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Abstract
Problem: Dyspnoea is a common and debilitating symptom in patients with fibrotic interstitial
lung disease (ILD). Unfortunately, there are no therapies that consistently reduce exertional
dyspnoea in this population. Hyperoxia is a potential intervention to acutely address many of the
pathophysiological mechanisms thought to be associated with dyspnoea and exercise intolerance
in fibrotic ILD. However, additional research is needed to clarify the role and specific
physiological and perceptual effects of hyperoxia during exercise in these patients.
Methods: Study 1: Twenty fibrotic ILD patients performed two symptom limited constant
work-rate cycle exercise tests at 75% of peak work-rate while breathing room air or hyperoxia, in
randomized order. Ventilatory responses as well as both the intensity and qualitative dimensions
of dyspnoea were measured throughout exercise. Study 2: Fourteen patients with fibrotic ILD
completed an incremental cycle exercise test while breathing room air and two constant workrate cycle exercise tests while breathing room air or hyperoxia. Diaphragmatic
electromyography (EMGdi), a surrogate of neural respiratory drive (NRD), was measured with
an oesophageal catheter. Neuromechanical uncoupling (NMU) was calculated as the ratio
between EMGdi (% max) and tidal volume (% vital capacity). Dyspnoea intensity was recorded
throughout exercise. Study 3: Sixteen patients with fibrotic ILD performed incremental and
constant work-rate cycle exercise tests while breathing room air until exhaustion, wherein
dyspnoea quality was evaluated throughout exercise.
Conclusions: Study 1 demonstrated that hyperoxia results in clinically significant
improvements in exercise tolerance, dyspnoea intensity, and dyspnoea quality. Study 2 found
that dyspnoea intensity was more strongly associated with estimates of NRD than NMU during
normoxic incremental cycling. However, improvements in dyspnoea intensity with hyperoxia
were more strongly correlated with NMU than NRD. Study 3 showed increased work/effort was
the dominant descriptor of dyspnoea throughout incremental and constant work-rate cycle
exercise, but there was an increase in the selection of unsatisfied inspiration once further tidal
volume expansion was constrained. Collectively, these results may contribute to the
development and enhancement of symptom management in patients with ILD. In the context of
rehabilitation, this may translate into improvements in patient outcomes from exercise training
programs.
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Lay Summary
We do not have a complete understanding of what causes breathing discomfort (dyspnoea) in
patients with fibrotic interstitial lung disease (ILD). The purpose of this thesis was to evaluate
the effect(s) of supplemental oxygen, a potential therapeutic intervention, on exertional
symptoms and exercise performance. Collectively, we found that supplemental oxygen
improves both the intensity and quality of dyspnoea during exercise as well as exercise
endurance time in fibrotic ILD patients. Our approach to supplemental oxygen delivery may
augment current exercise rehabilitation programs by allowing patients to exercise for longer
durations and or/at a higher intensity, which could translate in to greater improvements in fitness.
In addition, the proposed mechanisms of improvement may inform the design of future research
and ultimately therapies for symptom relief in this population.
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Chapter 1: Introduction
Interstitial lung disease (ILD) includes a number of entities that result in inflammation and/or
fibrosis of the lung parenchyma. Idiopathic pulmonary fibrosis (IPF) is the most common
fibrotic ILD, with a prevalence of approximately 42/100,000 (Hopkins et al., 2016), and most of
the literature is derived from this population. Median survival is only three years (Ley et al.,
2012), with similar mortality in other ILDs when significant fibrosis is present (Churg et al.,
2009; Ryerson et al., 2013). While the pathways to fibrosis differ between patients with IPF and
each of the abovementioned subtypes, the pathophysiology of these patients converges with
similar symptoms and physiology at the time of diagnosis (Ryerson et al., 2014). Collectively,
prognosis for these patients is poor and treatment options are minimal.
Dyspnoea, a “subjective experience of breathing discomfort that consists of qualitatively
distinct sensations that vary in intensity” (Parshall et al., 2012c), is a major source of crippling
distress and is the hallmark symptom of fibrotic ILD, with over 90% of these patients reporting
dyspnoea at the time of diagnosis (Bjoraker et al., 1998). The symptom of dyspnoea is an
independent predictor of morbidity and mortality and is associated with reductions in functional
capacity and adverse health-related quality-of-life (King et al., 2001; Swigris et al., 2005).
However, there are no therapeutic interventions available to consistently reduce dyspnoea in this
population (Raghu et al., 2011), and the mechanisms of dyspnoea remain poorly understood and
understudied. As such, the primary aim of the proposed thesis will be to further understand
dyspnoea in ILD.
Dyspnoea is commonly experienced during physical activity in healthy individuals and in
patients with cardiopulmonary disease. Furthermore, there are several well-established and
distinct qualitative sensations of dyspnoea that include, but are not limited to, work/effort,
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tightness, and air hunger/unsatisfied inspiration. There is evidence that humans can reliably
discriminate between these qualitative dimensions and that these sensations can be targeted
independently with different physiological interventions (Parshall et al., 2012c). It has therefore
been suggested that these distinct qualities of dyspnoea likely have different neurophysiological
underpinnings (O'Donnell et al., 2009; Parshall et al., 2012c). Accordingly, the
neurophysiological mechanisms of exertional dyspnoea are complex, multifactorial, and include
alterations in both central and peripheral sensory inputs and their integration within higher brain
centres.

1.1

Neurophysiology of dyspnoea

A diagram of the proposed neurophysiology of the symptom of dyspnoea based on the available
literature is presented in Figure 1-1. Respiratory motor drive is relayed via both automatic
(brainstem) and voluntary (cortical) pathways (Parshall et al., 2012c). There is evidence that the
somatosensory cortex calibrates and interprets the appropriateness of the muscular/mechanical
response of the respiratory system, conveyed via multiple afferents in the lungs, the airways, and
respiratory musculature, to the level of increased neural respiratory drive (NRD) during exercise
(Jensen et al., 2009). Previous studies in animals and humans have shown that the mid-brain
also transmits signals in parallel to the abovementioned motor neurons to higher brain centres
such as the thalamus and somatosensory cortex, which may importantly contribute to the
intensity and quality of perceived dyspnoea; this is known as corollary discharge (Chen et al.,
1991; Gandevia et al., 1993; Flume et al., 1994). It has been proposed that different sources of
corollary discharge may give rise to the different qualitative dimensions of dyspnoea (Parshall et
al., 2012c).
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Figure 1-1. A physiological model of dyspnoea in health and disease
Reproduced with permission of the © European Respiratory Society 2016 (Jensen et al., 2016)
1.2

1.2.1

Qualities of dyspnoea

Work/effort

There is evidence that the perception of an increased work/effort to breathe is evoked by a
combination of respiratory muscle afferents and perceived cortical motor command or corollary
discharge (el-Manshawi et al., 1986). In healthy individuals, there are many acute physiological
adaptations that occur during exercise to ensure that the respiratory system fulfills its primary
role of matching alveolar ventilation to metabolic demand. As exercise intensity increases,
healthy individuals commonly become aware that their breathing requires more work/effort, just
3

as they are aware that their exercising muscles need to work harder, compared to the normal
resting state (Parshall et al., 2012c). Until the capacity to match ventilation to metabolic demand
has been reached, and while the mechanical/muscular response of the respiratory system is
matched to the prevailing level of increased NRD, dyspnoea intensity ratings have been shown to
increase in direct proportion to indices of NRD. While these sensations may be intense, they are
not inherently unpleasant and may not elicit a negative emotional or behavioral compensatory
response, such as exercise cessation (Jensen et al., 2009). However, the sensation of increased
work/effort has been demonstrated to be much greater in patients with cardiopulmonary disease,
and often limits exercise in these populations (Jensen et al., 2009).
A sense of increased work/effort to breathe can be experimentally induced in healthy
subjects via external resistive or elastic loads (Chapman & Rebuck, 1983; Killian et al., 1984;
Lane et al., 1987; Simon et al., 1989), voluntary hyperpnoea (Lansing et al., 2000), or
weakening the respiratory musculature through the alteration of the length-tension relationship,
induced fatigue, or partial neuromuscular blockade (Remmers et al., 1968; Campbell et al., 1980;
Moosavi et al., 2000). When the respiratory muscles are disadvantaged by the abovementioned
methods or as a result of cardiopulmonary disease, the required NRD to achieve a given
ventilation is increased, and the perception of increased work/effort is magnified even in the
absence of an attendant increase in ventilation (Parshall et al., 2012c).

1.2.2

Tightness

The sensation of tightness is most commonly experienced in the context of bronchoconstriction
(Simon et al., 1990; Moy et al., 1998; Moy et al., 2000; Lougheed et al., 2002; Lougheed et al.,
2006; Harver et al., 2011), for example, in patients with asthma. While bronchoconstriction has
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been shown to elicit the sensation of increased work/effort in addition to tightness (Lougheed et
al., 1993; Lougheed et al., 2006), blocking pulmonary afferents has been shown to reduce the
perception of tightness but not work/effort (Petit & Delhez, 1970; Parshall et al., 2012c), and
mechanical ventilation has been shown to relieve the perception of increased work/effort but not
tightness (Binks et al., 2002). Collectively, these findings suggest that tightness is likely related
to the simulation of airway receptors and conveyed via pulmonary afferents, whereas work/effort
is related to an increased NRD in the context of airflow obstruction.

1.2.3

Air hunger/unsatisfied inspiration

Air hunger/unsatisfied inspiration is described as the sensation of not being able to get enough
air in to the lungs (Parshall et al., 2012c). Similar to the abovementioned sensation of increased
work/effort to breathe, air hunger/unsatisfied inspiration is also experienced in the setting of an
increased NRD. However, the latter is in the context of an inability to further increase
ventilation to meet the demand (Parshall et al., 2012c). This disparity is known as
neuromechanical uncoupling (NMU). When the ventilatory demand exceeds the physiological
capacity to provide further increases in ventilation, an imbalance between NRD, as sensed via
corollary discharge, and afferent feedback from the respiratory mechanoreceptors develops. This
has been shown to occur only at very high levels of exercise in healthy individuals, primarily in
elite athletes, but routinely in patients with cardiopulmonary or neuromuscular disease (Parshall
et al., 2012c).
The sensation of air hunger/unsatisfied inspiration has been experimentally induced via
chest wall strapping (Wright & Branscomb, 1954; Harty et al., 1999; O'Donnell et al., 2000),
limiting VT and respiratory rate during hypoxia (Wright & Branscomb, 1954), limiting volume
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available at the airway opening (Wright & Branscomb, 1954; Banzett et al., 1990; Moosavi et
al., 2003), or elastic mechanical loading (Simon et al., 1989). Interestingly, similar sensations of
air hunger/unsatisfied inspiration have been reported during symptom limited exercise in patients
with restrictive (O'Donnell et al., 1998a) and obstructive (O'Donnell et al., 1997b; Lougheed et
al., 2006) lung diseases, particularly when dynamic hyperinflation restricts inspiratory capacity
in the latter (Parshall et al., 2012c). For example, Laveneziana et al. (2011) demonstrated that
during both incremental and constant work-rate exercise tests in chronic obstructive pulmonary
disease (COPD) patients, there is an inflection point, or plateau, in tidal volume (VT) whereby
dyspnoea increases abruptly to intolerable levels, and the quality of dyspnoea transitions from a
perceived increase in work/effort to a sensation of air hunger/unsatisfied inspiration. These
findings suggested that the intensity and quality of dyspnoea evolve separately and are strongly
related to mechanical constraints on VT expansion in COPD. This concept was further supported
in a study by O'Donnell et al. (2012a) showing a similar inflection point in dyspnoea intensity
when VT approached approximately 75% of the concurrent dynamic inspiratory capacity (IC)
during exercise in patients with COPD. When ventilatory reserve is diminished, end-inspiratory
lung volume (EILV) is positioned close to total lung capacity. This results in shortening and
functional weakening of the inspiratory muscles whereby perceived respiratory work/effort
increases in tandem. This inability to further increase VT in the context of an increasing NRD
results in an unpleasant perception of air hunger/unsatisfied inspiration.
Air hunger/unsatisfied inspiration is intensified by stimulating an increase in spontaneous
ventilatory drive (Lane et al., 1990; Chen et al., 1992; Lane & Adams, 1993) (e.g., hypoxia,
hypercapnia, and acidosis (Mitchell & Babb, 2006)), and even more so if the ventilatory
response is constrained (Mitchell & Babb, 2006). This suggests that spontaneous NRD coming
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from the brainstem is conveyed to the cerebral cortex via corollary discharge (Adams et al.,
1985; Banzett et al., 1990; Chen et al., 1992). In contrast, voluntary, or cortical (Colebatch et
al., 1991; Ramsay et al., 1993), increases in NRD primarily induce a sensation of increased
work/effort (Lansing et al., 2000; Moosavi et al., 2000), which in healthy individuals has been
shown to be less unpleasant than air hunger/unsatisfied inspiration (Banzett et al., 2008).
Furthermore, air hunger/unsatisfied inspiration is not specific to any particular disease or
stimulus. However, a consistent finding, in both patients with a variety of cardiopulmonary
diseases and healthy subjects with chest wall strapping, is that these individuals report greater
difficulty and discomfort during inspiration compared to expiration (Lougheed et al., 1993;
Mahler et al., 1996; O'Donnell et al., 1997b; O'Donnell et al., 1998a; O'Donnell et al., 2000;
Parshall, 2002; O'Donnell et al., 2006; O'Donnell & Webb, 2008; Jensen et al., 2009; Smith et
al., 2009). Per the above, air hunger/unsatisfied inspiration is not limited to the awareness of an
increase in ventilation, as that is not necessarily unpleasant (Adams et al., 1985), rather, it is an
awareness that a given drive to breathe does not result in the expected level of minute ventilation
(Parshall et al., 2012c).

1.3

Mechanisms of exercise intolerance in ILD

Compared to healthy age- and sex-matched individuals, exercise tolerance in patients with ILD is
severely diminished as characterized by a relatively low maximal oxygen uptake (V̇ O2) and a
reduced peak work-rate (Spiro et al., 1981; Vogiatzis & Zakynthinos, 2012). Primary patientreported reasons for early exercise cessation are intolerable dyspnoea and/or leg discomfort
(O'Donnell et al., 1998a; Vogiatzis & Zakynthinos, 2012), with dyspnoea as the dominant
limiting symptom (Laveneziana, 2010). Diminished exercise tolerance is a clinically relevant
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(i.e., directly relating to patient management and/or outcomes) characteristic of patients with
ILD. Reductions in baseline exercise capacity, as well as longitudinal reductions in exercise
capacity, have been shown to be strong independent predictors of mortality in patients with IPF
(du Bois et al., 2014).
In response to exercise, these patients typically demonstrate: (i) low peak ventilations
(VE) with high peak V̇ E/MVV ratios (>85%); (ii) increased ventilatory equivalents for metabolic
rate of oxygen uptake or carbon dioxide production (V̇ E/V̇ O2 and V̇ E/V̇ CO2, respectively); (iii)
low arterial oxygen saturation (SaO2); and (iv) a rapid and shallow breathing a pattern (Vogiatzis
& Zakynthinos, 2012). Key mechanisms suggested to limit exercise tolerance include
pulmonary gas exchange abnormalities, restrictive lung mechanics, circulatory impairment, and
peripheral muscle dysfunction (Marciniuk et al., 1994a; Marciniuk et al., 1994b; Hansen &
Wasserman, 1996; Harris-Eze et al., 1996; Vogiatzis & Zakynthinos, 2012; Panagiotou et al.,
2016), although their respective relative contributions remain unknown.

1.3.1

Pulmonary gas exchange

Impairments in pulmonary gas exchange lead to functionally reduced oxygen transport capacity,
which can limit the ability to perform and sustain aerobic exercise (Hansen & Wasserman, 1996;
Vogiatzis & Zakynthinos, 2012). Destruction of pulmonary capillary beds and hypoxic
vasoconstriction increase physiological dead space (VD) and result in increased V̇ E-perfusion
mismatching, while thickening of the alveolar capillary membranes impose a diffusion limitation
and promotes ventilatory inefficiency. Collectively, these structural changes increase ventilatory
requirements (Austrian et al., 1951; Lourenco et al., 1965) and reduce the capacity to deliver
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oxygen to the exercising muscles, as evidenced by a low mixed venous partial pressure of
oxygen (Bush & Busst, 1988; Agusti et al., 1991).
During exercise, the arterial partial pressure of carbon dioxide is largely unchanged in
patients with ILD, but the arterial partial pressure of oxygen decreases, demonstrating a gas
exchange impairment (Vogiatzis & Zakynthinos, 2012). This exercise induced arterial
hypoxaemia (EIAH), defined as a minimum reduction in arterial oxygen saturation of 3-4%
(Dempsey & Wagner, 1999), is a result of the abovementioned increases in V̇ E-perfusion
mismatching and diffusion limitation, with potential contributions of intracardiac and
intrapulmonary shunts (Hamer, 1964; Agusti et al., 1991; Hughes et al., 1991). EIAH
compromises oxygen delivery to exercising muscle, which could result in premature muscle
fatigue, metabolic acidosis, increased perception of leg discomfort, and, ultimately, volitional
exercise cessation. Indeed, there is strong evidence that EIAH significantly impairs exercise
performance in patients with ILD. A study by Harris-Eze et al. (1994) showed that supplemental
oxygen with added VD reduced submaximal V̇ E and increased peak V̇ O2, peak WR, and exercise
time in ILD patients.

1.3.2

Respiratory mechanics

Because patients with ILD have relatively low peak V̇ E, it has been largely assumed that their
impaired exercise performance is a direct result of pathological respiratory mechanics (HarrisEze et al., 1996). Lung stiffening due to fibrosis decreases compliance and increases static recoil
pressure of the lung (Gibson & Pride, 1977). Additionally, resting IC and inspiratory reserve
volume (IRV) in these patients are reduced (O'Donnell et al., 2009). During exercise, these
patients adopt a more rapid and shallow breathing pattern where the observed reductions in VT
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are proportional to their decreased vital capacity (VC) (Gowda et al., 1990). Less baseline
reserve translates to less potential for VT expansion.
In contrast to health, end-expiratory lung volume (EELV) in patients with ILD stays at
resting levels, despite increasing V̇ E during progressive exercise (Marciniuk et al., 1994a).
Based on previous research in obese individuals (O'Donnell et al., 2012b), a condition that has
also been shown to have restrictive mechanical effects on the respiratory system, it is reasonable
to predict that ILD patients are already near the lower limit of EELV at rest, where further
decreases during exercise would likely induce flow limitation, and is therefore avoided. With no
room to expand VT in either direction, increases in V̇ E must be achieved via increases in
breathing frequency.
Due to the ventilatory constraints on VT expansion in ILD, patients with ILD breathe
relatively closer to TLC where there is an increase is elastic loading (O'Donnell et al., 2009). As
a result, greater respiratory muscle force must be generated for inspiration (Leblanc et al., 1986;
O'Donnell et al., 1998a), which increases the work of breathing (O'Donnell et al., 1998a).
Previous studies in healthy subjects have illustrated that increased demand of the respiratory
system can cause blood flow redistribution away from the locomotor muscles and effectively
reduce exercise capacity (Harms et al., 1997). It is therefore possible, yet unproven, that
respiratory muscle oxygen “stealing” may also contribute to exercise intolerance in patients with
ILD.
Research on whether or not activity limitation in patients with ILD is primarily due to
respiratory factors is inconclusive. Marciniuk et al. (1994b) investigated the role of respiratory
factors in limiting exercise performance in patients with ILD by increasing ventilatory demand
during exercise via dead space loading. Exercise time, peak work-rate, and peak V̇ O2 were all
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reduced compared to the control condition. Peak dyspnoea was higher with dead space loading
and peak V̇ E and SaO2 were not different between conditions. It was therefore reasoned that
exercise limitation was primarily due to respiratory abnormalities. However, in a follow-up
study, Marciniuk et al. (1994a) examined the tidal inspiratory and expiratory flow-volume loops
of patients with ILD during cycle exercise at different intensities. They observed that, on
average, these patients had large ventilatory reserves at maximal exercise. While this suggests
that exercise limitation in patients with ILD is not primarily due to abnormal respiratory
mechanics, it is possible that dyspnoea induced as a result of these abnormalities may lead to
volitional exercise cessation before a true ventilatory limitation is achieved. These findings are
consistent with the results from their previous study with dead space loading (Marciniuk et al.,
1994b), and the proposed neurophysiology of the symptom of dyspnoea (O'Donnell et al., 2009).
However, these studies have not been reproduced and are not definitive given their very small
sample sizes of 6-7 patients. Nonetheless, and as previously described, increased NRD in the
context of impaired respiratory mechanics can result in increased intensity of perceived
dyspnoea. More specifically, the widening disparity between NRD and the ventilatory output
has been shown to elicit an unpleasant sensation of air hunger and/or unsatisfied inspiration.
Once a critical level, or lower limit, of ventilatory reserve is achieved, this sensation can reach
intolerable levels and lead to exercise cessation (O'Donnell et al., 2012a; Laveneziana et al.,
2013).

1.3.3

Haemodynamic factors

It has been argued that the pathophysiological mechanisms that account for the reduced peak
V̇ O2 in patients with ILD are more likely circulatory than ventilatory (Hansen & Wasserman,
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1996). High correlations of peak V̇ O2 with lactate threshold, oxygen pulse, and the change in
V̇ O2 relative to the change in work-rate suggest exercise limitation is due to impaired oxygen
transport (Hansen & Wasserman, 1996).
The ability to increase cardiac output (CO) is compromised during exercise in patients
with ILD. Severe pulmonary capillary destruction, progressive parenchymal fibrosis, hypoxic
vasoconstriction, and reduced lung volumes increase pulmonary vascular resistance (PVR)
(Hansen & Wasserman, 1996; Vogiatzis & Zakynthinos, 2012; Panagiotou et al., 2017). This is
associated with right ventricular hypertrophy and the development of cor pulmonale (Vogiatzis
& Zakynthinos, 2012; Panagiotou et al., 2017). Furthermore, structural pathophysiological
abnormalities of the lung tissue interfere with vascular recruitment and distension in the lungs
during exercise. This inhibits PVR from decreasing during exercise (Agusti et al., 1991), and
consequently, ILD patients have a reduced cardiac reserve (Vogiatzis & Zakynthinos, 2012). In
accordance with Ohm’s law, PVR is equal to the difference between mean pulmonary artery
pressure and left ventricular pressure divided by CO (Chemla et al., 2015). Thus, in order for
CO to increase in the setting of a relatively increased PVR, mean pulmonary artery pressure must
increase to support left ventricular filling and stroke volume (Vogiatzis & Zakynthinos, 2012).
As a result, the CO response to exercise may therefore be inadequate to match increased muscle
oxygen requirements, despite the aforementioned right ventricular hypertrophy (Vogiatzis &
Zakynthinos, 2012; Panagiotou et al., 2017). This provides explanation for why CO has been
observed as normal during low intensity exercise, but reduced at peak exercise in ILD patients
relative to age-matched healthy controls (O'Donnell et al., 2009; Vogiatzis & Zakynthinos,
2012).
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1.3.4

Peripheral muscle dysfunction

Quadriceps muscle force has been shown to be relatively reduced in patients with fibrotic ILD
compared to normative values (Nishiyama et al., 2005). This is clinically important as
quadriceps muscle force is considered to be an independent predictor of peak V̇ O2 (Nishiyama et
al., 2005; Vogiatzis & Zakynthinos, 2012). While it is difficult to draw definitive conclusions
from the available literature, there are multiple factors that may promote reduced muscle
function in ILD patients. For example, chronic hypoxaemia, systemic inflammation and
oxidative stress, use of steroids for treatment, physical inactivity with subsequent deconditioning,
as well as malnutrition (Panagiotou et al., 2016). These factors, individually or in combination
with one another, may have negative implications on skeletal muscle function in this population
(Panagiotou et al., 2016). However, there is a significant lack of research in this area and more
studies are needed to expand our knowledge on peripheral muscle dysfunction in ILD patients.

1.4

Potential treatment options for the management of dyspnoea in fibrotic interstitial

lung disease
Treatments options for dyspnoea in patients with fibrotic ILD are minimal, and include both
disease modifying and non-disease modifying therapies.

1.4.1

Disease modifying

No studies have shown a benefit of disease modifying drug treatment on dyspnoea. However,
there is evidence that they can slow disease progression and/or the decline in forced vital
capacity (FVC). Since FVC is correlated with dyspnoea, slowing progression may improve this
symptom.
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Pirfenidone has been shown to be a relatively safe drug with an acceptable side-effect
profile (i.e., the physiological benefits outweigh the potential adverse reactions) that slows
disease progression and is associated with fewer deaths in patients with IPF (Noble et al., 2011;
King et al., 2014). Specifically, pirfenidone down regulates signaling pathways for fibroblast
proliferation and collagen synthesis, and in doing so, has been shown to decrease cellular and
histological markers of lung fibrosis in animal models (Iyer et al., 1995; Iyer et al., 1998; Iyer et
al., 1999; Hirano et al., 2006; Oku et al., 2008). Rates of decline in FVC and six-minute walk
distance (6MWD) were consistently reduced with treatment vs. placebo in several multinational,
double-blind, placebo-controlled phase 3 randomized trials (Noble et al., 2011; King et al.,
2014), with these changes well above the minimal clinically important difference (MCID) for
each measure (du Bois et al., 2011a; du Bois et al., 2011b). Pooled data between studies showed
a reduced risk of death from any cause or pulmonary fibrosis in patients taking the drug (King et
al., 2014). No significant differences were found between treatment and placebo in regards to
dyspnoea as measured by the UCSD Shortness of Breath Questionnaire (Noble et al., 2011; King
et al., 2014). Most common side effects were gastro-intestinal (nausea, dyspepsia, vomiting,
anorexia), skin related (rash, photosensitivity), and dizziness, but were mild-to-moderate and
generally without any clinically significant consequences (Noble et al., 2011; King et al., 2014).
Nintedanib is another comparatively safe drug that has also been shown to slow disease
progression in patients with IPF (Richeldi et al., 2014). It functions as tyrosine kinase inhibitor
that disrupts known pathways involved in lung fibrosis, therefore slowing the progression of
fibrosis (Richeldi et al., 2011). Double-blind, placebo-controlled phase 3 randomized trials
showed a significantly reduced rate of decline in FVC in treatment vs. placebo (Richeldi et al.,
2014). Treatment effect was inconsistent with respect to risk of exacerbations or health-related
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quality-of-life (HRQOL) as measured by the St. George’s Respiratory Questionnaire (Richeldi et
al., 2014). Treatments effects on dyspnoea were not evaluated. The most frequent side effects
were gastro-intestinal (diarrhea) and elevated liver enzymes (Richeldi et al., 2014).
While the collective results of the abovementioned trials are not striking, the direction of
benefit is in favor of the drug in all studies. Collectively, based on the available evidence, both
pirfenidone and nintedanib demonstrate a consistently mild benefit. However, this benefit is not
seen in all patients. Additionally, pirfenidone does not appear to have an effect on perceived
dyspnoea, while the effect of nintedanib on dyspnoea has yet to be assessed.

1.4.2

Non-disease modifying

Pulmonary rehabilitation (PR) is an intervention that includes exercise training and patient
education that has a weak positive recommendation in the most recent ATS/ERS guidelines for
IPF management (Raghu et al., 2011). There is evidence for short-term improvements in
dyspnoea, 6MWD, and HRQOL immediately following PR in patients with IPF. However, these
benefits were only modest and no longer evident 6 months post training (Dowman et al., 2017b;
Nakazawa et al., 2017). This is likely a product of using the same training principles derived
from research in patients with COPD, which are not optimized for patients with ILD (Raghu et
al., 2011). Maintenance programs have been proposed as a means of prolonging the benefit, but
the long-term effects of PR are still unclear (Dowman et al., 2017b).
While lung transplant is strongly recommended for patients with end-stage IPF (Raghu et
al., 2011), the direct effect of transplant on dyspnoea has not been evaluated. Evidence suggests
favorable long-term survival post-transplant in patients with IPF, with 5-year survival rates
estimated to be 50-56% (Mason et al., 2007; Keating et al., 2009). While transplant is likely an
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appropriate treatment for dyspnoea, it is costly and resources are highly limited (Ryerson et al.,
2012).
No studies have shown a benefit of anxiolytics and antidepressants on dyspnoea in
fibrotic ILD. However, there is evidence that anxiety and depression intensify the perception of
dyspnoea disproportionately to the magnitude of the physiological impairment in COPD patients
(Mahler, 2013). Consequently, modulating these symptoms will likely improve dyspnoea as
well (Ryerson et al., 2012). Anxiolytics and antidepressants, specifically, have the potential to
target this symptom more centrally and translate into improvements in HRQOL outcome
measures. Similarly, the role of opioids for palliative care and treatment of refractory dyspnoea
in patients with fibrotic ILD in unclear (Kohberg et al., 2016). However, based on the observed
effect of opioids on dyspnoea in other chronic lung diseases (Jennings et al., 2002; Abernethy et
al., 2003), it may be an appropriate treatment for dyspnoea in patients with fibrotic ILD. Opioids
decrease neural respiratory drive, which positively effects the central perception of dyspnoea
and/or associated respiratory distress (Mahler, 2013). The most commonly reported side effects
from oral opioid treatment include drowsiness, nausea, vomiting, dizziness, and constipation
(Jennings et al., 2002). Opioid withdrawal syndrome is also possible but less common (Jennings
et al., 2002). Because very few studies examining the role of opioids in the treatment of
dyspnoea included ILD patients, larger randomized placebo-controlled trials are still needed to
determine if opioids therapy effectively reduces dyspnoea in this population (Kohberg et al.,
2016).
Supplemental oxygen is routinely prescribed to patients who are hypoxaemic at rest
(SpO2<88%). The effect of long-term oxygen therapy on dyspnoea has not been evaluated in in
patients ILD (Bell et al., 2017). In the context of acute physical activity, supplemental oxygen
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has the potential to alleviate dyspnoea by attenuating hypoxaemia and reducing the drive to
breathe. Nevertheless, the role of supplemental oxygen in the treatment of dyspnoea in ILD
remains controversial as described below.

1.5

Supplemental oxygen and dyspnoea in ILD

There are multiple mechanisms that may contribute to improvements in exertional dyspnoea
and/or exercise tolerance with hyperoxia. These include but are not limited to: (1)
chemoreceptor stimulation of the carotid bodies; (2) decreased respiratory drive with attendant
reductions in minute ventilation and consequent respiratory muscle fatigue; and (3) increased
blood flow to the locomotor muscles allowing for a greater proportion of aerobic vs. anaerobic
metabolism, which could delay acidosis and fatigue in the peripheral muscles (Dean et al., 1992;
O'Donnell et al., 1997a; O'Donnell et al., 2001; Somfay et al., 2001). There is strong evidence
that hyperoxia improves exertional dyspnoea and exercise endurance in COPD patients with and
without EIAH (Dean et al., 1992; O'Donnell et al., 1997a; O'Donnell et al., 2001; Somfay et al.,
2001). On the contrary, the results of previous work examining the effects of hyperoxia during
exercise in ILD patients are inconclusive (Bye et al., 1982; Harris-Eze et al., 1996; Visca et al.,
2011; Marti et al., 2013; Nishiyama et al., 2013); there is a lack of sufficient evidence from
which to draw sound conclusions.
Past methodological approaches to evaluate the effect of supplemental oxygen on
exertional dyspnoea in patients with ILD are problematic. These studies only report peak or endexercise dyspnoea ratings (Bye et al., 1982; Harris-Eze et al., 1994; Visca et al., 2011; Frank et
al., 2012; Nishiyama et al., 2013), thereby ignoring important changes occurring at submaximal
exercise intensities where patients are more likely to be performing their activities of daily living
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(Puente-Maestu et al., 2016). The exercise testing modalities previously employed are variable,
such as self-paced walk tests (Visca et al., 2011; Frank et al., 2012; Nishiyama et al., 2013; Cao
et al., 2015) or incremental cycle exercise tests (Harris-Eze et al., 1994), which are often
insensitive to detect changes in dyspnoea. An additional concern relates to the measures in place
to reduce experimental bias. For example, a study by Visca et al. (2011) showed a beneficial
effect of oxygen on dyspnoea, but did not have an appropriate control condition; therefore, it is
impossible to rule out the placebo effect.
The measurement of dyspnoea is founded on the principle of psychophysics, whereby a
stimulus is linked to a sensation (Zechman & Wiley, 2011). As previously mentioned, it has
been established that humans can reliably detect, quantify, and discriminate qualitatively distinct
sensations of dyspnoea provoked by different respiratory stimuli either applied experimentally or
as a result of disease (Zechman & Wiley, 2011). Accordingly, a more appropriate way to
evaluate the effects of any therapeutic intervention on exertional dyspnoea is to standardize the
stimulus intensity. Specifically, this requires the assessment of dyspnoea at the same absolute
exercise intensity and measurement time. It is extremely challenging to standardize exercise
intensity during self-paced walk tests and thus, cycle exercise tests are more appropriate by
design. Additionally, peak or end-exercise dyspnoea ratings are often insensitive to change
following an intervention. This may be attributed to exercise tolerance improving as a result of
the intervention and/or the fact that symptom-limited exercise cessation typically occurs at a
similar level of dyspnoea for a given individual (Puente-Maestu et al., 2016). In other words,
peak exercise is not the same stimulus if exercise time is increased (i.e., for incremental and
constant work-rate cycle exercise tests) or if walking pace and/or distance changes (i.e., during
self-paced walking tests).
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In addition to standardizing exercise intensity and measurement times, the magnitude of
FiO2 delivered should be the same between individuals and should be of sufficient magnitude to
reverse or, at the very least, increase arterial oxygen saturation. With the exception of one study
(Harris-Eze et al., 1994), all previous studies that examined dyspnoea in ILD used nasal
cannulae or venturi masks to deliver the oxygen at various flow rates (Visca et al., 2011; Frank
et al., 2012; Nishiyama et al., 2013; Cao et al., 2015; Dowman et al., 2017a). These gas delivery
methods have well-established limitations (Markovitz et al., 2010; Maggiore et al., 2014) and the
effective FiO2 is likely to vary between individuals based on breathing pattern. These systems
also have modest effects on improving arterial oxygen saturation compared to control conditions
(Visca et al., 2011; Frank et al., 2012; Nishiyama et al., 2013; Cao et al., 2015), which may
explain, at least in part, previous negative studies of oxygen on dyspnoea in ILD. By contrast,
administering oxygen through a reservoir bag connected to a two-way non-rebreathing valve,
while less practical, allows for the precise control of FiO2 and is more effective at preventing
arterial oxygen desaturation. This design is critical to testing the potential benefit of increased
FiO2 on dyspnoea. If a benefit of supplemental oxygen during exercise is proven, there will be a
need for additional research to identify the best means of translating these findings into clinical
practice within a standard pulmonary rehabilitation setting. Thus, in order to make an unbiased
evaluation of supplemental oxygen on dyspnoea, dyspnoea ratings should be measured at the
same absolute submaximal work-rate and exercise time (i.e., iso-time) while administering
identical levels of effective FiO2 compared to an appropriate placebo condition.
Based on the above, it is not surprising that a recent systematic review by Bell et al.
(2017) reported that while supplemental oxygen increases exercise capacity, it does not improve
dyspnoea in patients with ILD. This conclusion regarding the lack of benefit of supplemental
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oxygen on dyspnoea in ILD needs to be interpreted with caution as methodological factors
discussed previously, such as the mode of gas delivery, FiO2, the timing of dyspnoea
measurements, and the exercise testing protocols, have been adequately considered. More
appropriately designed studies should be conducted to properly evaluate the impact of
supplemental oxygen on dyspnoea.

1.6

Summary

The available literature suggests that there is a respiratory mechanical effect on the intensity and
unpleasantness of perceived dyspnoea in health vs. patients with cardiopulmonary disease.
Dyspnoea can be broken down into multiple distinguishable sensations that vary in intensity,
which can be explained, at least in part, by a mismatch between the drive to breathe and the
muscular/mechanical response of the respiratory system. These distinct sensations generally do
not occur independently of one another or in an isolated fashion, and while dyspnoea is not
limited to the abovementioned categories, there is evidence that the sensations of work/effort,
tightness, and air hunger/unsatisfied inspiration are more reliably characterized than others (i.e.,
rapid or heavy breathing) (Parshall et al., 2012c).
The aforementioned gas exchange, ventilatory mechanical, and circulatory abnormalities
associated with ILD all contribute importantly to exercise limitation in patients with ILD.
Peripheral muscle dysfunction is also a potential contributor, though it is an understudied area
that requires further investigation. These impairments manifest as increased sensations of
dyspnoea and/or leg discomfort, and these symptoms may reach intolerable levels, resulting in
volitional exercise cessation, before true physiological maxima have been reached.
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Current treatments for dyspnoea in patients with fibrotic ILD include both disease
modifying and non-disease modifying therapies. The results of recently completed phase 3
clinical trials support the use of anti-fibrotic pharmacotherapies in this population. However,
there is no clear evidence of subsequent improvements in dyspnoea or HRQOL. Lung
transplants are appropriate for patients with end-stage disease, yet it is a costly and a limited
resource. The effects of PR are modest and temporary, and the efficacy could likely be improved
if the design of the intervention was population specific. While there is strong theoretical support
for the use of supplemental oxygen during exercise, previous studies were not adequately
designed to evaluate the acute effects of oxygen on dyspnoea and the long-term benefits in this
context have not been explored. Therefore, symptom based therapy remains an important
treatment objective.

1.7

Purpose

Dyspnoea is the primary symptom of patients with ILD and is a significant clinical indicator of
disease severity and progression. Prognosis for ILD patients is poor, and effective treatment
options are minimal. Supplemental oxygen has the potential to alleviate dyspnoea and improve
exercise performance in patients with fibrotic ILD. Previous studies demonstrate conflicting
results on the effects of supplemental oxygen for exertion. This likely reflects limitations in
study design and we believe that the potential magnitude of improvement has been consistently
underestimated. We therefore seek to determine if supplemental oxygen can improve dyspnoea
and exercise tolerance and to identify potential physiological mechanisms of improvement in
these clinical outcome measures.
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In order to develop more effective population specific symptom-based strategies for
dyspnoea management, detailed pathophysiological mechanisms must first be investigated.
Thus, another objective of the proposed thesis is to comprehensively evaluate the
pathophysiological mechanisms of the intensity and qualitative dimensions of exertional
dyspnoea in fibrotic ILD.

1.8

Specific aims

1. To determine if hyperoxia (60% oxygen) improves exertional dyspnoea and exercise
tolerance in fibrotic ILD and to examine potential mechanisms of improvement.
2. To determine whether dyspnoea intensity is primarily dictated by NRD or NMU in fibrotic
ILD and to evaluate the effect of hyperoxia on each of these parameters.
3. To evaluate the evolution of the qualitative dimensions of dyspnoea in fibrotic ILD during
incremental and constant work-rate cycle tests.

1.9

Hypotheses

1. Hyperoxia will result in clinically significant improvements in exertional dyspnoea intensity
and endurance time.
2. NMU is (i) a significant and independent predictor and (ii) a stronger predictor vs. NRD of
dyspnoea intensity in fibrotic ILD throughout exercise. Improvement in dyspnoea intensity
with hyperoxia will be independently associated with reductions in NMU.
3. Perceived “work/effort” of breathing will be the dominant qualitative descriptor of dyspnoea
up until the inflection/plateau in VT. However, “unsatisfied inspiration” will be the dominant
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qualitative descriptor of dyspnoea after the VT inflection/plateau. This relationship will be
independent of cycle protocol (i.e., incremental vs. constant work-rate).
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Chapter 2: Effects of hyperoxia on dyspnoea and exercise endurance in
fibrotic interstitial lung disease

2.1

Introduction

Dyspnoea is a common and distressing symptom in patients with ILD with adverse health
implications (King et al., 2001; Swigris et al., 2005). Currently, there are no therapeutic
interventions that consistently reduce exertional dyspnoea in this population.
Supplemental oxygen may alleviate dyspnoea by attenuating arterial oxygen desaturation,
increasing oxygen delivery, and reducing the drive to breathe. However, previous studies show
conflicting results on the effectiveness of supplemental oxygen on dyspnoea and exercise
performance in ILD (Bye et al., 1982; Swinburn et al., 1991; Harris-Eze et al., 1994; Visca et
al., 2011; Frank et al., 2012; Nishiyama et al., 2013). Methodological factors in these studies
likely led to underestimation of the potential magnitude of improvement, including an
insufficient fraction of inspired oxygen (FiO2) to prevent exercise induced arterial hypoxaemia
and/or the use of self-paced walking tests and incremental cycle tests rather than constant workrate exercise protocols (Harris-Eze et al., 1994; Visca et al., 2011; Frank et al., 2012; Marti et
al., 2013; Nishiyama et al., 2013; Puente-Maestu et al., 2016). Dyspnoea was also either not
evaluated or only evaluated at peak exercise (Bye et al., 1982; Harris-Eze et al., 1994; Visca et
al., 2011; Frank et al., 2012; Nishiyama et al., 2013), which is insensitive to change compared to
more clinically relevant submaximal exercise (Puente-Maestu et al., 2016). Finally, some
studies were retrospective and did not include a blinded room air exercise trial, making it
difficult to rule out the placebo effect (Visca et al., 2011; Frank et al., 2012). Further research is
needed to clarify the role of supplemental oxygen on dyspnoea and exercise capacity in ILD as
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concluded recently in a Cochrane review (Sharp et al., 2016). Additionally, there is evidence
that humans can reliably discriminate between the qualitative dimensions of dyspnoea, and that
these distinct sensations can be varied independently with different physiological interventions
(Parshall et al., 2012c). To date, no study has examined the impact of supplemental oxygen on
the qualitative dimensions of dyspnoea during exercise in ILD.
The purpose of this study was to determine the effects of hyperoxia on exercise
endurance as well as the intensity and qualitative dimensions of exertional dyspnoea in patients
with fibrotic ILD. We hypothesized that hyperoxia would reduce dyspnoea intensity, delay the
onset of unpleasant qualitative dyspnoea descriptors, and that these benefits would translate into
clinically significant improvements in cycle endurance time.

2.2

Methods

Participants: Twenty fibrotic ILD patients with isolated lung involvement participated in this
study. Patients satisfying inclusion and exclusion criteria (summarized below) were recruited
from the St. Paul’s Hospital ILD Clinic, Vancouver General Hospital ILD Clinic, and St. Paul’s
Hospital Pulmonary Rehabilitation Program.
Inclusion criteria:
•

A diagnosis of IPF (Raghu et al., 2011), idiopathic fibrotic NSIP (Travis et al., 2008),
chronic HP (Lacasse et al., 2003), or unclassifiable ILD with a differential diagnosis
that consists of the above diagnoses (Ryerson et al., 2013)

•

Fibrosis on high resolution computed tomography (HRCT): honeycombing,
reticulation, or traction bronchiectasis

•

Oxygen saturation ≥92% by pulse oximetry at rest while breathing room air
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Exclusion criteria:
•

Concurrent participation in or recent completion (<6 weeks) of pulmonary
rehabilitation

•

Significant pleural, chest wall, musculoskeletal, or other extra-pulmonary disease
that, based on clinical assessment, could impair exercise capacity and/or oxygenation

•

Significant emphysema: >10% volume on HRCT

•

Pulmonary hypertension: pulmonary artery systolic pressure >40mmHg by
echocardiography or mean pulmonary artery pressure >25mmHg by right heart
catheterization (patients with DLCO <50% predicted and >20% lower than FVC %
predicted had mandatory echocardiographic evaluation prior to enrolment)

•

Prednisone >10mg/day for at least two weeks within three months of the first study
visit

Study design: This prospective, single-blind, randomized, placebo-controlled, crossover
study (ClinicalTrials.gov ID#: NCT01781793; Figure 2-1) received ethical approval (H1300059). All patients provided informed written consent. Participation involved four visits
separated by a minimum of 48 hours. Visit 1 included medical history, chronic activity-related
dyspnoea questionnaires (modified Medical Research Council scale and Oxygen Cost Diagram
(Mahler & Wells, 1988)), pulmonary function testing, and a symptom-limited incremental cycle
exercise test for familiarization purposes. Visit 2 included pulmonary function testing and the
same symptom-limited incremental cycle exercise test to determine peak work-rate. Visits 3 and
4 each included pulmonary function testing followed by a symptom-limited constant work-rate
cycle exercise test at 75% of peak work-rate while breathing room air (FiO2=21%) or hyperoxia
(FiO2=60%), in randomized order. Gas mixtures were delivered into a non-diffusing Douglas
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bag connected via large bore tubing to a two-way non-rebreathing valve (Hans Rudolph, Inc.,
Shawnee, KS, USA). The gas delivery system was identical for both conditions, and the gas
cylinders and SpO2 monitor were obstructed from patient view.
Pulmonary function. Spirometry, plethysmography, 12 second maximal voluntary
ventilation, single-breath diffusing capacity of the lungs for carbon monoxide (DLCO), and
maximal respiratory pressures were performed according to established guidelines using a
commercially available testing system (Vmax Encore 229, V62J Autobox; Carefusion, Yorba
Linda, CA, USA). Values were expressed as percent predicted (Knudson et al., 1983; Morris et
al., 1988; Gutierrez et al., 2004; Tan et al., 2011).
Exercise testing protocol. All exercise tests were conducted on a calibrated
electronically-braked cycle ergometer (Ergoselect 200P; Ergoline, Bitz, Germany) preceded by
six minutes of quiet breathing and one minute of unloaded pedaling. Incremental tests consisted
of 15-watt stepwise increases in work-rate every two minutes until symptom limitation. Peak
work-rate was defined as the highest work-rate sustained for at least 30 seconds. Symptomlimited constant work-rate exercise tests consisted of an immediate increase in work-rate to 75%
of peak incremental work-rate after the warm-up period. Patients were required to maintain a
self-selected cadence ≥60 revolutions/min throughout all exercise tests and no verbal
encouragement was provided during constant work-rate tests. Predicted work-rate and V̇ O2 were
calculated in accordance with Blackie et al. (1989).
Symptom evaluation. Patients rated the intensity of “breathing discomfort” (dyspnoea)
and “leg discomfort” using the Borg 0-10 category-ratio scale (Borg, 1982). Immediately
following intensity ratings, patients were asked to select the best description of their breathing
using the following four options (Laveneziana et al., 2011): (1) “My breathing requires more
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work and effort” (work and effort); (2) “I cannot get enough air in” (unsatisfied inspiration); (3)
“I cannot get enough air out” (unsatisfied expiration); (4) None apply. Patients were permitted to
select more than one phrase if the phrases applied equally. After exercise cessation, patients
were asked to report their main reason(s) for stopping exercise (i.e., breathing discomfort, leg
discomfort, a combination of breathing and leg discomfort, or other) and to attribute a percentage
to each reason totaling 100.
Cardiorespiratory responses to exercise. Metabolic and ventilatory responses were
measured on a breath-by-breath basis (Vmax Encore 229; Carefusion, Yorba Linda, CA, USA).
Arterial oxygen saturation and heart rate were measured at rest and throughout exercise by pulse
oximetry and 12-lead electrocardiography, respectively. Clinically significant desaturation was
defined as a decrease in SpO2 ≥4% to a nadir of ≤88% during exercise, regardless of the resting
SpO2 (Knower et al., 2001). Operating lung volumes were assessed by inspiratory capacity
manoeuvers (Guenette et al., 2013).
Statistical analyses. The primary outcome for this study was iso-time dyspnoea intensity,
defined as the highest equivalent submaximal time achieved during constant work-rate exercise
tests performed by a given patient under both conditions. Using a two-tailed paired subject
formula with α=0.05 and β=0.80, we estimated that a minimum of 16 participants were needed to
detect a minimal clinically important difference (MCID) of ±1 Borg units (Ries, 2005) at isotime between treatments, assuming a standard deviation of ±1 Borg units. Paired t-tests were
used to compare outcomes between the room air and hyperoxic conditions at rest, iso-time, and
at peak exercise. Spearman’s correlation coefficients were used to examine the association
between selected physiological variables and change in cycle endurance time and dyspnoea
intensity. Reasons for stopping exercise were analyzed using a McNemar’s Exact Test. Data
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were analyzed using STATA® 11.2 (StataCorp LP, College Station, TX, USA). Data are
presented as mean±SD or median (interquartile range) unless otherwise specified. Statistical
significance was set at p<0.05.

2.3

Results

Patient characteristics are summarized in Table 2-1. Idiopathic pulmonary fibrosis was the most
common diagnosis (55%). Patients had markedly reduced DLCO, peak work-rate, and oxygen
uptake relative to predicted values. None of the patients met regional criteria for supplemental
oxygen at rest or with ambulation (Sandberg & Fleetham, 2013).
Mean values for selected sensory and physiological parameters with room air and
hyperoxia are shown in Table 2-2. The mean work-rate for the constant work-rate exercise tests
was 67±27 watts, and the median iso-time was 6.0 (4.0-14.0) minutes. Exercise endurance time
increased significantly with hyperoxia compared to room air (21.9±12.9 vs. 11.6±10.0 minutes,
p<0.001; Figure 2-2 and Figure 2-3). The duration between constant work-rate exercise tests
was 7±2 days. Eleven patients (55%) were randomized to exercise with room air first. There
were no significant differences in endurance time between randomization groups (p=0.31).
Sensory responses. Dyspnoea intensity was similar between conditions at peak exercise
(p=0.69), but significantly reduced at iso-time with hyperoxia vs. room air (4.4±3.1 vs. 2.5±2.1
Borg units, p=0.001; Table 2-2 and Figure 2-4). Fourteen patients (70%) selected unsatisfied
inspiration as a qualitative descriptor of dyspnoea at some point during exercise with room air.
Three of these patients did not select this descriptor at all with hyperoxia, while the onset of this
selection was significantly delayed with hyperoxia vs. room air in the remaining 11 patients
(13.8±10.8 vs. 5.6±4.3 minutes, p=0.02). Patients reported significantly lower relative
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contribution of breathing discomfort to exercise cessation in the hyperoxia vs. room air condition
(47% vs. 60%; p=0.01). Reasons for stopping exercise included: breathing (25% in hyperoxia
vs. 55% in room air, p=0.05); legs (25% vs. 20%, p=0.70); combination (35% vs. 20%, p=0.29);
other (15% vs. 5%, p=0.29) (Figure 2-5).
Physiological responses to exercise. Physiological responses to exercise are summarized
in Table 2-2. Thirty percent of patients developed clinically significant exertional arterial
oxygen desaturation, per the study’s definition, during constant work-rate exercise with room air,
but none with hyperoxia. Hyperoxia significantly reduced iso-time minute ventilation (p<0.001),
tidal volume (p<0.01), breathing frequency (p<0.001), and heart rate (p<0.001), and increased
SpO2 (p<0.001).
Correlations. Change in cycle endurance time was significantly correlated with betweencondition changes in peak exercise SpO2 (r=0.54, p=0.01) and iso-time dyspnoea intensity (r=0.59, p=0.006), end-inspiratory lung volume (% of total lung capacity) (r=-0.47, p=0.04), and
minute ventilation (r=-0.49, p=0.03). There were no other correlates with iso-time dyspnoea
ratings. Additional Spearman’s correlation coefficients are summarized in Table 2-3 and Table
2-4.

2.4

Discussion

This randomized controlled crossover study is the most comprehensive evaluation of hyperoxia
on ventilatory, sensory, and exercise performance outcomes in fibrotic ILD. The main results
are as follows: (1) Hyperoxia results in clinically significant improvements in dyspnoea intensity
with favorable alterations in the qualitative dimensions of dyspnoea during exercise; (2)
hyperoxia results in consistent and clinically significant improvements in exercise endurance
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time; and (3) changes in endurance time were associated with improvements in SpO2, ventilatory
responses, and dyspnoea intensity.
Dyspnoea intensity. While dyspnoea intensity was similar between the room air and
hyperoxia conditions at rest and peak exercise, ratings were significantly reduced at iso-time
with hyperoxia by 1.9 Borg units. This is nearly twice the proposed COPD-derived MCID of
one Borg unit (Ries, 2005). The few studies that have investigated the acute effects of hyperoxia
on exercise performance in patients with ILD did not report dyspnoea intensity (Bye et al., 1982)
or only evaluated dyspnoea at peak exercise (Harris-Eze et al., 1994; Visca et al., 2011; Frank et
al., 2012; Nishiyama et al., 2013). Peak dyspnoea intensity is typically not responsive to therapy
in patients with chronic respiratory diseases, including the present study, because most acute
interventions (e.g., bronchodilators, helium, non-invasive ventilation, etc.) increase exercise
performance and may even increase peak ventilation, thus resulting in similar or potentially
higher dyspnoea intensity at peak exercise (O'Donnell et al., 1988; O'Donnell et al., 2004; Eves
et al., 2006). Had we only evaluated dyspnoea intensity at peak exercise as done previously
(Visca et al., 2011; Frank et al., 2012; Nishiyama et al., 2013), we would have also concluded
that hyperoxia does not improve dyspnoea. Instead, we evaluated dyspnoea during submaximal
exercise at standardized measurement times and work-rates in order to more appropriately
standardize the intensity of the stimulus (Puente-Maestu et al., 2016).
Dyspnoea quality. To our knowledge, this is the first study to examine the effects of
hyperoxia on the qualitative dimensions of dyspnoea throughout exercise in any population. A
previous study demonstrated that a greater proportion of COPD patients selected unsatisfied
inspiration as the dominant qualitative descriptor of dyspnoea after reaching an inflection/plateau
in VT (Laveneziana et al., 2011). After this point, inspiratory effort continues to increase but is
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met by little or no increase in VT. This increase in the effort-to-displacement ratio is associated
with an increased sensation of unsatisfied inspiration (O'Donnell et al., 2006). Despite different
specific causes of restricted VT expansion, COPD and ILD both adopt a rapid breathing
frequency when VT becomes constrained (Faisal et al., 2016). Patients in the present study
exercised with a significantly lower V̇ E and were likely able to remain below their VT
plateau/inflection longer with hyperoxia compared to room air. This more favorable respiratory
pattern may have contributed to the improvement in the qualitative descriptors of dyspnoea
during exercise, and specifically the delayed onset of unsatisfied inspiration during exercise with
hyperoxia.
The reduction in ventilatory demand during exercise with hyperoxia is also reflected in
patient-reported reasons for exercise cessation. Selection of breathing discomfort as the primary
reason for exercise cessation tended to be less frequent with hyperoxia compared to room air.
Patients exercised for significantly longer durations with hyperoxia, thus increasing the
probability of leg muscle fatigue contributing alone or in combination with breathing discomfort
as the primary locus of symptom limitation.
Exercise performance. Cycle endurance time as a clinical outcome measure has not been
fully investigated in patients with ILD. In patients with COPD, cycle endurance time is both
reproducible and more responsive to interventions compared to other forms of exercise testing
such as the six-minute walk test (O'Donnell et al., 1998b; Oga et al., 2000). A recent study
suggested that cycle exercise time was the most responsive measure for evaluating the efficacy
of pulmonary rehabilitation in patients with idiopathic pulmonary fibrosis (Arizono et al., 2014).
However, it is still unknown if this responsiveness holds true for other interventions, and an ILDspecific MCID has not been established.
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Previous studies in ILD demonstrate conflicting results regarding improvements in
exercise tolerance with hyperoxia (Harris-Eze et al., 1994; Visca et al., 2011; Frank et al., 2012;
Nishiyama et al., 2013), due to differences in exercise testing modalities, oxygen delivery
systems, and the inclusion of appropriate room air placebo trials. These studies have used either
a fixed FiO2 of 60% or 100% oxygen via nasal cannula at various flow rates. Endurance tests,
such as the constant work-rate cycle exercise test used in the present study, are more responsive
to interventions compared to incremental tests and the six-minute walk test (6MWT) in COPD
(Puente-Maestu et al., 2016). The lack of clinically relevant improvements (Nishiyama et al.,
2013) and/or only modest improvements (Visca et al., 2011) in exercise tolerance in previous
hyperoxia studies in ILD may also reflect the mode of gas delivery and the inability of nasal
cannulae to deliver sufficient oxygen to adequately reverse exertional arterial oxygen
desaturation. Patient-specific optimization of flow-rates for oxygen delivery via nasal cannula
can increase 6MWD compared to standard practice (Frank et al., 2012). However, clinically
significant arterial oxygen desaturation still occurs and the magnitude of the potential benefit
from hyperoxia could therefore be underestimated. In contrast, delivery of 60% oxygen via a
two-way non-rebreathing valve can fully prevent exertional arterial oxygen desaturation in ILD
patients, and is accompanied by significant improvements in exercise capacity (Bye et al., 1982;
Harris-Eze et al., 1994; Harris-Eze et al., 1996). Using this more rigorous oxygen delivery
system, we showed that 85% of ILD patients improved more than the COPD-derived MCID for
cycle exercise time of 105 seconds, and 80% improving more than 33% compared to room air
(Puente-Maestu et al., 2009).
There are several potential mechanisms that could account for the observed
improvements in exercise endurance time with hyperoxia. The reduction in V̇ E at iso-time and
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peak exercise may have reflected, at least in part, a reduction in the drive to breathe, with
attendant improvements in dyspnoea intensity. Attenuating dyspnoea intensity to more tolerable
levels was associated with improvements in cycle endurance time in the present study. In
addition, hyperoxia improves oxygen delivery to the skeletal muscles via enhanced blood flow
and/or arteriovenous oxygen content difference, thereby increasing the anaerobic threshold and
delaying the onset of metabolic acidosis and skeletal muscle fatigue (Powers et al., 1989; HarrisEze et al., 1994).
Exercise endurance time improved in 90% of our cohort, including 12 of the 14 patients
that did not develop clinically significant desaturation, indicating that clinically hypoxaemic ILD
patients are not the only individuals that can derive physiological and symptomatic benefits from
hyperoxia. We speculate that hyperoxia has the potential to augment the beneficial effects of
pulmonary rehabilitation by enabling patients to exercise at higher intensities, even in patients
with normal oxygen saturation during exercise. Although 60% oxygen is not used routinely in
pulmonary rehabilitation, these data suggest that it should be studied as a potential intervention.
This is now being investigated in a large multi-centre clinical trial (Ryerson et al., 2016).
Limitations. Our study was limited by the absence of a familiarization constant work-rate
cycle test. However, the lack of difference between randomization groups indicates that a
learning effect on the constant work-rate test did not have a significant impact on our results.
Furthermore, subjects were familiarized with symptom limited exercise tests by performing two
incremental tests prior to the constant work-rate tests. Due to safety reasons, it was not feasible
to blind all study personnel to the study condition. However, we do not believe this impacted
our results as all procedures were rigorously standardized, including an absence of verbal
encouragement during exercise. The metabolic cart used in the present study has not been
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validated with an FiO2 of 0.60. Accordingly, we were unable to compare between-condition
differences in gas exchange or gas exchange-derived parameters (e.g., oxygen consumption,
carbon dioxide production, ventilatory equivalents, and the respiratory exchange ratio). Finally,
this study focused exclusively on 60% oxygen as this amount of oxygen results in the greatest
improvement in endurance time in COPD (Somfay et al., 2001) and has been used in similar
studies in ILD (Bye et al., 1982; Harris-Eze et al., 1994). Future studies are needed to examine
the impact of a lower FiO2 and to evaluate the cost-effectiveness and practicality of our method
of delivering hyperoxia during pulmonary rehabilitation.
Conclusion. The results of this study strongly support the notion that 60% oxygen
improves exercise endurance, as well as both the intensity and qualitative dimensions of
exertional dyspnoea. Mean improvements in dyspnoea intensity and exercise endurance time
substantially exceeded the MCID of these outcome variables. We speculate that our method of
supplemental oxygen delivery may augment traditional pulmonary rehabilitation programs by
allowing patients to train at higher intensities, even in those patients with relatively preserved
pulmonary gas exchange.
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Table 2-1. Patient characteristics and maximal exercise data
Descriptive characteristics
Age
66 ± 9
Male:Female
15 : 5
BMI, kg/m2
29 ± 5
Diagnosis, n
HP
2
IPF
11
Idiopathic NSIP
1
Polymyositis-associated ILD*
1
Scleroderma-associated ILD*
1
Unclassifiable ILD
3
Undifferentiated connective tissue
1
disease*
Time since diagnosis, months
34.4 (20.6-51.5)
Surgical lung biopsy, n
10
Modified MRC Dyspnoea Scale
1.3 ± 1.0
Oxygen Cost Diagram, mm
63 ± 14
Pulmonary Function
FEV1, % predicted
79 ± 16
FVC, % predicted
72 ± 16
FEV1/FVC, %
79 ± 7
TLC, % predicted
64 ± 11
DLCO, % predicted
46 ± 13
Peak incremental exercise
V̇ O2, ml/kg/min
19.8 ± 6.4
V̇ O2, % predicted
68 ± 22
RER
1.05 ± 0.08
Work-rate, Watts
89 ± 36
Work-rate, % predicted
57 ± 17
Heart rate, bpm
130 ± 19
Heart rate, % predicted
84 ± 10
̇VE, l/min
71 ± 20
V̇ E/MVV, %
66 ± 21
SpO2, %
91 ± 4
Dyspnoea, 0-10 Borg scale
5.6 ± 2.3
Leg discomfort, 0-10 Borg scale
5.7 ± 1.9
Values are means±SD or median (interquartile range).
*, these patients had no extra-pulmonary manifestations; BMI, body mass index; DLCO, diffusing
capacity of the lungs for carbon monoxide; FEV1, forced expiratory volume in 1 s; FVC, forced
vital capacity; HP, hypersensitivity pneumonitis; IPF, idiopathic pulmonary fibrosis; LIP;
lymphoid interstitial pneumonia; RER, respiratory exchange ratio; SpO2, oxygen saturation by
pulse oximetry; TLC, total lung capacity; V̇ E, minute ventilation; V̇ O2, oxygen consumption.
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Table 2-2. Selected sensory and physiological parameters at rest, iso-time, and peak exercise for constant work-rate cycle
exercise with room air vs. hyperoxia
Rest
Iso-time
Peak
Parameter
Room Air
Hyperoxia
Room Air
Hyperoxia
Room Air
Hyperoxia
Dyspnoea,
0.1 ± 0.4
0.2 ± 0.7
4.4 ± 3.1
2.5 ± 2.1†
5.6 ± 3.0
5.4 ± 3.6
0-10 Borg scale
Leg discomfort,
0.0 ± 0.1
0.1 ± 0.2
4.5 ± 2.7
2.9 ± 1.8†
5.7 ± 2.5
6.4 ± 2.7
0-10 Borg scale
SpO2, %
95 ± 2
99 ± 1‡
91 ± 3
98 ± 1‡
90 ± 4
98 ± 1‡
Heart rate, bpm
82 ± 14
77 ± 13*
125 ± 20
116 ± 20‡
127 ± 18
124 ± 20
Heart rate, % predicted
54 ± 10
52 ± 10*
82 ± 11
77 ± 12‡
84 ± 11
82 ± 13
‡
V̇ E, l/min
18 ± 5
17 ± 5
69 ± 19
55 ± 15
72 ± 22
62 ± 15‡
V̇ E/MVV, %
17 ± 7
16 ± 6
65 ± 21
51 ± 14‡
68 ± 22
58 ± 16‡
VT , l
0.79 ± 0.20
0.75 ± 0.21*
1.51 ± 0.45
1.41 ± 0.45†
1.51 ± 0.51
1.35 ± 0.39‡
FB, breaths/min
24 ± 9
24 ± 9
47 ± 12
40 ± 10‡
50 ± 15
47 ± 12
EELV, %TLC
61 ± 8
60 ± 8
54 ± 7
55 ± 8
55 ± 8
55 ± 10
EILV, %TLC
80 ± 9
77 ± 8
90 ± 6
88 ± 7
91 ± 9
86 ± 11‡
PETCO2, mmHg
34 ± 5
35 ± 5
32 ± 5
37 ± 6‡
32 ± 5
35 ± 6‡
Values are means±SD.
EELV, end-expiratory lung volume; EILV, end-inspiratory lung volume; MVV, maximal voluntary ventilation; PETCO2, partial
pressure of end tidal carbon dioxide; SpO2, oxygen saturation by pulse oximetry; VC, vital capacity; V̇ E, minute ventilation; VT, tidal
volume.
Significantly different from room air: *, p<0.05; †, p<0.01; ‡, p<0.001.
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Table 2-3. Spearman’s correlations for select parameters with the change in exercise
endurance time with hyperoxia vs. room air
r
p
FVC, % predicted
-0.20
0.41
DLCO, % predicted
-0.21
0.38
Peak incremental V̇ O2, %pred 0.11
0.66
∆SpO2 at iso-time %
0.49
0.03
∆SpO2 at peak exercise, %
0.54
0.01
̇
∆VE at iso-time, l/min
-0.49
0.03
∆VT at iso-time, l
-0.25
0.29
∆FB at iso-time, breaths/min
-0.36
0.12
∆EELV at iso-time, %TLC
-0.17
0.48
∆EILV at iso-time, %TLC
-0.47
0.04
∆Dyspnoea at iso-time,
-0.59
0.006
0-10 Borg scale
∆, difference between selected parameter with hyperoxia vs. room air; DLCO, diffusing capacity
of the lungs for carbon monoxide; EELV, end-expiratory lung volume; EILV, end-inspiratory
lung volume; FB, breathing frequency; FVC, forced vital capacity; SpO2, oxygen saturation by
pulse oximetry; V̇ E, minute ventilation; V̇ O2, oxygen consumption; VT, tidal volume.

Table 2-4. Spearman’s correlations for select parameters with the change in dyspnoea
intensity at iso-time with hyperoxia vs. room air
r
p
FVC, % predicted
-0.02
0.93
DLCO, % predicted
0.21
0.37
Peak incremental V̇ O2, %pred
0.41
0.07
∆SpO2 at iso-time %
-0.24
0.31
∆SpO2 at peak exercise, %
-0.27
0.25
∆V̇ E at iso-time, l/min
0.21
0.38
∆VT at iso-time, l
-0.23
0.33
∆FB at iso-time, breaths/min
0.29
0.23
∆EELV at iso-time, %TLC
0.16
0.49
∆EILV at iso-time, %TLC
0.07
0.77
∆, difference between selected parameter with hyperoxia vs. room air; DLCO, diffusing capacity
of the lungs for carbon monoxide; EELV, end-expiratory lung volume; EET, exercise endurance
time; EILV, end-inspiratory lung volume; FB, breathing frequency; FVC, forced vital capacity;
SpO2, oxygen saturation by pulse oximetry; V̇ E, minute ventilation; V̇ O2, oxygen consumption;
VT, tidal volume.
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Enrollment

Visit 1: Familiarization (n=25)
Excluded (n=4)
• Did not meet inclusion criteria
(n=2)
• Other reasons (n=2)
Visit 2: Incremental cycle exercise test (n=21)

Randomized (n=21)

Allocation
Visit 3: Constant work-rate cycle
exercise test with 60% oxygen (n=10)

Visit 3: Constant work-rate cycle
exercise test with room air (n=11)
Crossover

Visit 4: Constant work-rate cycle
exercise test with room air
• Discontinued participation
(unrelated injury) (n=1)

Visit 4: Constant work-rate cycle
exercise test with 60% oxygen

Analysis
Analyzed (n=9)

Analyzed (n=11)

Figure 2-1. Flow diagram of the single-blind, randomized, placebo-controlled, cross-over
study design
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p<0.001
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Figure 2-2. Box plots for exercise endurance time for constant work-rate cycle exercise tests
with room air and hyperoxia
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Figure 2-3. Individual changes in exercise endurance time for constant work-rate cycle
exercise tests with hyperoxia vs. room air
MCID, minimal clinically important difference (in patients with COPD).
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∆ Dyspnoea (0-10 Borg scale)
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Figure 2-4. Individual changes in dyspnoea intensity at iso-time during constant work-rate
cycle exercise tests with hyperoxia vs. room air
MCID, minimal clinically important difference (in patients with COPD).
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Figure 2-5. Reasons for stopping constant work-rate cycle exercise tests with room air and
hyperoxia
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Chapter 3: Neurophysiological mechanisms of exertional dyspnoea in fibrotic
interstitial lung disease

3.1

Introduction

Dyspnoea is a common and debilitating symptom in patients with fibrotic ILD. In this
population, dyspnoea is an independent predictor of morbidity and mortality, and is associated
with decreased HRQOL and reductions in functional capacity (King et al., 2001; Swigris et al.,
2005). Despite its clinical importance, our understanding of the mechanisms of dyspnoea in
fibrotic ILD remains incomplete.
The mechanisms of dyspnoea, in both health and disease, are complex and multifactorial
(Parshall et al., 2012c). However, accumulating evidence suggests that NRD and the imbalance
between NRD and the mechanical response of the respiratory system (i.e., NMU) are key
contributors (Jensen et al., 2016). A strong relationship has recently been established between
NRD, estimated using crural diaphragm electromyography (EMGdi), and dyspnoea intensity in
patients with ILD (Faisal et al., 2016). Furthermore, a study in COPD showed that dyspnoea
intensity was strongly associated with both NRD and NMU. However, the correlation between
dyspnoea intensity and NRD was more significant (Jolley et al., 2015). It is unknown whether
these findings are also translatable to patients with ILD.
Treatment options to reduce dyspnoea in ILD are limited. Recent evidence suggests
breathing a hyperoxic inspirate (FiO2 = 0.60) significantly reduces dyspnoea intensity and can
eliminate or delay the onset of “unsatisfied inspiration” during exercise (Schaeffer et al., 2017).
To our knowledge, no study has investigated the effect of supplemental oxygen on NRD and/or
NMU in ILD in order to determine which outcome is more strongly associated with reduced
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exertional dyspnoea intensity. Accordingly, the aims of this study were to determine if dyspnoea
intensity in fibrotic ILD is better predicted by NRD or NMU (Aim 1), and to examine the effect
of 60% oxygen on EMGdi-derived measures of NRD and NMU (Aim 2).

3.2

Methods

Participants. This study included 14 fibrotic ILD patients with isolated lung involvement that
simultaneously participated in a previously published study (n=20) examining the effects of
hyperoxia on cycle endurance time and dyspnoea (Schaeffer et al., 2017) (see Chapter 2). All
patients had resting arterial oxygen saturation ≥92%. Patients who recently completed
pulmonary rehabilitation (< six weeks prior to enrollment), or with significant emphysema,
pulmonary hypertension, extra-pulmonary disease, and/or other contraindications to exercise
were excluded from participating.
Study design. This study was a component of a larger randomized, single-blind, placebocontrolled, cross-over study (ClinicalTrials.gov ID#: NCT01781793) with institutional ethical
approval (H13-00059). Written informed consent was obtained from all patients prior to
enrollment. Patients visited the laboratory on four occasions separated by ≥48 hours between
visits. Medical history, chronic activity-related dyspnoea questionnaires, pulmonary function
testing, and a symptom-limited incremental cycle exercise test with dyspnoea assessment for
familiarization purposes were completed at Visit 1. During Visit 2, patients performed
pulmonary function testing and a symptom-limited incremental cycle exercise test whilst
instrumented with an EMGdi catheter. Visit 2 data were used to address the primary aim. During
Visits 3 and 4, patients performed pulmonary function testing and a symptom-limited constant
work-rate cycle exercise test whilst breathing room air (FiO2 = 0.21) or hyperoxia (FiO2 = 0.60),
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in randomized order. Gases were delivered into a non-diffusing Douglas bag connected to a twoway non-rebreathing valve via large bore tubing (Hans Rudolph, Inc., Shawnee, KS, USA). The
gas delivery system was identical for both conditions and patients were blinded to the inspired
gas condition. Data from Visits 3 and 4 were used to address the secondary aim of the study.
Pulmonary function. Patients performed spirometry, plethysmography, 12 second
maximal voluntary ventilation, and single-breath diffusing capacity of the lungs for carbon
monoxide (DLCO) according to established guidelines (Macintyre et al., 2005; Miller et al., 2005;
Wanger et al., 2005). Values were measured using a commercially available system (Vmax
Encore 229, V62J Autobox; Carefusion, Yorba Linda, CA, USA) and expressed as a percentage
of predicted values (Gutierrez et al., 2004; Tan et al., 2011).
Exercise testing protocol. Exercise was conducted using an electronically-braked cycle
ergometer (Ergoselect 200P; Ergoline, Bitz, Germany) at a self-selected cadence ≥60 revolutions
per minute. All tests started with 6 minutes of rest followed by a one minute warm-up of
unloaded pedaling. Incremental tests proceeded with 15-watt stepwise increases in work-rate,
starting at 15 watts, every two minutes until symptom limitation. Peak work-rate was defined as
the highest work-rate sustained for at least 30 seconds. Constant work-rate exercise tests
proceeded with an immediate increase in work-rate to 75% of peak incremental work-rate, which
was sustained until symptom limitation. Iso-time was defined as the highest equivalent
submaximal time achieved on both constant work-rate exercise tests performed by a given
patient under both conditions. No verbal encouragement was provided during constant work-rate
exercise tests.
Symptom evaluation. Patients rated the intensity of “breathing discomfort” (dyspnoea)
and “leg discomfort” at rest, every two minutes during exercise, and at peak exercise using the
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modified Borg 0-10 category-ratio scale (Borg, 1982). The scale’s endpoints were anchored
such that 0 represented “no breathing/leg discomfort” and 10 represented “the most severe
breathing/leg discomfort ever experienced or imagined.”
Cardiorespiratory responses to exercise. Standard cardiorespiratory responses were
measured on a breath-by-breath basis at rest and during exercise (Vmax Encore 229; Carefusion,
Yorba Linda, CA, USA). This metabolic cart has not been validated with an FiO2 of 0.60;
therefore, differences in gas exchange parameters (i.e., oxygen consumption and carbon dioxide
production) and gas exchange-derived parameters (i.e., ventilatory equivalents and the
respiratory exchange ratio) were not compared between conditions (Visits 3 and 4). Flow was
calibrated using a three litre calibration syringe connected to the breathing apparatus and using
the appropriate gas mixture from the Douglas bag at a wide range of flow rates. The inflection
point in tidal volume relative to minute ventilation (VT/V̇ E) was determined for each patient by
examining 30-second averaged data throughout incremental exercise (Visit 2). The time at
which the corresponding VT was achieved during Visits 3 and 4, if at all, was also identified
using the 30-second averaged data from those visits. Arterial oxygen saturation was estimated
via finger pulse oximetry (Radical-7 Pulse CO Oximeter, Masimo Corporation, Irvine, CA,
USA). Heart rate was recorded using 12-lead electrocardiography.
Diaphragm electromyography. Crural diaphragm electromyography was measured using
a multi-pair oesophageal electrode catheter (Guangzhou Yinghui Medical Equipment Ltd,
Guangzhou, China) and was used as a surrogate of NRD (Luo et al., 2008). Diaphragm
electromyography was collected, processed, and analyzed as previously described (Schaeffer et
al., 2014). Briefly, the catheter consists of five consecutive recording pairs and was passed
through the nose and positioned based on the amplitude of the EMGdi signals obtained
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simultaneously from these recording pairs during tidal breathing. To minimize discomfort, a
lidocaine hydrochloride non-aerosol spray (Lidodan™; Odan Laboratories, Montréal, QC,
Canada) was administered in the nasal and pharyngeal passages. Raw EMGdi signals were
sampled at two kilohertz using a PowerLab 16/35 analog-to-digital converter (ADInstruments,
Castle Hill, Australia), processed with a 60 hertz notch filter (Model 08-GL biological Amplifier,
Guangzhou Yinghui Medical Equipment Ltd, Guangzhou, China) as well as a band-pass filter
between 20 hertz and one kilohertz using LabChart Pro Version 7.3.7 software (ADInstruments,
Castle Hill, Australia), and converted to a root mean square (RMS) using a time constant of 0.1
seconds. The maximum RMS value for each inspired breath was manually selected between
QRS complexes to avoid the influence of cardiac artifact on the EMG signal. The electrode pair
with the largest amplitude for a given breath was used for the analysis. Data were reported as a
percentage of maximal EMGdi, which was defined as the highest root mean square value
recorded during an inspiratory capacity manoeuvre at rest or during exercise. We used
inspiratory capacity manoeuvres exclusively instead of using multiple maximal inspiratory
manoeuvres (e.g., sniffs and maximal inspiratory pressure manoeuvres) to obtain maximal
EMGdi. This was done to standardize the normalization procedure across all subjects and
because our previous work shows that inspiratory capacity manoeuvres always results in the
largest EMGdi activity (Ramsook et al., 2015). NMU was defined as the ratio of EMGdi
expressed as a percentage of maximum to VT expressed as a percentage of VC (i.e., EMGdi
(%max):VT (%VC)).
Statistical analyses. Exercise variables were measured continuously with mean values
determined over a 30-second epoch linked to the time of dyspnoea assessment. We determined
the association of dyspnoea intensity with NMU and its individual components (i.e., EMGdi
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(%max) and VT (%VC)), using an unadjusted repeated measures linear regression. All of these
predictors were then forced into a multivariate model, also using repeated measures analysis, to
determine independent predictors. Variables included in the multivariate model were assessed
for multicollinearity. Paired t-tests were used to compare outcomes between the room air and
hyperoxic conditions at iso-time and peak exercise. Spearman’s correlation coefficients were
used to make intra-subject, between-treatment comparisons of dyspnoea intensity with select
physiological variables during constant work-rate exercise at iso-time. Data are presented as
mean±SD or median (interquartile range) where appropriate. Statistical significance was set at
p<0.05. Data were analyzed using STATA® 11.2 (StataCorp LP, College Station, TX, USA).

3.3

Results

Participants. Patient characteristics and peak exercise data are summarized in Table 3-1. On
average, patients had moderate physiological impairment as demonstrated by reduced forced
vital capacity and diffusing capacity of the lungs for carbon monoxide, and reduced functional
capacity as evidenced by reduced peak aerobic capacity and work-rate relative to predicted
values (Blackie et al., 1989; Gutierrez et al., 2004; Tan et al., 2011). The VT/V̇ E inflection point
occurred at 76±28 watts during incremental exercise. None of the patients qualified for
supplemental oxygen, at rest or with ambulation, according to regional criteria (Sandberg &
Fleetham, 2013). No cardiac abnormalities were noted during exercise testing.
Associations with dyspnoea. A total of 97 observations were obtained during the
incremental cycle exercise test on Visit 2. One patient was excluded from this analysis (Aim 1)
due to lack of EMGdi data on Visit 2; the patient refused the catheter. Dyspnoea intensity was
significantly associated with NMU, EMGdi (%max), and VT (%VC) (all p<0.001, Figure 3-1).
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With adjusted analysis, EMGdi (%max), NMU, and VT (%VC) were all still significantly
associated with dyspnoea intensity (p<0.001, p=0.006, and p=0.02, respectively), with EMGdi
having the strongest correlation (Figure 3-1).
Effects of hyperoxia. Sensory and physiological effects of hyperoxia during constant
work-rate cycle exercise are summarized in Table 3-2. Three patients were excluded from this
analysis (Aim 2); these patients refused the catheter for at least one of these visits and/or did not
complete both visits. The average time between constant work-rate cycle exercise tests was 6±2
days. The mean work-rate for the constant work-rate cycle exercise tests was 71±27 watts, and
the median iso-time was 6.0 (4.0-10.0) minutes. Constant work-rate cycle exercise endurance
time increased significantly with hyperoxia compared to room air (24.2±11.1 vs. 9.6±8.0
minutes, p<0.001).
Dyspnoea intensity was similar between room air and hyperoxia at peak exercise
(p=0.38), but significantly reduced at iso-time with hyperoxia vs. room air (1.8±1.9 vs. 3.8±3.0
Borg 0-10 units, respectively, p=0.005; Table 3-2. EMGdi was significantly reduced during
constant work-rate cycle exercise at iso-time (p<0.001) and peak exercise (p=0.005) with
hyperoxia vs. room air (Table 3-2). NMU was significantly improved at iso-time with hyperoxia
vs. room air (p=0.003, Table 3-2). The between-treatment change in iso-time dyspnoea intensity
during constant work-rate cycle exercise was only correlated with the change in exercise
endurance time (r=-0.67, p=0.02) and NMU (r=0.63, p=0.04). Additional Spearman’s
correlation coefficients are shown in Table 3-3.
During constant work-rate cycle exercise with room air, all eleven patients included in
the analysis for Aim 2 achieved or surpassed a VT that corresponded to the VT/V̇ E inflection
point identified on the incremental test. Two of these patients did not achieve this VT with
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hyperoxia, and the time at which this VT was achieved was delayed with hyperoxia vs. room air
in the remaining nine patients (5.5±5.1 vs. 1.9±0.7 minutes, respectively, p=0.06). Measures of
dyspnoea, EMGdi (%max), and NMU were not different at this measurement time between
treatments (p=0.12, p=0.12, and p=0.09; respectively).

3.4

Discussion

The main findings of this study were as follows: 1) dyspnoea intensity was significantly
correlated with both EMGdi and NMU during incremental cycle exercise, but with a stronger
correlation between dyspnoea and EMGdi; and 2) the improvements in dyspnoea intensity at isotime during constant work-rate cycle exercise with hyperoxia were significantly correlated with
the change in NMU, but not with the change in EMGdi.
It has been proposed that increased dyspnoea is a reflection of increased levels of NRD in
both health and disease (Jensen et al., 2016). There is also evidence that central and peripheral
afferent feedback pathways may neuromodulate the intensity of perceived dyspnoea through
direct effects on NRD (Jensen et al., 2016). Accordingly, increased dyspnoea intensity in
patients with cardiopulmonary disease likely corresponds to the awareness of an increased NRD
needed to meet an increased ventilatory demand in the context of increased mechanical loading
and/or reduced capacity of the respiratory muscles. For example, patients with ILD demonstrate
reduced compliance and increased static recoil pressure of the lung due to fibrosis. The static
pressure-volume curve of the lungs is therefore shifted downward and to the right (Yernault et
al., 1975; Gibson & Pride, 1977). The pressure-volume relationship of the entire respiratory
system is therefore contracted along its volume axis (O'Donnell et al., 2009), whereby resting
inspiratory capacity and inspiratory reserve volume are generally diminished. This reduction in
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baseline reserve translates to less potential for VT expansion during exercise (Jones & Rebuck,
1979; Gowda et al., 1990). The ILD patients in the present study achieved critical constraints on
VT expansion at markedly lower absolute work-rates than what has been previously documented
in healthy men and women of similar ages (Guenette et al., 2011). Thus, ILD patients are likely
to have increased elastic loading of the respiratory muscles (O'Donnell et al., 2009), which
necessitates greater respiratory muscle force for inspiration (O'Donnell et al., 1998a), and
therefore an increased NRD (Faisal et al., 2016), in order to meet ventilatory requirements.
Faisal et al. (2016) recently showed that the relationship between EMGdi and dyspnoea
intensity is similar in patients with ILD and COPD, as well as healthy controls. This supports
the hypothesis that NRD is an important component of the physiological basis of increased
dyspnoea intensity, as disease-specific differences in respiratory function and/or capacity, and
therefore afferent feedback pathways, do not influence this association (Jensen et al., 2016).
Indeed, another recent study in COPD patients (Jolley et al., 2015) examined the relationships of
dyspnoea intensity with NRD and NMU, concluding that dyspnoea intensity is closely related to
EMGdi and NMU, but that the relationship between dyspnoea intensity and EMGdi was
comparatively stronger. This is consistent with our findings, suggesting that increased NRD
largely contributes to increased dyspnoea intensity in patients with fibrotic ILD, at least during
normoxic incremental exercise.
We recently demonstrated significant reductions in iso-time dyspnoea intensity during
constant work-rate exercise with hyperoxia compared to room air (Schaeffer et al., 2017) (see
Chapter 2). However, there were no signification correlations between the reduction in dyspnoea
intensity and the between-treatment changes in standard ventilatory measures during exercise.
We reasoned that a reduction in dyspnoea intensity with hyperoxia may therefore be associated
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with improvements in neurophysiological parameters such as NRD and/or NMU. However,
despite EMGdi being more significantly correlated with dyspnoea intensity during normoxic
incremental exercise, the improvement in dyspnoea intensity with hyperoxia was only
significantly correlated with an improvement in NMU and exercise performance (i.e., endurance
time). This suggests that hyperoxia reduces dyspnoea via multiple mechanisms, with a
combined beneficial effect on both NRD and respiratory mechanics.
Previous studies have shown that hyperoxia improves oxygen delivery to the skeletal
muscles by widening the arteriovenous oxygen content difference, thereby increasing the
anaerobic threshold and delaying the onset of metabolic acidosis and skeletal muscle fatigue
(Powers et al., 1989; Harris-Eze et al., 1994). The subsequent reduction in V̇ E at iso-time and
peak exercise in the present study may have reflected, at least in part, both a reduction in EMGdi
as well as VT, with attendant improvements in perceived breathlessness. This is further
supported by the delayed onset of the VT/V̇ E inflection with hyperoxia compared to room air.
NMU was defined in this study as the ratio of EMGdi (%max) to VT (%VC), and therefore a
direct representation of the interaction between EMGdi and VT. In this context, had only EMGdi
been reduced and VT held constant with hyperoxia, NMU would have decreased (i.e., improved).
Alternatively, had only VT been reduced and EMGdi held constant with hyperoxia, NMU would
have increased (i.e., worsened). We observed reductions in both EMGdi and VT with hyperoxia
compared to room air, with a relatively larger reduction in EMGdi (26±11 vs. 12±6 %,
respectively). Accordingly, our study suggests that hyperoxia reduces dyspnoea mainly via an
improvement in NMU, which reflects an optimized relationship between EMGdi and VT. The
interaction between the improvement in NRD and the change in VT seems to have a more
important effect than the improvement in NRD alone.
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Limitations. There are some limitations to this study that must be acknowledged. First,
we used EMGdi as a surrogate of NRD and the limitations of this method have been well
described (Faisal et al., 2016). Second, while the diaphragm is the primary inspiratory muscle,
we cannot ignore the potential contribution of extra-diaphragmatic inspiratory muscles, such as
the sternocleidomastoids, scalenes, and intercostal muscles. Changes in the ventilatory response
with hyperoxia could elicit changes in respiratory muscle recruitment patterns and their relative
contributions, which could influence measures of NMU. Third, due to safety reasons, it was not
feasible to blind all study personnel to the study condition. However, we do not believe this
impacted our results as all test procedures were rigorously standardized, including an absence of
verbal encouragement for all constant work-rate exercise tests. Fourth, we acknowledge that this
invasive study had a small sample size, and therefore may not be representative of all patients
with fibrotic ILD. Finally, we included a variety of ILD subtypes. However, all patients had
isolated lung involvement. Due to the similar physiology of these diseases, we expect the
physiological findings to be similar across these subtypes.
Conclusion. Our data suggest that the intensity of dyspnoea more likely reflects
increased NRD, as estimated by EMGdi, rather than NMU, in patients with ILD during normoxic
incremental exercise. However, attenuation of dyspnoea intensity with hyperoxia was correlated
with improvements in NMU, but not EMGdi. This suggests that the combined benefits of
hyperoxia on the coupling between NRD and the mechanical output of the respiratory system are
more important in relieving dyspnoea than the effects on NRD alone. Future research is needed
to better isolate the independent effects of EMGdi and the mechanical output of the respiratory
system (i.e., VT) on dyspnoea during exercise in patients with ILD. This knowledge may aid in
the development of symptom-based treatment options in this population.
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Table 3-1. Patient characteristics and maximal exercise data
Descriptive characteristics
Age
66 ± 10
Male:Female
10 : 4
BMI, kg/m2
29 ± 5
Diagnosis, number of patients
IPF
7
HP
2
Idiopathic LIP
1
Polymyositis-associated ILD*
1
Scleroderma-associated ILD*
1
Unclassifiable ILD
1
Undifferentiated connective tissue disease*
1
Time since diagnosis, months
40.1 (31.1-64.3)
Surgical lung biopsy, number of patients
7
Modified MRC Dyspnoea Scale
1.5 ± 1.2
Oxygen Cost Diagram, mm
62 ± 17
Pulmonary Function
FEV1, %predicted
77 ± 15
FVC, %predicted
71 ± 16
FEV1/FVC, %
80 ± 8
TLC, %predicted
64 ± 11
DLCO, %predicted
45 ± 15
Peak incremental exercise
Dyspnoea, 0-10 Borg scale
5.7 ± 2.3
Leg discomfort, 0-10 Borg scale
5.6 ± 2.1
V̇ O2, ml/kg/min
21.1 ± 6.2
V̇ O2, % predicted
70 ± 23
RER
1.08 ± 0.08
Work-rate, watts
93 ± 39
Work-rate, %predicted
59 ± 17
Heart rate, bpm
132 ± 20
Heart rate, %predicted
87 ± 10
V̇ E, l/min
76 ± 20
̇VE/MVV, %
72 ± 23
SpO2, %
90 ± 5
EMGdi, %max
69 ± 15
NMU, EMGdi (%max):VT (%VC)
1.4 ± 0.4
Values are mean±SD or median (interquartile range).
*, no extra-pulmonary manifestations; BMI, body mass index; DLCO, diffusing capacity of the
lungs for carbon monoxide; EMGdi, electromyogram of the crural diaphragm; FEV1, forced
expiratory volume in 1 second; FVC, forced vital capacity; HP, hypersensitivity pneumonitis;
IPF, idiopathic pulmonary fibrosis; LIP; lymphoid interstitial pneumonia; MRC, Medical
Research Council; MVV, maximal voluntary ventilation; NMU, neuromechanical uncoupling;
RER, respiratory exchange ratio; SpO2, arterial oxygen saturation; TLC, total lung capacity; VC,
vital capacity; V̇ E, minute ventilation; V̇ O2, oxygen consumption; VT, tidal volume.
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Table 3-2. Selected sensory and physiological parameters at iso-time and peak exercise for
constant work-rate cycle exercise tests with room air and hyperoxia
Iso-time
Peak
Room Air Hyperoxia Room Air Hyperoxia
Dyspnoea, 0-10 Borg scale
3.8 ± 3.0
1.8 ± 1.9†
5.0 ± 2.7
4.5 ± 3.7
Leg discomfort, 0-10 Borg scale
3.4 ± 2.1
2.1 ± 1.5
4.7 ± 1.8
5.9 ± 2.2
‡
SpO2, %
89 ± 3
98 ± 2
88 ± 4
98 ± 1‡
Heart rate, beats/min
125 ± 22
114 ± 19‡
127 ± 21
125 ± 22
‡
Heart rate, %predicted
83 ± 14
76 ± 13
85 ± 13
83 ± 15
‡
V̇ E, l/min
74 ± 18
53 ± 14
76 ± 20
62 ± 13†
V̇ E/MVV, %
71 ± 26
50 ± 18‡
73 ± 26
59 ± 20†
VT , l
1.58 ± 0.48 1.39 ± 0.44‡ 1.50 ± 0.46 1.29 ± 0.36†
FB, breaths/min
49 ± 15
40 ± 12†
54 ± 19
50 ± 15
EELV, %TLC
55 ± 5
56 ± 7
54 ± 7
57 ± 7
*
EILV, %TLC
93 ± 5
89 ± 5
91 ± 6
88 ± 6*
PETCO2, mmHg
33 ± 6
39 ± 6‡
32 ± 7
37 ± 7‡
EMGdi, %max
67 ± 16
49 ± 12‡
68 ± 18
53 ± 13†
NMU, EMGdi (%max):VT (%VC) 1.3 ± 0.3
1.0 ± 0.2†
1.3 ± 0.4
1.2 ± 0.2
Values are mean±SD.
EELV, end-expiratory lung volume; EILV, end-inspiratory lung volume; EMGdi,
electromyography of the crural diaphragm; FB, breathing frequency; MVV, maximal voluntary
ventilation; NMU, neuromechanical uncoupling; PETCO2, partial pressure of end tidal carbon
dioxide; SpO2, oxygen saturation by pulse oximetry; TLC, total lung capacity; VC, vital
capacity; V̇ E, minute ventilation; VT, tidal volume.
Significantly different from room air: *, p<0.05; †, p<0.01; ‡, p<0.001.
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Table 3-3. Spearman’s correlations for selected parameters with the change in dyspnoea
intensity at iso-time with hyperoxia vs. room air
r
p
∆EET, min
-0.67
0.02
FVC, %predicted
-0.43
0.18
DLCO, %predicted
-0.11
0.75
Peak incremental V̇ O2, %predicted
0.11
0.75
∆SpO2 at iso-time, %
-0.04
0.91
∆SpO2 at peak exercise, %
-0.06
0.86
∆V̇ E at iso-time, l/min
0.14
0.68
∆VT at iso-time, l
-0.46
0.16
∆FB at iso-time, breaths/min
0.23
0.50
∆EELV at iso-time, %TLC
0.37
0.26
∆EILV at iso-time, %TLC
0.27
0.43
∆EMGdi, %max
0.41
0.21
∆NMU, EMGdi (%max):VT (%VC)
0.63
0.04
∆, difference between selected parameter with hyperoxia vs. room air; DLCO, diffusing capacity
of the lungs for carbon monoxide; EELV, end-expiratory lung volume; EET, exercise endurance
time; EILV, end-inspiratory lung volume; FB, breathing frequency; FVC, forced vital capacity;
SpO2, oxygen saturation by pulse oximetry; V̇ E, minute ventilation; V̇ O2, oxygen consumption;
VT, tidal volume.
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Figure 3-1. Trend lines for individual patients demonstrating the relationship between
dyspnoea intensity and (A) electromyography of the diaphragm (EMGdi), (B)
neuromechanical uncoupling, and (C) tidal volume (VT) expressed as a percentage of vital
capacity (VC)
Reported r values are expressed as median (interquartile range) from Spearman correlations
within each patient.
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Chapter 4: Qualitative dimensions of exertional dyspnoea in fibrotic
interstitial lung disease

4.1

Introduction

There is increasing evidence that humans can reliably distinguish varying intensities and
qualities of dyspnoea (Parshall et al., 2012a; Parshall et al., 2012b; Parshall et al., 2012c;
Laviolette et al., 2014). Healthy individuals predominantly report a steady worsening of
dyspnoea intensity that is typically described as increased work/effort of breathing throughout
incremental cycle exercise (Cory et al., 2015). In patients with COPD, there is also a progressive
increase in dyspnoea intensity during incremental exercise, but the predominant descriptor of
dyspnoea changes from increased work/effort to unsatisfied inspiration, particularly at the VT/V̇ E
inflection (O'Donnell et al., 2006; Laveneziana et al., 2011). At this point, IRV is reduced such
that any further VT expansion results in substantial increases in respiratory muscle work
(O'Donnell et al., 2006). This ventilatory pattern and associated sensory consequences have
been observed during both incremental and constant-load cycle exercise in patients with COPD
(Laveneziana et al., 2011). However, the relationship between constraints on VT expansion and
dyspnoea quality has not been evaluated in patients with ILD.
Recent studies have shown that patients with COPD and ILD have similar physiological
mechanisms of exertional dyspnoea intensity (Faisal et al., 2016). Accordingly, the
physiological mechanisms responsible for the more frequent selection of unsatisfied inspiration
in COPD and ILD may also be similar (Scano et al., 2010). The purpose of this study was to
examine the progression of dyspnoea quality during exercise and its relationship to ventilatory
constraints in patients with fibrotic ILD.
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4.2

Methods

Participants. Patients with mild-to-moderate fibrotic ILD were recruited from two specialized
ILD clinics, including some patients who concurrently participated in two previously published
studies (Schaeffer et al., 2017, 2018). All patients provided informed written consent prior to
enrollment (University of British Columbia Providence Health Care Research Ethics Board H1300059). Patients with fibrotic ILD and an arterial oxygen saturation (SpO2) ≥92% by finger
pulse oximetry at rest while breathing room air were eligible. Patients were excluded if they had
concurrent participation in or recent (<6 weeks) completion of pulmonary rehabilitation, other
diseases that could impair exercise capacity and/or SpO2, significant emphysema, pulmonary
hypertension, and/or the use of prednisone >10mg/day for at least two weeks within three
months of enrollment. Four additional patients were excluded from analysis because they did
not complete all three visits and/or did not have an identifiable VT/VE inflection on both study
tests.
Study design. During Visit 1, patients completed chronic activity-related dyspnoea
questionnaires (modified Medical Research Council scale and Oxygen Cost Diagram (Mahler &
Wells, 1988)) followed by pulmonary function testing and a symptom-limited incremental cycle
exercise test with dyspnoea assessment for familiarization purposes. During Visit 2, patients
performed another symptom-limited incremental cycle exercise test. During Visit 3, patients
performed a symptom-limited constant-load cycle exercise test at 75% of the peak work-rate
determined at Visit 2.
Pulmonary function. Spirometry, whole-body plethysmography, maximal voluntary
ventilation, single-breath diffusing capacity of the lungs for carbon monoxide (DLCO), as well as
maximal inspiratory and expiratory pressures were measured using a commercially available
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cardiopulmonary testing system (Vmax Encore 229, V62J Autobox; Carefusion, Yorba Linda,
CA, USA). Values were expressed as percentages of predicted (Knudson et al., 1983; Morris et
al., 1988; Gutierrez et al., 2004; Tan et al., 2011).
Exercise testing protocol. All exercise tests were conducted on an electronically-braked
cycle ergometer (Ergoselect 200P; Ergoline, Bitz, DE) after six minutes of quiet breathing and
one minute of unloaded pedaling. Incremental exercise tests started at 15 watts with 15-watt
stepwise increases in work-rate every two minutes until volitional exhaustion. Peak work-rate
was defined as the highest work-rate sustained for ≥30 seconds. Constant work-rate exercise
tests started with an immediate increase to 75% of peak incremental work-rate until volitional
exhaustion. Patients self-selected a cadence ≥60 revolutions per minute for all tests.
Symptom evaluation. Patients rated the intensity of “breathing discomfort” (dyspnoea)
and “leg discomfort” at rest, every two minutes throughout exercise, and at peak exercise using
the Borg 0-10 category-ratio scale (Borg, 1982). Patients were also asked to select the phrase
that best described their breathing at that moment from a previously-described list of four items:
“My breathing requires more work and effort” (work/effort); “I cannot get enough air in”
(unsatisfied inspiration); “I cannot get enough air out” (unsatisfied expiration); and “None apply”
(Laveneziana et al., 2011). Patients were allowed to select multiple phrases if equally
applicable. Immediately after exercise, patients selected all descriptors that applied to how their
breathing felt at the end of exercise from a standardized list consisting of 15 qualitative
descriptors (O'Donnell et al., 2000). Patient responses were grouped into 10 clusters
corresponding to distinct experiences of breathlessness evoked by different respiratory stimuli, as
previously described (Simon et al., 1990; Mahler et al., 1996; O'Donnell et al., 2000). However,
if more than one applied to the same cluster, only one rating was attributed to that cluster (i.e.,
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the rating for the same cluster was not counted twice). Patients were also asked to identify the
three best descriptors of their breathing at the end of exercise from this list if they selected more
than three in total.
Cardiorespiratory responses to exercise. Metabolic and ventilatory responses were
measured breath-by-breath and averaged over 30-second epochs (Vmax Encore 229; Carefusion,
Yorba Linda, CA, USA). Arterial oxygen saturation was estimated using finger pulse oximetry
(Radical-7 Pulse CO Oximeter, Masimo Corporation, Irvine, CA, USA) and heart rate was
monitored by 12-lead electrocardiography (Cardiosoft Diagnostics System v6.71, GE Healthcare,
CA). Operating lung volumes were derived from serial dynamic IC maneuvers (Guenette et al.,
2013). The VT/VE inflection was determined for each patient by visual examination of individual
Hey plots by three different observers from incremental exercise at Visit 2 (Hey et al., 1966); if
multiple inflection points were present, the selection made by the majority was chosen.
Statistical analyses. A sample size of 16 was chosen based on previous literature
(Laveneziana et al., 2011). Data are presented as mean ± SD or median (interquartile range)
unless otherwise specified. Paired t-tests were used to compare outcomes between the
incremental and constant work-rate exercise tests at rest, VT/VE, and peak exercise. Repeated
measures linear regression was used to evaluate between-protocol differences in dyspnoea
intensity throughout exercise, and to determine the association between dyspnoea and each of
VT, VE, IRV, and SpO2. Between-protocol differences in qualitative descriptors of dyspnoea at
peak exercise were assessed using a McNemar’s Exact Test. Unpaired t-tests were used to assess
differences between patients that selected unsatisfied inspiration at any point during exercise on
either test protocol and those that never selected unsatisfied inspiration. Analyses were
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performed using IBM® SPSS® Statistics for Macintosh, version 25.0 (IBM Corp., Armonk, NY,
USA) and STATA® 11.2 (StataCorp LP, College Station, TX, USA).

4.3

Results

Participants. Characteristics of the 16 included patients are summarized in Table 4-1. Patients
had mild reduction in forced vital capacity (76±15 %predicted) and moderate reduction in DLCO
(48±14 %predicted). None of the patients that participated in this study met the regional criteria
for home oxygen supplementation (Sandberg & Fleetham, 2013). Eight patients had IPF, with
no significant difference in baseline pulmonary function or functional capacity compared to
patients with non-IPF fibrotic ILD (Table 4-2).
Physiological responses to exercise. Physiological responses to exercise are summarized
in Table 4-3. Patients had reduced peak aerobic capacity compared to predicted values.
Breathing pattern and operating lung volumes relative to V̇ E were similar for incremental and
constant work-rate exercise (Figure 4-1). The VT/V̇ E inflection occurred sooner during constant
work-rate exercise compared to incremental exercise (2.5±1.8 vs. 9.0±3.4 min, p<0.001).
Beyond the VT/V̇ E inflection, further increases in V̇ E were achieved via increases in breathing
frequency (Figure 4-1).
Dyspnoea intensity. On average there were 8±3 dyspnoea intensity ratings during
incremental exercise and 8±5 ratings during constant work-rate exercise. Baseline dyspnoea
intensity was above zero in three patients for incremental exercise and one patient for constant
work-rate exercise. There were strong associations between dyspnoea intensity and each of V̇ E,
VT, and IRV in both exercise protocols (all p <0.001). The relationship of dyspnoea intensity
with both VT and IRV was biphasic (Figure 4-2), with dyspnoea intensity gradually increasing
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until the VT/V̇ E inflection, after which there was a sharp increase in dyspnoea intensity until peak
exercise. Median dyspnoea intensity at peak exercise was 6 Borg units (range 4-7) for
incremental and 6 Borg units (3-7) for constant work-rate exercise tests, respectively. Dyspnoea
intensity during incremental exercise was associated with IRV independently of SpO2 (p=0.002).
Dyspnoea quality. Increased work/effort accounted for 50% and 79% of all selections for
the description of dyspnoea during incremental and constant work-rate exercise, respectively
(Figure 4-3). Increased work/effort was selected at least once by all 16 patients (100%) during
incremental exercise and 15 patients (94%) during constant work-rate exercise. Selection
frequency of work/effort increased proportionally to increasing dyspnoea intensity up until the
VT/V̇ E inflection, after which the response appeared to plateau (Figure 4-4A).
Unsatisfied inspiration was selected at least once by eight patients (50%) during
incremental exercise, ten patients (63%) during constant work-rate exercise, and seven patients
(44%) on both exercise tests. Selection frequency of unsatisfied inspiration increased after the
VT/V̇ E inflection during both incremental and constant work-rate exercise (Figure 4-3).
Unsatisfied expiration had the lowest selection frequency of any descriptor throughout exercise,
which was never selected during incremental exercise and selected by four patients (25%)
accounting for 7% of all selections during constant work-rate exercise (Figure 4-3). None apply
accounted for 38% and 4% of all selections for the description of dyspnoea during incremental
and constant work-rate exercise, respectively. However, this option was selected early during
exercise and no patient selected this descriptor at symptom limitation. Selection frequency of
unsatisfied inspiration increased proportionally to increasing dyspnoea intensity throughout
exercise (Figure 4-4B).
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Selection frequencies of dyspnoea descriptors derived from the 15-item list administered
at the end of exercise were similar between exercise protocols (all p>0.05; Figure 4-5). The
three best descriptors at peak incremental exercise corresponded to “unsatisfied inspiration”
(50% of patients made this selection), “work” (44%), and air “hunger” (38%), respectively. The
three best descriptors at peak constant work-rate exercise corresponded to “work” (62%),
“unsatisfied inspiration” (56%), and “inspiratory difficulty” (44%).
Sub-group analysis. There were no statistically significant differences in resting
pulmonary function between patients that selected unsatisfied inspiration (“selectors”, n=11) at
any point during exercise compared to patients that never made this selection (“non-selectors,”
n=5). Breathing pattern was similar between selectors and non-selectors (Figure 4-6A and B).
However, our sample size precluded a rigorous statistical comparison of these sub-groups. The
mean IRV at the VT/V̇ E inflection tended to be lower in the selectors compared to the nonselectors (0.3±0.2 vs. 0.6±0.4 liters, respectively), while selectors had a higher VT/IC at baseline
and throughout exercise (Figure 4-6C).

4.4

Discussion

The main findings of this study are: (1) Ventilatory and perceptual responses to exercise were
similar between incremental and constant work-rate protocols in patients with fibrotic ILD, and
were likely dictated by mechanical constraints on VT expansion; (2) perceived work/effort of
breathing was the dominant qualitative descriptor of dyspnoea throughout both incremental and
constant work-rate exercise; and (3) selection frequency of unsatisfied inspiration markedly
increased at the VT/V̇ E inflection, independent of cycle protocol. Collectively, these findings
have important implications for targeted symptom management of patients with fibrotic ILD.
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Ventilatory response and constraints. Breathing pattern and operating lung volumes
relative to VE were similar in the two exercise protocols. However, there were, not surprisingly,
greater metabolic and therefore ventilatory requirements at the beginning of constant work-rate
compared to incremental exercise. This resulted in constraints on VT expansion being reached
significantly sooner during the constant work-rate protocol. Despite this difference, the
relationships between dyspnoea intensity and each of V̇ E, VT, and IRV during exercise were
preserved across protocols, with all showing a similar biphasic response. Accordingly, dyspnoea
intensity ratings increased linearly to only moderate levels prior to the VT/V̇ E inflection, after
which dyspnoea intensity ratings rose steeply to severe levels. These data suggest that breathing
pattern, dynamic operating lung volumes, and perceived dyspnoea intensity were a consequence
of an increased ventilatory requirement in the setting of mechanical constraints on VT expansion
in patients with fibrotic ILD, with these changes occurring independently of protocol, the rate of
increase in V̇ E from rest, and oxygenation. Our findings are similar to previously published
literature in COPD (Laveneziana et al., 2011), despite different mechanisms through which
mechanical constraints on VT expansion occurs in these diseases.
Work/effort and unsatisfied inspiration. Work/effort and unsatisfied inspiration occurred
independently of one another during both incremental and constant work-rate exercise.
Work/effort was the dominant descriptor throughout exercise for both protocols, but selection
frequency plateaued despite both increasing ventilation and dyspnoea intensity after the VT/V̇ E
inflection. On the contrary, selection frequency of unsatisfied inspiration increased in direct
proportion to increasing dyspnoea intensity throughout exercise across protocols. While there
was a marked increase in the selection of unsatisfied inspiration after the VT/V̇ E inflection for
both protocols, the percentage of subjects that identified unsatisfied inspiration as the primary
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descriptor of dyspnoea during exercise never surpassed that of work/effort. This differs from
previous observations in COPD where after the VT/V̇ E inflection unsatisfied inspiration became
the dominant descriptor of dyspnoea during exercise (Laveneziana et al., 2011). It has been
suggested that unsatisfied inspiration is a reflection of increased neuromechanical uncoupling
(i.e., a disproportionate increase in neural respiratory drive relative to VT expansion) (O'Donnell
et al., 1998a). Patients with ILD and COPD have greater neuromechanical uncoupling during
exercise compared to age-matched healthy controls, which can largely be attributed to a reduced
ventilatory reserve (Faisal et al., 2016). As demonstrated in our study, end-expiratory lung
volume slightly decreased during exercise in patients with ILD (-0.19 and -0.21 litres) from rest
to peak during incremental and constant work-rate exercise, respectively), while end-inspiratory
lung volume increases up to the point of the VT/V̇ E inflection. At this point, patients are likely
breathing on the upper less-compliant portion of the respiratory system’s pressure-volume
relationship where greater neural respiratory drive is needed to generate a given level of
inspiratory pressure. The awareness of this mismatch is conveyed by afferent feedback from
respiratory muscle mechanoreceptors and may form the psychophysical basis of unsatisfied
inspiration in ILD (O'Donnell et al., 1998a).
Descriptors of dyspnoea at peak incremental and constant work-rate exercise in the
present study were selected via a 15-item list. The two most common descriptors identified were
“work” and “unsatisfied inspiration,” with the former having a higher selection frequency
compared to the latter. The observed selection of dyspnoea descriptors at the end of exercise
may be related to increased neural respiratory drive, central corollary discharge, and/or afferent
feedback from the respiratory muscles. Future studies are needed to explore these parameters as
potential targets for therapeutic interventions seeking to reduce the unpleasant sensation of
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unsatisfied inspiration in these patients. Additionally, it is important to note that patients were
asked to select the predominant descriptor of dyspnoea during exercise from a list confined to
three descriptors: work/effort, unsatisfied inspiration, and unsatisfied expiration. Thus, we
cannot evaluate whether other sensations were important or absent during exercise.
Unsatisfied inspiration and inspiratory reserve volume. Previous studies in COPD and
asthma have demonstrated that the VT/V̇ E inflection, in the setting of a pathologically reduced
IRV, corresponds to an increased perception of unsatisfied inspiration (Laveneziana et al., 2011;
Laveneziana et al., 2013), and our results suggest that IRV is similarly important in patients with
ILD. Patients in the present study who selected unsatisfied inspiration at any point during
incremental or constant work-rate exercise reached a mean minimal IRV of 0.3 litres at the VT/V̇ E inflection, whereas those that never made this selection failed to reach this threshold and had
a higher mean minimal IRV of 0.6 litres. In comparison, the critical, minimal IRV appears to be
0.5 litres in both COPD and asthma (O'Donnell et al., 2006; Laveneziana et al., 2013). A larger
sample size is needed to determine if this threshold is both similar in patients with ILD and
independent of disease severity. However, our data suggest that the perception and
corresponding sensory consequence of this mechanical event is likely not disease specific, with
increased perception of unsatisfied inspiration as a common outcome in patients that reach the
VT/V̇ E inflection.
We did not observe any statistically significant differences in resting pulmonary function
between selectors of unsatisfied inspiration and non-selectors; however, selectors tended to have
less pulmonary restriction and worse gas exchange. Future studies with larger sample sizes are
necessary to determine whether resting pulmonary function can predict perceived dyspnoea
quality during exercise. Patients that selected unsatisfied inspiration adopted breathing patterns
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that further encroached on their ventilatory capacity, as evidenced by a consistently higher VT/IC
throughout incremental exercise. This is supported by previous work in ILD that identified
VT/IC as the dominant independent contributor to dyspnoea intensity and inspiratory difficulty
(O'Donnell et al., 1998a). However, we were limited in our ability to make strong comparisons
between patients that selected unsatisfied inspiration and those that did not; therefore, we must
be cautious in making any generalizations to the larger ILD population.
Clinical implications. Based upon our findings, interventions that reduce ventilatory
requirements and therefore delay the time required to reach the VT/V̇ E inflection or even prevent
reaching it altogether are likely to reduce dyspnoea intensity and the perception of unsatisfied
inspiration in patients with ILD, which may have implications in a rehabilitation setting for
increasing exercise tolerance. For example, hyperoxia improves exercise tolerance, and
dyspnoea intensity during an acute bout of exercise in patients with fibrotic ILD (Schaeffer et al.,
2017). Hyperoxia also results in a more favourable dyspnoea quality that may translate into
better adherence to a rehabilitation program. This possibility is currently being explored in a
large multi-centre clinical trial (Ryerson et al., 2016). Additionally, the perceived quality of
dyspnoea could be used to gauge whether or not a critical IRV has been reached during exercise
to help monitor exercise intensity during a training session, making it symptomatically more
tolerable. These implications are particularly important given the absence of effective symptommodifying pharmacotherapy for most subtypes of fibrotic ILD.
Conclusions. The VT/V̇ E inflection is an important ventilatory-mechanical event that
marks a substantial increase in dyspnoea intensity and a change in dyspnoea quality during
exercise in patients with fibrotic ILD, regardless of exercise protocol. Furthermore, the VT/V̇ E
inflection in the setting of a reduced IRV resulted in an increased selection of unsatisfied
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inspiration as the predominate descriptor of dyspnoea. These findings may inform the
management of exertional symptoms in patients with fibrotic ILD.
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Table 4-1. Patient characteristics
All patients

Selectors

Non-selectors

Descriptive characteristics
Age
65 ± 9
66 ± 7
61 ± 13
Male : Female
12 : 4
7 : 4
5 : 0
2
BMI, kg/m
29 ± 5
28 ± 5
33 ± 5
Diagnosis, number of patients
IPF
8
6
2
Non-IPF
8
5
3
Time since diagnosis, months
37 (27-46)
40 (27-51)
32 (30-40)
CPI
47 ± 11
48 ± 10
45 ± 14
Modified MRC Dyspnoea Scale
1.3 ± 1.1
1.4 ± 1.2
1.0 ± 0.7
Oxygen Cost Diagram, mm
64 ± 15
62 ± 17
68 ± 10
Pulmonary Function
FVC, %predicted
71 (66-86)
81 (66-94)
67 (66-71)
FEV1, %predicted
77 (71-87)
77 (75-98)
72 (65-74)
FEV1/FVC, %
80 (78-82)
80 (78-82)
80 (79-81)
TLC, %predicted
67 (59-75)
67 (61-75)
62 (59-73)
DLCO, %predicted
47 (39-57)
46 (42-53)
60 (35-64)
MVV, l
114 ± 26
112 ± 26
119 ± 29
Values are mean ± SD or median (interquartile range).
BMI, body mass index; CPI, composite physiologic index; DLCO, diffusing capacity of the lungs
for carbon monoxide; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity;
IPF, idiopathic pulmonary fibrosis; MRC, Medical Research Council; Non-selectors, patients
that did not select unsatisfied inspiration at any point during exercise; Selectors, patients that
selected unsatisfied inspiration at any point during exercise; TLC, total lung capacity.
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Table 4-2. IPF vs. non-IPF patient characteristics
IPF
Non-IPF
Descriptive characteristics
Age
69 ± 8
60 ± 8
Male : Female
8 : 0
4 : 4
2
BMI, kg/m
29 ± 5
30 ± 5
Time since diagnosis, months
34.2 (25.1-20.8) 39.7 (32.0-66.5)
CPI
51.1 ± 12.5
43.0 ± 7.9
Modified MRC Dyspnoea Scale
1.8 ± 1.3
0.8 ± 0.5
Oxygen Cost Diagram, mm
58 ± 18
70 ± 10
Pulmonary Function
FVC, %predicted
73 (63-92)
71 (67-82)
FEV1, %predicted
82 (69-107)
75 (72-78)
FEV1/FVC, %
80 (79-82)
79 (71-82)
TLC, %predicted
63 (56-75)
68 (63-75)
DLCO, %predicted
43 (32-52)
52 (44-61)
Functional capacity
Peak incremental work-rate, %predicted
59 ± 15
63 ± 18
̇
Peak incremental VO2, %predicted
78 ± 21
63 ± 18
Values are mean ± SD or median (interquartile range).
BMI, body mass index; CPI, composite physiologic index; DLCO, diffusing capacity of the lungs
for carbon monoxide; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity;
IPF, idiopathic pulmonary fibrosis; MRC, Medical Research Council; TLC, total lung capacity.
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Table 4-3. Selected sensory and physiological parameters at the VT/V̇ E inflection and peak
exercise for incremental and constant work-rate exercise tests
VT/V̇ E Inflection
Peak
INCR
CWR
INCR
CWR
‡
Exercise time, min
9.0 ± 3.4
2.5 ± 1.8
12.3 ± 4.9
13.1 ± 10.6
Work-rate, watts
74 ± 26
73 ± 26
97 ± 35
73 ± 26‡
Dyspnoea, 0-10 Borg scale
2.7 ± 2.0
1.7 ± 2.2
5.7 ± 2.2
5.2 ± 2.9
Leg discomfort, 0-10 Borg scale 2.6 ± 1.8
1.6 ± 1.5
5.5 ± 1.9
5.6 ± 2.2
SpO2, %
92 ± 4
93 ± 3
90 ± 5
90 ± 4
Heart rate, bpm
116 ± 19
112 ± 15
131 ± 20
128 ± 18
Heart rate, %predicted
76 ± 12
74 ± 11
86 ± 11
84 ± 11
̇VO2, l/min
1.5 ± 0.4
1.6 ± 0.3
1.8 ± 0.6
1.9 ± 0.5
V̇ O2, ml/kg/min
17.2 ± 4.8
18.4 ± 5.2
20.9 ± 6.6
22.2 ± 7.0
V̇ O2, % predicted
58 ± 16
64 ± 20
70 ± 21
76 ± 23
RER
0.99 ± 0.07 1.00 ± 0.11
1.06 ± 0.08
1.03 ± 0.10
V̇ E, l/min
54 ± 12
55 ± 15
73 ± 18
75 ± 22
V̇ E/MVV, %
50 ± 19
51 ± 21
66 ± 21
68 ± 23
VT, l/min
1.53 ± 0.45 1.58 ± 0.47† 1.61 ± 0.51
1.60 ± 0.52
FB, breaths/min
37 ± 11
37 ± 13
47 ± 10
49 ± 14
EELV, %TLC
56 ± 4
55 ± 5
56 ± 6
55 ± 7
EILV, %TLC
91 ± 6
91 ± 6
92 ± 7
92 ± 8
IRV, l
0.41 ± 0.29 0.39 ± 0.26
0.37 ± 0.26
0.38 ± 0.28
Values are mean ± SD.
CWR, constant work-rate exercise test; EELV, end-expiratory lung volume; EILV, endinspiratory lung volume; FB, breathing frequency; INCR, incremental exercise test; MVV,
maximal voluntary ventilation; RER, respiratory exchange ratio; SpO2, oxygen saturation by
pulse oximetry; TLC, total lung capacity; V̇ E, minute ventilation; V̇ O2, oxygen consumption; VT,
tidal volume.
†, p<0.01 INCR vs. CWR; ‡, p<0.001, INCR vs. CWR.
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Figure 4-1. A) tidal volume (VT), B) breathing frequency (FB), C) inspiratory reserve
volume (IRV), and D) operating lung volumes relative to minute ventilation (V̇ E) during
incremental (INCR) and constant work-rate (CWR) exercise
Values are mean ± SEM. Grey markers, VT/V̇ E inflection; TLC, total lung capacity.
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Figure 4-2. Dyspnoea intensity relative to A) minute ventilation (V̇ E), B) tidal volume (VT),
and C) inspiratory reserve volume (IRV) during incremental (INCR) and constant workrate (CWR) exercise
Values are mean ± SEM. Grey markers, VT/V̇ E inflection.

73

Descriptor (% of subjects)

100
90
80
70
60
50
40
30
20
10
0

Increased work and effort
Unsatisfied inspiration
Unsatisfied expiration

A

0

2

4

6

8

10

12

14

10

12

14

Descriptor (% of subjects)

Time (min)

100
90
80
70
60
50
40
30
20
10
0

B

0

2

4

6

8

Time (min)

Figure 4-3. Selection frequency of dyspnoea descriptors during A) incremental and B)
constant work-rate exercise
Dashed line, tidal volume relative to minute ventilation (VT/V̇ E) inflection.
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Figure 4-4. Selection frequency of A) work/effort and B) unsatisfied inspiration relative to
dyspnoea intensity during incremental (INCR) and constant work-rate (CWR) exercise
Values are mean ± SEM. Grey markers, tidal volume relative to minute ventilation (VT/V̇ E)
inflection.
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Figure 4-5. Selection frequency of dyspnoea descriptors measured via a 15-item
questionnaire and clustered into 10 experiences of breathing discomfort evoked by
different respiratory stimuli at peak A) incremental (INCR) and B) constant work-rate
(CWR) exercise
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Figure 4-6. Ventilatory responses to exercise in patients that selected unsatisfied inspiration
(selectors) and patients that did not select unsatisfied inspiration (non-selectors) during
incremental exercise
Values are mean ± SEM. Grey markers, tidal volume relative to minute ventilation (VT/V̇ E)
inflection; IC, inspiratory capacity.
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Chapter 5: Conclusion

5.1

Overall summary

Dyspnoea is an important and common symptom in patients with fibrotic ILD that often results
in poor quality of life and an inability to perform physical activity. Unfortunately, there are few
treatment options that improve dyspnoea and therefore exercise tolerance in these patients
(Noble et al., 2011; Raghu et al., 2011). A major limitation of the current approaches to
symptom management in ILD is that the guidelines, and corresponding recommendations, are
based on research conducted in COPD patients. The application of COPD-specific strategies to
patients with ILD has no sound physiological basis. Thus, there is a strong need for research to
develop and evaluate dyspnoea-relieving strategies specifically in ILD, which was the premise of
this thesis. This work is imperative for the development of more effective population-specific
therapies that reduce this debilitating symptom, enable patients to become more physically
active, and enhance their quality of life.
First, we conducted a randomized controlled crossover study to evaluate the effect(s) of
hyperoxia on ventilatory, sensory, and exercise performance outcomes in patients with fibrotic
ILD (see Chapter 2). Contrary to previously published studies on supplemental oxygen in ILD,
our results suggest that breathing 60% oxygen during exercise results in clinically significant
improvements dyspnoea intensity ratings. We also found substantial improvements in exercise
endurance time and the qualitative dimensions of dyspnoea with hyperoxia.
Second, we performed an invasive and technically demanding study to assess whether
dyspnoea intensity in patients fibrotic ILD is primarily determined by NRD or NMU (see
Chapter 3). Similar to previous findings in COPD, our results suggest that exertional dyspnoea
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is strongly related to the level of NRD, estimated via EMGdi, in patients with fibrotic ILD.
Interestingly, when we experimentally reduced dyspnoea by administering supplemental oxygen
during exercise, the reduction in dyspnoea was more closely related to an improvement in the
relationship between NRD and the mechanical output of the respiratory system (i.e., NMU)
compared to neural respiratory drive alone.
Third, we conducted a study examining dyspnoea quality in patients with fibrotic ILD
during incremental and constant work-rate exercise (see Chapter 4). This study demonstrates the
importance of mechanical constraints on VT expansion on dyspnoea intensity and quality during
exercise in patients with fibrotic ILD. Specifically, the VT/V̇ E inflection marked the onset of an
increase in dyspnoea intensity as well as selection frequency of unsatisfied inspiration as the
predominate dyspnoea descriptor. The results of this second study extend those of the first, as in
order for us to more fully understand the cause(s) and distinct manifestations of dyspnoea, it is
important to study its multidimensional components.

5.2

Significance

The work presented in thesis provides meaningful insight into the effects of hyperoxia on
exercise tolerance in patients with fibrotic ILD. Additionally, this work improves our
fundamental understanding of dyspnoea in patients with fibrotic ILD and has important clinical
implications for the management of exertional symptoms in this population.
The most comprehensive evaluation of hyperoxia on ventilatory, sensory, and exercise
performance outcomes in patients with fibrotic ILD, to date, is presented in Chapter 2. This is
also the first study to examine the effects of hyperoxia on the qualitative dimensions of dyspnoea
during exercise in patients with any chronic respiratory disease. Our experimental approach to
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supplemental oxygen delivery may serve to optimize pulmonary rehabilitation programs by
enabling patients to train at higher exercise intensities, regardless of their degree of exertional
arterial oxygen desaturation.
Our use of advanced and invasive physiological measurement techniques for the study
presented in Chapter 3 provide novel insight into the neurophysiological underpinnings of
exertional dyspnoea in patients with fibrotic ILD. This was the first study to demonstrate that
dyspnoea intensity in patients with fibrotic ILD more strongly reflects increased neural drive, as
opposed to the imbalance between neural drive and the mechanical response of the respiratory
system. This is consistent with Figure 1-1 (Chapter 1), which depicts perceived dyspnoea as the
awareness of increased neural drive needed to achieve a given ventilation in the setting of
increased mechanical loading (e.g., from reduced lung compliance) and/or reduced capacity of
the respiratory muscles to generate pressure (e.g., sub-optimal length-tension relationship due to
relatively high operating lung volumes). Improving our understanding of this debilitating
symptom may aid in the development of new and/or optimized, targeted, population-specific
therapies to reduce dyspnoea and subsequently, improve functional capacity and/or quality of life
in this population.
The study presented in Chapter 4 is the first study to examine the evolution and
corresponding physiologic basis of the perception of unsatisfied inspiration during acute bouts of
exercise in patients with fibrotic ILD. Our results suggest that interventions that reduce
ventilatory requirements, and therefore delay or prevent the VT/V̇ E inflection from occurring,
should reduce dyspnoea intensity and perception of unsatisfied inspiration in this population.
Furthermore, there may be a role for dyspnoea quality as a clinical indicator to gauge relative
exercise intensity. In combination with the findings in Chapter 2, these studies have important
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implications for exercise rehabilitation programs and symptom management.
Collectively, this thesis (1) provides insight on the effects of hyperoxia on exercise
tolerance in this population; (2) contributes to what is known about the mechanisms and
manifestation of the intensity and quality of dyspnoea in patients with ILD; and (3) proposes
potential physiological targets for symptom-relieving interventions.

5.3

Strengths and limitations

The strengths of this thesis relate to its methodology, as the current most validated and objective
measures were used to address the primary study aims. Our study design presented in Chapter 2
was more appropriate than all previously published studies in evaluating the effects of hyperoxia
on exertional dyspnoea and exercise performance in patients with ILD, as we examined iso-time
responses at a standardized stimulus intensity. Additionally, the multipair oesophageal catheter
used to measure EMGdi in Chapter 3 is the best available surrogate measure of neural respiratory
drive during exercise in humans.
The underlying limitation of the work presented in this thesis relates to the
generalizability of our findings. The studies presented in this thesis have a seemingly small
sample size. However, my studies were of a similar or larger sample size compared to
previously published physiological studies in patients with ILD, which have included between
seven and 16 patients. There are significant challenges associated with recruiting patients that
meet such strict inclusion criteria, as well as the invasiveness, time intensiveness, and technical
nature of our experiments. While IPF is the most common sub-type, it still qualifies as a rare
disease in most countries. Additionally, there are only two ILD specialty clinics in British
Columbia and we actively recruited from both. Nevertheless, patient recruitment for this thesis
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still took over two years to complete. As a consequence, our findings may not be representative
of all patients with fibrotic ILD. Future studies with larger sample sizes would allow for more
translatable findings, as well higher-powered sub-group comparisons. For example: between the
many different sub-types of ILD, sexes, and responders vs. non-responders to interventions such
as hyperoxia.

5.4

Future directions

The main application of this thesis is how we can enhance the exercise component of pulmonary
rehabilitation for patients with fibrotic ILD. Severe dyspnoea makes it challenging for ILD
patients to withstand the amount of training they need to achieve a meaningful and enduring
benefit. In this thesis, we have shown that in an acute setting, hyperoxia has profound effects on
dyspnoea intensity, dyspnoea quality, and exercise tolerance. However, we still do not know if
this oxygen delivery strategy can be applied to a long-term exercise program. More specifically,
if these patients exercise for longer and/or with a greater intensity with the help of supplemental
oxygen, will they attain greater physiological adaptations (e.g., in the peripheral muscles) from
an exercise training program compared to if they were to do the same regimen without the
additional oxygen? To answer this question, the next logical step is to conduct a randomized
control trial to evaluate changes in exercise tolerance, dyspnoea, and quality of life after a
longer-term exercise training program with hyperoxia.
Indeed, the preliminary findings from this thesis formed the premise of a large clinical
trial entitled: “High Oxygen delivery to Preserve Exercise capacity in IPF patients treated with
nintedanib study” (i.e., The HOPE-IPF study) (Ryerson et al., 2016). This double-blind,
randomized, placebo-controlled study will include 88 IPF patients at 8 research centres in

81

collaboration with more than 30 clinicians and scientists across Canada. After initial assessment,
including pulmonary function testing, an incremental cycle test to determine peak work-rate, and
a constant-load cycle exercise test corresponding to 75% of peak incremental work-rate, patients
will undergo exercise training three times a week for eight weeks. The intervention group will
exercise while breathing a hyperoxic gas mixture (FiO2 = 60%) as used in the present thesis; the
control group will breathe room air (FiO2=21%) while exercising unless their oxygen saturation
decreases below 88%, in which case they will receive the minimum amount of supplemental
oxygen needed to maintain an oxygen saturation ≥88%, up to a maximum FiO2 of 40%, per
standard of care. The exercise training protocol will be identical for both groups. The mode of
oxygen delivery will be identical to that developed for this thesis (see Chapter 2). Follow up
tests will take place 1 week, 2 months, and 4 months post-training, and will including another
constant-load cycle exercise test at 75% of peak incremental work-rate. The primary outcome
will be based on the pre-training to post-training change in constant-load cycle exercise
endurance time, which is the most responsive parameter for assessing the efficacy of pulmonary
rehabilitation in patients with IPF (Arizono et al., 2014). Exertional dyspnoea intensity will be
measured during all cycle exercise tests at rest, throughout exercise, and at peak exercise.
Dyspnoea, physical activity, and quality of life will also be evaluated using validated
questionnaires. Twenty-six patients have been enrolled.
While the HOPE-IPF study will help elucidate whether or not prevention of hypoxaemia
will allow IPF patients to achieve greater benefits from exercise training, and if these
improvements in the exercise setting translate into improvements in quality of life, participation
is limited to IPF patients treated with nintedanib. Thus, the findings cannot be extrapolated to
the broader ILD population or patients treated with other pharmacotherapy. The HOPE-IPF
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study will also not evaluate the safety of hyperoxia during exercise, the impact of a lower FiO2,
or the feasibility of this specific method of oxygen delivery during pulmonary rehabilitation.
Therefore, additional studies are needed to examine the efficacy of hyperoxia during exercise
training in a more representative population as well as to determine its safety. These data may
inform guidelines around the provision of supplemental oxygen during pulmonary rehabilitation
in patients with ILD.
Additionally, this thesis identified specific physiological events underlying dyspnoea
intensity and quality. Future studies are needed to manipulate these variables, in the context of
exercise, to develop new concepts for symptom management. For example, eccentric cycling or
single leg exercise has been not explored in this population, but similar to hyperoxia, may also
reduce the ventilatory requirement for a given exercise intensity.

5.5

Overall conclusion

The purpose of this thesis was three-fold: (1) to appropriately and comprehensively evaluate the
effects of hyperoxia on dyspnoea in patients with fibrotic ILD; (2) to determine if dyspnoea
intensity is more strongly reflects NRD or NMU in patients with fibrotic ILD; and (3) to evaluate
the qualitative dimensions of exertional dyspnoea in patients with fibrotic ILD. We found that
breathing 60% oxygen results in clinically significant improvements in exertional dyspnoea
intensity, dyspnoea quality, and exercise performance in this population. Our data also suggests
that exertional dyspnoea intensity in these patients is better predicted by NRD compared to
NMU. However, hyperoxia as an intervention appears to reduce dyspnoea via improvements in
NMU. Lastly, the VT/V̇ E inflection is an important respiratory-mechanical event in patients with
fibrotic ILD that has implications for exertional dyspnoea intensity and quality. Future work is
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needed to translate these findings during acute bouts of exercise in to the context of a longerterm exercise training program, as well as to extrapolate them to the larger ILD population.
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