)) between changes in
mean amplitudes of later RREP components (P2, and P3) and changes in intensity, unpleasantness,

general anxiety and dyspnea-specific fear (BBQ) scores.

Changes in Occlusion Occlusion General BBQ BBQ dyspnea-
intensity | unpleasantness Anxiety Activity related fear
(Borg) (Borg) avoidance | (fear/avoidance
of dyspnea)
P2 (nV) r=0.281 r=0.361 r=0.026 r=-0.308 r=0.035
p=0.31 p=0.18 p=0.93 p=0.26 p=0.90
P3 (nVv) r=0.278 r=0.156 r=-0.480 r=-0.325 r=-0.334
p=0.32 p =0.58 p=0.23 p=0.24 p=0.90
2 4-
3 o IMT
2 h IMT
B sham
@ 24 o
£ 8~
020
g) g- % I L] L) L]
3@ 10
©o
(%2}
=
Q ° r=0.361
o -4 p=0.18
Change in P2

Figure 7.2 correlation across subjects from both groups (IMT and sham IMT) between the pre-post intervention reductions
of P2 mean amplitude (uV) to the reduction of occlusion unpleasantness (Borg) ratings.
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7.5 Discussion
Main findings

Based on preliminary findings and in the absence of any statistically significant between-group
differences we found that the perceived unpleasantness and intensity of respiratory sensations were
changed in the expected direction (reduction) during unloaded breathing in response to 8 weeks of
IMT with small effect sizes. These observations are in line with changes in symptom perception that
have been observed in chapter 5 during exercise breathing. In parallel, we observed a trend for
differences in changes in the P2 component of the RREP between groups with a medium effect size.
We did not observe any changes in general anxiety symptoms in response to IMT. However, we found
a trend for a within-group reduction in dyspnea-specific fear in the intervention group with a small
effect size (Table 7.1) and a trend for a positive linear relationship between the reductions of the mean

amplitude of P2 and the reduction of affective unpleasantness scores (p=0.18)(Figure 7.2).

Changes in Respiratory-Related Evoked Potentials (RREPs) and, perceived intensity and

unpleasantness of the occlusions in response to IMT

The RREP results show the trend for a reduction in the P2 component at post EEG measurement in the
IMT group compared to the sham group with a medium effect size. This was paralleled with a potential
reduction in the intensity and unpleasantness ratings in the IMT group after the training compared to
the sham group (mean between-group differences in the pre-post intervention change scores of -0.7
[95%CI -2.4, 0.9], p=0.34 and -0.9 [95%Cl -2.6, 0.7], p=0.25, for the intensity and unpleasantness
ratings, respectively on a modified Borg-scale) with small effect sizes. Even though the reduction of
perceived respiratory sensations was not statistically significant; however the reduction of about 1 unit
Borg score (especially for the affective unpleasantness ratings) is equal to a minimally clinically
important change of dyspnea scores (30). During cycling exercise (chapter 5, Table 5.4), a comparable
reduction of dyspnea intensity and unpleasantness ratings was also found in the IMT group compared
to the sham group (mean between-group difference in the pre-post intervention change scores of -2.2
[95%CI -4.5, 0.2]; p=0.07 Cohen’s d effect size 0.60 and -1.1 [95%CI -3.6, 1.4]; p=0.36 Cohen’s d effect
size 0.29 for intensity and unpleasantness respectively on a modified Borg-scale). Noteworthy, the
reductions of the dyspnea intensity and unpleasantness during exercise breathing were more
pronounced compared to the ratings of occlusions during unloaded breathing. This could be explained
by the higher baseline symptoms during exercise leading to more pronounced reduction. Therefore, it
is important that the RREPs are also evaluated during the task that can stimulate higher dyspnea

sensation, for example, during loaded breathing or exercise breathing in addition to resting breathing.
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The later peak RREP components P2 and P3 are vulnerable to cognitive-affective processes not related
to the respiration per se. Attentional distraction and affective processes have been shown to be related
to the amplitudes of these later components (22, 34, 36-38). For example, von Leupoldt and colleagues
showed that higher state, as well as trait levels of anxiety, were related to changes in the amplitudes
of the P2 and P3 RREP components (34, 36). Moreover, previous studies suggested that repeated
exposure to dyspnea could result in a decrease (habituation/desensitization) of dyspnea perception
(11-13) both in the affective and sensory dimension (8, 11-13). A study found that repeated exposure
to resistive load-induced dyspnea over several days could reduce the impairing effect of dyspnea on
response inhibition (inhibition of automatic, prepotent, or inappropriate responses) (39). Another
study also found a reduction in the perception of respiratory sensations together with the reduction
of the P2 and P3 RREP component (in addition to the N1 peak) during the repeated presentation of
inspiratory occlusions between early and late experimental periods in healthy subjects, suggesting the
potential mechanism of habituation in the neural processing of respiratory sensations (9). In line with
these results, the observed reductions in the intensity and unpleasantness ratings for the occlusions
reported by IMT patients could potentially constitute the result of habituation in the neural processing

of repeated experience of dyspnea and occlusion sensations during the IMT (9).

It has been suggested that habituation is a general adaptation process to save the neural resources for
other more relevant tasks when repeated sensory information becomes redundant and loses
significance (9). Therefore it could be implied that the repeated exposure to the dyspnea during the
IMT training stimulated this habituation mechanism resulting in less respiratory sensation during
unloaded breathing and exercise. Whereas in some populations, for example, patients with asthma,
habituation of dyspnea might not be favorable because it could lead to delay in treatment and critical
under-medication (5, 9, 40), in patients with COPD habituation of dyspnea might be able to prevent
the patients from avoiding physical activity (8). Avoiding activity in patients with COPD contributes to
further deconditioning of respiratory and limb muscles leading to worsened physical fitness and
dyspnea severity (41). The observed reduction of activity-related dyspnea (TDI) in our study was
present without any changes in physical activities of the patients (results presented and discussed in

chapter 5 and 6), again supporting the notion of a potential habituation effect of the course of IMT.
Changes in levels of general anxiety and dyspnea-specific fears in response to IMT

Anxiety is a prevalent comorbidity in patients with COPD, related to a worse course of the disease (42-
44) and affects the perception of respiratory symptoms (45, 46). In the present study, after 8 weeks of
the training, there were no significant changes in the general anxiety scores within and between

groups. Therefore, from the limited evidence that we have at the moment, we can only conclude that
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IMT does not affect general anxiety levels in patients with COPD. This is in contrast with a previous
study that found a significant reduction in general anxiety (p<0.001) after 6 months of pulmonary
rehabilitation together with improvement in other outcomes measured (e.g., functional capacity,
dyspnea, and quality of life) (17). These contrasting results might be related to the rather low baseline
levels of general anxiety with the mean HADS-A scores of the patients in this study being 6 - 7.3, which
might have prevented stronger reductions over the course of intervention in the sense of a floor effect.
This hypothesis would be in line with findings from Harrison et al. (2012), showing greater reductions
in anxiety after pulmonary rehabilitation in COPD with higher baseline anxiety levels, but only small

reduction in those with low baseline anxiety levels (47).

Moreover, it has been suggested that dyspnea-specific fear is more closely related to the daily
experiences of dyspneic patients and can capture the source of anxiety better in patients with COPD
in comparison to general anxiety levels (18, 48). For example, a study showed that greater dyspnea-
specific fears were associated with worse activity-related dyspnea, functional exercise capacity,
health-related quality of life, health status, and depression at the start and end of pulmonary
rehabilitation, even after controlling for baseline levels of general anxiety (49). In this study, dyspnea-
related fear was measured using the Dutch version of the Breathlessness Beliefs Questionnaire (BBQ)

(33).

In the present study, with no significant between-group differences observed, we found a trend for a
reduction in the dyspnea-related fear subscale (BBQ-SF), but not in the activity avoidance subscale
(BBQ-AA) at post-measurement in the IMT group, but not in the sham group (Table 7.1). Based on this
finding, we could speculate that IMT might be able to improve the fear of dyspnea by the repeated
exposure to the dyspnea during the daily IMT, but not further impact on the avoidance of activities
associated with dyspnea. This interpretation converges with other findings in healthy subjects (39)
showing that daily dyspnea exposure with resistive loads reduces dyspnea over time in the absence of

physiological or behavioral changes, which is again suggestive of a habituation effect.
Future research direction

The data presented in this chapter provide a first indication that changes in disease-specific fears and
higher order neural processing of respiratory sensations might be involved in modulating the
unpleasantness of the dyspnea sensation in these patients in response to IMT. However, in order to
confirm these initial observations, these findings would need to be replicated in a larger group of
subjects. Moreover, it would be necessary to confirm these trends by evaluating changes in dyspnea

unpleasantness also at similar levels of dyspnea intensity as before the intervention. This could be
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achieved by performing RREP evaluations while breathing against resistive loads eliciting similar

dyspnea intensities as prior to the intervention or by using exercise-induced dyspnea.
Strengths and limitations

This is the first study that investigated the neural processing of respiratory sensations in response to
this intervention (IMT) in patients with COPD. In addition, this study also included the measurements
of respiratory sensation (intensity and unpleasantness), general anxiety, and dyspnea-specific fear in

response to IMT.

The limitation of this study was that the sample size at this moment is rather small. The results
therefore need to be interpreted with great caution and need confirmation in a larger sample. The
evaluation of the RREPs pre and post-measurement during a task that elicits higher dyspnea intensity

(i.e., during loaded breathing or exercise) would also be valuable.
7.6 Conclusion

In conclusion, the results of this study show preliminary signs that 8 weeks of IMT might lead to
reductions in respiratory sensations (both intensity and unpleasantness) with small effect sizes,
corresponding with a trend of parallel reductions in the P2 component of the RREP with medium effect
size. Even though there were no changes in general anxiety in response to IMT, however, we found a
trend for a reduction in dyspnea-related fear with small effect size and a mild positive linear
relationship between the reductions of P2 amplitudes pre-post-intervention with the potential
reductions of the affective unpleasantness of respiratory sensations. Therefore, these findings suggest
that repeated experience of dyspnea during IMT might not only be able to modify the intensity, but
also the affective unpleasantness of respiratory sensations, dyspnea-related fears and the higher-order
neural processing of respiratory sensations in patients with COPD, which might constitute a

habituation process in neural processing.
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General Discussion
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General discussion

8.1 General discussion and future directions

This Ph.D. thesis aimed to investigate potential physiological and psychological mechanisms that can
help us to understand better, how IMT improves dyspnea sensation and exercise tolerance in patients
with COPD. Chapter 2 provides an overview of several mechanisms underlying the relationship
between respiratory muscle dysfunction, symptom perception, and exercise limitation. In chapter 4 a
novel approach is introduced for analyzing EMGdi data, which addressed an important problem of ECG
artifacts of the diaphragm EMG recording (EMGdi). Then in chapters 5-7 the three candidate
mechanisms were investigated, namely neuroventilatory dissociation, muscle metaboreflex, and
neural processing of respiratory sensations. With the preliminary results presented in this project, each
of these mechanisms has the potential to contribute to improvements in dyspnea and exercise
tolerance in response to IMT in patients with COPD in different ways. The summary of the findings

from this project and the value added to the field are presented in table 8.1 below.

In Table 8.1, the findings have been categorized into two domains, those which confirm previous
findings on the one hand and novel findings on the other hand. The plus and minus signs indicate

whether the findings confirm (+) or challenge (-) pre-specified hypotheses.

172



Table 8.1 Summary of the findings from this thesis project

Chapter Hypothesis (findings) Confirmed Novel References Future direction
what we finding
know
4 (semi-)automated e the newly developed semi-automated EMGdi analysis method is more + validate this new method
EMG amplitude time efficient and less prone to inter-rater variability for other respiratory
analysis method e EMGdi amplitudes obtained with the semi-automated method agreed muscles and over a broad
well with values obtained by one of the two manual assessors + range of minute ventilation
(i.e., during maximal
cardiopulmonary exercise
test)
5 neuroventilatory | 8 week of IMT can:
uncoupling Larger sample size required
e improve dyspnea sensation during exercise + (1-4) to confirm findings
o reduction in dyspnea rating on Borg scale during exercise at +
iso-time (medium effect size)
e reduce the neural respiratory drive to the diaphragm +
o Improve diaphragm function by reducing diaphragm + (1)
activation (EMGdi/EMGdiMax%) (medium effect size)
e reduce the neural respiratory drive to the extra-diaphragmatic -
respiratory muscles.
o increase reliance to extra-diaphragmatic respiratory muscle +
(SCM) during exercise (small effect size)
e improve activity related dyspnea in daily life + (1-3)
o improve transitional dyspnea index (small effect size) +
o improve mMRC score (small effect size) -
e improve inspiratory muscle strength + (1-4)
o increase MIP (large effect size) +
o Increase sniff,Pes (small effect size) +
o improve diaphragm function by improving diaphragm + (1)
strength (sniff,Pdi) (medium effect size)
e improve exercise capacity +
o Prolong endurance exercise duration (medium effect size) + (1-4)
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Chapter

Hypothesis/findings

Confirmed
what we
know

Novel
finding

References

Future direction

6 muscle
metaboreflex

8 week of IMT can
e  attenuate the respiratory muscle metaboreflex
o improvements in respiratory and locomotor muscle blood
flow during exercise at iso-time
o reduce locomotor muscle fatigue
e increase perfusion of both respiratory and locomotor muscles from
iso-time to the new time to task failure of CWR cycling test

Subjectively measure
diaphragm and extra-
diaphragmatic respiratory
muscle fatigue to test the
potential role of muscle
metaboreflex in exercise
limitation

7 neural processing
of respiratory
sensations

8 week of IMT can
e reduce the affective unpleasantness of respiratory sensations,
associated with the reduction in the amplitudes of the later RREP
components (P2 and P3)

o reduce the affective unpleasantness of respiratory
sensations response to short inspiratory occlusions during
unloaded breathing (small effect size)

o associated with the reduction in P2 (medium effect size)

o associated with the reduction in P3 (small effect size)

e reduce general anxiety levels associated with the changes in the later
RREP component

o reduce general anxiety levels (small effect size)

o associated with the reduction in P2 (medium effect size)

o associated with the reduction in P3 (small effect size)

e reduce dyspnea-specific fears, associated with the changes in the
later RREP component

o reduce dyspnea-specific fears (small effect size)

o associated with the reduction in P2 (medium effect size)

o associated with the reduction in P3 (small effect size)

e reduce the intensity of respiratory sensations in response to short
inspiratory occlusions during unloaded breathing (small effect size)

Larger sample size required
to confirm the findings

The findings from the thesis have been categorized into two domains, those which confirm previous findings and novel findings. The bold plus sign (+) indicated that the
findings confirmed the pre-specified hypotheses with statistically significant, the plus sign (+) indicated that the findings were in the expected direction, the minus signs (-)
indicate that the findings challenge the pre-specified hypotheses. Cohen’s d effect sizes were presented: small effect sizes were defined as scores between 0.2 and 0.5,
medium effect sizes as scores between 0.5 and 0.8 and large effect sizes were those greater than 0.8.
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In chapter 4, we are convinced that our findings can contribute importantly to develop the field of
continuously monitoring EMG signals during tidal breathing in different populations. The newly
developed algorithm is more time-efficient and less prone to inter-rater variability compared to
previously use manual analysis methods. It also agreed well with values obtained by one of the two
manual assessors and can be used to evaluate changes in EMGdi amplitudes at rest and during CWR
exercise in patients with COPD. However, several unresolved problems still need to be tackled in the
future. First, EMG measurements can be performed not only on the diaphragm but also on other
respiratory muscles. Some studies propose to supplement the measurement of respiratory neural
drive using surface EMG assessments of other chest wall muscles (e.g., intercostal muscles, abdominal
muscles, or neck muscles) (5, 6). The EMG signals of these muscles might also be contaminated with
ECG artifacts. In this chapter, we validated an algorithm to be used with EMGdi signals, however,
separate studies are needed to validate this new method for use during EMG recordings of other
respiratory muscles. Second, in this study, the manual method and the semi-automated method were
evaluated during the measurement of a CWR cycling test only. In the future these methods should also
be evaluated over a broader range of minute ventilation (i.e., during maximal cardiopulmonary
exercise test). Third, likewise, measurements of EMGdi are also performed in different populations for
example in healthy individuals (5, 7), patients with obstructive sleep apnea (OSA)(8), and patients with
diaphragm paralysis (9), and therefore further validation of using the semi-automated EMGdi analysis

in other populations will be required.

In chapter 5, our findings were in line with many aspects of the effects of IMT in patients with COPD
that had been observed in previous studies. However, a larger sample size will be required to confirm
these findings with a greater degree of certainty. At this point, evidence is accumulating indicating that
IMT can improve dyspnea sensation during exercise by reducing the neural respiratory drive (NRD) to
the diaphragm. However, we did not find any reduction of the NRD to extra-diaphragmatic respiratory
muscles during exercise hyperpnea in response to IMT. We rather observed an increased activation of

the SCM muscle possibly contributing to unloading of the diaphragm during exercise.

We further believe that alternative approaches might be useful to identify the mechanisms leading to
the reductions in EMGdi after 8 weeks of IMT. Whether the diaphragm contributes less due to the
unloading by the other respiratory muscle or whether there was a neuronal adaptation leading to less
motor unit recruitment of the diaphragm required could be evaluated by quantifying the relative
contribution of the activation of each respiratory muscle in an overall activation index. This total
inspiratory neural drive (IND) could be estimated by calculating the sum of the root mean square (RMS)
of the maximum activation of each respiratory muscle (i.e., IND(RMS)= EMGdi(RMS) + EMGsca(RMS)
+ EMGscm(RMS) + EMGicm(RMS) + EMG 7th ICM (RMS)), and the partial contribution of each
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respiratory muscle to the respiratory pump (i.e., %IND) as measured by its respective activation divided

by the IND (e.g., EMGdi, %IND= EMGdi(RMS)/IND).

Another possibility of assessing relative changes in respiratory muscle function in response to IMT
would be to evaluate the development of respiratory muscle fatigue during exercise hyperpnea before
and after the training. Diaphragm fatigue can be assessed by using the magnetic phrenic nerve
stimulation technique to evaluate the potentiated twitch transdiaphragmatic pressure before and
after exercise. A decrease in potentiated twitch force after the task indicates the degree of diaphragm
fatigue (10). The fatigue in the extra-diaphragmatic muscles, however, cannot be evaluated with the
same technique. The development of fatigue in these muscles could be evaluated by analyzing the
median frequency of the EMG power spectrum (11). A shift in the median frequency of the surface
EMG power spectrum towards lower values is a well-known method of assessing muscle fatigue (12,

13).

In chapter 6, our findings were not in line with a priori formulated hypotheses. Our data did not provide
any evidence that 8 weeks of IMT could attenuate the respiratory muscle metaboreflex. Neither
improvements in respiratory and/or locomotor muscle blood flow during exercise at iso-time, nor
reductions in locomotor muscle fatigue were observed. However, it is not clear whether IMT does
actually not impact on the muscle metaboreflex or whether the methodology applied in this study
could not capture signs of the muscle metaboreflex during the exercise at iso-time with sufficient
precision. In future studies evaluating the effects of IMT on the muscle metaboreflex, the subjective
measurement of respiratory muscle fatigue should be performed to confirm that respiratory muscles
were stimulated to the point of fatigue during exercise. This could be done by non-volitional evaluation
of diaphragm fatigue by phrenic nerve stimulation (10), or by performing medium frequency analysis

of diaphragm and other extra-diaphragmatic respiratory muscles.

Another theory that needs to be considered is that central fatigue could influence the results of
locomotor fatigue measurements. A number of factors affect muscle contraction and fatigue, for
example, metabolic factors (e.g., hydrogen ions and lactate), changes in concentration of central
neurotransmitters, blood flow, and oxygen (14). Arousal, motivation, attention, tolerance to
discomfort and sensitivity to stress can each alter voluntary drive and modify central fatigue (15). To
determine the contribution of central factors to fatigue, the twitch interpolated method has been used
as a standard technique. This technique consists of stimulation of superimposing single twitches on a
maximal voluntary contraction (MVC) to compare the superimposed response to the potentiated
response obtained from the relaxed muscle (15, 16). In this study, we ensured that there is no influence

of central fatigue in our results by performing the superimposing single twitch on a maximal voluntary
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contraction (MVC) during the measurement of locomotor muscle fatigue. The absence of potentiated
responses obtained on top of MVCin our results led us to believe that there was no important influence

of central fatigue on our measurements.

The findings in chapter 7, do support part of the hypothesis that the reductions in the unpleasantness
of respiratory sensations (next to the intensity), and dyspnea specific-fears in the IMT group were
paralleled by changes in the central neural processing of these respiratory sensations (reductions in
the later affect/cognition-related of respiratory-related evoked potentials (RREP) component P2).
However, the same reduction was not observed in P3. We did not find any reduction in general anxiety
levels associated with the changes in the later RREP component. This is in contrast with a previous
study that found a significant reduction in general anxiety (p<0.001) after 6 months of pulmonary
rehabilitation (17). These contrasting results might be related to the rather low baseline levels of
general anxiety, which might have prevented stronger reductions over the course of intervention in

the sense of a floor effect.

This is the first study that evaluated the association between subjective symptom scores (perceived
sensation), and self-reported questionnaires (general anxiety measurement via the Hospital Anxiety
and Depression Scale (HADS), and dyspnea-specific fear measurement via The Breathlessness Beliefs
Questionnaire (BBQ)) with the neural processing of respiratory sensations in response to IMT. We
observed a trend for a positive linear relationship between the reductions of the mean amplitude of
P2 and the reduction of affective unpleasantness scores. Indeed, a larger sample size is needed to
confirm these findings. Future research aspects might be to evaluate the mechanism of these
associations. For example, to confirm that changes in dyspnea related fear could result in a reduction
in P2 or vice versa. A different experimental design in which one of the variables of interest needs to

be controlled in order to assess the changes in the other would be required to evaluate these aspects.

In this study, respiratory sensations were evaluated during short inspiratory occlusions at rest, which
might not be representative of the factors triggering symptoms of breathlessness in patients during
real-life situations. Several alternatives could be considered in the future to evaluate respiratory
sensations. First, the measurements could be performed in more ‘real-life’ dyspnea stimulating
situations. The RREP’s elicited by occlusions could for example be evaluated during loaded breathing,
cycling, or other daily activities. Second, other advanced technologies, for example, fMRI (Functional
magnetic resonance imaging) could also be used in order to investigate the brain areas related to
dyspnea perception, the relationship between brain activity, and dyspnea during exercise and in

responses to the intervention (18-20).
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8.2 Clinical implications

Due to hyperinflation in COPD, the diaphragm is exposed to a mechanical disadvantage and is forced
to operate from a chronically shortened position. However, during exercise or physical activities when
acute dynamic hyperinflation occurs, the adaptations of the diaphragm to chronic shortening can be
quickly overwhelmed. The diaphragm is then forced to generate higher pressures (working against
higher elastic and resistive loads) and simultaneously has to contract with increasing velocities while
being further acutely shortened. This results in an acute reduction of pressure-generating capacity,
leading to a growing disparity between the ventilatory load and the capacity of the respiratory muscles
(neuroventilatory uncoupling) resulting in an increase in dyspnea. Due to the mechanical
disadvantagesinduced by static hyperinflation, it was unclear whether diaphragm function can actually

be improved in response to IMT.

The patients in our study presented with a high level of static hyperinflation and the absence of
changes in static lung volumes pre-post intervention confirmed that IMT did not reduce the level of
static hyperinflation. On the other hand, our results indicate that it is possible to improve diaphragm
function at rest and during exercise by IMT in patients with COPD (improvements in sniff,Pdi and
reductions in EMGdi/EMGdiMax%). In addition, a novel finding of this study showed that IMT not only
can improve diaphragm function but also leads to more reliance on extra-diaphragm respiratory
muscle (SCM). This is an indication that improving respiratory muscle capacity is not limited only to

the diaphragm but also the contribution of extra-diaphragmatic inspiratory muscles.

Our results pointed into the direction that IMT as a stand-alone intervention could result in
improvements in dyspnea sensation and exercise capacity (increased endurance cycling time). In
practice, IMT is prescribed as an adjunct intervention during pulmonary rehabilitation program (PR).
However, we could speculate that in some cases, IMT as a stand-alone might be beneficial as a “pre-
rehabilitation” intervention. A duration of 4 to 8 weeks is required to achieve a reduction in dyspnea
sensation due to muscle adaptation in response to IMT. Therefore, to prescribe IMT in advance before
starting PR could be beneficial in preparing the patients for the PR program to, first, try to improve
dyspnea sensation, reduce dyspnea-related fears and potentially motivate the patients to participate
in a pulmonary rehabilitation program (in the case of less motivated patients). Besides, the reduction
in dyspnea could provide a possibility to increase in physical activity (PA) (combine with coaching or

educational program for PA) (21).

Previous studies found that IMT as an adjunct intervention during PR did not result in additional
improvements in 6MWD (2, 3). However additional gains in endurance time and reductions in

symptoms of dyspnea were observed during an endurance cycling test (secondary outcome) (4). In our
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study, the reduction in dyspnea sensation in response to a stand-alone IMT program also can facilitate
the improvement in endurance cycling. This findings suggest that incorporating IMT as a part of the
routine PR program might be beneficial, especially to stimulate exercise progression during the

symptom-based progression aerobic exercise.

In the near future, IMT devices could be more conveniently accessible by the patients and healthcare
providers, for example, the device that can connect wirelessly to the mobile phone to provide
spontaneous feedback. This could make the training more pleasant and perhaps increase the
motivation of the patients in performing the training. It would also be helpful for the healthcare
provider to be able to better monitor the training progression and supervise the patients in the long

term in their home setting.

In this study, the potential improvements in dyspnea intensity, unpleasantness, dyspnea related-fears,
and exercise tolerance in response to IMT did not translate to modify PA levels of the patients with
COPD. Also, IMT did not result in a change in anxiety levels as has been expected. These results
emphasize the importance of combining muscle conditioning strategies with interventions that
encourage change in patients’ behavior, for example, PA coaching program or psychological
interventions (i.e., cognitive behavioural therapy (CBT)(22)) that could improve anxiety levels in these

patients.
8.3 Overall conclusions

To conclude, the findings of this thesis project indicate that IMT is an intervention impacting on several
physiological and psychological mechanisms that can potentially improve inspiratory muscle function,
dyspnea sensation (not only intensity but also unpleasantness), exercise capacity, and dyspnea-related
fears in patients with COPD. IMT could deliver a combined physiological and psychological effect.
Improving respiratory muscle function indicated the physiological effect while a reduction of dyspnea-
related fear indicated the psychological effect due to habituation in neural processing by providing
repeated exposure to dyspnea sensation during the training. In the meantime, tailored

multidisciplinary interventions will be required for the best outcomes in these patients.
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Summary

Shortness of breath (dyspnea) during exercise is an important symptom in patients with COPD.
Dyspnea is regarded as a multidimensional sensation. Its perception is frequently subdivided into three
different dimensions. The first domain deals with the sensory-perceptual aspect of dyspnea perception
(i.e., what breathing feels like) including intensity and sensory quality of the perceived symptom. The
second component relates to the degree of affective distress that is involved with symptom perception
(i.e., how distressing breathing discomfort feels). Finally, also the impact or burden on daily functioning
that is caused by dyspnea needs to be considered (i.e., how symptoms impact on activity limitations

and participation restrictions as well as on perceived quality of life and health status).

The sensation of dyspnea can withhold patients from performing physical activities including exercise
contributing to further deconditioning of respiratory and limb muscles, which in turn aggravate
exertional dyspnea symptoms. This activity limitations caused by shortness of breath will eventually
impact on patients’ quality of life. Reducing exertional dyspnea symptoms in patents with COPD is,
therefore, an important treatment goal within the rehabilitation. Inspiratory muscle training (IMT) is
one of the treatments aiming to reduce dyspnea and improving exercise tolerance in these patients.
In international treatment guidelines, IMT is a recommended treatment for patients who present with
inspiratory muscle weakness and exertional dyspnea symptoms. IMT can improve the inspiratory
muscle function (strength and endurance), dyspnea, exercise capacity, and quality of life in patients
with COPD. Several biological and psychological mechanisms (e.g., neuro-ventilatory dissociation,
respiratory muscle metaboreflex, dyspnea related fears and neural processing of respiratory
sensations) might contribute to explain the effects of IMT on dyspnea and exercise capacity, however,
these mechanisms are not yet well understood. Despite of a strong theoretical rationale and an
abundance of clinical research supporting the effects of IMT, mechanistic studies investigating the
physiological and psychological adaptations that might occur with training are sparse. Therefore, the
focus of this Ph.D. project is to investigate in-depth some of these candidate mechanisms to be able
to better understand the position of IMT in the treatment of dyspnea and impaired exercise

performance in COPD patients.

This Ph.D. project highlights the role of inspiratory muscle weakness in sensory (especially intensity)
and affective (unpleasantness) perception of dyspnea in patients with COPD. Patients with respiratory
muscle weakness (lower than predicted normal respiratory muscle strength) participated in the
randomized, controlled study in which they were assigned to participate in either a high-intensity
training program for their respiratory muscles or a "sham" training intervention. We investigated

several key mechanisms including changes in ‘neuro-ventilatory dissociation’, the potential role of the
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‘muscle metaboreflex’, and changes in ‘neural processing of respiratory sensations’ that had previously

been hypothesized to be potentially related to dyspnea reduction in response to IMT.

Chapter 2 provides background information on several physiological mechanisms linking respiratory
muscle dysfunction to dyspnea and exercise limitation. The chapter also includes an overview of
available treatments and potential mechanisms that can help to better explain and understand the

effects of these interventions.

Chapter 4 is focusing on the electromyogram analysis method that was used for analyzing the data
collected in chapter 4. The electromyogram (EMG) of the diaphragm was recorded, however, these
signals contained electrocardiogram (ECG) artifacts. To remove these ECG artifacts out of the recorded
EMG signals, in an interfaculty collaboration with the department of Electrical Engineering (ESAT), KU
Leuven, we developed an algorithm using commercially available software (LABVIEW) that enables us
to semi-automatically remove ECG artifacts from the EMG recordings. We evaluated whether this new
method was reliable, had a good agreement with the typically used manual removal methods and
whether it could be used to assess changes of the signal in response to intervention. We also evaluated
the degree of agreement among the two raters using the manual method. The newly developed
method could also reduce the analyzing time by more than half of the manual removal method. In
addition, the semi-automated method was less prone to the variability (inconsistency) and can be used
to evaluate changes in response to an intervention. We concluded that the semi-automated ECG
artifact removal method for diaphragm EMG analyses would be helpful to eliminate sources of
inconsistency that were observed between different raters when applying the manual method. This
new method offers a more objective approach for analyzing EMG signal while requiring less analyzing
time. We propose this method to be a new standard for objective diaphragm EMG analyses in the

future.

In chapter 5 the effects of 8 weeks IMT or sham training on dyspnea, respiratory muscle function at
rest and during exercise and neuroventilatory coupling were evaluated. We found that eight weeks of
IMT was able to improve the capacity of the respiratory muscles (i.e., improvements in strength and
endurance). Patients were able to cycle longer, and the dyspnea intensity was reduced. At the same
time, similar loads were imposed on the respiratory muscles during exercise (i.e., no changes in minute
ventilation and similar pressures that had to be generated by the respiratory muscles during
breathing). For these similar demands that were imposed on the respiratory muscles during exercise,
the activation of the diaphragm was reduced while the activation of the extra-diaphragmatic
respiratory muscles was not changed in ratio. However, we found that together with less activation of

the diaphragm, the sternocleidomastoid (neck muscle) was activated more. Therefore, we concluded
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that IMT tended to improve inspiratory muscle strength and endurance exercise performance, reduced
symptoms of leg discomfort and dyspnea potentially due to a combination of the improvement in the
capacity of the diaphragm (increased in pressure-generating capacity of the diaphragm and decreased

diaphragm EMG) and more reliance on sternocleidomastoid muscle.

The aim of chapter 6 was to investigate the effects of 8 weeks IMT on the changes in respiratory and
leg muscle blood flow and leg muscle fatigue during cycling exercise. Respiratory and leg muscle blood
flow and oxygenation were evaluated before and after eight weeks of IMT training. We found no
changes at iso-time in blood flow and oxygenation of all muscles measured compared to pre-training.
Leg muscle fatigue also was not changed at iso-time. This indicates that the extent of respiratory
muscle work and activation observed at isotime, while triggering intolerable symptoms, was not yet
having a major impact on limiting leg muscle perfusion and oxygenation. Otherwise, the observed
reductions in diaphragm activation after training should not only have resulted in reducing symptoms
but also in reducing the degree of leg muscle fatigue at iso-time. However, due to further increase in
blood flow and preserved oxygenation level during the prolonged duration of cycling (5 min) at post-
measurement suggests that IMT could potentially attenuate the so-called metaboreflex by reallocation

of available blood flow from other sources to the working muscles.

In chapter 7, we focused on the perception of affective aspects related to dyspnea in patients with
COPD. The effect of 8 weeks IMT on changes in the unpleasantness component of respiratory
perception in relation to parallel changes in the brain signals related to respiratory sensations was
assessed. The brain signals were recorded using non-invasive measurements of Respiratory-Related
Evoked Potentials (RREPs) in the electroencephalogram (EEG). We found that in response to 8 weeks
IMT, there was a trend for a reduction in the central neural processing of inspiratory occlusions (RREP
component P2) in association with a trend for reductions in ratings of perceived intensity and affective
unpleasantness. We also found a trend for a reduction in dyspnea-specific fear measured with the
Breathlessness Beliefs Questionnaire after eight weeks of IMT. We concluded that IMT could
potentially reduce respiratory sensation, both intensity and affective unpleasantness, which might

relate to a habituation process in the neural, affect-related processing of respiratory sensations.

In conclusion, this Ph.D. thesis offers a comprehensive evaluation of some previously unexplored
physiological and psychological mechanisms that might help to explain the improvements in exertional
dyspnea perception and functional capacity after IMT in patients with COPD. Detailed
recommendations for further research building on these initial findings is provided in the individual

chapters and in the general discussion.
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Samenvatting

Kortademigheid (dyspnoe) tijdens inspanning is een belangrijk symptoom van patiénten met COPD.
Dyspneu wordt beschouwd als een multidimensionale ervaring. De perceptie van kortademigheid
wordt vaak onderverdeeld in drie verschillende subcategorieén. Het eerste domein omvat de
sensorisch perceptuele aspecten van de gewaarwording van dyspneu inclusief de sensorische kwaliteit
van de ervaren sensatie. The tweede domein omvat de emotionele stress die met de perceptie gepaard
gaat. Ten laatste moet ook de invloed van de symptomen op beperkingen in activiteiten en sociale

interacties in rekening gebracht worden.

Het ervaren van kortademigheid kan patiénten weerhouden om aan dagelijkse fysieke activiteiten deel
te nemen. Hierdoor verslechterd de spierfunctie verder, waardoor ventilatoire nood tijdens
inspanningen toeneemt en symptomen over tijd verergeren. De beperking in activiteiten die uit deze
neerwaartse spiraal van deconditionering en kortademigheid resulteren zullen uiteindelijk een
belangrijke negatieve impact op de levenskwaliteit van deze patiénten hebben. Het verminderen van
symptomen van dyspneu is daarom een belangrijk behandeldoel bij deze patiénten. Respiratoire
spiertraining is een van de behandelopties die beschikbaar is om symptomen van dyspneu te
verminderen en die kan helpen om het inspanningsvermogen van deze patiénten te verbeteren. In
internationale behandelrichtlijnen wordt respiratoire spiertraining aanbevolen als een behandeloptie
voor patiénten met respiratoire spierzwakte en symptomen van dyspneu. De training kan helpen om
de ademspierfunctie (kracht en uithouding), dyspneu, en inspanningsvermogen bij deze patiénten te
verbeteren. Het wordt verondersteld dat de effecten van respiratoire spiertraining door verschillende
biologische en psychologische factoren tot stand komen. Terwijl de klinische effecten van de
interventie uitvoerig onderzocht en beschreven zijn is er weinig mechanistisch onderzoek naar
onderliggende fysiologische en psychologische adaptaties uitgevoerd. Daarom was de focus van de
studies die deel uitmaken van deze proefschrift om enkele potentiele mechanismen die de effecten

van ademspiertraining zouden kunnen verklaren in meer detail te bestuderen.

De studies die in het kader van deze proefschrift uitgevoerd zijn benadrukken de impact van
ademspiertraining op de perceptie van intensiteit en onaangenaamheid van kortademigheid bij
patiénten met COPD. Patiénten met respiratoire spierzwakte namen hiervoor deel aan een
gerandomiseerde, gecontroleerde studie waarin zij per toeval toegewezen werden aan een
interventiegroep (ademspiertraining) of een controlegroep die een niet werkzame interventie ontving.
We bestudeerden enkele mechanismen die op basis van theoretische overwegingen verondersteld
werden om potentieel een bijdrage aan de effecten van ademspiertraining op symptomen van

dyspneu en inspanningsvermogen te hebben.
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In hoofdstuk 2 wordt achtergrondinformatie over verschillende physiologische en psychologische
mechanismen samengevat die de effecten van ademspiertraining op symptomen van dyspneu en

inspanningsvermogen mogelijks kunnen verklaren.

In hoofdstuk 4 ligt de focus op technische aspecten tijdens de analyses van het diafragma
electromyogram. Diafragmaactivatie die met behulp van het electromyogram gekwantificeerd kan
worden wordt als een surrogaat voor ‘respiratory neural drive’ gebruikt en is een belangrijke
parameter om de effecten van ademspiertraining op het mechanisme van ‘neuroventilatoire
dissociatie’ te bestuderen (zie resultaten hoofdstuk 5). In dit hoofdstuk introduceren we een zelf
ontwikkelde, semi-geautomatiseerde analysemethode om ECG artefacten uit deze EMG signalen te
verwijderen. We konden aantonen dat deze nieuwe methode minder tijdsintensief is dan eerder
gebruikte manuele analysemethoden en bovendien de mate van interbeoordelaarvariabiliteit tijdens

de analyses kon verminderen.

In hoofdstuk 5 werden de effecten van ademspiertraining op dyspneu, respiratoire spierfunctie en
neuroventilatoire dissociatie tijdens inspanning bestudeerd. Ondanks een kleine steekproef konden
eerdere bevindingen van verbeteringen in respiratoire spierfunctie, dyspneu en inspanningsvermogen
gereproduceerd worden. Ook kon net als in voorgaande studies aangetoond worden dat activatie van
het diafragma verminderd was na training. Voor een meer omvattende analyse van neuroventilatoire
dissociatie en ‘neural respiratory drive’ te kunnen maken werd in deze studie ook de activatie van
andere inspiratoire spieren bestudeerd die naast het diafragma voor al tijdens inspanning geactiveerd
worden. Uit deze analyses bleek dat deze in tegenstelling tot het diafragma na de interventie tijdens
inspanning niet minder geactiveerd worden. In het geval van de m. sternocleidomastoideus vonden
we zelfs een verhoogde activatie na ademspiertraining. Op basis van onze bevindingen concludeerden
wij dat de afname in diafragma activatie tijdens inspanning na ademspiertraining mogelijks uit een
combinatie van verbeteringen in diafragmafunctie en een toegenomen bijdrage van de niet

diafragmale inspiratoire spieren tijdens inspanningsademhaling resulteert.

In hoofdstuk 6 bestudeerden we de effecten van ademspiertraining op veranderingen in doorbloeding
en oxygenatie van zowel respiratoire spieren als beenspieren. Geen veranderingen op een
gestandaardiseerd moment tijden inspanning warden geobserveerd na de interventieperiode.
Veranderingen in de mate van beenspiervermoeidheid werden ook niet gemeten. In tegenstelling tot
onze initiéle hypothesen suggereren deze data dat, onder de bestudeerde omstandigheden en
ondanks het ontstaan van ondragelijke symptomen van kortademigheid die het voor patiénten

onmogelijk maakte om de inspanning verder te zetten, de mate van respiratoire spierarbeid op dit
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moment nog geen belangrijke impact op de verdeling van bloedstroom tussen respiratoire en

beenspieren en het ontstaan van beenspiervermoeidheid heeft gehad.

In hoofdstuk 7 werden de effecten van ademspiertraining op affective aspecten dyspneuperceptie bij
patiénten met COPD verder onderzocht. De mate van onaangenaambheid tijdens het ervaren van korte
respiratoire occlusies werden samen met de centrale neurale verwerking van respiratoire stimuli
bestudeerd. De zogenaamde ‘Respiratory-Related Evoked Potentials (RREPs)’ die in respons tot deze
kort occlusies optreden werden hiervoor met behulp van elektro-encefalogram (EEG) metingen in
kaart gebracht. Naast vermindering van de subjectieve onaangenaamheid van de ervaren stimuli na
de interventieperiode vonden we ook een verandering in de neurale verwerking van deze sensaties.
Deze data zijn suggestief voor desensitisatie mechanismen in respons tot ademspiertraining in de

neurale, affect-gerelateerd verwerking van respiratoire sensaties.

In conclusie wordt in deze proefschrift een omvattende evaluatie van enkele hiervoor onbeschreven
fysiologische en psychologische gepresenteerd die een bijdrage kunnen leveren om de effecten van
ademspiertraining op inspanningsvermogen en dyspneuperceptie beter te begrijpen. Voortbouwend
op deze exploratieve analyses gaat het belangrijk zijn om deze initiéle observaties in een grotere
steekproef te valideren. Gedetailleerde aanbevelingen voor vervolgonderzoek worden in de

individuele hoofdstukken en in de algemene discussie gegeven.

187



Appositions

1. The language barrier is not as potent as the mind barrier. Once the mind is open, even with

different languages, communication is possible.

2. Inthe circumstance of limited facility and budget, for example in community hospitals in Thailand,
pulmonary rehabilitation can be effectively performed using simple and inexpensive equipment

and measurements.

3. Dyspnea is a multidimensional sensation. To succeed in dyspnea management, approaches to all

dimensions are necessary.
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