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Abstract

Obesity is associated with respiratory symptoms that often improve with weight loss.
However, traditional methods of testing pulmonary function such as spirometry and
plethysmography show little or no changes with weight loss. Oscillometry which
measures respiratory system mechanics could potentially fill this knowledge gap, but it
has never been used to measure weight-induced changes in respiratory system
mechanics in the supine position, even though such assessment would be more relevant
to the mechanics of breathing during sleep.

We evaluated 19 severely obese female subjects using spirometry, plethysmography,
Pittsburgh Sleep Quality Index, and hand-held oscillometry to obtain respiratory system
resistance (Rrs) and reactance from 6-19Hz before, and at five weeks and six months
after weight loss surgery. These assessments were performed in both upright and supine
positions, and pre- and post-bronchodilation with 200ug of salbutamol. An average
weight loss of 11.9+2.7kg at 5 weeks was not associated with changes in upright
respiratory mechanics, but Rrs at 19Hz (Rrs,19) was reduced by 13.143.8% in the supine
position and this correlated with improvements in sleep quality. Weight loss also
increased bronchodilator responsiveness, perhaps indicating improvements in airway-
parenchymal tethering. At six months, greater mean weight-loss of 21.4+7.1kg caused
significant changes in respiratory mechanics in both upright and supine positions.
However, weight-loss induced a greater reduction in supine Rrs,19. Together with the
early changes at 5 weeks, these results demonstrate the importance of breathing
mechanics to sleep quality. By comparison, no significant changes were detected with
spirometry.

We also characterized the biasing effects of inappropriate positioning of head-and-neck
during oscillometry and compared these to the established effects of the upper airway
shunt artefact. Impedance values were not significantly affected by 20° neck flexion, and
although significant, changes in Rrs during 10° neck extension were small. Oscillometry
outcomes were highly repeatable since within-test coefficient of variation (COV) was <
8%, and day-to-day COV was < 6% in all subjects. Furthermore, the test-retest
reliability of oscillometry was also very high with Pearson’s correlation coefficient of
0.99. Taken together, hand-held oscillometry was very repeatable, reliable and more
sensitive than spirometry at detecting changes in lung mechanics with weight-loss.

xi
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Chapter 1: Introduction

In this chapter, I provide an overview of the thesis describing the motivation for the
studies I conducted. The organization of the thesis chapters is provided in Section 1.2 and
a list of original manuscripts and conference abstracts arising from this thesis is provided

in Section 1.3.

1.1 Motivation for the Thesis

Obesity is associated with asthma [1], obstructive sleep apnea [2], and obesity
hypoventilation syndrome [3]. It is also associated with respiratory symptoms such as
wheeze and dyspnea. These symptoms can be difficult to manage in individuals with
obesity, and bronchodilators are reported to exhibit limited effectiveness [4-8]. However,
symptoms often improve with weight loss but traditional methods of testing lung function
such as spirometry and plethysmography often show little or no changes with weight loss
[9-11]. This lack of information from traditional lung function tests has hampered our
ability to unravel the mechanisms that link obesity and weight loss to changes in
respiratory health. Furthermore, lung function is typically assessed in the upright position
but the respiratory symptoms associated with obesity are reported to be worse when
subjects lie down and this affects their sleep quality [12, 13]. Unfortunately, there are no

studies on the respiratory health consequences of weight loss in the supine position.

A novel technique for measuring lung mechanics and function known as oscillometry
could potentially fill this knowledge gap by providing clinically useful information on the
mechanisms that facilitate the relationship between obesity and respiratory symptoms.
This thesis investigates the utility of this technique in detecting weight-induced changes

in lung mechanics as compared to traditional methods of testing lung function.

We hypothesized that oscillometry outcomes would show larger changes in lung
mechanics than spirometry and plethysmography outcomes after weight-loss surgery, and
that these changes would be associated with improvements in sleep quality reported by

the patients. We measured lung mechanics with oscillometry in the upright and supine



position and recorded the changes that occurred with weight loss. We then compared the
changes in oscillometry outcomes to changes measured with spirometry and
plethysmography. Furthermore, we hypothesized that changes in lung mechanics
measured in the supine position following weight loss would be associated with changes
in sleep quality. Finally, to investigate the contribution of obesity to the reported
ineffectiveness of bronchodilators, we measured breathing mechanics with oscillometry
before and after inhalation of salbutamol, and compared baseline bronchodilator

responsiveness to the responsiveness measured after weight loss.

The clinical adoption of oscillometry is possibly hindered by the low repeatability of the
technique, relative to spirometry. Repeatability is defined as the variation in an outcome
measurement administered repeatedly by a specific individual or device on the same test
subject, under the same test condition and within a short period of time. Repeatability is
usually assessed from the standard deviation or percent coefficient of variation of the
repeated measures. The percent coefficient of variation for oscillometry outcomes has
been reported to be higher than 8 % in some oscillometry devices and this indicates low
repeatability [14, 15]. By comparison, the percent coefficient of variation for spirometry
is typically less than 3% and this indicates high repeatability [14]. In this thesis, we used
a portable, handheld oscillometry device which allowed us to collect measurements in
both upright and supine positions. However, the repeatability of this device has never
been characterized before. Furthermore, it has been speculated that incorrect positioning
of the head and neck during oscillometry could potentially affect the repeatability of
oscillometry outcomes [14]. Thus, we hypothesized that a portable, handheld
oscillometry device demonstrates high repeatability, and low and acceptable variability,

even in the presence of artefacts such as variations in positioning of the head and neck.

The following section describes the structure of this thesis.

1.2 Thesis Organization

This thesis is divided into five chapters. Chapter 2 provides a broad review of published

literature relevant to this thesis. It describes the state of the art in the field of lung



mechanics and function with a special focus on obesity and weight loss. Other topics
reviewed include the clinical application of the oscillometry technique in the assessment
of respiratory mechanics as well as a brief introduction into conventional methods of
assessing pulmonary function. This section ends with a description of the research

hypotheses, aims and approaches.

In Chapter 3, we investigated whether changes in lung mechanics relatively soon after
weight loss surgery are detectable with oscillometry. Results obtained were compared to
outcomes from spirometry and plethysmography. We also investigated whether the
changes in lung mechanics measured in the supine position following weight loss are
associated with changes in sleep quality. This work led to an original manuscript titled
“Early detection of changes in lung mechanics with oscillometry following bariatric
surgery in severe obesity”” authored by Ubong Peters, and coauthored by Drs. Paul
Hernandez, Gail Dechman, James Ellsmere, and Geoffrey Maksym. The manuscript is
published in Applied Physiology, Nutrition and Metabolism and a modified version is
presented in Chapter 3.

In Chapter 4, we extended the follow-up period of our previous weight loss study from 5
weeks to 6 months and re-evaluated lung function and sleep quality in our study
participants using oscillometry, spirometry, plethysmography, and Pittsburgh Sleep
Quality Index (PSQI). Results obtained were compared to those recorded earlier at
baseline and 5 weeks after surgery. A manuscript for this study is being prepared for

submission.

Chapter 5 investigates the effect of incorrect positioning of head and neck during
oscillometry on the repeatability and variability of oscillometry outcomes. The effect of
the upper airway shunt artefact on the repeatability and variability of oscillometry
outcomes was also assessed, and the within-session repeatability and day-to-day
reproducibility of a portable, handheld oscillometry device was characterized. A

manuscript for this work is also currently under preparation.

A summary of the findings presented in this thesis is provided in Chapter 6. A discussion

of the significance and implications of these findings is also presented along with a



summary of the original contributions of this thesis. This chapter ends with suggestions

for future work.

1.3 Manuscripts, Conference Abstracts and Proceedings arising from the Thesis.

Journal Articles and Manuscripts

1.

Ubong Peters, Paul Hernandez, Gail Dechman, James Ellsmere, and Geoffrey
Maksym. Early Detection of Changes in Lung Mechanics with Oscillometry
Following Bariatric Surgery in Severe Obesity. Applied Physiology, Nutrition and
Metabolism. 2016 May; 41(5) 538—47. doi: 10.1139/apnm-2015-0473.

Ubong Peters, Gail Dechman, Paul Hernandez, Thomas Schuessler, and Geoffrey
Maksym. Repeatability, Variability and Reliability of Respiratory Impedance:
Effect of Upper Airway Shunt Artefact, and Head and Neck Positioning (to be
submitted)

Ubong Peters, Swati Bhatawadekar, Paul Hernandez, Gail Dechman, James
Ellsmere, and Geoffrey Maksym. Improvements in Upright and Supine Lung
Mechanics with Weight Loss Surgery: Sleep Quality and Bronchodilator

Responsiveness (to be submitted)

Conference Abstracts and Proceedings

1. Ubong Peters, Paul Hernandez, Gail Dechman, James Ellsmere, and Geoffrey
Maksym. Improvements in Lung Mechanics with Weight Loss in Severely
Obese Subjects Following Bariatric Surgery: Sleep Quality and
Bronchodilator Responsiveness. Poster discussion, Canadian Respiratory
Conference, Halifax, Nova Scotia. April 2016.

2. Ubong Peters, Paul Hernandez, Gail Dechman, James Ellsmere, and Geoffrey
Maksym. The Bronchodilatory Effects of Beta-Agonist and Weight Loss are

Similar in Severely Obese Patients after Bariatric Surgery. Podium



presentation, Obesity and Metabolism Conference, University of Vermont,
Burlington, Vermont. October 2015.

. Hamed Hanafi, Kamal El-Sankary, Ubong Peters, Marwa Al-Amer, Dietrich
Henzler, Andrew Milne, Jeremy Brown, and Geoffrey Maksym. Assessing the
accuracy of oscillometry in tracking the mean values and temporal changes in
impedance of children. Poster presentation, Annual Congress of the European
Respiratory Society, Amsterdam, Netherlands. September 2015.

. Ubong Peters, Swati Bhatawadekar, Gail Dechman, James Ellsmere, Paul
Hernandez, and Geoffrey Maksym. Bariatric Surgery Improves Lung
Mechanics of Severely Obese Patients in the Supine Position. Poster
discussion, American Thoracic Society International Conference, Denver,
Colorado. Am J Respir Crit Care Med 191; 2015: A1222, May 2015.

. Ubong Peters, Gail Dechman, James Ellsmere, Thomas Schuessler, Paul
Hernandez, and Geoffrey Maksym. Repeatability and Reliability of
Respiratory Impedance in Obese and Nonobese Adults. Poster presentation,
American Thoracic Society International Conference, Denver, Colorado. Am J
Respir Crit Care Med 191, 2015: A2101, May 2015.

. Marwa Al-Amer, Ubong Peters, Swati Bhatawadekar, Wade Watson, and
Geoffrey Maksym. Repeatability of Respiratory Impedance and
Bronchodilatory Response in Asthmatic Children. Poster presentation,
American Thoracic Society International Conference, Denver, Colorado. Am J
Respir Crit Care Med 191, 2015: A2105, May 2015.

. Ubong Peters, Paul Hernandez, Gail Dechman, James Ellsmere, and Geoffrey
Maksym. Lung Function Following Weight Loss. Podium presentation,
Atlantic Respirology and Critical Care Medicine Conference, Halifax, Nova
Scotia. November 2014.

. Ubong Peters, James Ellsmere, Paul Hernandez, Thomas Schuessler, and
Geoffrey Maksym. The Effect of Artefacts on Variability and Repeatability of
Respiratory Impedance in Healthy Adults. Poster presentation, American
Thoracic Society International Conference, San Diego, California. Am J

Respir Crit Care Med 189; 2014: A3546, May 2014.
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Ubong Peters, Gail Dechman, James Ellsmere, Paul Hernandez, and Geoffrey
Maksym. The Role of Parenchymal Tethering on Lung Mechanics in Obesity
before and after Bariatric Surgery. Poster presentation, American Thoracic
Society International Conference, San Diego, California. Am J Respir Crit
Care Med 189; 2014: A3517, May 2014.
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and airway unloading. Poster presentation, Atlantic Respirology and Critical

Care Conference, Halifax, Nova Scotia. November 2013.
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obesity and changes with bariatric surgery: role of airway smooth muscle tone
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Respiratory Society, Barcelona, Spain. September 2013.

Yuanyuan Chen, Timothy Brown, Swati Bhatawadekar, Del Leary, Ubong
Peters, Linhong Deng, and Geoffrey Maksym. A method for assessing glottis
aperture variation on airway resistance by forced oscillation. Poster
presentation, Annual Scientific Meeting of the Biomedical Engineering
Society, Austin, Texas. October 2010.
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Scientific Meeting of the Biomedical Engineering Society, Pittsburgh,
Pennsylvania. October 2009.



Chapter 2: Review of Relevant Literature

This chapter provides a broad review of published literature relevant to this thesis. It
principally covers the role of obesity in altered lung function. Obesity often leads to
asthma-like symptoms and asthma is a common comorbidity in these subjects. Therefore,
this review also examines the state of the art in the field of lung mechanics with a specific
focus on pulmonary mechanics in asthma. A general review of asthma is first provided
followed by a detailed discussion of how asthma-like symptoms could possibly arise in
individuals with obesity. Other topics reviewed include the clinical application of the
oscillometry technique in the assessment of pulmonary mechanics. An introduction to
conventional methods of assessing pulmonary function is also provided. This chapter

ends with a description of the research hypotheses, aims and approaches.

2.1 The Respiratory System and the Mechanics of Breathing

The respiratory system can be described as a parallel combination of mechanical and
physiological subsystems acting together in a synchronous fashion to facilitate one of the
most vital processes of life — gas exchange. The physiological subsystem comprises of
two functional zones namely, the conducting zone (pharynx, larynx, trachea, bronchi) and
the respiratory zone (respiratory bronchioles, alveolar ducts, alveoli) while the
mechanical subsystem is made up of the rib cage, pleural sac and muscles that assist in
moving air into and out of the lungs during breathing. These muscles include the
diaphragm and the nondiaphragmatic (intercostal) muscles. Other accessory muscles that
also play a role in respiration include the abdominal muscles, the sternocleidomastoid,

alae nasi and scalenus muscle.

During inspiration, the diaphragm contracts and moves downwards, the external
intercostal muscles contract, the rib cage moves upwards and out, while the abdominal
muscles relaxes [16]. The increase in chest cavity volume and the increase in the negative
pressure within this region with respect to atmosphere results in the inflation of the lungs

[17, 18]. Following inspiration, a relaxed exhalation of air from the lungs occurs as a



result of the passive elastic recoil of the lung and chest wall returning to their equilibrium
state of balance, which is between inward recoil of the lung and outward recoil of the
chest wall. This balance occurs at a defined lung volume known as the functional residual
capacity (FRC). This is described in more detail in section 2.3. Unlike the act of
inspiration which is an active event involving the respiratory muscles, expiration is
usually passive, except during exercise or forced exhalation maneuvers when the

abdominal muscles and internal intercostal muscles are recruited to assist.
The Structure of the Lungs

The lung is a highly complex structure made up of thousands of tree-like branching
airways. Air comes into the lung through the trachea but the trachea divides into right and
left main bronchus, which then divides into lobar bronchi, and then segmental bronchi.
Penetrating further into the lungs, the airways become more numerous, they branch
repeatedly, and they also become narrower and smaller. These structural changes
continue up to the alveoli. The human airway tree is made up of about 23 generations of
dichotomously-branching airways [19]. This process of dichotomous bifurcation at each
airway generation continues even at the level of the terminal bronchioles, which make up
the last set of conducting airways. The trachea and bronchi make up the conducting
airways. These conducting airways are often referred to as the anatomic dead space
because they have no alveoli, and as such they do not take part in gas exchange. The
terminal bronchi then branch repeatedly to form the respiratory bronchioles, which are
the site where alveolization begins as some alveoli can be found occasionally budding off
the walls of the respiratory bronchioles. The bifurcation ends at the alveolar ducts, and

the alveoli. The alveoli make up most of the lung parenchyma.

The alveolus is the main site in the respiratory system where physiological gas exchange
actually occurs. In total there are about 300-500 million alveoli in a healthy adult lung
and this covers an area of approximately 70-80 m? which is about the size of a tennis
court [19, 20]. It is made up of a squamous epithelial cell layer lining the inner surface,
supported by an extracellular matrix containing the blood capillaries. Deoxygenated

blood containing carbon dioxide from all body tissues is exchanged for fresh oxygen



through the blood capillaries of the alveoli. The alveolated regions of the lung described

here make up the respiratory zone.

The alveolar walls contain the proteins — collagen and elastin which are largely
responsible for the structure and architecture of the lung parenchyma and also contribute
to its compliance (i.e volume change per unit change in pressure). However, since the
alveoli are lined with fluid, the compliance (inverse of elastance or stiffness) of the
respiratory system arises from a combination of the elastic forces generated when the
collagen and elastin fibers stretch during breathing, and from the surface tension of the
alveolar lining fluid. The compliance of the respiratory system is also influenced by

components of the chest wall which include the rib cage and diaphragm.

The following sections describe some common respiratory disorders and some of the tests

that are used to understand them.

2.2 Lung Diseases

There are many types of respiratory diseases but the most common ones include asthma,
chronic obstructive pulmonary disease (COPD), lung cancer, tuberculosis, cystic fibrosis,
obstructive sleep apnea (OSA), respiratory distress syndrome (RDS), pneumonia and
influenza. The main focus of this section is on asthma because it is a common
comorbidity in obesity [21], and many individuals with obesity often present with
asthma-like symptoms [22, 23]. A brief review of COPD is also provided here since

patients with COPD were also studied in this thesis.

It is estimated that more than 3 million Canadians suffer every year from the five most
prevalent lung diseases presented in Table 2.1 [24]. In the United Kingdom, respiratory
diseases make up the second largest cause of death with more than 117,000 deaths
recorded in 2004 [25] and in the United States, respiratory disease is rated as the third
biggest killer with approximately 35 million Americans living with some form of chronic

lung disease such as asthma or COPD [26].



Most respiratory diseases fall into two main categories, viz; obstructive respiratory
diseases and restrictive respiratory diseases. Obstructive diseases are characterized by
airflow limitation due to excessive mucus production or narrowing of the lung airways.
Common examples of obstructive lung disease include: cystic fibrosis, asthma and

COPD.

Table 2.1: Prevalence of some common respiratory diseases in Canada *

Respiratory Disease Affected Canadians
Asthma — physician diagnosed (prevalence 2014) * 2,448,817

COPD - physician diagnosed (prevalence 2014) * 804,043

Lung cancer (new cases — 2014) * 26,100

Cystic fibrosis (prevalence from registry — 2013) 1 4,077

Tuberculosis (new or reactivated cases —2014) * 1,600

* Information sourced from [27].

1 Information sourced from [28].

Restrictive respiratory diseases, on the other hand, are characterized by stiffer lungs,
reduced lung volumes accompanied by a significant decline in lung compliance.
Examples of restrictive lung diseases include: interstitial pulmonary fibrosis and
interstitial lung disease (including sarcoidosis), pneumonia, and extra-pulmonary
restrictive lung diseases (scoliosis). These pathologies manifest changes to the mechanics

of the respiratory system which can, if measured, be used diagnostically.

A brief description of the two most prevalent respiratory diseases is provided below,
followed by an introduction to various tests used in assessing changes in lung function

caused by these diseases.
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2.2.1 Asthma

Definition of Asthma

Asthma is a complex and heterogeneous disease. Historically, the term “asthma’ was
loosely applied to refer to any respiratory condition that resembled dyspnea. Despite
tremendous advances in our understanding of the disease, the definition of asthma is still
the subject of many scientific debates. According to the Global Initiative for Asthma
(GINA) [29], asthma is defined as ‘“a chronic inflammatory disease of the airways in
which many cell types play a role, in particular mast cells, eosinophils and T
lymphocytes. In susceptible individuals, the inflammation causes recurrent episodes of
wheezing, breathlessness, chest tightness and cough particularly at night and/or early
morning. These symptoms are usually associated with widespread but variable airflow
obstruction that is at least partly reversible either spontaneously or with treatment. The
inflammation also causes an associated increase in airway responsiveness to a variety of

stimuli.”

This definition of asthma recognized the central role chronic inflammation plays in the
disease process. It also suggests that the best way to control the progression of the disease
is to treat the underlying inflammatory process that is responsible for the changes in
structure and function of the pulmonary airways. Indeed, structural remodeling of the
airways is a well-documented pathological feature of asthma that is believed to be present
in the airways of individuals with asthma [30, 31], including those newly diagnosed with
the disease [32]. Such remodelling is characterized by increased airway smooth muscle
(ASM) mass, angiogenesis, thickening of the reticular basement membrane and damage

to bronchial epithelium [31, 33, 34].
Epidemiology of Asthma and its Economic Cost

Asthma is one of the most chronic diseases in North America with almost 2.5 million
Canadians suffering from the disease (Table 2.1) [24, 35]. Epidemiological data have

revealed that asthma is more prevalent among children with prevalence rates reported to
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be about 10-15% of children and about 5% of the adult population [36]. In the US, it is
estimated that 22.2 million Americans, representing 7.7% of the total population, have
asthma [37]. The prevalence rate of the disease is reported to decline with age with a
breakdown of the rate indicating that 8.9% of children and 7.2% of adults have the
disease. Surprisingly, approximately 32% of asthmatic adults in the US are also obese
[38], suggesting a relationship between obesity and asthma. This relationship is reviewed

in more detail in Section 2.4.1.

According to the European Respiratory Society (ERS), the cost of asthma care in Europe
alone is estimated to be over €17 billion and the loss of productivity due to the disease is
over €9 billion annually [39]. The annual direct cost of asthma care in Canada is
estimated to range from $504 to $684 million CAD [40] while the estimated direct and
indirect cost of asthma care per year in the US is about $12.6 billion USD [41].

Pathophysiologic Mechanisms of Asthma

The symptoms of asthma develop through numerous pathophysiological mechanisms that
are triggered by a wide variety of stimuli, ultimately resulting in bronchoconstriction and
airflow obstruction [42]. The pathophysiology of classical asthma is reviewed in detail in
Appendix A to enable us to draw parallels to the pathophysiology of asthma-like
symptoms in obesity. This review is important because it is not yet known whether the
mechanisms of classical asthma are distinct from the mechanisms of asthma or asthma-
like symptoms in obese individuals. The pathophysiologic mechanisms of asthma-like

symptoms in obesity will be reviewed in detail in Section 2.4.
Diagnosing Asthma

Since asthma is more frequently diagnosed in obese individuals than lean individuals, and
the changes in pulmonary function can be similar in obesity and asthma, it is important to
understand how asthma is diagnosed. The challenges in diagnosing asthma in obesity are

described in the next section.

The criteria for diagnosing asthma in adults are presented in Figure 2.1. Asthma is

usually diagnosed using a combination of different tools beginning with physical
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examination and detailed documentation of the patient’s medical history including history
of wheeze, dyspnea, chest tightness and cough and how these symptoms vary in intensity.
Other conditions such as COPD, upper airway obstruction, gastric esophageal reflux
disease, pulmonary embolism and heart failure can cause wheezing and other symptoms
that are similar to the symptoms of asthma; therefore, a differential diagnosis must be
performed if the patient does not fit the criteria described here (i.e history and symptoms
that vary in intensity) as shown in Figure 2.1. This is usually followed by lung function
tests (see Section 2.3 for a detailed description) to document the presence of excessive
variability in lung function, airflow limitation and reversible airflow obstruction, airway
hyperresponsiveness, and to document the progression of the disease over time (Global

Initiative for Asthma [43]).

Reversibility of airflow obstruction is usually assessed during a bronchial reversibility
test with a short-acting betay-adrenergic agonist (SABA) such as salbutamol. When
available, bronchial provocation test with a bronchoactive agent such as methacholine is
also used to determine airway hyperresponsiveness (AHR). Tests for AHR and bronchial
reversibility are described in detail in Section 2.3. Briefly, the airways are considered
hyperresponsive if inhalation of 16 mg/mL of methacholine induces more than a 20 %
drop in forced expired volume in one second (FEV) [44], while the clinical threshold for
positive bronchial reversibility required to diagnose asthma is a 12 % increase in FEV
from baseline together with a minimum increase in volume of 200 ml [45]. According to
guidelines used in diagnosing asthma, airflow obstruction occurs when the ratio of FEV;
to forced vital capacity (FVC) is lower than 0.75 (Global Initiative for Asthma [43]).
FEV is defined as the volume of air that can be forcibly exhaled from the lung in the first
second of a forced exhalation maneuver while FVC is defined as the total volume of air
that is exhaled from the lungs during the forced exhalation maneuver. These tests are also

described in detail in Section 2.3.

The Challenges in Diagnosing Asthma in Obese Individuals

As mentioned above, asthma is usually diagnosed using a combination of different tools
that include: physical examination and past medical history (intermittent and variable

wheeze, dyspnea, chest tightness and cough), lung function tests (to determine airflow
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limitation), bronchial reversibility test (to determine reversibility of airflow obstruction)
and bronchial provocation tests (to determine airway hyperresponsiveness) [46].
However, the most challenging problem in diagnosing asthma in obese patients is that
many symptoms of asthma may not be present in these patients and, as will be discussed
in Sections 2.4, obesity also modifies the clinical presentation of many of the
distinguishing features of asthma (such as AHR [47]) making it even more difficult to

ascertain whether the asthma-like symptoms of many obese individuals are indeed due to

asthma.
Patient with respiratory
symptoms (Box 1-2)
Are the symptoms typical of asthma?
E NO
YES
Detailed history/examination
for asthma
History/examination supports
asthma diagnosis?
Further history and tests for
NO alternative diagnoses (Box 1-3)
e ”‘J;Iqlcs[::rﬁ]e”” vre YES Alternative diagnosis confirmed?
\i
Perform spirometry/PEF with
reversibility test (Box 1-2)
Results support asthma diagnosis?
Repeat on another
— NO i
occasion or arrange other No—]
|&— YES tests (Box 1-2)
Confirms asthma diagnosis?
! |
Empiric treatment with YES NO YES
ICS and prn SABA (Box 3-4) ;
Review respons
v ) Y fesponse ) Consider tnal of treatment for
Diagnostic testing within most likely diagnosis, or refer
1-3 months (Box 1-4) for further investigations
] y
Treat for ASTHMA ‘ Treat for alternative diagnosis

Figure 2.1. Diagnostic flowchart for asthma at initial presentation (GINA 2015 report).
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PEF, peak expired flow; ICS, inhaled corticosteroid; SABA, short-acting bronchial
agonist.

It is possible that obesity may confound the diagnosis of asthma by imitating some of the
distinguishing characteristics of asthma. Clinicians currently have no way of
discriminating obesity-induced respiratory symptoms such as dyspnea, wheeze, and AHR
from asthma-induced symptoms which also include dyspnea, wheeze and AHR. Obesity
is an important modifier of AHR in humans and mice where it leads to positive responses
to bronchoactive agents [47-51]. Clinicians use negative methacholine response to rule
out asthma; however, since most obese subjects respond positively to methacholine, the
likelihood of making a false positive asthma diagnosis among this cohort is significantly

increased [52].

In 2008, Aaron et al conducted a prospective study of 540 individuals with physician-
diagnosed asthma and after rigorous assessment with bronchial reversibility and
methacholine challenge, and withdrawal of asthma medication, they concluded that
31.8% of obese and 28.7% of nonobese patients diagnosed with asthma were actually
misclassified as having asthma [53]. This finding highlights the challenges primary care
physicians face in diagnosing and managing asthma in the obese population. Although
Aaron et al reported that obese subjects were not any more likely than their nonobese
counterparts to be misdiagnosed with asthma [53]; this is in contrast to Scott et a/ who
reported evidence of increased likelihood of misdiagnosis among overweight and obese

participants in their study [52].

These findings highlight the need for an effective tool that can readily detect changes in
pulmonary mechanics induced by weight gain or loss such that its use can help in the
phenotypic identification of new classes of asthma patients in whom certain treatment

strategies might be more effective.

Classification systems for asthma

Asthma is usually classified based on the frequency of signs and symptoms (i.e

intermittent or persistent), severity (i.e mild, moderate or severe) and control (i.e well-
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controlled, not well-controlled, very poorly controlled) (Global Initiative for Asthma
[43]); however, given the heterogeneous and complex nature of the disease, many experts
have suggested other methods for classifying the disease. In 2006, a comprehensive and
integrated method of classification for asthma was proposed [54]. This method classifies
asthma into three distinct phenotypic categories based on its clinical features (i.e
exacerbation-prone, chronic airflow obstruction, treatment resistant, age of onset), the
stimulants that trigger an attack (i.e allergic, occupational, exercise-induced, aspirin-
induced, menses-related, obesity-related) or based on its inflammatory phenotype (i.e

eosinophilic, neutrophilic, paucigranulocytic) [54].

In the same vein, cluster analysis of demographic, clinical and/or pathophysiological
characteristics of participants enrolled in the Severe Asthma Research Program have also
led to the identification of five new asthma phenotypes [55]. The phenotypic

characteristics of the five asthma clusters identified in this study were:

(1) early-onset atopic asthma with normal lung function treated with two or fewer
controller medications and minimal healthcare utilization,

(i)  early-onset atopic asthma and well preserved lung function but increased
medication requirements and healthcare utilization,

(ii1))  older obese women with late-onset non-atopic asthma and frequent use of oral

corticosteroids.

Subjects in the remaining two clusters all had severe airflow obstruction and
demonstrated bronchial reversibility but they differed in their age of asthma onset, atopic

status and use of oral corticosteroids.

These findings suggest that each phenotype of asthma may be caused by a specific
pathophysiologic mechanism implying that the treatment strategy must be designed to
meet that specific phenotype, following a detailed characterization of the phenotype.
Indeed, in the past 5 years, two new predominant phenotypes of asthma in obese subjects
have emerged [56, 57]. These two phenotypes are: (i) atopic, early-onset, Tu2-high
asthma phenotype characterized by high serum immunoglobulin-E (IgE) and the presence

of eosinophilia, and (i1) non-atopic, late-onset, Tu2-low asthma phenotype characterized
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by low serum IgE and the absence of eosinophilia. These phenotypes are described in

more detail in section 2.4.

Given the complexity and phenotypic diversity of this disease, asthma should not be
considered a single respiratory ailment; rather, it should be defined as a complex
constellation of several respiratory conditions with many overlapping phenotypes.
Perhaps in the future, a much deeper understanding of the pathophysiology of asthma will
guide the development of novel treatment strategies that would target each asthma
phenotype described in these classification systems. Indeed, there is a great need to
carefully phenotype obese individuals with asthma to understand the mechanisms behind
the increased risk of respiratory impairment in this patient group and their blunted

response to asthma treatment.

2.2.2 Chronic obstructive pulmonary disease (COPD)

A brief review of chronic obstructive pulmonary disease (COPD) is provided here
because, as described below, these patients present with impaired lung mechanics that
lead to increased respiratory system impedance. COPD is a largely irreversible lung
disorder that is characterized by damaged airway tissues and airways that narrow easily
during exhalation, resulting in persistent and progressive airflow limitation and
expiratory flow limitation [58]. It is strongly associated with inhaled particles such as
cigarette smoke, occupational dust and/or chemicals, and polluted air. These particles
irritate the lungs causing inflammatory changes in the walls of the small airways and
alveoli, including the destruction of alveolar walls due to infiltration and accumulation of
neutrophils and macrophages within the lung airways [59]. As a result of the destruction
of alveolar walls, the parenchyma loses its elasticity, and the lung elastic recoil is
consequently reduced. These pathological changes in lung parenchyma contribute to
airflow limitation observed in patients with COPD. The destruction of the alveolar walls
also attenuates airway-parenchymal tethering forces [60, 61]. Thus, the airways narrow
easily because the elastic load that is typically applied around the airways through the

parenchymal attachments is reduced. This results in an increased resistance to airflow.
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There are several definitions for COPD. According to European Respiratory Society
(ERS), COPD is defined as “reduced maximum expiratory flow and slow forced
emptying of the lungs, which is slowly progressive and mostly irreversible to present
medical treatment” [62]. The American Thoracic Society (ATS) defines COPD as “a
diseased state characterized by the presence of airflow limitation due to chronic
bronchitis or emphysema; the airflow obstruction is generally progressive, and may be
partially reversible” [63]. However, according to the Global Initiative for Chronic
Obstructive Lung Disease (GOLD), COPD is defined as “a disease state characterized by
airflow limitation that is not fully reversible. The airflow limitation is usually both
progressive and associated with an abnormal inflammatory response of the lungs to

noxious particles or gases” [64].

The differences in these definitions show that there is no consensus yet on the precise
definition and classification for COPD, therefore, its diagnostic criteria will also vary.
Currently, the criteria for diagnosing COPD are based on the demonstration of COPD
symptoms, particularly airflow obstruction which is defined as a post-bronchodilator
FEV1/FVC ratio less than 0.7. Spirometry is not only used to determine the presence of
airflow obstruction in COPD, it is also used to classify the stages and severity of the
disease as presented in Table 2.2. The clinical manifestations of COPD include: dyspnea,
wheeze, and chronic cough that is sometimes accompanied by sputum production, poor
exercise tolerance, and respiratory failure or cor pulmonale in very advanced stages of the
disease. COPD patients sometimes demonstrate partial bronchial reversibility and airway

hyperresponsiveness.

In 2001, COPD ranked as the 5 leading cause of death worldwide, and it is projected
that it will become the 3™ leading cause of death by 2020 [65]. However, in the US,
COPD is already the 3™ leading cause of death and the 12" leading cause of mortality
[66]. COPD is the leading cause of hospitalization among adults in the US, with about
662,000 hospitalizations (1.9% of total hospitalizations) reported in 1998 alone [41]. In
the same year, COPD was also identified as a comorbidity in an additional 2,530,000
hospitalizations (7% of hospitalizations). In 1996, the National Health Interview Survey
(NHIS) estimated that about 10.2 million American adults (5.9 % of the adult population)
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aged > 25 suffer from COPD [41]. In Canada, the National Population Health Survey

conducted by Statistics Canada between 2013-14 indicated that about 804,043 Canadians

have physician-diagnosed COPD with the national prevalence reported to be 4.0% (Table

2.1) [67].

Table 2.2. Stages and Severity of Chronic Obstructive Pulmonary Disease

Severity of COPD

Clinical signs and symptoms

Spirometry outcomes

Stage I: Mild COPD

Stage II: Moderate
COPD

Stage III: Severe
COPD

Stage IV: Very
severe COPD

Mild airflow limitation, patient
sometimes present with chronic
cough with or without sputum
production

Worsening airflow limitation,
dyspnea typically on exertion

Further worsening of airflow
limitation, worsening dyspnea,
reduced exercise tolerance, and
frequent exacerbation of
symptoms impacting significantly
on patient’s quality of life

Severe airflow limitation together
with chronic respiratory failure.
Patients may have Stage IV
COPD whenever they present
with this complication, even if
FEV1 > 30% predicted

FEVI/FVC < 70% and
FEV1 > 80% predicted

FEV1/FVC <70%, and
50% <FEV1 <80%

FEV1/FVC <70%, and
30% <FEV1 <50%

FEV1/FVC <70%, and
FEV1 <30 %

The economic burden of COPD is extremely heavy. It is estimated that the annual direct
medical costs of COPD in the US is about $14.7 billion USD while the indirect cost of
the disease was about $9.2 billion USD bringing the total to $23.9 billion USD [41]. The

estimated direct and indirect cost of asthma care per year in the US is $12.6 billion USD
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and when added to that of COPD care, the total burden of obstructive lung disease in the
US alone rises to about $36.1 billion USD [41].

The following section describes the tests used in assessing changes in pulmonary function

caused by various respiratory diseases.

2.3 Pulmonary Function Tests

Pulmonary function tests (PFTs) provide an objective index of how well the respiratory
system is ventilating its lung by measuring the flows and volume that are associated with
normal tidal breathing, and forced inspiration and exhalation. Common ways of assessing
pulmonary function include body plethysmography, spirometry, and recently, the forced
oscillation technique (FOT), also known as oscillometry. The main focus of this thesis is
oscillometry, spirometry, and plethysmography thus these tests are described in the

following sections.

2.3.1 Spirometry

Spirometry is currently the most frequently performed and most widely accepted measure
of pulmonary function [68]. The technique was invented by John Hutchinson in 1846
after he recognized that the volume of air exhaled from total lung capacity is indicative of
lung function [69, 70]. Hutchinson’s invention has evolved over the decades to find
usefulness today as a diagnostic tool for restrictive and obstructive lung diseases, and also

as a tool for the physiological investigation of lung function.

During the spirometry test, the patient is trained to inhale to total lung capacity (TLC),
and then exhale forcibly into the spirometer while measures such as the forced vital
capacity (FVC) and the forced expired volume in 1 second (FEV) are recorded. FEV1, or
frequently, FEV| normalized to FVC is the “de facto” gold standard for measuring lung
function in healthy subjects and patients with asthma and COPD [71, 72] and loss of

FEV indicates airway obstruction. Table 2.3 provides a brief description of some of the
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common clinical indices that can be derived from spirometry. These outcomes are usually
presented as percentiles of predicted values estimated from reference equations that take

into account the subject’s age, height, gender, and sometimes ethnicity [73-75].

Spirometry can be used to discriminate between obstructive respiratory diseases and
restrictive respiratory diseases. Obstructive lung diseases are those that lead to some
degree of obstruction to the passage of air into and out of the lung [76, 77]. Notable
examples of obstructive diseases include emphysema, chronic bronchitis, asthma and
cystic fibrosis, all of which lead to significant reductions in forced expiratory flows when
assessed with spirometry. The Global Initiative for Chronic Obstructive Lung Disease
(GOLD) criteria for classification of severity of airflow obstruction based on post-
bronchodilator FEV is shown in Table 2.4 [78]. According to the GOLD criteria, airflow
limitation is defined by an FEV/FVC ratio of less than 70%, and in addition to this
criteria, FEV| is used in classifying airflow obstruction as either mild (FEV| > 80%
predicted), moderate (50% < FEV| < 80% predicted), severe (30% < FEV| <50%
predicted), or very severe (FEV1 < 30% predicted or FEV < 50% predicted plus chronic
respiratory failure), but there are other criteria that can be used which do not rely on a
fixed ratio . Restrictive respiratory disorders, on the other hand, are those that result in
significant reductions in lung volumes [76, 79]. In particular, restriction is indicated by a

low FVC in the presence of a normal FEV/FVC ratio [45, 77, 80, 81].

Obstruction in the large and mid-sized airways, collectively known as central airways,
can be easily detected with spirometry since narrowed airways expel air more slowly [68,
82, 83]; however, this index is not sensitive to changes in the small or peripheral airways.
The distinction between central and peripheral airways that used here was first described
in 1967 by Peter Macklem and Jere Mead [84]. The upper airways includes the larynx,
pharynx, and glottis while the central airways extends from the trachea to the segmental
bronchi and includes all airways greater than 2 mm in diameter. The small peripheral
airways includes all airways less than 2 mm in diameters. Indeed, the small airways are
considered a silent zone to spirometry because changes in this region of the lungs are
typically not reflected in spirometry, unless the airway disease is at an advanced stage

[85-87]. Interestingly, mid-expiratory flow measurements including the forced expiratory
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flow at 50% (FEFs0), 75% (FEF7s), and 25-75% (FEF2s5.75) of FVC are often cited in the

literature as sensitive indices of small airways obstruction [88, 89]; however, there is

general agreement that these measures lack specificity [80, 90, 91], with one recent study

reporting a poor correlation between mid-expiratory flow measurements and other well-

established indices of air trapping such as FVC and the ratio of residual volume to total

lung capacity [92]. The influence of obesity on spirometry outcomes is discussed below

in Section 2.4.

Table 2.3. Common spirometric measures of pulmonary function

Name Abbreviation Description

Forced vital FVC This is the volume of air that can be forcibly

capacity exhaled from the lungs after a deep
inspiration.

Forced expiratory FEV1 This is the volume of air that can be forcibly

volume in 1 second exhaled from the lungs in the first second of
exhalation, measured in litres.

FEV/FVC FEV1I/FVC This is the ratio of FEV; to FVC. In healthy
adults this should be approximately 0.75 —
0.80.

Peak expiratory PEF This is the speed of the air moving out of your

flow lungs at the beginning of the expiration,

Forced expiratory
flow 25-75% or 25-50%

Tidal volume

FEF25-75% or 25—
50%

measured in litres per second.

This is the average flow (or speed) of air
coming out of the lung during the middle half
of expiration also sometimes referred to as the
maximal mid-expiratory flow (MMEF).

This is the specific volume of air that is drawn
into and then expired out of the lungs during
the normal respiratory cycle.
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Spirometry is considered the “de facto” gold standard for measuring the severity of
respiratory disease [71]. The technique is safe and noninvasive and spirometry devices
are cheap, portable and simple to use. Another important advantage of spirometry is that
it has been widely adopted and standardized [45, 68, 93], and normative values are

readily available [73].

Table 2.4. Spirometric classification of severity of airflow obstruction

Class Condition Description

Stage I Mild FEV1/FVC <0.70

FEV1 > 80% predicted
Stage 11 Moderate FEV1/FVC <0.70

50% < FEV < 80% predicted
Stage 111 Severe FEV1/FVC <0.70

30% < FEV| <50% predicted
Stage IV Very Severe FEV1/FVC <0.70

FEV1 <30% predicted or FEV| <50%
predicted plus chronic respiratory failure

Assessment of Bronchial Reversibility with Spirometry

Bronchial reversibility or bronchodilator (BD) responsiveness is measured by assessing
pulmonary function before and after inhalation of a short acting 2-adrenergic agonist
such as salbutamol. In order to prevent the deposition of the BD in the upper airways and
to facilitate the deposition in the small airways, the BD is usually administered through
an inhaler device such as a pressurized or breath-actuated metered-dose inhaler, dry
powder inhaler, nebulizer, or soft mist inhaler [94]. The subject is instructed to exhale

completely and then asked to inhale the drug to TLC. A breath-hold of about 5-10
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seconds is recommended upon reaching TLC to ensure widespread distribution of the
agonist within the central and small airways of the lung. According to ATS/ERS
guidelines, the clinical threshold for positive bronchial reversibility required to diagnose
asthma is at least a 12 % increase in FEV| from baseline together with a minimum
increase in volume of 200 ml [45]. The 12 % increase in FEV represents the 95™
percentile for percent change from baseline after bronchodilator administration in a large

sample of the general population and patient population [45].

The bronchial reversibility test is highly specific; therefore, it is very useful in confirming
(ruling in) an asthma diagnosis, if the result is positive. This test is sometimes used in
clinical practice to distinguish subjects with asthma from those with COPD, if the
FEV1/FVC ratio normalizes following BD or if FEV| increases by more than 10 % [45];
however, some investigators have argued that this test does not possess such
discriminatory powers [95, 96]. Moreover, because of its poor sensitivity, a negative
bronchodilator response does not conclusively rule out asthma [97], a position that has
also been adopted by the British Thoracic Society Scottish Intercollegiate Guidelines
Network [98].

The poor sensitivity and high specificity of bronchial reversibility tests could prevent
many asthma patients from taking part in randomized controlled trials (RCTs) and this
could limit the generalizability of RCTs especially considering the fact that the outcome
of these trials form the basis of many clinical guidelines and recommendations developed
for the management of asthma. This is because the inclusion criteria for most asthma
RCTs is the demonstration of BD responsiveness, defined as a 12 % increase in FEV
from baseline [99, 100]. In fact, according to one estimate, up to 76 % of adult subjects
with asthma drawn from a random sample (n = 179) would not have met the entry criteria

for many RCTs because they did not demonstrate positive BD reversibility [101].

There is a paucity of data on the effect of obesity on BD responsiveness and this effect
has been investigated by only three studies to date. These studies which relied on
spirometry to investigate BD responsiveness in obesity showed conflicting results. The
first of these studies conducted by Castro-Rodriguez et al showed that girls who became

overweight or obese between the ages of 6 and 11 were more likely to demonstrate
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bronchial reversibility than girls who did not become overweight or obese over the same
interval [102]. Children whose BMI are above the 85" percentile of their age- and
gender-matched counterparts are considered overweight while children whose BMI are
above the 95 percentile are considered obese [103]. However, Tantisira et al later
reported that BD responsiveness decreased with increasing body mass index (BMI) in
obese children [104]. A third study failed to establish a relationship between obesity and
reversible airway obstruction, but this was in adults. In that study, Dixon ef al/ showed
that BD responsiveness was not associated with BMI in obese and non-obese patients
with asthma [105]. To date, there are no published studies that have investigated
bronchial reversibility in obesity using oscillometry. Furthermore, there are no published
data in the literature on the effect of weight reduction on BD responsiveness in obese

adults without asthma.

Assessment of Airway Hyperresponsiveness with Spirometry

Airway hyperresponsiveness (AHR) is a distinguishing characteristic of asthma. In
simple terms, AHR refers to a heightened response of the airway to a variety of
contractile stimuli in at risk individuals, as compared with healthy individuals who show
no clinically significant response. Bronchial provocation testing is used to measure AHR.
A heightened response to methacholine and histamine was first reported in healthy
subjects and subjects with asthma, as far back as the 1940s [106, 107]. The degree of
AHR was later discovered to correlate with asthma severity [108]. From then onwards,
this test has become standardized [44, 109] and employed in many studies to deepen our
understanding of the pathogenesis and pathophysiology of asthma and its use as a tool to
support the diagnosis and management of asthma is now recommended (Global Initiative

for Asthma [110]).

Bronchial challenge test involves the assessment of FEV| every 30 to 90 seconds after
inhalation of increasing doses of methacholine administered through a nebulizer [44] or
dosimeter [111], until a cut off dose of 16 mg/ml is reached, or a 20% fall in FEV from
baseline is achieved. The test begins with the administration of saline as control, and then
doubling of methacholine dose starting from 0.03 mg/ml to 16 mg/ml. The result is

usually expressed as the provocative dose (PD) or concentration (PC) of methacholine
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that induced a 20% fall in FEV}, i.e PD20 or PC20. The airways are considered
hyperresponsive if inhalation of 16 mg/ml of methacholine induces more than a 20 %
drop in FEV| [44] but as a precautionary measure, challenge testing is not recommended
if the baseline FEV| is below 60 % of the predicted FEV. Another reason why challenge
testing is not recommended when baseline FEV| is below 60 % of the predicted FEV is
because the volume changes would be so small that they may be undetectable by
spirometry. The response to the stimuli is estimated from the percent drop in FEV| in

response to histamine or methacholine as follows:

baselineFEV, - lowestFEV, postchallenge
baselineFEV,

100*

Direct bronchial provocation test is a moderately sensitive test (GINA 2015 report),
therefore it is very useful in ruling out asthma (if the result is negative) but its weakness
is that it lacks specificity, implying that healthy subjects could sometimes be
misclassified as asthmatics, particularly at higher methacholine concentrations (if the
result is positive) [112]. However, there is a clinically significant difference in AHR
between healthy subjects and patients with asthma. In fact, as shown in Figure 2.2, most
healthy subjects do not present with significant AHR since their FEV does not drop by
up to 20%.

Healthy subjects exhibit a characteristic plateau in their dose-response curve whereas
subjects with asthma are unable to reach a similar plateau, even when FEV| drops by
60% from baseline. As demonstrated in the seminal work of Woolcock et a/, healthy
subjects can be distinguished from current asthmatics and those with mild asthma based
on the shape of their dose-response curve to histamine [113]. Subjects with severe asthma
demonstrate a steep fall in FEV; at relatively small concentrations of methacholine while
subjects with mild asthma demonstrate a characteristic pattern whereby larger
concentration of methacholine is required to induce a clinically significant fall in FEV;
(Figure 2.2). As described earlier, the risk for AHR increases significantly with
increasing severity of obesity in both humans [47-50] and mice [51] but this will be

described in detail in Section 2.4.
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In summary, bronchial provocation test is a very important pulmonary function test with
high diagnostic value. However, the main limitation of this test is that it has high
technical requirements and healthy individuals and patients suffering from respiratory
conditions other than asthma such as obesity could also present with positive AHR [47-

50]. Therefore, the test is more useful in ruling out asthma than in confirming asthma.
Limitations of Spirometry

Although spirometry is sensitive to changes in pulmonary function [114], its downside is
that it is highly effort dependent. In order to obtain reliable results, the test maneuver
must be learned, and active subject cooperation must be achieved. Results are considered
reliable if the patient produces at least two repeatable FEVs, within 150 ml of each other
[68]. Reliable results also depend on the subject’s psychological state, and the pulmonary
technologist’s ability to properly coach the subject during the maneuver. However, the
cost of training the technician and the time needed to obtain satisfactory and reliable
results significantly increases the cost of health care. In fact, about 10 % of patients are
unable to perform spirometry to acceptable standards, even when coached by an
experienced respiratory technician [115]. This rate is presumably higher among preschool
children and seniors over 80 years of age. Due to these issues, spirometry is not
recommended in those with cognitive limitations and those with a limited psychological
reserve who lack the motivation to perform spirometric maneuvers. Spirometry is also
not recommended in children below the age of 6 [116], even though the International
Study of Asthma and Allergies in Childhood (ISAAC) reports that children in this age
bracket self-report symptoms such as wheezing and shortness of breath which is

consistent with asthma [35].

Furthermore, FEV| is typically normal in those with obesity [22, 23], while FEV1/FVC
ratio is typically well preserved or slightly elevated [22, 23, 117-119], even though these
obese individuals exhibit respiratory symptoms like wheezing and shortness of breath
[22, 23]. Thus, more effective methods of measuring lung function are badly needed for
the elderly, obese populations, children and those unable to perform spirometry to

acceptable standards.
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Recent evidence has also revealed that spirometry is not routinely performed during the
diagnosis of respiratory disorders. Indeed, according to some estimates, approximately
44-48 % of patients with physician-diagnosed asthma have never performed spirometry
[120, 121]. These patients are diagnosed solely on the basis of positive symptom history
and physical examination findings because there are many barriers that could potentially
prevent primary care physicians from administering these pulmonary function tests
(PFTs). These barriers include lack of necessary equipment at the doctor’s office and lack
of the training or support staff to conduct and interpret the PFTs. PFT equipment are
expensive and require regular calibration, training and time to acquire reliable data and

also to interpret the data.
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Figure 2.2. Change in FEV from baseline versus increasing concentrations of
methacholine in mild, moderate and severe asthma compared to healthy subjects [122].

Apart from these barriers, there is also no concrete evidence from RCTs suggesting that

the use of spirometry in primary care could positively influence asthma outcomes and
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improve its diagnosis and management. In fact, one study reported that office spirometry
did not add any significant benefit to conventional evaluation with symptom history and
physical examination when confirming an asthma diagnosis [123], but another study
found the opposite to be true [124]. Available evidence also suggest that bronchial
reversibility testing with spirometry only confirmed asthma diagnosis in 16% of asthma
cases while methacholine challenge confirmed asthma in only 72% of patients studied
[53]. Many primary care physicians therefore rely on the patient’s response to trial of
therapy for asthma to confirm their diagnosis [125]. Although trial of therapy is only
recommended when spirometry is not readily available [98], this practice has likely
contributed to the high rate of overdiagnosis of asthma in the developed countries [53,

121].

Taken together, these studies suggest that the use of spirometry as the only tool in clinical
decision making could potentially mislead clinicians to withhold treatment from patients
with respiratory disorders who absolutely need it. This problem is also compounded by
the fact that many patients with respiratory disease have normal spirometry [123], and
according to one Canadian spirometry interpretation algorithm, reversibility testing is
only recommended in patients with demonstrable airflow obstruction, i.e patients who
present with FEV/FVC ratio of less than 70% [126]. For example, in the study by
Lusuardi et al, only 21% of asthmatic patients met this criteria [ 123]; therefore, if the
Canadian spirometry interpretation algorithm was to be strictly adhered to, a very large
proportion of asthma patients would either be left untreated or these patients would have

to be diagnosed through alternate means such as methacholine challenge.

Given the limitations of spirometry outlined here, there are many reasons why other
methods of assessing pulmonary function should be included in the armamentarium of
respirologists, primary care physicians and physiologists. These methods include
oscillometry for measurement of respiratory mechanics, and plethysmography which
provide clinically useful indices of lung volumes. The plethysmography technique is
described below in Section 2.3.2 because obesity affects lung volumes and the

oscillometry technique is described in Section 2.3.3 because this is the primary
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measurement technique used in this thesis to assess weight-induced changes in lung

mechanics.

2.3.2 Plethysmography

The constant-volume (or constant-pressure) whole body plethysmograph, also known as
the body box, is an air-tight, rigid-walled chamber used in measuring lung volumes.
During measurement, the subject performs a combination of inspirations and expirations
while seated within the chamber which is similar in size (about 700—-1000 L) and shape to
a telephone booth, and a number of important lung volumes and capacities are measured
including TLC, functional residual capacity (FRC), residual volume (RV) as well as one

non-volume measure known as airway resistance (Raw) [127, 128].

The application of body plethysmography in modern clinical practice began more than 60
years ago following many technical contributions from Dubois and others [129]. Body
plethysmography reflects many structural, physiological and functional aspects of the
lung and the test is now frequently performed along with spirometry to detect the
presence of obstructive or restrictive respiratory diseases [45]. For example, an
abnormally high specific airway resistance (sRaw) from plethysmography can help
confirm the clinical diagnosis of airway obstruction indicated from an abnormally low
FEV1. Body box tests are also performed prior to surgery or to monitor the lung function
of individuals at risks of developing lung ailments, as well as to assess disease
progression or the effectiveness of therapy. The test is also highly valuable in the
differential diagnosis of chronic dyspnea when used along with spirometry and chest X-

ray.

Table 2.5 provides a brief description of a variety of plethysmography-derived indices.
Some of these measures can also be derived using the Helium dilution technique as well
as the Nitrogen washout technique, but these methods will not be reviewed here because
they fall outside the scope of this thesis. The interested reader is encouraged to consult

the following sources for comprehensive reviews of these techniques [127, 130-132].
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Boyle’s law is the basic principle applied in the measurement of lung volumes during
plethysmography. Boyle’s law states that, under constant temperature, when a constant
mass of gas is compressed or decompressed, its volume (V) decreases or increases and its
pressure (P) changes such that the product of volume and pressure at any given moment
is constant [133, 134]. However, when it is not isothermal, the appropriate mathematical
expression is: P+ V" = constant, where y varies between 1.4 for adiabatic gas compression

and 1.0 for isothermal gas compression [135].

The body plethysmograph measures respiratory flow using either a pneumotachograph,
anemometer, or ultrasound transducer. The body box also has two pressure transducers;
one transducer measures the pressure within the box relative to atmospheric pressure
while the other is placed close to the mouth and is used in measuring alveolar pressure
when there is no flow and the subject is asked to pant against a closed shutter. During this
maneuver, a shutter mechanism allows the respiratory technologist administering the test
to transiently occlude air from flowing through the mouthpiece into the patient’s lung

while sensors record the pressure and volume changes within the body box and the lungs.

For example, during the measurement of FRC, Boyle’s law is simultaneously applied to
two separate but related situations: i.e, the gas in the body box, and the gas in the lungs.
As shown in Table 2.6, the initial pressure and volume within the body box is indicated
as P1 and Vi, respectively, while the initial pressure and volume in the lungs is denoted
by P3; and FRC, respectively. During the panting maneuver, the test subject attempts to
inspire against a closed breathing circuit. The subject cannot get much gas to flow
through the mouthpiece into his/her lungs since the breathing circuit has been transiently
occluded. However, the panting maneuver rarefies the air column in the lungs, and this
results in a small increase in lung volume (i.e FRC + the change in volume, AV), and a
proportional decrease in the volume of the body box (i.e Vi — AV). The accompanying
changes in pressure within the body box (P2) and the lungs (P4) are also recorded. Once
AV is calculated from the body box equation shown in Table 2.6, the FRC can then be

estimated, since it is the only unknown term [136].
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Table 2.5. Typical lung volume measurements obtained from plethysmography

Name Abbreviation Description

Total lung capacity TLC This is the volume of air the lungs can hold at
maximal inspiration. It is estimated from: TLC
=FRC + IC or less preferably from TLC = RV
+ inspiratory vital capacity (IVC).

Functional residual FRC This is the volume of air left in the lungs at the

capacity end of a normal tidal exhalation. It can be
estimated from: FRC = ERV + RV

Vital Capacity VC This is the total volume of air at the end of a
full inspiration measured from a complete
expiration.

Residual volume RV This is the volume of air left in the lungs at the
end of a maximal exhalation. It can only be
measured indirectly as follows: RV = FRC —
ERV or RV =TLC - VC.

Specific Airway SRaw sRaw sensitive to airway caliber and is

resistance increased in the presence of airway obstruction.
sRaw is computed by normalizing airway
resistance by the FRC.

Airway resistance Raw Derived resistance of the airways to airflow, i.e
ratio of alveolar pressure minus mouth pressure
to flow rate

Tidal Volume Vr This is the volume of air from the beginning of
inspiration to the end of expiration during a
normal respiratory breath cycle.

Inspiratory IC Inspiratory capacity is the maximum volume of

capacity air that can be inspired from FRC.

Expiratory reserve ERV This is the largest volume of gas that can be

volume expired starting from FRC.

Inspiratory reserve IRV This is the largest volume of gas that can be

volume inspired from resting end-inspiration.

Note: The information presented in this table was sourced from [136, 137]
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As with spirometry, results from plethysmography are typically presented as percentiles
of predicted values estimated from reference equations that take into account the
subject’s age, height, gender, and ethnicity [137, 138]. The FRC is the volume of air left
in the lungs at the end of a normal tidal exhalation and it is physiologically determined by
a counteracting balance of inward retractile forces of the lung and the outward recoil
forces of the chest wall. FRC is dramatically reduced as a result of restrictive respiratory
disorders such as idiopathic pulmonary fibrosis. FRC is also reduced in obesity [139-
144], due to obesity-induced reductions in the compliance of the chest wall and total

respiratory system [145, 146].

The residual volume (RV) is another important lung volume index that can be estimated
from whole body plethysmography. This parameter reflects the volume of air left in the
lungs at the end of a full exhalation but it is usually well preserved in obesity [117, 147-
149]. A reduced RV is sometimes the only physiological abnormality in patients with
chest wall problems (skeletal deformity, fibrothorax, scoliosis) or diseases of the lung
parenchyma such as sarcoidosis [150]. However, due to the nature of the complex
interaction between the lungs and chest wall [151], it is important that such diagnosis also
take into account results from other lung volume indices such as the total lung capacity

(TLC), and the expiratory reserve volume (ERV) (Table 2.3) [45].

Table 2.6. Plethysmographic estimation of FRC using Boyle’s law

Initial Final
Condition Condition
Body box: PV = Py(Vi—-AV)
Lung: P3FRC = P4«FRC+AV)

Note: Py, initial pressure within body box; Vi, initial volume of body box; P>, new
pressure within the body box due to inspiration against closed breathing circuit; AV,

change in volume caused by the attempted inspiration against a closed breathing circuit;
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P3, initial pressure within the lung; FRC, functional residual capacity; P4, new pressure

within the lung caused by the attempted inspiration against a closed breathing circuit.

TLC is absolutely essential in confirming the diagnosis of restrictive disorders [127]. The
threshold for confirming restrictive disorders is defined as TLC below the 5™ percentile
of normal values [45]. However, only 50% of patients who demonstrate a restrictive
pattern on spirometry (i.e reduced FVC and normal or elevated FEV/FVC ratio) also
demonstrate low TLC on plethysmography. The remaining 50% of patients are classified
as presenting a “mixed ventilatory” or “non-specific” pattern since they exhibit both
obstructive and restrictive ventilatory patterns on spirometry and plethysmography [81,
137]. Interestingly, patients presenting with such non-specific pattern suffer from a wide
variety of conditions, in particular obesity [81] but the clinical course of these conditions
are generally benign [152]. Marked reductions in ERV are also observed in obesity [139-
144]. The changes in lung mechanics and function induced by obesity are discussed in

greater detail in Section 2.4.

In conclusion, the determination of lung volumes using whole-body plethysmography is a
highly technical procedure that is actually very easy for subjects to perform. This unique
technique provides reliable information on the structural, physiological and functional
aspects of the lungs in health and disease and measurements can be obtained in a
relatively short amount of time. However, the main weaknesses of this technique include
its bulky size, its cost and the strong technical requirements of the method. Active subject

cooperation is also required for reliable results to be achieved.

2.3.3 Oscillometry

History, development, and principles of measurement

The forced oscillation technique (FOT) was introduced in the late 1950s as a tool for
assessment of respiratory mechanics [153]. Dubois and his colleagues developed the

technique to apply flow oscillations of varying frequencies at the airway opening during
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voluntary apnea [153] but it was not widely accepted at the time because it required
specialized equipment, was too difficult to perform, and it was also time consuming.
However, the advent of microprocessor techniques in the 1970s that allow for complex
analysis of signals by the Fourier transform have made it possible to further develop the

FOT as a tool for routine assessment of pulmonary function [154, 155].

The principle behind the technique is that forced oscillatory pressure waves of about 1-2
cm HO are generated by an excitation source (typically a loudspeaker), and
superimposed on a subject’s spontaneous breathing at predetermined frequencies, unlike
in the past when Dubois collected measurements during voluntary apnea [153]. The
mechanical properties of the respiratory system are then estimated from the impedance of
the respiratory system (Zrs) to the resulting flow oscillations [156]. Zrs is the spectral
ratio of the fast Fourier transform (FFT) of the pressure and flow measured at the

subject’s airway opening (Equation 2.1).

P(f)
Zrs(f)=——= 2.1)
V(f)
Where f'is the oscillatory frequency. The details of the actual mathematical

implementation can include repeated calculation of Zrs (Equation 2.1) from multiple,

often overlapping windows or periods extracted from continuous recordings of P(f) and

V( f) . This computation can also include filtering and other signal analysis methods to

improve quality of the computed Zrs.

In the mathematical sense, and by convention in the frequency domain, Zrs is represented
as a complex frequency dependent quantity and is made up of a real and an imaginary
part (Equation 2.2). The real part depicts the in-phase component of the pressure and
flow, which describes the resistance of the respiratory system (Rrs), while the imaginary
part describes the 90° out-of-phase component of the pressure and flow, which describes
the reactance of the respiratory system (Xrs). Rrs is largely governed by airway caliber
and lung tissue properties while Xrs is largely governed by both the balance between the

elasticity of the lung tissues and the inertia of the oscillating air, depending on the
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oscillating frequency. Although with airway heterogeneity, the elastic element of the
respiratory system can affect Rrs and the resistive dissipative element of the respiratory

system can also affect Xrs [157].

Zrs(®) = Rrs(w)+ jXrs(w) (2.2)
where, w is the angular frequency and is mathematically expressed as: o = 2xf.

The respiratory system is sometimes described using a mathematical model. A simple
model that is often developed to describe pulmonary mechanics is known as the single
compartment model. It consists of a single resistance (R) representing airflow resistance
(i.e Rrs = R), and Xrs modeled as an inertance (I) and elastance (E) as shown below in

Equation 2.3.

Xis =l -2 2.3)

If R is to be estimated from Rrs(w), then often the average Rrs is employed and if / and £
are to be estimated from Xrs, then a least squares fit is often employed. A reciprocal
relationship exists between elastance and forced oscillation respiratory system
compliance (Crs); therefore, Crs can be computed from Equation 2.3 as follows:
Crs = -l 7.4

o(Xrs—ol) 4
At very low frequencies, inertance is negligible thus Equation 2.4 can be rewritten as
follows (Equation 2.5).

-1
o Xrs

Crs~ (2.5)
Rrs is the most commonly measured FOT index and patients with airway obstruction
often exhibit a negative frequency-dependent Rrs [158-160] while healthy subjects are
characterized by a lower and largely frequency-independent Rrs [161], within the normal
FOT range from 5 to 40 Hz. Xrs has received less attention but it is thought to be

sensitive and specific to changes in peripheral lung mechanics [162, 163]. This index has
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been used as a surrogate measure for lung tissue stiffness, and to estimate the amount of
recruited airspaces in the lung, since stiffness increases when there are fewer alveolar
airspaces available for the forced oscillations from the oscillometry device [162, 163].
Xrs can be used to differentiate patients with stiffer lungs from healthy subjects through a
characteristic rightward shift in the Xrs versus frequency curve resulting in a significantly
higher resonant frequency which normally occurs between 8-10 Hz in healthy adults
[154, 158, 164-166]. The resonant frequency is the frequency where the inertive and
elastic components of Xrs are equal in magnitude (Equation 2.3). Xrs is dominated by
elastic components of Xrs at low oscillation frequencies but inertive forces dominate at
high oscillation frequencies and the resonant frequency is the oscillation frequency where
that transition from elastic to inertive dominance occurs. Since the elastic and inertive
forces are equal in magnitude at the resonant frequency, the elastance and inertance terms
both cancel out (Equation 2.4), and Xrs becomes zero, implying that Zrs can be modelled

by a pure resistance at the resonance frequency (Equation 2.2).
Clinical Application of Oscillometry

As described above, oscillometry measures how much pressure the respiratory system
must generate in order to move air into and out of the lung. Thus, obstructed patients such
as individuals with asthma, present with increased Rrs and decreased Xrs at low
oscillation frequencies [167], and as a consequence, the pressure the respiratory system
must generate in order to move the same quantity of air to and from the lungs is also
increased. Oscillometry provides a direct assessment of Rrs and Xrs during quiet tidal

breathing.

Furthermore, the oscillometric evaluation of Xrs and the frequency dependence of Rrs are
known to be sensitive to small airway dysfunction [158, 168]. This means that
oscillometry is thought to be useful for early detection of changes in the small peripheral
airways which is where many respiratory diseases such as asthma and COPD, originate
[169]. It is also thought that transpulmonary resistance can be estimated from
measurements of inspiratory reactance [170] and this measure has been shown to
discriminate patients with asthma from those with COPD [171]. This is potentially

important especially given the overlap between both disorders [172].
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Moreover, the assessment of Rrs at multiple oscillation frequencies can reveal ventilation
heterogeneity within the lung, indicated by an inverse dependence of Rrs on frequency
and this is thought to be a marker of heterogeneous disease [173]. Oscillometry is capable
of identifying subjects with asthma or COPD even when they present with normal FEV;
and mid-expiratory flows [174, 175]. In fact, in a case-controlled study of symptomatic
and asymptomatic subjects exposed to dust and fumes from the 2011 World Trade Center
disaster, oscillometric Rrs and frequency dependence of resistance detected small airway
dysfunction in symptomatic subjects while spirometry remained within the normal range
[176]. Also, assessment of Rrs and Xrs over a range of frequencies enables application of
the data to models of respiratory mechanics, providing greater insight than can be

obtained from spirometry [177, 178].

The oscillometry technique has been used in a large number of studies and in various
clinical settings to monitor the progression of respiratory disease and the efficacy of
treatment. Recent evidence from a randomized crossover study showed that
improvements in small airway function measured with oscillometry correlated with
improvements in asthma symptoms, airway inflammation and AHR [179]. As described
above in Section 2.3.1, an important limitation of spirometry which oscillometry
overcomes is the fact that spirometry is highly effort dependent and requires active
subject cooperation for reliable assessment of pulmonary function. This implies that
oscillometry can be used to assess lung mechanics in subjects who are unable to perform
spirometry and this cohort includes elderly and geriatric subjects [180, 181], children
below the age of 6 in whom asthma is first diagnosed [182], and sick and paralyzed

subjects [183] as well as subjects with obesity.

Oscillometry has also been shown to be suitable for assessing the severity of airway
obstruction in asthma [167]. It has been successfully used in studies involving infants
[184, 185], in anaesthetized subjects [186], and in patients on mechanical ventilation
[186, 187]. Studies investigating the response of asthmatic children to bronchial
provocation challenges [188] as well as studies investigating the effects of bronchodilator

(BD) on the respiratory system [189-192] have all relied on the oscillometry technique.
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In almost all the studies, reproducible and repeatable estimates of Rrs and Xrs have been

reported.

Reference values for oscillometry outcomes as a function of sex, age, height and ethnicity
are now available for both children and adults [161, 182, 190, 191, 193, 194]. Moreover,
in 2003, the ATS and ERS taskforce on FOT published guidelines and recommendations
on the standardization and use of the FOT in clinical practice [177] indicating that the

technique is indeed gaining wider acceptance in the respiratory community.
Limitations of Oscillometry

There are many challenges that have hindered the clinical adoption of this novel
assessment tool. Unlike spirometry used with plethysmography, oscillometry cannot
discriminate between obstructive and restrictive lung diseases [177]. Also, despite the
fact that oscillometry directly measures the mechanical factors affecting breathing, the
assessment of respiratory system impedance with oscillometry is a fairly technical
concept. Conversely, while spirometry is simple in its technology, it does require
substantial training in its interpretation to relate to pathophysiology, but this training is
currently well in place for clinical practitioners. Currently, clinicians are unfamiliar with
the terminology for measurement of respiratory mechanics. For example, respiratory
reactance is usually negative at low frequencies and so clinicians find it unappealing and
difficult to make sense of, despite a more negative reactance being easily relatable to a
stiffer lung [162, 167]. Furthermore, respiratory impedance data is usually presented as
an average value computed over several respiratory cycles. However, it is now
established that in subjects with airflow obstruction such as COPD, expiratory Rrs is
greater than inspiratory Rrs and expiratory Xrs is significantly more negative than

inspiratory Xrs due to the presence of expiratory flow limitation [195].

The clinical adoption of oscillometry is also hindered by what is thought to be its low
repeatability and reproducibility compared to spirometry, and the fact that noise from

labored breathing can affect the results, implying it can have a low signal-to-noise ratio.

Until very recently, another significant drawback of oscillometry had been the lack of

universal age- and height-related predicted values for comparison of results. Unlike
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spirometry, the range of normal predicted values appeared to have some specificity to the
device from which the measurements were obtained, although it is not clear whether this
was also due to the differences in subjects measured. Recently, data from Oostveen et al
have attempted to address this issue by measuring lung mechanics in a large population
using multiple oscillometry devices [196]. Data were also collected from different centers
and thus from different populations. The data obtained were used in developing age- and
height-related predicted equations for oscillometry which can be applied across different
oscillometry systems; however, since individual devices demonstrate differences in
frequency dependence, it is not yet known whether these differences will impact the
predicted values [197]. These differences are likely due to either inherent differences
within the electronics of each device, or differences in the perturbation waveforms of the
devices. One device uses impulses while the other oscillometry devices use combinations

of sinusoidally varying oscillations.

Lung mechanics are typically obtained in less than three minutes with oscillometry from
three repeated measures and the average of the three repeated measures is reported as the
outcome variable. Throughout the maneuver, the subject breathes ambient air through a
resistance mesh or high impedance bias tube. This feature, together with the widely used
speaker-based forced-excitation generator, is responsible for the bulky size and the
expensive cost of most conventional forced oscillatory devices. Commercially available
FOT devices such as the MasterScreen-10S device (E. Jaeger, Wuerzburg, Germany),
and the Quark PFT from Cosmed (Chicago, IL, USA) can cost as much as $18,900 CAD
and $21,995 CAD, respectively.

Despite these limitations, oscillometry is a convenient technique for noninvasive
assessment of respiratory mechanics. Unlike spirometry, it does not require subject
cooperation and useful measurements can be acquired within a very short duration. Since
oscillometry provides a direct assessment of pulmonary mechanics and it is sensitive to
respiratory diseases, this tool has a significant role to play in the monitoring of
pulmonary function as well as in the diagnosis and management of asthma and other
respiratory conditions such as COPD where small airway dysfunction may be involved,

as the small airways is considered a silent zone to spirometry.
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2.4 Lung Mechanics and Function in Obesity

Obesity is a medical condition characterized by an excessive accumulation of fat in the
body. The Body Mass Index (BMI) is the standard index for classification of obesity
[198]. It is calculated as the ratio of weight in kilograms to the square of height in meters
and is expressed in units of kg/m?. In adults, overweight is defined by a BMI greater than
25 kg/m? and obese by a BMI greater than 30 kg/m?, but in children, the classification
system is based on age- and gender-matched normative data of BMI [199, 200]. As
described in Section 2.3.1, children with BMI above the 85" percentile of their age- and
gender-matched counterparts are considered overweight while those above the 95™

percentile are considered obese [103].

The BMI is a very simple and convenient method of classifying the severity of obesity.
Its main limitation is that it is highly nonspecific since it does not distinguish between fat
mass and lean (muscle) mass. More importantly, it does not account for the pattern of
regional fat distribution in the body. There are two typical regional fat distribution
patterns, namely central obesity and peripheral obesity. Central (abdominal or android)
obesity is characterized by increased deposition of fat in the thorax, abdomen and visceral
organs (apple-like body shape) while peripheral (gynoid) obesity is characterized by
deposition of fat in the hips, thighs, limbs or in subcutaneous tissue (pear like body
shape). This distinction is important because compared to gynoid obesity, android obesity
is likely to have a more direct effect on pulmonary mechanics but the inflammatory state

is likely to be similar in both types of obesity.

Obesity is a common comorbidity in asthma; it is associated with an increased risk for
developing asthma. According to the National Health and Nutrition Examination Survey,
approximately 32% of asthmatic adults are obese in the United States [38] whereas, as
described in Section 2.2.1, the overall prevalence of asthma in the US is 7.7 % of the
adult population [37]. In 2014, The Epidemiology and Natural History of Asthma:
Outcomes and Treatment Regimens (TENOR) demonstrated that 58% of patients with

severe uncontrolled asthma were obese [201]. Other studies have also shown that
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severely obese subjects have worse asthma outcomes and require higher doses of
controller medication [4, 55, 202]. Interestingly, surgical and nutritional weight loss
interventions effectively improve clinical asthma outcomes and overall respiratory health
of obese patients [11, 203-205]. However, as will be described in the following sections,
there are still many critical gaps in our current understanding of the relationship between
asthma (including asthma-like symptoms such as dyspnea and wheeze) and obesity and

the mechanism underpinning this relationship is yet to be clearly elucidated.

2.4.1 Asthma and the respiratory symptoms of obesity

Over the last two decades, a large body of epidemiological evidence suggesting a
relationship between obesity and asthma has emerged. A meta-analysis of several
prospective studies involving over 300,000 adults revealed a dose-response gradient
between these two conditions whereby asthma risk increases with increasing BMI [206].
In that study, the odds ratio of incident asthma in the overweight group was 1.5 (95% CI;
1.2-1.6) compared to normal weight subjects, whereas the odds ratio for the obese group
was 1.9 (95% CI; 1.4-2.6). The odds ratio of 1.9 measured in the meta-analysis of the
obese group implies that the presence of obesity increases the odds of developing asthma

by a factor of 1.9.

The relationship between asthma and obesity has also been established in studies of
weight gain or loss. Castro-Rodriguez et al showed that girls who became overweight or
obese between the ages of 6 and 13 were 7 times more likely to demonstrate new asthma
symptoms than girls who did not become overweight or obese during the same time
interval [102]. These new asthma symptoms included wheezing, bronchial reversibility,
peak expired flow variability and airway hyperresponsiveness. They also showed that
54.2% of girls who became overweight or obese were atopic as indicated by a positive
skin-prick test at Year 6. Interestingly, only 35.9% of girls who did not become
overweight or obese during the same time interval were atopic at Year 6. However, in a
large cross section of obese children, Tantisira ef a/ found that increased BMI does not

significantly contribute to other measures of asthma severity such as school absence and
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emergency room visits [104]. The reasons for the differences are unclear. However, in
adults, Hakala et a/ demonstrated that weight loss was associated with a reduction in
airways obstruction (reduced airway resistance) and peak flow variability, and an
increase in FRC, mid-expiratory flows and ERV [207], clearly linking lung function

indices typically associated with asthma to obesity.

The conflicting results described above highlights the complexities in characterizing the
obesity-asthma association. Factors such as heterogeneous study design, diagnostic bias
and the effects of gender, race and age group are among some of the issues that could
possibly account for these conflicting results and differences in interpretation. Despite
these differences, there is a general agreement that weight gain and obesity significantly
impacts respiratory health of millions around the world regardless of whether or not they

have asthma [22, 23, 47, 208].

Two important biological mechanisms could potentially lead to asthma or asthma-like
symptoms in obesity. These mechanisms are: (i) chronic systemic inflammation due to
excess adiposity, and (ii) obesity-induced mechanical compression of the respiratory
system. In other words, the asthma or asthma-like respiratory symptoms of obesity may
be due to the mechanical effects of weight-induced loading, narrowing the airways and
resulting in symptoms, or the symptoms could be due to systemic asthma or asthma-like
effects that arise from a cascade of inflammatory mediators and hormones linked to
adipose tissue secretions in the obese. These mechanisms are explored in detail in

Sections 2.4.2 and 2.4.3 of this thesis.

2.4.2 Pathogenesis of asthma in obesity: role of inflammation

This section examines the role of obesity-induced inflammation in the pathogenesis of
asthma or asthma-like respiratory symptoms. In section 2.4.2.1, evidence of the
contribution of adipose tissue inflammation to the pathogenesis of obese asthma will be
reviewed followed by a review of the contribution of systemic inflammation to the
pathogenesis of obese asthma in section 2.4.2.2, and lastly, in section 2.4.2.3, a similar

review will be conducted for the airways.
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2.4.2.1 Evidence of elevated adipose tissue inflammation

Adipose tissue was once considered a storage depot for excess lipids but today is
considered to be an important endocrine organ that secretes adipocyte-derived factors
known as adipokines in addition to various signaling molecules and inflammatory
mediators for regulation of numerous physiologic and immune functions. Adipokines are
energy-regulating proteins synthesized and secreted by the adipose tissue. They include
leptin, adiponectin, resistin, visfatin, and adipsin. Of these adipokines, leptin is the most

studied and best characterized as will be described in later sections of this thesis.

Obesity significantly affects the types of immune and inflammatory cells that infiltrate
the adipose tissue. On one hand, expression of adiponectin—the most abundant anti-
inflammatory adipokine in the adipose tissue is markedly reduced in obese patients with
asthma, while on the other hand, expression of leptin—a pro-inflammatory adipokine, is
increased, compared to obese patients without asthma [1]. In clinical studies, visceral fat
leptin expression was strongly correlated to AHR [1], a distinguishing feature of asthma.
Leptin is an anorexigenic hormone; it induces satiety, increases metabolism and also
plays an important role in the regulation of immune function. The fact that leptin level is
upregulated in the adipose tissue while adiponectin is downregulated suggests that the

adipose tissue of obese patients is an important source of chronic inflammation.

In addition to the changes in adipose-derived adipokines, the number of adipose tissue
macrophages is significantly increased in the adipose tissue of obese humans and obese
mice. Weisberg et al isolated subcutaneous adipose tissue of obese individuals and
determined that adipose tissue macrophages accounted for up to 50% of the cells in the
tissue when stained for the macrophage antigen—CD68 [209]. Sideleva ef al also reported
increased infiltration of subcutaneous adipose tissue and visceral adipose tissue by
macrophages in obese individuals with asthma [1]. One might ask why the number of
adipose tissue macrophages is amplified in obesity. While the exact reason is not
completely understood, it is thought that enlargement of adipocytes in obesity affects the

ability of the capillaries to supply blood to these cells with the result being hypoxia,
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apoptosis and buildup of necrotic tissues which the macrophages are recruited to

phagocytose [210].

In addition to macrophages that are recruited to the site of necrotic adipocytes, there are
also large numbers of CD8+ and CD4+ T lymphocytes in the adipose tissue of obese
humans [211] and obese mice [212, 213]. In obesity, the CD4+ T lymphocytes tend to
differentiate into T-helper 1 (Tul) cell lineage rather than T-helper 2 (Tu2) cell lineage
since expression of Tu2 cells is known to decline with increasing severity of obesity
[213]. Consistent with this notion, eosinophils that normally play a role in the
differentiation of CD4+ T lymphocytes towards a Tu2 phenotype in lean individuals
[214], are reduced in mice with diet-induced obesity [215]. Thus, it has been suggested
that neutrophilic inflammation may be the predominant phenotypic characteristic of
asthma in obesity whereas asthma is usually characterized by an eosinophilic
inflammatory phenotype in lean individuals [216]. Unlike eosinophilic inflammation, the
pathways involved in the recruitment and activation of neutrophils in asthma and many

other aspects of neutrophilic inflammation have yet to be fully established [217].

Interestingly, increased adipose tissue mass is also synergistically associated with
increased mast cell propagation. Mast cells are key mediators of allergic reaction and
recent evidence from animal models of mast cell activation and dysfunction have
demonstrated that the adipose tissue is an important source of mast cell progenitor cells
[218]. Indeed, compared to lean individuals, the burden of mast cells is reportedly
increased in obese humans and mice [219] suggesting that obesity-induced mast cell

proliferation may be an important driver of asthma in these subjects.

In summary, although the development of inflammation in the adipose tissue of obese
individuals is likely multifactorial and involves complicated interactions between various
signaling proteins (leptin, adiponectin), inflammatory mediators and immune cells
(macrophages, T lymphocytes, and mast cells), there is evidence to suggests that the
adipose tissue is the site and source of chronic inflammation that could likely lead to the

development of respiratory symptoms of asthma in obese individuals.
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2.4.2.2 Evidence of elevated systemic inflammation

Pro-inflammatory adipokines such as leptin secreted by the adipose tissue (described
above in section 2.4.2.1) continuously leak into the systemic circulation and this leads to
an increased concentration of leptin in the serum [220]. Leptin is not only produced by
adipose tissue; bronchial epithelial cells, type II alveolar cells and macrophages in
peripheral lung tissue also produce this protein [221], and this further amplifies the
circulating levels of this adipokine. As described in the preceding section, leptin is an
anorexigenic hormone and this means that its presence induces satiety and increases
metabolism. However, the increased levels of leptin measured in the serum of obese
humans [220] and obese mice [222] suggests that leptin resistance occurs in obesity in a

similar manner to insulin resistance in patients with type II diabetes [223].

Given its pro-inflammatory nature, the increased levels of leptin in the serum of obese
patients invariably lead to recruitment of pro-inflammatory cytokines, chemokines and
acute phase proteins in obesity. Specific inflammatory moieties that have been shown to
increase in obesity include: tumor necrosis factor alpha (TNF-a) [224, 225], interleukin
(IL-) 8 and IL-6 [226], high-sensitivity C-reactive protein (hs-CRP) and monocyte
chemoattractant protein-1 (MCP-1) [227]. In addition, the level of circulating leukocytes

in the blood of obese subjects is increased compared to lean individuals [228].

Leptin receptors have been observed on the surface of hematopoietic stem cells [229] and
binding of these receptors to leptin stimulate monocytes and macrophages to produce
cytokines through CD4+ T-lymphocytes [230]. Tul response is enhanced by leptin
whereas Th2 response is suppressed by leptin [213]. Given that allergic inflammation
such as atopic asthma is usually mediated by Tu2 cells, the involvement of leptin in
asthma is not through typical pathways of allergic inflammation, rather non-atopic
mechanisms appear to be involved. This notion is supported by the recent identification
of two predominant phenotypes of asthma in obese subjects [56, 57]. These two
phenotypes are: (i) atopic, early onset, Tu2-high asthma characterized by high serum IgE
and the presence of eosinophilia and (ii) non-atopic, late onset, Tu2-low asthma

characterized by low serum IgE, presence of neutrophilic inflammation and the absence
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of eosinophilia [231, 232]. In other words, asthma most likely predates the development
of obesity in atopic subjects with Tu2-high asthma while obesity may play a causative

role for asthma in non-atopic subjects with Tu2-low asthma.

The role of leptin in the respiratory system has been extensively studied in animal models
of obesity, and to a lesser extent in clinical studies. The ob/ob mouse is a commonly used
animal model of systemic inflammation in obesity because these mice lack functional
leptin due to mutation of the leptin gene; therefore, they are extremely obese and
demonstrate hyperphagia and low metabolism. Compared to wild type, 0b/ob mice have
significantly higher pulmonary resistance at baseline and elevated responsiveness to
intravenous methacholine and ozone—both of which are prominent features of asthma
(Figure 2.3) [233]. Similar results were observed in genetically diabetic (db/db) mice, the
carboxypeptidase E-deficient (Cpe /) mice [234, 235] and mice with diet induced obesity
(Figure 2.3), suggesting that the increased responsiveness in obese mice has more to do
with increased adiposity than modality of obesity (db/db mice lack the receptor for leptin
due to a genetic mutation and Cpe/* mice lack the enzyme that regulates satiety
neuropeptides). These results suggest that agents other than leptin may contribute to the
development of airway hyperresponsiveness (AHR) and increased pulmonary resistance
since similar results were obtained in the different strains of obese mice regardless of the

levels of leptin in the circulatory system.

Evidence from clinical human studies on the role of leptin in obese asthma has been less
insightful. There is some evidence that leptin is associated with asthma in obesity. In
2006, Sood et al showed that high BMI and high serum leptin concentration are both
strongly associated with asthma in adults [236], Sood and coworkers also found that
adjusting for leptin did not affect the association between BMI and asthma suggesting
that the relationship between obesity and asthma is not mediated by the leptin pathway
alone. There is similar evidence from children. Overweight children with asthma are
reported to have twice the serum concentration of leptin compared to overweight
nonasthmatics children [237]. However, Dixon and coworkers found no significant
difference in the serum concentrations of leptin in obese asthmatics and obese

nonasthmatics adults [1], in contrast with the above findings [236, 237]. While there is
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general consensus that serum leptin levels are strongly correlated with excess adiposity

[220], but the result from Dixon et al raises some doubt if this influences asthma [1].
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Figure 2.3. Methacholine-induced changes in pulmonary resistance in four types of obese

mice compared to lean controls.

Notice that 0b/ob and cpe* mice have significantly higher pulmonary resistance
compared to wildtype at baseline. Data expressed as mean +SE. * p <0.05. Compiled
from previous studies conducted at Shore’s lab [233, 234, 238] and published in a review

article by Shore [51].



In summary, the role of increased systemic inflammation on the development of asthma
in obesity was examined in this section. Although there is good evidence that leptin is
significantly increased in obesity, current evidence also appears to suggest that the
association between obesity and asthma is not mediated by the leptin pathway alone.
Rather, it appears that leptin is involved in the asthma of obesity through non-atopic
mechanisms since T2 response is suppressed by leptin and typical pathways of allergic

inflammation is usually mediated by Tu2 cells.

2.4.2.3 Evidence of elevated airway inflammation

As described earlier, obesity is commonly associated with two phenotypes of asthma [56,
57]. One phenotype is described as a non-atopic (non-allergic), late onset, Tu2-low
asthma with low serum IgE and absence of eosinophilia while the second phenotype is
described as an atopic (allergic), early onset, Tu2-high asthma that is marked by high
serum IgE and presence of eosinophilia [231]. In most obese patients, sputum eosinophils
are decreased with increasing BMI, consistent with the reduction in exhaled nitric oxide
associated with reduced airway eosinophilia and reduced underlying airway inflammation
[232]. Interestingly, sputum neutrophils were shown to increase with increasing BMI in a
study of obese women with asthma [231]. The drop in sputum eosinophils and the rise in
sputum neutrophils with increasing BMI suggests that neutrophilic inflammation, rather
than eosinophilic inflammation may play a more dominant role in the pathogenesis of

asthma in the non-atopic, late onset, Tu2-low obese group.

The effect of obesity on airway inflammation has also been assessed from
bronchoalveolar lavage (BAL) fluid of obese humans and mice. Elevated levels of pro-
inflammatory mediators such as IL-6, MCP-1 and neutrophils were observed in the BAL
fluid of Cpe/* mice compared to lean controls following ozone exposure but not air
exposure [235]. In fact, exogenous administration of the pro-inflammatory adipokine—
leptin to lean control mice prior to ozone exposure reportedly augments ozone-induced

increases in IL-6 in BAL fluid [233].
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However, in human subjects, there is no concrete evidence of elevated airway
inflammation in BAL fluid of obese patients. Similar cell counts of macrophages,
neutrophils, lymphocytes and eosinophils were found in BAL fluid of obese asthmatics
and nonasthmatics [56]. Furthermore, alveolar macrophages in obese asthmatics and
nonasthmatics have been shown to produce similar amounts and types of cytokines [1].
Although increasing severity of obesity is associated with increased concentration of
leptin in BAL fluid, no association was found between obesity and markers of airway
inflammation such as exhaled nitric oxide [239]. As shown in the previous sections,
inflammatory cells are present in higher quantities in the adipose tissue and serum of
obese individuals but it is possible that these cells do not migrate into the airways, hence

the lack of such evidence.

Taken together, there is no concrete evidence to support the notion that asthma in obesity
is an inflammatory disease of the airways, besides the evidence of increased neutrophilic
inflammation in women. However, there is some evidence suggesting that the disease is
mediated by adipokines and other inflammatory mediators released from the adipose
tissue which lead to a state of low grade chronic systemic inflammation. These adipose-
derived adipokines appear to have indirect effects on airway hyperreactivity and lung
function, despite the lack of evidence of airway inflammation. Thus, while not
characteristic of the inflammation in asthma, this indirect route to airway reactivity may
contribute ultimately to asthma or asthma-like symptoms although the mechanisms are
unclear. However, as described in the next section (Section 2.4.3), the mechanical effects

of obesity may also play an important role in this process.

2.4.3 Mechanical compression of the respiratory system in obesity

Obesity alters the mechanical properties of the lungs and chest wall mainly through the
accumulation of fat in the mediastinum, and in the abdominal and thoracic cavities [240].
Increased fat deposition in obesity limits the downward excursion of the diaphragm and
lowers the operating volume of the lungs. Consequently, pleural pressure is increased

[241] and the functional residual capacity (FRC), which is physiologically determined by
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a counteracting balance of inward retractile forces of the lung and the outward recoil
forces of the chest wall, is reduced [242, 243]. In fact, FRC is reduced by 10%, 22% and
33% in overweight, mildly obese and severely obese subjects without asthma,

respectively [243].

The pressure-volume curves of the chest wall (Ccw), lung (Cr) and entire respiratory
system (Crs) in lean and obese subjects is shown in Figure 2.4 (Dixon et al. [244]). As
demonstrated here, obesity is thought to have profound effects on the compliance of the
lungs [245-247], chest wall and entire respiratory system [145, 247]. For example,
compared to Cr, of a normal weight subject, the obese Cr shows an inflection implying
that increased pressure must be generated to open airways that closed when lung volume
fell below FRC. Also, the obese Ccw is shifted to the right towards higher
transpulmonary pressures, even though the overall shape of the curve is preserved.
Together, the reduced compliance of the lung and chest wall result in a reduced

respiratory system compliance where FRC is significantly reduced.

The reduction in respiratory system compliance (increased stiffness) alters the breathing
pattern. Obese individuals therefore breathe in a rapid shallow pattern with reduced tidal
volumes [148] perhaps minimizing the peak pressures required during breathing.
Furthermore, obese subjects breathe at very low FRC (Figure 2.4) and their expiratory
reserve volume (ERV) is drastically diminished. Therefore, their tidal flow-volume loop
approaches the region of maximal flow and this increases the risk of expiratory flow

limitation especially in the supine position [13].

The mechanical effects of obesity are associated with respiratory signs and symptoms of
asthma such as dyspnea [23], wheeze [22], increased respiratory system resistance [117],
airway narrowing and closure [248, 249], ventilation heterogeneity [250], and airway
hyperresponsiveness [47]. However, an important question that must be answered is:
How do the mechanical effects of obesity bring about these asthma-like symptoms? The
following sections attempt to answer this important question by examining the
mechanical consequences of obesity on some distinguishing characteristics of asthma

such as AHR, airway narrowing and closure.
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Figure 2.4. Campbell diagram for the chest wall (Ccw), lung (Cr) and respiratory system
(Crs) in normal weight and obese subjects.

The mechanical effects of obesity results in a reduction in the functional residual capacity
(FRC) and higher transpulmonary pressures in the obese individual [244].

Effect of Obesity on Airway Hyperresponsiveness

Many large studies report positive associations between BMI and AHR, but this is not a
uniform finding because smaller studies do not show this association [51]. The only
prospective longitudinal cohort study that investigated the relationship between obesity
and AHR in more than 7,000 adults found that the risk for AHR increases as BMI
increases [47]. They also found that weight gain was a risk factor for developing AHR.
These findings were established after controlling for the effects of age, smoking, serum

IgE and baseline FEV.

Similar results were obtained in three other large cross-sectional epidemiologic studies in

China (7,109 participants [48]), Europe (11,277 participants [49]) and the United States
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(1,725 participants [50]) where AHR or symptomatic AHR was more prevalent in obese
adults compared to lean subjects. In contrast, several smaller studies failed to find a
consistent relationship between AHR and obesity [22, 251]. This inconsistency may be
explained by several factors such as the small sample sizes, or possibly differences
between the outcome indicator used (Rrs, Xrs, FEV1, and maximum expiratory flow at
60% of TLC), atopic status, severity of obesity in the participants and other study
inclusion and exclusion criteria such as enrolling only nonasthmatic obese subjects. It
would be expected that these findings would be more consistent if the various studies
used the same outcome measure, and since the association is more consistent with larger
studies, this tends to favor the presence of a positive association between AHR and

obesity.
Effect of Weight Loss on Airway Hyperresponsiveness

If obesity-induced alterations in respiratory mechanics represent an important factor in
the development of AHR, then it is reasonable to assume that weight loss could reverse
these changes. This issue has been addressed in three important studies by Aaron et al
[252], Dixon et al [56], and Chapman et al [248]. The data from Aaron et al indicates a
trend towards reduced AHR with weight loss following an intense diet-induced weight
reduction program; however, this effect was not statistically significant (p = 0.23) [252].
In contrast to these findings, Dixon et al reported that a 27% weight loss in asthmatic
women who underwent bariatric surgery was associated with a significant reduction in
AHR (p = 0.03) [56]. Interestingly, they also found that the effect of weight loss on AHR
could be predicted from the atopic status of their subjects. In other words, subjects who
were classified as atopic based on their serum IgE concentration did not demonstrate any
changes in their AHR with weight loss, whereas weight loss resulted in significant
reductions in AHR in nonatopic subjects. Subjects in the atopic group reported that they
had asthma since childhood and their serum IgE concentrations were unchanged
following weight loss suggesting that they had the allergic form of the disease while
subjects in the nonatopic group had asthma with an onset that was later in life
(nonallergic asthma phenotype). The nonatopic group had a diagnosis of asthma, but

without allergy suggesting that another mechanism is responsible for their asthma
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symptoms, and the leading mechanism at play here is thought to be the direct effect of

mechanical compression of the lung due to obesity [11].

As described earlier, these results gave rise to the notion that there are two distinct
clinical phenotypes of asthma in obesity — those with early onset asthma and high serum
IgE (Tu2-high) and those with late onset asthma and low serum IgE (Tu2-low). Chapman
et al further investigated these findings by assessing the effect of weight loss on
sensitivity to small airway closure during methacholine challenge in the two obese
asthmatic groups (allergic and nonallergic) compared to an obese control arm [248]. They
found significantly higher airway responsiveness to methacholine in the two obese
asthmatic groups compared to the control group. Furthermore, sensitivity to airway
closure and AHR was not significantly improved following weight loss in Tu2-high
asthmatics whereas weight loss was associated with a reduction in small airway

responsiveness in Tu2-low asthmatics.

Taken together, the results of these weight loss studies on AHR suggest that obesity
exerts a strong mechanical effect on the respiratory system and depending on the asthma
phenotype (atopic versus nonatopic), obesity could potentially increase the risk of AHR.
The mechanical effects of obesity on the respiratory system together with the
inflammatory effects of excess adiposity could indirectly contribute to AHR likely
through mechanisms such as airway narrowing and airway remodeling that is commonly

associated with asthma. The next section will examine these mechanisms.
Effect of Obesity on Airway Narrowing and Airway Closure

Compared to healthy weight controls, airway narrowing in obesity has been shown to
correlate with airway closure and AHR [249]. Airway narrowing and closure leads to gas
trapping and ventilation inhomogeneity [250]. While gas trapping and thus the effect of
airway closure can be assessed from elevated RV/TLC ratio by body plethysmography
[253], a recently developed method to assess airway closure is from the oscillometric
evaluation of Xrs. For example, in a comparative study of lung mechanics in obese versus
nonobese nonasthmatics, Salome et al used the oscillometry technique to demonstrate

that obesity does not alter airway responsiveness to methacholine; rather, it significantly
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reduces Xrs and increases Rrs [254]. They reported that methacholine-induced reduction
in Xrs was greater among obese nonasthmatics compared to their nonobese counterparts
suggesting that excess adiposity could promote peripheral airway closure. Similar

findings have been observed in other studies [11, 248].

The mechanisms behind the increase in Rrs and reduction in Xrs observed in obesity
[117, 254] are not completely understood but it is thought that the reduction in FRC
attenuates the forces of interdependence between the airway and parenchyma and this
reduces airway caliber [245]. Indeed, airway caliber is sensitive to airway-parenchymal
tethering forces, and breathing at a lowered lung volume due to reduced FRC plays a
dominant role in increasing Rrs in obese subjects [117, 119]. In addition, breathing at low
lung volumes also increases AHR [255]. Van Noord et al, Torchio et al, and Navajas et
al conducted studies involving rib cage strapping [256, 257] and supine lying [258] to
reduce lung volume in a similar manner to obesity-induced mechanical compression of
the respiratory system. These experiments resulted in increased Rrs and in one of the
studies [257], AHR was also increased. These results show that the reduction in the
operating volume of the lung in obesity, measured as a reduction in FRC, could
potentially amplify the manifestation of symptoms related to airway narrowing or airway
closure with notable examples being the increased risk for AHR [47], dyspnea [23], and
wheeze [22].

Another hypothesis that has been postulated to explain the increased AHR in obesity is
that breathing at low FRC, with a rapid breathing pattern and a reduced tidal volume
could affect the contractility of airway smooth muscle (ASM). Smooth muscle
contractility is usually modulated by stretching during regular tidal breathing and deep
inspirations [259]. The outcome of breathing at reduced tidal volume in obesity is
potentially two-fold. The first outcome is that the load applied on the ASM is reduced
and this leads both to increased shortening velocity of the ASM, and the ASM
consequently operates at a shorter length possibly due to ASM length adaptation
(mechanical plasticity) i.e, the ASM adapts to a shorter length at reduced lung volume
and rearranges its contractile apparatus in the best possible way to maintain its force

generating capacity [257, 260-266]. Thus, it can now generate more force at a shorter
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length than it would have without the length adaptation. A second mechanism potentially
leading to increased force and AHR with obesity is that the reduced tidal volume
breathing does not disrupt actin-myosin cross-bridges, thus the ASM becomes stiffer than
it would have been at larger amplitude stretches. This was demonstrated in tissue strip
experiments that showed that with large tidal oscillations and large stretches, ASM force
reduces, and ASM dramatically lengthened and the muscle became softened (fluidized)
[259, 267-269]. This mechanism could explain the maintenance of airway dilation in
healthy subjects despite inhaled agonists, and how smaller tidal stretching in obesity
might impair this effect. Currently, there is some debate arising from data using intact
airways which appear to indicate that this effect can only be produced by very large
stretches, and the effect is less substantial than that recorded in the tissue strip
experiments [270]. Nevertheless, it is possible that reduced length with reduced tidal
stretching in obesity could lead to reduced disruption of actin-myosin cross-bridges thus

leading to AHR.

2.4.4 Summary

Obesity is associated with asthma and asthma-like respiratory symptoms such as wheeze
and dyspnea. The diagnosis and management of asthma in obese individuals is
complicated as a result of excess adiposity, and bronchodilators are reported to exhibit
limited effectiveness [4-8]. However, symptoms often improve with weight loss but
traditional methods of testing lung function such as spirometry and plethysmography
often show little or no changes with weight loss [9-11]. Lung function is typically
assessed in the upright position but the respiratory symptoms of obesity worsens when
subjects lie down [12, 13] and this affects their sleep quality [271]. Unfortunately, there
is a paucity of data on the respiratory health consequences of weight loss, particularly in
the supine position. There is also no data on the effect of weight loss on responsiveness to
short-acting Bo—adrenergic bronchial agonists, despite reports of limited effectiveness of
long-acting bronchodilators in this patient group. This information gap has hampered our
ability to unravel the mechanisms that link obesity and weight loss to changes in

respiratory health.
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It seems likely that there is an additive or potentially synergistic relationship between
obesity-induced mechanical compression of the respiratory system and obesity-related
hormonal, metabolic and inflammatory effects. Evidence from several studies reviewed
here appear to suggest that these two factors could synergistically act to worsen lung
mechanics and function in obese individuals and also modify their response to asthma
controller therapies and bronchodilators. As reviewed in this chapter, there is ample
evidence that the pro-inflammatory environment in obesity could contribute to the
development of asthma and asthma-like respiratory symptoms in individuals with obesity
but evidence of the effect of obesity and weight loss on lung mechanics is rather scant. It
is quite possible that the inflammatory environment in obesity and the mechanical effects
of excess adiposity could act together to produce an overall effect that is greater than the

sum of the individual effects of these two factors.

2.5 Research Hypothesis and Aims

The general hypotheses for this thesis is that improvements in lung function after weight
loss can be reliably measured with oscillometry and would be related to improvements in
sleep quality and these changes in lung mechanics would reflect lung-volume-induced

changes in airway-parenchymal tethering affecting airway diameters.

2.5.1 Early changes in lung mechanics following weight loss surgery

Specific Hypothesis 1: Oscillometry can be used effectively to show early changes in
pulmonary mechanics with weight loss in obese subjects, and is more sensitive than

spirometry and plethysmography.

Specific Hypothesis 2: Changes in lung mechanics measured in the supine position are

associated with improvements in sleep quality reported by the patients.

Specific Hypothesis 3: Obesity and weight loss alters bronchodilator responsiveness due

to changes in lung volumes.
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Brief approach: I evaluated lung mechanics and function in 19 severely obese female
subjects using spirometry, oscillometry, whole-body plethysmography and the Pittsburgh
Sleep Quality Index (Appendix F) before and 5 weeks after bariatric surgery. Spirometry
and oscillometry were conducted in both the upright and the supine position, and pre- and

post-bronchodilation with 200 pg of the short-acting f>—adrenergic agonists, salbutamol.

The aims of this part of my thesis were to a) assess pulmonary mechanics in both the
upright and supine position in obese individuals, and assess the early changes in upright
and supine pulmonary mechanics that occur within the first 5 weeks of weight loss
surgery by measuring Rrs and Xrs with oscillometry and comparing these assessments
with results from spirometry and plethysmography, b) correlate the early changes in lung
mechanics induced by weight loss with changes in sleep quality assessed during the 5-
week study period, and c) study the effect of obesity and weight loss on bronchodilator

responsiveness.

2.5.2 Improvement in upright and supine lung mechanics with bariatric surgery

Specific Hypothesis 1: Compared to the modest weight loss recorded at 5 weeks after
bariatric surgery, further weight loss would induce greater improvements in upright
pulmonary mechanics, and changes in supine pulmonary mechanics will be greater, and

this would in turn lead to greater improvements in sleep quality.

Specific Hypothesis 2: Weight loss will lead to decreased airway heterogeneity via
recruitment of small airways due to improved tethering between the airway and
parenchyma, and this would be detectable by improvements in bronchodilator

responsiveness, and reduced frequency dependence of Rrs.

Brief approach: I extended the follow-up period of our weight-loss study (section 2.5.1)
to 6 months and re-evaluated our study participants using oscillometry, spirometry,
plethysmography, and Pittsburgh Sleep Quality Index (PSQI). Results obtained were

compared to those recorded earlier at baseline and 5 weeks after surgery.
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The aims of the second part of this thesis were to a) evaluate the changes in lung
mechanics measured in the upright and supine positions at 6 months after weight loss
surgery, b) assess the changes in sleep quality with further weight loss achieved at 6
months after bariatric surgery, and c) investigate the changes in frequency dependence of
Rrs at 6 months and assess the changes in lung mechanics induced by the short-acting >—

adrenergic agonists following weight loss.

2.5.3 Repeatability, variability and reliability of respiratory impedance

The third and final objective of this thesis was to a) assess the effect of incorrect
positioning of the head and neck during oscillometry, as well as the effect of cheek
support for comparison, b) assess within-day repeatability and variability on the
respiratory impedance values, and c) assess day-to-day repeatability and variability of

oscillometric indices.

Brief approach: I evaluated 6 healthy adults and 6 COPD patients with oscillometry on
two separate study visits to obtain Rrs and Xrs. At baseline, subjects were instructed to
follow recommended guidelines for use of oscillometry in clinical practice. Oscillometry
was then repeated without cheek-support, and artefacts were introduced through flexion
and extension of the head and neck. Three consecutive sets of measurements were
obtained under each condition, and standard deviation and percent coefficient of variation
were computed as indices of variability and repeatability. Also, Pearson’s product
moment correlation coefficient [Pearson’s ()] was computed to determine the test-retest

reliability of oscillometry from day to day.
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3.1 Abstract

Obesity is associated with respiratory symptoms that are reported to improve with weight
loss; but this is poorly reflected in spirometry and few studies have measured respiratory
mechanics with oscillometry. We investigated whether early changes in lung mechanics
following weight loss is detectable with oscillometry. Furthermore, we investigated
whether the changes in lung mechanics measured in the supine position following weight
loss is associated with changes in sleep quality. Nineteen severely obese female subjects
(mean body mass index: 47.2+6.6kg/m?) were evaluated using spirometry, oscillometry,
plethysmography and the Pittsburgh Sleep Quality Index before and 5 weeks after
bariatric surgery. These tests were conducted in both upright and supine positions, and
pre- and post-bronchodilation with 200mcg of salbutamol. Five weeks after surgery,
mean weight loss of 11.5+£2.5kg was not associated with changes in spirometry and
plethysmography, except for functional residual capacity. There was also no change in
upright respiratory system resistance (Rrs) or reactance following weight loss.
Importantly, however, in the supine position, weight loss substantially reduced Rrs. In
addition, sleep quality significantly improved and was highly correlated with the
reduction in supine Rrs. Prior to weight loss, subjects did not respond to bronchodilator
when assessed in the upright position with either spirometry or oscillometry, but with
modest weight loss, bronchodilator response was regained to the normal range.
Improvements in lung mechanics occur very early following weight loss but mostly in the
supine position, resulting in improved sleep quality. These improvements are detectable

with oscillometry but not with spirometry.

Keywords: Oscillometry (Forced oscillation technique); Obesity; Body mass index; Lung

function; Lung mechanics; Bronchial reversibility.
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3.2 Background

The worldwide prevalence of obesity has nearly doubled over the past three decades, now
exceeding 10 % of the adult population [272]. Obesity is associated with impaired lung
function and respiratory conditions including asthma [21] and obstructive sleep apnea
[2], and increased risk of respiratory symptoms such as wheeze [22], dyspnea [23], and

orthopnea [13].

Increasingly, bariatric surgery is used successfully to achieve and maintain weight loss,
and this is accompanied by significant improvements in morbidity [273, 274], sleep
quality [271], and lung function [ 144, 275]. While several studies have examined the
effects of surgically induced weight loss on lung function in obese subjects with asthma,
there is a paucity of data on the effects of bariatric surgery on obese individuals without
asthma or other concomitant lung disease. The most significant lung function changes
with weight loss in individuals without asthma are improvements in expiratory reserve
volume (ERV) and functional residual capacity (FRC), with modest changes in total lung
capacity (TLC) and residual volume (RV), accompanied by minor improvements in
forced expiratory volume in one second (FEV1) [276]. Expiratory reserve volume and
FRC were shown to increase by as much as 54 % and 37 % respectively, following a 34.2

kg weight loss [144].

Dyspnea and wheeze in obesity are thought to arise largely from compression of the
lungs by visceral fat around the mediastinum and in the abdominal and thoracic cavities
which leads to decreased lung volumes [146, 240, 277]. While the reduced lung volumes
alter airway-parenchymal interdependence [278], there is little apparent effect on airway
obstruction, at least as reflected in FEV1, despite the reductions in airway diameters [117].
This has led to the notion that obesity predominantly affects small airways, and is
therefore not likely to be fully reflected in spirometry [276]. However, evaluation of lung
mechanics by oscillometry, also known as the forced oscillation technique, in obesity has
revealed an increase in respiratory system resistance (Rrs) [117, 254, 279] and a decrease
in respiratory system reactance (Xrs), primarily at low frequencies [254, 279]. Rrs is
sensitive to central airway caliber, while low frequency Xrs can be used to determine

respiratory system elastance (Ers), which is the inverse of respiratory system compliance
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[280]. In obesity, Xrs is thought to be significantly decreased due to closure of small
airways in the lung periphery [254]. Indeed, low frequency Xrs is sensitive to peripheral
small airway closure [162, 281, 282] making it a suitable tool for assessment of small

airways [132], which is considered a silent zone to spirometry [283].

There have been very few studies of changes in lung mechanics with weight loss [9-11,
248]. Moreover, there are no studies of how weight loss affects lung mechanics in the
supine position, despite reports of increased severity of dyspnea and poor sleep quality in
obesity [13, 271]. While the reduced lung volumes in obesity alters airway-parenchymal
interdependence by decreasing tethering forces and shifting the pressure-volume
relationship of the respiratory system [117, 278], it is not well understood how the
reduced tethering forces in obesity might affect the responsiveness to bronchodilator
(BD). Indeed, responsiveness to long acting bronchodilators and inhaled corticosteroids is
impaired in obese subjects with asthma [5-8], but the effect of obesity and weight loss on

responsiveness to short-acting betaz-adrenergic agonists has not been studied.

We hypothesized that oscillometry is more sensitive than spirometry and
plethysmography to early changes in lung mechanics measured at 5 weeks following
weight loss surgery and this may be associated with improvements in sleep quality
reported by the patients. We assessed the mechanics of moving air into and out of the
lungs in both upright and supine positions and recorded the changes that occurred with
weight loss by measuring Rrs and Xrs with oscillometry and comparing these
assessments with results from spirometry and plethysmography. Furthermore, we
hypothesized that changes in lung mechanics measured in the supine position following
weight loss is associated with the changes in sleep quality. Finally, to probe the role of
obesity and weight loss on bronchodilator response, we measured lung mechanics before
and after salbutamol inhalation and compared the changes in lung mechanics to changes

in spirometry values.
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3.3 Methods

3.3.1 Selection of study participants and consent

Nineteen severely obese individuals without a diagnosis of asthma or other lung diseases
were recruited from the Bariatric Surgery Clinic at the Queen Elizabeth II Health
Sciences Center. This study was approved by the Nova Scotia Health Authority Research
Ethics Board (reference number: CDHA-RS/2012-109). All participants provided written
informed consent to participate in the study and also consented to have their data

published.

3.3.2 Inclusion and exclusion criteria

All participants in the study had a body mass index (BMI) greater than 40 kg/m? and
were scheduled for bariatric surgery within a few days of the baseline assessments
described here. Subjects were excluded from the study if their BMI was less than 40
kg/m?, or if they presented with a physician-diagnosis of chronic lung disease (including
asthma and chronic obstructive pulmonary disease). Other exclusion criteria included: a
greater than 10 pack year smoking history, cognitive impairments that prevented accurate
completion of study questionnaires or unacceptable performance of pulmonary function
tests. Subjects were also excluded if they were unable to lie on their back for up to 10

minutes.

3.3.3 Study design

We assessed lung mechanics pre- and post-bronchodilator (BD) in the upright and supine
postures, prior to and 5 weeks after bariatric surgery. We define all measurements before
surgery to be baseline. At each assessment, oscillometry, whole body plethysmography
and spirometry were performed as described below. The testing sequence is outlined in

Figure 3.1.
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Upright | Supine Admin Upright | Supine

Ll Ll
Tests Tests BD Tests Tests
Oscillometry Oscillometry Wait 15 minutes Oscillometry Oscillometry
Plethysmography Spirometry Spirometry Spirometry
Spirometry

Figure 3.1. Testing sequence for assessment of the effect of weight loss on lung mechanics.

3.3.4 Sleep quality questionnaire

Participants were asked to complete the Pittsburgh Sleep Quality Index (PSQI) before
lung function assessments at baseline and 5 weeks after bariatric surgery (Appendix F).
The PSQI was analyzed using previously described methodology with permission from
Buysse and coworkers [284]. Briefly, the PSQI is a 19-item questionnaire that provides
validated measurements of sleep disturbance and usual sleep habits in the previous
month. The questions are grouped into seven components that analyze various aspects of
sleep quality such as: subjective sleep quality, sleep latency, sleep duration, habitual
sleep quality, sleep disturbances, use of sleep medication and daytime dysfunction due to
sleepiness. Respondents rated their sleep quality as “very good,” “fairly good,” “fairly
bad” or “very bad” and this represented a score of 0, 1, 2, or 3, respectively. The PSQI
also assessed various factors that disrupt sleep including breathing discomfort, waking up
to use the bathroom, coughing or snoring loudly, feeling too hot or cold, having bad
dreams and experiencing pain. The global sleep score was calculated as the sum of the
seven components that make up the PSQI. A score of <35 is associated with good sleep

quality while a score > 5 is associated with poor sleep quality.

The effect of weight loss on dyspnea in obesity was specifically assessed with the PSQI
by analyzing the response of participants to perceptions of breathing discomfort. A score
of zero was assigned when no breathing discomfort was reported in the past month; a
score of 1 was assigned when breathing discomfort occurred less than once a week,
corresponding to mild discomfort; a score of 2 was assigned when breathing discomfort

occurred once or twice a week, corresponding to moderate discomfort, while a score of 3
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was assigned when breathing discomfort occurred three or more times a week,

corresponding to severe discomfort.

3.3.5 Weight, height and waist circumference measurements

Participant weight and height were measured without wearing shoes or heavy clothing;
these parameters were used to calculate BMI. Waist circumference (WC) was measured
as the circumferential distance around the midpoint between the lowest rib and the iliac

crest.

3.3.6 Pulmonary function tests

Spirometry and whole body plethysmography were performed according to
recommended international guidelines using a spirometer-equipped body box
(SensorMedics Corporation, Yorba Linda, CA, USA) [45, 127]. Forced expiratory flows,
including forced expiratory volume in one second (FEV1) and expiratory flow at 50 %
(FEFs0), 75 % (FEF7s), and 25 — 75 % (FEF25-75) of forced vital capacity (FVC) were
obtained. Lung volumes and capacities, including expiratory reserve volume (ERV),
inspiratory capacity (IC), functional residual capacity (FRC) and vital capacity (VC) were
also measured. The average ERV, FRC and IC; and the best VC and forced expiratory
flows were selected as the final result from three technically acceptable measurements
[285]. TLC was calculated as the sum of IC and FRC while RV was calculated as the
difference between TLC and VC. Results obtained from these lung function tests were

expressed as percentages of predicted values from Crapo et al/ [73].

3.3.7 Oscillometry

The mechanical properties of the respiratory system were measured according to
recommended guidelines [286] using the tremoFlo™ Airwave Oscillometry System
(Appendix G, Thorasys Thoracic Medical Systems Inc., Montreal, QC, Canada). During

each measurement, subjects wore a nose-clip and firmly held their cheeks and mouth
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floor so as to minimize the upper airway shunt artefact [286]. The Airwave Oscillometry
System delivered a multi-frequency composite oscillatory pressure waveform of about 1-
2 cm H>O superimposed on a subject’s spontaneous breathing at 6, 11 and 19 Hz for 16
seconds. Mechanical parameters of the respiratory system were then computed from the
impedance of the respiratory system (Zrs) to the resulting flow oscillations. The
frequency range allowed us to examine the frequency-dependent mechanics of the
respiratory system and how it changed with weight-loss. Respiratory impedance
measured at the 6 Hz oscillation frequency probed the respiratory mechanics of the entire
respiratory system while the impedance measured at the 19 Hz oscillation frequency

probed the respiratory mechanics of the upper and central airways of the lung.

Respiratory system impedance is the spectral ratio of the fast Fourier transform (FFT) of
the pressure and flow measured at the subject’s mouth, and was computed by averaging 1
second windows of the pressure and flow recordings multiplied by Hamming windows
with 50% overlap. Zrs is a complex quantity where the real part depicts the portion of the
pressure that is in phase with flow and thus describes Rrs, while the imaginary part
depicts the portion of the pressure that is in phase with volume and acceleration of
volume and thus describes Xrs. Rrs is largely governed by airway caliber and some lung
tissue properties, while Xrs is governed by the elasticity of the chest wall and lung
tissues, and the inertia of the oscillating column of gas in the central airways.
Furthermore, while the resistance of the two components of the chest wall — the rib cage
and diaphragm-abdomen accounts for a small part of the Rrs, the contribution of these
two components to the total Rrs may be increased in the supine position particularly in

obesity.

Within each 16 second recording, the effects of artefacts were minimized by automatic
rejection of any 1 second window containing negative Rrs or Rrs values greater than
three standard deviations and using the mean Rrs and Xrs to minimize the effect of any
outliers. Additionally, measurements were repeated four times with periodic breaks of
about 30 seconds between measurements. The average from these measurements was

computed as the final result.
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At low frequencies Xrs is negative and is dominated by the elastance of the respiratory
system (Ers) while at high frequencies when Xrs is positive, it is dominated by the inertia
of the oscillating air column. For all subjects, Xrs at 6 Hz was less than -1 cmH,O/(L-s™)
indicating that Xrs was dominated by elastance and an estimate of Ers was obtained
[287] as: ETs = —wX7rse where, w is the angular frequency and is mathematically

expressed as: w = 2mnf.

The coefficient of variation (COV) for Rrs was computed from the standard deviation of
the four consecutive Rrs measurements normalized to the mean to determine the
repeatability and variability of Rrs. Coherence > 0.90 was used as an acceptance criteria

for each 16 second measurement of Zrs at each frequency.

3.3.8 Bronchial reversibility test

Lung mechanics and function was assessed before, and 15 minutes after inhaling 200 pg
of the BD — salbutamol, administered with a metered-dose inhaler and valved-holding
chamber spacer device (CareStream Medical Ltd., Pickering, ON, Canada). This

assessment was performed before and 5 weeks after bariatric surgery.

3.3.9 Bariatric surgery

All subjects underwent a laparoscopic sleeve gastrectomy — a minimally invasive
procedure that results in the complete removal of about 85% of the stomach. The surgery
was performed under general anesthesia and patients were discharged home 48-72 hours
post-surgery. The postoperative diet regimen consisted of 4-6 weeks of a high protein,

semi-liquid diet followed by a return to normal diet.

3.3.10 Statistical analysis

Results are expressed as means + standard deviations (SD). Weight, BMI, waist

circumference, PSQI and plethysmography results obtained before and after bariatric
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surgery were analyzed using a one-way repeated measures analysis of variance
(ANOVA) while the effects of position and bronchodilation on spirometry and
oscillometry results obtained before and after bariatric surgery were analyzed using two-
way repeated-measures ANOVA with surgery and condition (position plus
bronchodilation) as factors. Surgery was divided into two levels (i.e. before and after
surgery) while condition was divided into four levels (i.e. upright pre-BD, supine pre-BD,
upright post-BD and supine post-BD). Where significance was found, separate post hoc
pairwise testing was then performed with Student’s t-test to identify differences due to
surgery, position, or BD and the Benjamini-Hochberg procedure was applied to control
the effect of multiple comparisons [288]. Correlation analyses were performed using
linear regression methods in MATLAB R2013b (Natick, MA, USA) while all other
analyses were performed in IBM SPSS Statistics for Windows, Version 22.0 (Armonk,
NY, USA). P-values < 0.05 were considered statistically significant.

3.4 Results
3.4.1 Demographics and obesity parameters

Table 3.1 shows the age distribution and anthropometric characteristics of the subjects
before and 5 weeks after bariatric surgery. Following bariatric surgery, there was a
significant reduction in weight, BMI and WC (p < 0.001). Study participants lost about
9.4 + 2.1 % of their initial weight (Table 3.1). The ANOVA summary table of within-
subjects effects for oscillometry is presented in Table 3.2. With the exception of Rrs,19,
weight loss surgery did not have a significant effect on any of the oscillometric (Table
3.2) or spirometric measures (not shown). Furthermore, position and bronchodilation
significantly changed all oscillometric measures (Table 3.2) while the only spirometric
indices that significantly changed were FEV1, FEV1/FVC, FEF2s5.75 and FEF75 (not
shown). Also, there was a significant cross interaction between surgery and conditions

(position plus bronchodilation) in Xrs,6 and Ers (Table 3.2).
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3.4.2 Changes in lung mechanics with weight loss: posture and bronchodilation

Although weight loss had no effect on upright pre-BD Rrs measured at all the
frequencies, weight loss significantly reduced pre-BD Rrs,19 measured in the supine
position by 13.1 £ 3.8%, but not Rrs,6 and Rrs,11 (Table 3.2, Figures 3.2 and 3.3A). In
addition, moving from an upright to supine position elicited changes in lung mechanics
that were further influenced by weight loss and by bronchodilation. For instance, prior to
weight loss, moving to the supine position pre-BD resulted in a 23.7 + 11 % increase in
pre-BD Rrs,6, but there was no change post-BD; however, after weight loss, the increase
in Rrs,6 was 24.4 = 8 % post-BD (Figure 3.3A). Ers was consistently sensitive to changes
in posture increasing by similar amounts on moving from upright to supine position, both

pre- and post-BD, and before and after weight loss (Figure 3.3B).

Table 3.1. Age distribution and anthropometric characteristics of study participants.

Before Surgery  After Surgery p-value

Number of participants 19 19

Sex (Females, Males) 19,0

Age (years) 483 +7.6

Mean weight (kg) 123.4+19.0 111.9+18.1 <0.001

Mean BMI (kg/m?) 472 +£6.6 42.8 £6.6 <0.001

Mean Waist Circumference 1.30£0.04 m 1.20+£0.03 m <0.001
(134 +4 cm) (121 + 3 cm)

Average weight loss (kg) N/A 11.5+£25

Percent of initial weight lost (%)  N/A 94+2.1

Note: Weight, BMI and waist circumference significantly reduced after bariatric surgery. Data
are expressed here as mean + standard deviation.
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3.4.3 Weight loss and bronchodilator responsiveness

Figure 3.4 shows the effects of BD at each frequency. Prior to weight loss, BD only had a
modest effect on Rrs,11 measured in the upright position (Figure 3.4A); however,
following weight loss, BD had a substantial effect by decreasing Rrs at all frequencies
(Figure 3.4C). In contrast to measurements in the upright position, in the supine position,
BD significantly decreased Rrs at all frequencies before weight loss but following weight
loss, BD response was only observed in Rrs,6 (Figure 3.3A) and not in Rrs,11 and Rrs,19
(not shown). There was also no BD response measured with Ers before surgery in both
the upright and supine positions; however, significant response to BD was measured
following weight loss in both the upright and supine positions (Figure 3.3B). Unlike Ers,
Xrs measured at 11 and 19 Hz was consistently increased in response to BD in the
upright (Figure 3.4B and 3.4D) and supine (not shown) positions both before and after

weight loss.

Table 3.2. Analysis of Variance for Oscillometry

Surgery Conditions Interactions
(Position + (Surgery*Conditions)
Bronchodilation)
F-value p-value F-value p-value  F-value p-value
Rrs6 562 463 7.873 <.001 2.355 .082
Rrs11  3.251 .088 8.783 .001 2.053 117
Rrs19  5.627 .029 4.421 .017 2.353 .082
Xrs6 214 .650 26.415 <.001 1.207 .029
Xrsll  1.331 264 25.551 <.001 717 546
Xrs19 011 919 24.687 <.001 266 .850
Ers 214 .650 26.415 <.001 1.207 .029

Examining the responses due to BD in Rrs again, and evaluating the percent changes in
Rrs to compare to the percent changes in Ers in Figure 3.5, we saw that at baseline, the

percent change in upright Rrs at all frequencies in response to BD was negligible;
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however after surgery, the response was significant and significantly greater than before
surgery at all frequencies, increasing on average by 17.6 = 4.0 % (Figure 3.5A). By
comparison, prior to surgery, BD induced only a modest 7.1 = 10 % decrease in Ers
measured in the upright position, but after surgery a larger reduction in Ers of 33 =8 %
was seen (Figure 3.5A). Similarly in the supine position, the BD-induced reduction in Ers
after weight loss was much larger than before weight loss and larger than the change in

Rrs, which was only significant at 11 Hz (Figure 3.5B).
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Figure 3.2. Effect of weight loss on pre-BD resistance measured in the supine position.
(* p<0.05; ** p <0.01; *** p <0.001). Error bars indicate standard error of the mean.

Table 3.3 demonstrates results from spirometry measured in the upright position. Prior to
bariatric surgery, only FEF»5.75, changed significantly in response to BD. After surgery,
FEV1, FEV1/FVC, FEF2s5.75 and FEF7s all increased significantly in response to BD.
FEF75 and FEF»s.75 increased by 28.2 + 7.0 % and 18.8 & 5.4 % respectively, while FEV;
increased by only 5 + 2 % post-BD. In the supine position, BD induced a 4.0 £2 %

increase in FEV1 before surgery and a 5.1 + 1.7 % increase after surgery (not shown).
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Figure 3.3. Effect of moving from an upright to supine position on Pre- and Post-BD Rrs,6 (A)
and Ers (B) measured before and after bariatric surgery.

In Panel B, moving to the supine position significantly increased Ers for all conditions (p <
0.001). (* p<0.05; ** p<0.01; ** p <0.001). Error bars indicate standard error of the mean.
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3.4.4 Weight loss and lung volumes

There was a 9.5 + 2.5 % increase in FRC with weight loss following bariatric surgery but
no change in other lung volume measurements (Table 3.4). There was a significant
correlation between the change in FRC, expressed as a percent of predicted, and the

percent weight loss following surgery (= 0.56, p = 0.019).
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Figure 3.4. The effect of BD on Rrs and Xrs measured in the upright posture before (A & B) and
five weeks after bariatric surgery (C & D).

(* p<0.05; ** p <0.01; *** p <0.001). Error bars indicate standard error of the mean.
3.4.5 Variability and repeatability of respiratory resistance

The variability and repeatability of respiratory system resistance was determined from the
percent COV (Table 3.5) obtained from multiple measurements at each time and in each

test condition (e.g. before and after bariatric surgery, in the upright and supine position,
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and pre- and post-bronchodilation). The variability in Rrs measurements obtained from
oscillometry was less than 10 % in all tests indicating that the measurement was highly
repeatable. Measures of variation in Xrs were estimated from the standard deviation of
Xrs (SDXrs) and was found to be less than 0.5 cmH>O/L/s in all tests. For example, at

baseline, SDXrs was 0.46 cmH>O/L/s; however, 5 weeks after surgery, the variation in

Pre-BD Xrs dropped to 0.31 cmH>O/L/s.

Table 3.3. Pre- and Post-BD spirometric data obtained before and 5 weeks after bariatric surgery.

Before weight loss After weight loss

Pre-BD Post-BD p-value Pre-BD Post-BD p-value
FVC 102+3 101+3 0.397 102+3 102+ 4 0.926
FEV, 95+3 964  0.490 944 98+4  0.031
FEVI/FVC 94+2 96+3  0.056 93+3 97+3  0.002
PEF 104 £6 103+6  0.649 103+6 103+6  0.850
FEF25.75 85+7 92+8  0.005 84+9 97+9 <0.001
FEFso 105+ 8 112+10  0.068 102+ 11 110+10 0.124
FEF75 72 +11 82112 0.108 69+9 86+12 <0.001

Note: Values are expressed as % predicted mean + standard deviation. (n = 17) FVC: forced vital
capacity, FEV: forced expiratory volume in 1 sec, FEV/FVC: ratio of forced expiratory volume
in 1 sec to forced vital capacity, PEF: peak expired flow, FEF2s.75: forced expiratory flow
between 25% and 75% of FVC, FEFs: forced expiratory flow at 50% of FVC, FEFs: forced
expiratory flow at 75% of FVC.

3.4.6 Sleep quality

Weight loss was associated with significant improvements in sleep quality as measured
by the PSQI. Table 6 shows the component scores from the PSQI collected before and 5
weeks following bariatric surgery. Improvements in subjective sleep quality, sleep
disturbances and daytime dysfunction due to sleepiness led to an improvement in the
global sleep score. The overall improvement in sleep quality with weight loss was highly

correlated with the reduction in Pre-BD Rrs,19 measured in the supine position (» = 0.71,
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p = 0.009) but not with any reductions in Pre-BD Rrs,6 (» = 0.53, p = 0.075) or Rrs,11 (r
=0.43, p=0.163). We did not find any correlation between the reduction in waist

circumference and improvement in sleep quality.

Prior to bariatric surgery, 8 of the 19 participants reported mild to severe breathing
discomfort on the PSQI in the month prior to examination. Four respondents reported
mild breathing discomfort (score of 1); 1 respondent reported moderate breathing
discomfort (score of 2), while 3 respondents reported severe breathing discomfort (score
of 3). Significant improvements were noted after bariatric surgery as follows: 16
respondents reported no breathing discomfort at all; 2 respondents reported mild
breathing discomfort, while 1 respondent reported moderate breathing discomfort in the

month prior to re-examination.

Table 3.4. Lung Volumes obtained before and five weeks after bariatric surgery.

LUNG PRE- POST-

VOLUMES SURGERY SURGERY p-value
TLC 90 £ 9 91+ 10 0.223
FRC 69 £ 8 75+ 12 0.003
RV 61+17 65+ 18 0.356
VC 104 + 12 104 + 14 0.950
IC 115+ 17 112+ 16 0.326
ERV 72+ 16 83 + 25 0.143

Note: Values are expressed as % predicted mean + standard deviation. TLC: total lung capacity,
FRC: functional residual capacity, RV: residual volume, VC: vital capacity, IC: inspiratory
capacity, ERV: expiratory reserve volume. (n = 17)
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Figure 3.5. Percent drop in Rrs and Ers in the upright (A) and supine position (B) measured in
response to BD before and after surgery.

The effect of BD on upright Rrs measured before and after surgery is shown in Figure 4A and 4C.
Prior to surgery, BD significantly lowered supine Rrs at all frequencies, however after surgery,
only Rrs,6 reduced following inhalation of BD. Error bars indicate standard error of the mean. (*
p <0.05; ** p <0.01; *** p <0.001).
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Table 3.5. Percent Coefficient of Variation (COV) for oscillometric Rrs obtained under various

test conditions.

Pre-Surgery Post-Surgery p-value
Upright Pre-BD 73+£29 52+22 0.010
Supine Pre-BD 7.0+1.8 6.5+1.7 0.181
Upright Post-BD 55+1.7 54+£22 0.362
Supine Post-BD 64+23 7.0+£2.5 0.230

Note: Values are expressed as % mean + standard deviation.

Table 3.6. Component scores of the PSQI collected before and 5 weeks after bariatric surgery.

Components of the PSQI Before surgery  After surgery p-value
Subjective Sleep Quality 1.2+0.8 0.7+0.8 0.025
Sleep Latency 16+1.1 14+11 0.297
Sleep Duration 1.0+1.2 0.7+1.0 0.297
Habitual Sleep Efficiency 1.2+1.0 12+1.2 1.00
Sleep Disturbances 1.8+0.5 1.4+0.5 0.007
Use of Sleeping Medication 0.3+0.8 0.2+0.5 0.506
Daytime Dysfunction 1.2+0.9 0.8+0.6 0.042
Global score 8.4+35 6.5+3.7 0.049

Note: Values are expressed as mean + standard deviation

3.5 Discussion

We investigated the early changes in lung mechanics and lung function associated with

weight loss in severely obese subjects at 5 weeks following bariatric surgery. Our

principle finding was that despite normal spirometry and no changes in lung mechanics in

the upright position, lung mechanics assessed by oscillometry significantly improved in

the supine position with weight loss. Secondly, these changes were accompanied by a
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significant increase in BD responsiveness in the upright position; thirdly, these changes

were accompanied by improvements in sleep quality.

This is the first study to examine changes in lung mechanics induced by weight loss in
both the upright and supine positions. Although weight loss had no effect on Rrs
measured in the upright position, it significantly reduced Rrs measured supine (Figures
3.2 and 3.3A). Previous studies have consistently reported significant reductions in Rrs
measured in the upright position following weight-loss surgery, but those assessments
were conducted 12-24 months after surgery [9-11]. Thus, the amount of weight loss
achieved by the participants only a few weeks after bariatric surgery in our study was
likely insufficient to induce a decrease in Rrs measured in the upright position. However,
the modest weight loss was sufficient to reduce the Rrs measured in the supine position
likely because moving to the supine position augments lung compression associated with
obesity [258, 279] and that could amplify the changes in mechanics with weight loss.
Compression reduces lung volume and lung elastic recoil [250], resulting in weaker
airway-parenchymal tethering and the collapse of dependent airways [289]. Thus, the
modest weight loss present at 5 weeks after surgery, which was accompanied by a
decrease in waist circumference (Table 3.1), was sufficient to reduce lung compression in
the supine position. Indeed, prior to weight loss, moving from an upright to supine
position increased Rrs,6 by 23.7 + 11 %, while after surgery, the increase in Rrs was not

significant (Figure 3.3A).

The reduction in supine Rrs with weight loss measured at 19 Hz (Figure 3.2) may be due
to a greater increase in the caliber of the central airways. This is because Rrs at higher
oscillometry frequencies (Rrs,19) is usually dominated by the upper and central airways
while the effect of small peripheral airways on Rrs is normally undetectable unless there
is sufficient heterogeneous peripheral airway obstruction present [ 173]. It is possible that
with further weight loss larger changes in peripheral airway caliber might be detectable,
leading to improvements in Rrs at lower frequencies as well. In some severely obese
patients improvements in Rrs with weight loss might occur with resolution of upper
airway obstruction associated with obstructive sleep apnea [290]. Since the prevalence of

obstructive sleep apnea in severely obese patients presenting for weight loss surgery is
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about 74 % [291], it is quite likely that some of our study participants may have had
undiagnosed sleep apnea that could possibly have improved with weight loss resulting in

improved sleep quality (Table 3.6).

The fact that we did not find any changes in spirometry but did with oscillometry may be
because oscillometry measures lung mechanics near FRC, and particularly in the supine
position, the effects may be greater than might occur during the forced exhalation
manoeuvres performed during spirometry. Surprisingly, even at 18-24 months,
spirometry appeared to be insensitive to weight-loss-induced improvements in upright
lung function as reported previously [9, 10], although Al-alwan ef al reported slight
improvements in FEV; and FVC at 12 months [11].

Weight loss affected the response to BD in our study participants. Prior to bariatric
surgery, inhalation of salbutamol did not result in significant reduction in Rrs measured
in the upright position or in spirometry values. This is consistent with the results of other
studies in obese individuals with asthma who demonstrated little or no change in
spirometry values following BD [105, 292]. In a study of obese subjects without
respiratory disease, less than 15 % of subjects demonstrated a positive BD response and
examining mean values, post BD FEV1% was only 0.25 % higher than pre BD FEV 1%
[293]. We are the first group to publish data on the effect of weight reduction on BD
responsiveness in obese adults without asthma. Our results demonstrate that weight loss
is associated with an increased BD response in both oscillometric and spirometric indices
(Figure 3.5A and Table 3.3). Although the BD response in Rrs was increased to 17 %, it
was still within the normal range which is reported as an 11 % drop in Rrs [196]. This
response was also below traditional thresholds for reporting acute reversibility in both

spirometry (<12%) [45] and oscillometry (<33%) [196].

The lack of BD responsiveness before weight loss could be due to decreased airway-
parenchymal tethering forces with obesity [278]. Reduced tethering uncouples the airway
smooth muscle from the parenchyma and as a consequence, the airways fail to dilate with
BD. This same mechanism has been suggested in nocturnal asthma where the airway is
uncoupled from the parenchyma during sleep resulting in increased resistance that

persisted throughout sleep [294, 295]. Weight loss reduces lung compression and

80



accounts for the increase in FRC that we measured 5 weeks following bariatric surgery
(Table 3.4). This effect could partially restore airway-parenchymal coupling, resulting in
greater airway wall tension that would be responsive to bronchodilation. This may
explain the increased BD response recorded in the upright position as an increased
percent drop in post-BD Rrs following weight loss (Figure 3.5A), suggesting an increase

in central airway caliber.

Another explanation for the reduced BD responsiveness measured in the upright position
prior to weight loss surgery is that some of the bronchodilator may have been deposited
within the oropharynx despite the use of a metered dose inhaler and valved-holding
chamber in the administration of the drug. With weight loss, it is possible that there was a
reduction in the amount of redundant supraglottic oropharyngeal tissue which increased
BD deposition within the lung. However, this effect was likely modest since we found
that BD reduced Rrs and FEV1 in the supine position indicating successful BD delivery
to the lung. Regardless of the cause, reduced BD responsiveness is an important problem
for severely obese subjects with asthma since they are usually prescribed short acting
bronchial agonists for sudden symptoms. It is also possible that changes in systemic
inflammation with weight loss may have led to physiological changes in the airways.
Inflammation is associated with obesity and, in particular, increased secretion of pro-
inflammatory adipokines by the visceral adipose tissue is suggested to lead to airway
remodeling and bronchial hyperreactivity [1]. However, changes in inflammatory status
with weight loss is particularly associated with obese subjects who also have asthma [1],
whereas our study focused on subjects without asthma. Furthermore, progesterone has
been shown to potentiate BD-stimulated ASM relaxation [296], and it is down-regulated
in obesity [297], suggesting a possible mechanism for the reduced BD responsiveness at
baseline, since our study was limited to only female participants. Thus perhaps, even with
modest weight-loss, these hormonal and inflammatory mediators could have a functional
effect on lung mechanics. Nevertheless, our subjects were severely obese before bariatric

surgery and remained severely obese after surgery, despite significant weight loss.

In contrast to the upright position, supine Rrs was significantly reduced post-BD at all

frequencies before weight loss; however, only Rrs,6 was reduced post-BD after weight
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loss (Figures 3.5B and 3.3A). Before weight loss, Rrs was highest in the supine position,
indicating narrowed airways that may be attributed largely to the central airways, as we
did not observe any frequency dependence indicative of small airways heterogeneity
[281]. Due to the inverse power relationship between radius and resistance, Rrs is
exquisitely sensitive to airway diameter. Thus, small changes in airway caliber can cause
large effects on Rrs. It is possible that despite diminished airway-parenchymal tethering
in obesity, the BD was able to induce central airway dilation in the supine position before
weight loss because of the reduced airway caliber. However, following weight loss, the
beta-agonist had little effect in dilating the airways in the supine position (Figure 3.5B),
since weight loss had already induced significant airway dilation in this position as
shown in Rrs,19 (Figure 3.2). Moving from upright to supine position can cause
significant changes in upper, and central airway geometries as well as changes to the lung
periphery [258, 279, 298]. Xrs is thought to be an indicator of airway closure [162, 254,
282] and is decreased in the supine position [258, 279, 298] consistent with our findings.
Xrs may also reflect changes in chest wall elastance that may occur with changes in
posture [299]. Interestingly, we found that the BD was very effective at reducing upright
and supine Ers after weight loss likely due to recruitment of small airways (Figures 3.3B
and 3.5B). The larger relative change in Ers compared to Rrs following weight loss may
mean a greater improvement in lung function due to recruitment of small airways with

weight loss.

The biggest effect of weight loss at baseline was the improvement in supine lung
mechanics which may help explain the improvements observed in sleep quality (Table
3.6). Eight (42%) out of the 19 subjects interviewed in this study reported mild to severe
breathing discomfort at baseline. However, after weight loss, only three (16%) of the
respondents reported any breathing difficulty in the month prior to examination. This is in
agreement with the findings of Oppenheimer et a/ where they reported that the
prevalence of respiratory symptoms such as dyspnea, wheeze and cough was greatly
reduced after weight loss [9]. A PSQI of 8.443.5 was measured at baseline in our cohort
and this is quite similar to the findings of Toor ef al who reported a PSQI of 8.8 in their
cohort [271]. A global sleep score of <5 is associated with good sleep quality while a
global sleep score > 5 is associated with poor sleep quality [284]. The PSQI reduced to
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6.5+3.7 following weight loss surgery (Table 3.6), unlike the findings of Toor et al [271]
where global sleep score reduced to < 5, although their follow-up assessment was
conducted after much greater weight loss was achieved at 3-6 months after bariatric
surgery. Nevertheless, even with modest weight loss at 5 weeks, there were significant
improvements in PSQI that was highly correlated with the reduction in Rrs,19 measured
in the supine position. In fact, about 51% of the variance in the improvement in sleep
quality was accounted for by the reduction in supine Rrs,19 suggesting that breathing
discomfort due to narrowing of upper and central airways in the supine position may

contribute more to poor sleep quality than previously thought.

We have shown that the assessment of lung mechanics with oscillometry in the supine
position or with BD was sensitive to early changes in lung function associated with
modest weight loss following bariatric surgery while spirometry and plethysmography,
except for FRC, was not. Weight loss likely improved lung mechanics by restoring the
airway-parenchymal tethering forces in the supine position and likely helps explain
improvements in sleep quality. In addition, the tethering forces were likely sufficiently
restored to allow the BD to dilate the airways even after weight loss. These findings
demonstrate the sensitivity of oscillometry and that improvements in lung mechanics

occur early after weight loss surgery improving sleep quality.
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Chapter 4: Improvement in upright and supine lung mechanics with

bariatric surgery: sleep quality and bronchodilator responsiveness
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4.1 Abstract

Introduction: Obesity is associated with respiratory symptoms such as wheezing and
dyspnea, but its effect and the effect of weight loss on lung function particularly in the

supine position is insufficiently documented.

Methods: We evaluated fifteen severely obese female participants (mean+SD BMI
48.2+6.0 kg/m?) using spirometry, plethysmography, Pittsburgh Sleep Quality Index
(PSQI), and oscillometry to obtain various indices of lung mechanics including
respiratory system resistance (Rrs,6, Rrs,11 and Rrs,19) and elastance (Ers). These tests
were conducted in the upright and supine position, and pre- and post-bronchodilation

with 200 pg of salbutamol before, and 5 weeks and 6 months after bariatric surgery.

Results: An average weight loss of 11.94+2.7kg was recorded at the 5 week-postoperative
assessment but this had no significant effect on respiratory mechanics. Six months after
surgery, a 21.4+7.1kg weight loss was associated with a 14.1+6.1% reduction in Rrs,6
and a 25.7+9.4% reduction in Ers measured in the upright position, with no significant
changes in spirometry. Similar changes in Rrs and Ers were recorded in the supine
position and the sleep quality of study participants improved from a PSQI of 8.4£3.5 to
4.1+2.9. The reduction in Rrs and Ers induced by weight loss was comparable to that
produced by salbutamol. Furthermore, the frequency dependence of Rrs was modestly
reduced with weight loss indicating reduced heterogeneity. Fits of respiratory impedance
spectra to a mathematical model suggests reduced resistance in the central and peripheral

airways as well as reduced stiffness in the peripheral airways.

Conclusion: Respiratory mechanics during tidal breathing were more greatly affected by
weight loss than the mechanics of forced expiration, likely due to both airway recruitment
and reduced chest wall stiffness. Our findings provide new evidence that severely obese
subjects may have poor sleep quality due to poor respiratory mechanics but weight loss

reverses these changes.

Keywords: Oscillometry (Forced oscillation technique); Obesity; Body mass index;

Lung function; Lung mechanics; Bronchial reversibility; Sleep quality.
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4.2 Background

Obesity is associated with respiratory symptoms like wheeze [22], dyspnea [23],
orthopnea [13], and sleep disturbances [271]. These symptoms can be difficult to treat
with bronchodilators but improvements have been widely reported with weight loss [6,
300]. However, spirometry often shows little or no change in lung function with weight
loss [9-11, 300]. This lack of insight from spirometry has made it challenging to explore
the mechanisms that link obesity and weight loss to changes in lung function.
Furthermore, lung function is typically assessed in the upright position but the respiratory
symptoms of obesity worsen in the supine position [13], and this is thought to contribute

to sleep disturbances [271].

Mechanically, the lung is compressed in obesity and this causes a number of changes in
lung mechanics and function, including a reduction in lung volumes, particularly, the
functional residual capacity (FRC) [147, 242, 279]. The changes in lung mechanics
include: an increase in respiratory system stiffness and a reduction in the diameter of the
airways [245]. These changes can be indirectly assessed from respiratory system
resistance (Rrs) and reactance (Xrs) using oscillometry. We recently used oscillometry to
study the effects of modest weight loss induced by bariatric surgery [300]. We found
significant changes in supine Rrs as early as 5 weeks after bariatric surgery and these
changes correlated strongly with improvements in sleep quality. Interestingly, however,
we found no other significant changes in respiratory system mechanics measured in the
upright position, and similarly no changes in spirometric outcomes [300]. While the
effects of weight loss on supine respiratory mechanics have never been probed,
improvements in oscillometry outcomes (Rrs and Xrs) obtained in the upright position
have been consistently reported after 12-24 month of bariatric surgery-induced weight

loss [9-11].

Here, because of the likely importance of supine respiratory mechanics to sleep quality,
and because it had not been previously investigated, we were interested in tracking the
progress of the changes in respiratory system mechanics with weight loss in the supine
position, and to assess these changes in comparison to the changes in upright respiratory

mechanics. Lastly, we wanted to assess the changes in airway heterogeneity using the
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frequency dependence of Rrs, and also the role of weight-loss-induced restoration of
airway-parenchymal tethering on bronchodilator responsiveness. Thus, we evaluated the
effect of weight loss on sleep quality and respiratory system mechanics at the 6 month-
postoperative assessment using the PSQI, oscillometry, spirometry, and
plethysmography, and we compared the results obtained to weight-changes recorded at

the 5 week-postoperative assessment.

4.3 Methods

4.3.1 Selection of study participants and consent

Twenty four severely obese individuals without a diagnosis of asthma or other lung
diseases were recruited into the study from the bariatric surgery clinic at the Queen
Elizabeth II Health Sciences Centre. Of this, 5 subjects were lost to follow-up at 5-weeks
while 4 were lost to follow-up at 6 months. This study was approved by the Nova Scotia
Health Authority Research Ethics Board (reference number: CDHA-RS/2012-109). All
participants provided written informed consent to participate in the study and consented

to have their data published.

4.3.2 Inclusion and exclusion criteria

Inclusion criteria were the presence of severe obesity defined as body mass index (BMI)
greater than 40 kg/m? and scheduled bariatric surgery. Exclusion criteria were: BMI less
than 40 kg/m?, physician diagnosis of chronic lung disease (including asthma and chronic
obstructive pulmonary disease), smoking history of more than 10 pack years, inability to
lie on the back for up to 10 minutes, inability to perform PFTs acceptably, and cognitive
limitations that prevented completion of sleep questionnaire. Subjects who did not show

up for their follow-up appointments were also excluded from the study.

4.3.3 Study design

This prospective observational study includes assessments performed prior to bariatric
surgery and post-operative assessments at 5 weeks and 6 months. Some of the data

obtained at baseline and 5 weeks after bariatric surgery have been previously published
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[300]. During follow-up, sleep quality was reassessed and plethysmography, spirometry
and oscillometry were repeated. Spirometry and oscillometry was performed in the
upright and supine position, and pre- and post-bronchodilation (BD). The testing
sequence for the measurements conducted has been described previously in Chapter 3

(Figure 3.1).
4.3.4 Sleep quality questionnaire

Sleep quality was reassessed using the Pittsburgh Sleep Quality Index (PSQI) with
permission from Buysse and coworkers [284]. Briefly, the PSQI is a 19-item
questionnaire that provides validated measurements of sleep disturbance and usual sleep
habits in the previous month. The questions are grouped into seven components that
analyze various aspects of sleep quality such as: subjective sleep quality, sleep latency,
sleep duration, habitual sleep quality, sleep disturbances, use of sleep medication and
daytime dysfunction due to sleepiness. Respondents rated their sleep quality as “very
good,” “fairly good,” “fairly bad” or “very bad” and this represented a score of 0, 1, 2, or
3, respectively. The PSQI also assessed various factors that disrupt sleep including
breathing discomfort, waking up to use the bathroom, coughing or snoring loudly, feeling
too hot or cold, having bad dreams and experiencing pain. The global sleep score is
calculated as the sum of the seven components that make up the PSQI. A score of <5
was associated with good sleep quality while a score > 5 was associated with poor sleep
quality. Responder analysis of the PSQI was also performed by estimating the number of
subjects that reported good sleep quality at baseline, 5 weeks after surgery, and at 6

months after surgery.

4.3.5 Anthropometric measurements

Weight and height were measured using a calibrated scale and stadiometer and used in

calculating BMI.

4.3.6 Pulmonary function tests

Spirometry and whole-body plethysmography were performed according to
recommended international guidelines [127, 285], using a calibrated spirometer-equipped

body plethysmograph (SensorMedics Corporation, Yorba Linda, CA, USA). Forced
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expiratory flows, including forced expiratory volume in 1 s (FEV1) and expiratory flow at
50 % (FEFso), 75 % (FEF75), and 25% — 75 % (FEF25_75) of vital capacity (VC) were
obtained. Lung volumes and capacities, including residual volume (RV), expiratory
reserve volume (ERV), FRC (estimated as the sum of RV and ERV), inspiratory capacity
(IC) and TLC (estimated as the sum of FRC and IC) were also measured. The lowest
residual volume (RV); the average ERV, FRC and TLC; and the best VC and forced
expiratory flows were selected as the final result from three technically acceptable
measurements and expressed as percentages of predicted values from Crapo and

colleagues [73].

4.3.7 Oscillometry

Respiratory system impedance was measured according to recommended guidelines
[286] using the tremoFlo™ airwave oscillometry system (Appendix G, Thorasys
Thoracic Medical Systems Inc., Montreal, QC, Canada). This technique has been
described in detail previously [300]. Briefly, a multi-frequency composite oscillatory
pressure waveform of about 1-2 cm H>O was generated by the oscillometry device and
superimposed on a subject’s spontaneous breathing at 6, 11 and 19 Hz for 16 s. The
impedance of the respiratory system (Zrs) to the resulting flow oscillations was then
estimated from the spectral ratio of the pressure and flow signals measured at the mouth.
Respiratory system resistance (Rrs) and reactance (Xrs) were computed at each frequency
by separating Zrs into its in-phase component of the pressure and flow and 90 degrees
out-of-phase component of the pressure and flow, respectively. The frequency
dependence of Rrs, which is an indicator of airway heterogeneity, was computed by
subtracting Rrs,19 from Rrs,6, that is: Rrs,6 minus Rrs,19. Predicted Rrs and Xrs was
also computed using each subject’s age, height, sex and ideal body weight using
reference equations published by Oostveen and colleagues [196]. Xrs measured at 6 Hz
was used in estimating respiratory system elastance (Ers) using the relationship: Ers =

—wXrs, 6, where o is the angular frequency (f), mathematically expressed as: w = 2xf.

4.3.8 Mathematical modeling of respiratory system impedance

To investigate changes in central versus peripheral lung mechanics, we employed the

two-compartment series model originally developed by Mead et a/ [301], and recently
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applied by Al-Alwan ef al to study lung mechanics in obese subjects [11]. The model was
fit to respiratory system impedance spectra measured before and after weight loss surgery
in order to obtain the parameters of the respiratory system using MATLAB R2016a
(Mathworks Inc., Natick, Mass., USA). The model consists of a series arrangement of an
upper airway resistance, representing central resistance (Rc), and an upper airway
compliance, representing central compliance (1/Ec) connected through a single peripheral
airway, representing the peripheral resistance (Rp), to peripheral compliance (1/Ep) to
account for the alveolar compartments (Figure 4.1) [301]. The upper compartment
pathway impedance (Z:) included a central mertance (Ic) and is described by Equation
4.1, while the lower compartment impedance (Z>) is described by Equation 4.2 as shown

below.

Rc

Rp

Ep

Figure 4.1. Schematic illustration of the series two-compartment model of the lung.

Z, =Rc+ilnflc 4.1)

i 2P
2nf

Also included in the upper compartment was an impedance Zs, representing the elastance

22:@_

4.2)

of the central airways (Ec) as shown in Equation 4.3 below.
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Zy=—i— (4.3)

The total static elastance (Etotal) was computed as the parallel sum of Ec and Ep as

shown in Equation 4.4, assuming zero-flow conditions.

EE
Etotal = ——*2— (4.4)
E +E

c P

Z1 was added to the parallel sum of Z> and Z3 to obtain the total impedance (Ztotal) of the

model as shown in Equation 4.5.

Z,7
Ztotal = 7, + —=2 (4.5)
Z,+7,

We also calculated the coefficient of determination (CD) in order to determine the
goodness of fit of the model impedance to the measured impedance spectra and CD

greater than 0.95 was used as an acceptance criterion.

4.3.9 Bronchial reversibility test

Lung mechanics were assessed before and 15 minutes after relaxation of airway wall
tension with inhalation of 200 pg of the short-acting >-adrenergic agonist—salbutamol
delivered through a pressurized metered-dose inhaler and valved-holding chamber

(CareStream Medical Ltd, Pickering, ON, Canada).

4.3.10 Bariatric surgery

All subjects underwent a laparoscopic sleeve gastrectomy, a minimally invasive
procedure that results in the complete removal of about 85% of the stomach. The
postoperative diet regimen consisted of 4-6 weeks of a high-protein, semiliquid diet,

followed by a return to a normal diet.

4.3.11 Statistical analyses

Results are expressed as means + standard deviation (SD) unless specified otherwise.
Normality of data was determined with Shapiro-Wilk test and normality plots. Weight,
height, BMI, PSQI, and plethysmography data obtained before and at 5 weeks and 6
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months after bariatric surgery were analyzed using a 1-way repeated-measures analysis of
variance (ANOVA) with 3 levels (i.e before surgery, 5 weeks after surgery, and 6 months
after surgery). The effects of position and bronchodilation on spirometry results were
analyzed using 2-way repeated-measures ANOVA with time and intervention (position
plus bronchodilation) as factors. Time was divided into 3 levels (i.e before surgery, 5
weeks after surgery, and 6 months after surgery), and intervention was divided into 4
levels (i.e upright pre-BD, supine pre-BD, upright post-BD, and supine post-BD). The
same procedure was repeated for oscillometry results at each frequency. When
significance was found, separate post hoc pair-wise testing was performed with a
Student’s ¢ test to identify differences caused by weight loss surgery, position, or BD and
the Benjamini-Hochberg procedure was applied to control the effect of multiple
comparisons [288]. Statistical analyses were performed in IBM Statistics for Windows,
version 22.0 (IBM Corporation, Armonk, NY, USA) and p-values < 0.05 were

considered statistically significant.

4.4 Results

4.4.1 Demographics and obesity parameters

Twenty four severely obese individuals were recruited into the study through the
informed consent process. Demographics and anthropometric data from 15 study
participants that completed the study protocol are presented in Table 4.1. Bariatric
surgery significantly reduced the weight and BMI of the participants with an average
weight loss of 11.9 + 2.7 kg and 21.4 + 7.1 kg recorded at the 5 week- and 6 month-

postoperative assessments, respectively.

4.4.2 Lung function before and after bariatric surgery

At baseline, FEV1, FVC, PEF and other spirometric parameters, expressed as percentages
of predicted, were within normal limits (Figure 4.2). Weight loss did not induce any
significant changes in any of the spirometric parameters at the 5 week- or 6 month-

postoperative assessment.
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4.4.3 Lung volumes before and after bariatric surgery

Similar to the spirometry outcomes reported above, TLC, VC and IC, were also within
normal limits at baseline but RV, ERV and FRC were below the range of expected values
(Figure 4.3). With the exception of FRC, weight loss was not associated with any
significant changes in these lung volumes at the 5 week- or 6 month-postoperative
assessment (Figure 4.3). Weight loss was associated with an increase in FRC of 8.1 £ 3.8

% and 13.4 + 3.9 % from baseline at 5 weeks and 6 months, respectively.

Table 4.1. Demographics and anthropometric characteristics of study participants.

. 5 weeks After 6 months After  p-value
Baseline

Surgery Surgery
Sex (Females, Males) 15,0
Age (years) 455+7.0
Mean weight (kg) 125.7+18.0 113.7+17.3 1043+ 15.4 <0.001
Mean BMI (kg/m?) 48.2 £6.0 43.7+6.1 40.1 +5.7 <0.001
Avg weight loss (kg)  na 11.9+27 214+7.1
% of initial weight lost na 9.6+2.3 169+5.2

BMI, body mass index; Avg, average; na, not applicable. Data are expressed as means +
SD. p <0.05 was considered statistically significant.

4.4.4 Effect of weight loss and bronchodilation on oscillometry outcomes

The effect of weight loss on Rrs measured in the upright position is shown in Figure
4.4A. Upright Rrs measured at 5 weeks after bariatric surgery was not significantly
different from baseline at any oscillation frequency. However, with further weight loss,
there was a significant drop across all oscillation frequencies at 6 months, approaching
the mean predicted Rrs estimated from the participants’ ideal body weights, particularly

at Rrs,19 (Figure 4.4A).

Similar results were observed in Xrs obtained in the upright position. At baseline, upright

Xrs was quite negative and well below the predicted Xrs (Figure 4.4B). Weight loss had
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no significant effect on upright Xrs at the 5 week-postoperative assessment. However, at
6 months, a significant increase in Xrs,6 and Xrs,11 was observed and the Xrs versus

oscillation frequency curve moved towards the predicted Xrs.

W Before Weight Loss
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Figure 4.2. Spirometric measures before and after weight loss presented as percent
predicted.

Error bars indicate SE. FVC, forced vital capacity; FEV1, forced expiratory volume in 1
s; FEV1/FVC; ratio of forced expiratory volume in 1 s to forced vital capacity; PEF, peak
expired flow; FEF»s.75, forced expiratory flow between 25% and 75% of FVC; FEFsy,
forced expiratory flow at 50% of FVC; FEF7s, forced expiratory flow at 75% of FVC.

As previously reported, supine Rrs significantly reduced at the 5 week-postoperative
assessment but only at the 19 Hz oscillation frequency [300]. Here, we found that further
weight loss at 6 months led to greater reductions in supine Rrs across all oscillation
frequencies (Figure 4.4C). Also, moving to the supine position shifted the Rrs versus
oscillation frequency curve upwards (Figures 4.4A and 4.4C). Compared to Xrs measured

in the upright position, supine Xrs was much more negative at baseline and weight loss
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had no significant effect at the 5 week-postoperative assessment (Figure 4.4D).
Interestingly, weight loss induced significant increases in supine Xrs,6 and Xrs,11 at 6
months but similar to the upright position (Figure 4.4B), supine Xrs,19 was not
significantly affected. These improvements in supine Rrs and Xrs with weight loss were
found to be comparable to the improvements recorded in the upright position, with the

only exception being Rrs,19 which improved more in the supine position

B Baseline
120 - 5-Weeks Post-Surgery -|- _T_
O 6-Months Post-Surgery

T

—
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Percent Predicted
00
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60

TLC RV VC IC ERV FRC

Figure 4.3. Plethysmography outcomes before and after weight loss presented as percent
predicted.

Error bars indicate SE. TLC, total lung capacity; RV, residual volume; VC, vital
capacity; IC, inspiratory capacity; ERV, expiratory reserve volume; FRC, functional
residual capacity. *, p <0.05.

Figure 4.5 shows the percent change in key oscillometry outcomes and FEV1 produced
by weight loss in the upright and supine positions. Weight loss induced a 14.1 £ 6.1 %
reduction in upright Rrs,6 and a 25.7 + 9.4 % reduction in upright Ers at the 6 month-
postoperative assessment but FEV1 only demonstrated a 4.6 + 2.8 % increase in the
upright position (Figure 4.5) and this increase was not statistically significant. Compared

to the upright position, weight loss was also associated with a greater reduction in supine

95



Rrs,19 0of 23.4 £ 6.7 % (p = 0.040) (Figure 4.5). Supine Rrs,6 and Ers also reduced by
17.8 +5.4 % and 20.2 + 7.2 % but these reductions were not statistically different from

the percent reductions reported above for the upright position (Figure 4.5).
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Figure 4.4. Changes in Rrs and Xrs measured in the upright (A & B) and supine positions
(C & D) before and after bariatric surgery.
Note that improvements in upright Rrs and Xrs only occur at the 6 month post-op
assessment, while improvements in supine Rrs occurred as early as 5 weeks after bariatric
surgery. Error bars indicate SE. Rrs, respiratory system resistance; Xrs, respiratory
system reactance. 77, p < 0.01 at 5 week post-op assessment and **, p <0.01 at 6 month
post-op assessment compared to baseline.
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When we administered the short-acting B-agonist, we measured very little changes in
lung function at baseline in both oscillometry and spirometry outcomes obtained in the
upright position (Figure 4.6A). However, BD responsiveness increased significantly 6
months after surgery and this response was comparable to the bronchodilatory effect
produced by weight loss (Figure 4.5). In contrast, significant BD responsiveness was
measured in the supine position at baseline and at the 5 week- (Figure 3.5) and 6 month-

postoperative assessment (Figure 4.6B), unlike the upright position (Figure 4.6A).

Upright Supine

-10 A

Percent Change

S 1

-30 - ‘ ORrs,6
* Rrs,19
M Ers
a0 4 N FEV1

Figure 4.5. Percent change in key oscillometry outcomes and FEV produced by weight
loss in the upright and supine positions.

Improvements in upright lung mechanics measured here at the 6 month-postop
assessment were comparable to improvements in supine lung mechanics, except for
Rrs,19 where the reduction due to weight loss was slightly greater (*, p < 0.05). Error
bars indicate SE. Rrs,6 and Rrs, 19 respiratory system resistance at 6 and 19 Hz; Ers,
respiratory system elastance.
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Figure 4.6. Percent change in key oscillometry outcomes and FEV1 produced by
bronchodilator in the upright (A) and supine positions (B) before and 6 months after
weight loss surgery.

Error bars indicate SE. Rrs,6 and Rrs,19 respiratory system resistance at 6 and 19 Hz;
Ers, respiratory system elastance.
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4.4.5 Improvements in sleep quality with weight loss

Previously, we reported that weight loss was associated with significant improvements in
sleep quality at the 5 week-postoperative assessment [300]. However, our participants’
sleep quality was still rated as poor because their global sleep score was above the
threshold for good sleep quality. According to the PSQI, a global sleep score > 5 is
associated with poor sleep quality, whereas a global sleep score < 5 is associated with
good sleep quality [284]. At the 6 month-follow-up assessment, however, we measured
greater improvements in sleep quality and the global sleep score of our participants
exceeded the threshold for good sleep quality (Table 4.2). Subjects reported significant
improvements in their subjective sleep quality, sleep latency, sleep duration, habitual
sleep efficiency, sleep disturbances, and daytime dysfunction, but they reported no

significant changes in their use of sleeping medication.

Responder analysis of the PSQI revealed that only 10.5% of subjects reported good sleep
quality at baseline but this increased to 47.4% at the 5 week-postoperative assessment.
This proportion continued to increase with further weight loss reaching 80% at the 6

month-postoperative assessment.
4.4.6 Mathematical model of changes in respiratory impedance

Figure 4.7A-D shows weight-induced changes in the mechanical parameters of the
respiratory system obtained from fitting the series two-compartment model (Figure 4.1)
to respiratory impedance spectra measured before and after weight loss. Weight loss had
no significant effect on Ec but Ep reduced significantly and this led to a significant
reduction in Etotal (Figure 4.7A). Similarly, weight loss caused Rc and Rp to decrease

significantly (Figure 4.7C and 4.7D) but Ic was unaffected (Figure 4.7B).
4.4.7 Changes in frequency dependence of Rrs with weight loss

We were interested in knowing whether the frequency dependence of Rrs improved in
subjects who exhibited definitive frequency dependence at baseline. Thus, we also
quantified the changes in frequency dependence of Rrs induced by weight loss in subjects

whose Rrs,6 minus Rrs, 19 reached a critical threshold of 0.2 cm H>O/(L-s™!), which
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would be large enough to be unaffected by variability or noise. Seven study participants
met this threshold and their frequency dependence of Rrs before and after weight loss is
presented in Figure 4.7E. In those subjects with baseline frequency dependence of Rrs,

weight loss was associated with a significant reduction in the frequency dependence.

Table 4.2. Component scores of the Pittsburgh sleep quality index collected before and 6
months after bariatric surgery.

Before 6 months p-value

surgery after surgery
Subjective sleep quality 1.3+£0.7 0.6+0.5 0.003
Sleep latency 1.7£1.1 1.1£1.0 0.022
Sleep duration 1.1£1.1 0.2+0.5 0.003
Habitual sleep efficiency 1.2+1.0 0.5+1.0 0.033
Sleep disturbances 1.9+0.5 1.1+0.3 <0.001
Use of sleep medication 0.4+0.9 0.3+0.6 0.327
Daytime dysfunction 1.1£0.9 0.3+0.5 0.003
Global score 8.6+3.5 4.1£2.9 <0.001

Data are presented as means = SD.

4.6 Discussion

In this study, we sought to study the changes in lung mechanics and function at 6 months
after weight loss surgery. The main results of this study are that (i) surgically-induced
weight loss caused large changes in Rrs, Xrs, Ers and FRC at the 6 month-postoperative
assessment but no significant changes were detected with spirometry, and (ii) compared
to the 5 week-postoperative assessment described in Chapter 3 [300], a greater
improvement in sleep quality was recorded at the 6 month-postoperative assessment and
study participants reported good sleep quality. These findings provide new evidence that
severely obese subjects may have poor sleep quality due to poor pulmonary mechanics

but weight loss reverses these changes.
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Figure 4.7. Parameters of the two-compartment series model of the respiratory system
before and weight loss at 6 months (Panels A — D).
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Panel E shows the frequency dependence of Rrs computed by subtracting Rrs,19 from
Rrs,6 in seven subjects that demonstrated substantial frequency dependence at baseline.
Ec, central elastance; Ep, peripheral elastance; Etotal, total elastance; Ic, central inertance
of air column; Rc, central resistance; Rp, peripheral resistance; Rrs,6, respiratory system
resistance at 6 Hz; Rrs, 19, respiratory system resistance at 19 Hz. Error bars indicate SE.
** p<0.01.

The association between weight loss and improvements in lung mechanics in the upright
position has been consistently reported in previous studies at 12-24 months after weight-
loss surgery [9-11]. To the best of our knowledge, we are the first group to study the
effect of weight loss on lung mechanics in both upright and supine positions and at earlier
time points [300]. We specifically investigated the effect of weight loss at earlier time
points because most of the surgically-induced weight loss typically occurs within the first
5 weeks to 6 months following bariatric surgery. Thus, although the weight loss achieved
by our study participants at the end of the study period was slightly smaller than those
reported in previous studies [9, 11], we can show that the weight loss led to dramatic

improvements in both upright and supine lung mechanics.

At baseline, respiratory system resistance was significantly higher than the predicted Rrs
in the upright position (Figure 4.4A) in agreement with earlier studies which concluded
that the increase was due to lung compression and narrower airways in obesity [11]. Six
months after bariatric surgery, the resultant 21.4 + 7.1 kg weight loss was associated with
a significant reduction in both upright and supine Rrs measured at all the oscillation
frequencies (Figure 4.4A and 4.4C), suggesting reversal of airway narrowing and an
overall improvement in breathing mechanics. Further analysis revealed that the
bronchodilation induced by weight loss (Figure 4.5) was substantial, and was comparable
to the bronchodilatory response that was induced by salbutamol at the end of the study
period (Figure 4.6). Rrs,19 was particularly close to the predicted Rrs at the 6 month-
postoperative assessment suggesting normalization of upper and central airway caliber.
This implies greater improvement in upper and central airways because Rrs at high
oscillometry frequencies (Rrs,19) largely reflects these sources, whereas the effect of the
small peripheral airways on Rrs is normally undetectable unless significant

heterogeneous peripheral airway obstruction is present [173].
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While Rrs,6 was significantly greater than Rrs,19 in our obese subjects, which could be
indicative of peripheral airway heterogeneity, this was not as large as that reported in
other studies [9, 11]. However, we did find a significant reduction in the frequency
dependence of Rrs with weight loss (Figure 4.7E) in individuals with observable
frequency dependence at baseline. Since frequency dependence is an index of peripheral
airway heterogeneity, this indicates the presence of heterogeneous obstruction of the
small airways, but this reduced after weight loss. Notably, using the series two
compartment model, Rp was significantly reduced after weight loss, potentially
indicating airway recruitment as described by Al-Alwan et al [11]. Frequency
dependence of Rrs is caused by heterogeneous obstruction of the small airways in the
lung periphery, and is a hallmark feature of asthma [158, 173, 302-304]. However, in this
study, the degree of heterogeneity was likely modest in all subjects. Furthermore, our
subjects did not have asthma and none reached the clinical threshold for positive
bronchial reversibility in response to BD. Similar studies on obese subjects without
asthma do show larger frequency dependence of Rrs [9, 11, 305] than our study. This
could be due to our small sample size, or differences in the sensitivity to frequency
dependence in oscillometry devices. Oostveen et al. (2013) noted that one of the more
common oscillometry devices demonstrated a larger frequency dependence than three
other devices used in their study. Although the differences between devices were small,
they might arise due to differences in the perturbation waveforms employed [196, 197]

and could have contributed to frequency dependence of Rrs in other studies [9, 11, 305].

Weight loss was also associated with a significant increase in upright and supine Xrs but
only at the 6 and 11 Hz frequencies (Figure 4.4B and 4.4D). Similar to the frequency
dependence of Rrs, Xrs is thought to be a sensitive indicator of peripheral airway closure
and respiratory system stiffness [162, 254, 282]. At baseline, Xrs was highly negative and
well below the predicted Xrs in both upright and supine positions (Figure 4.4B and 4.4D)
and this could be due to collapse and closure of small airways in the lung periphery. In
fact, Xrs measured in the supine position at low oscillation frequencies was comparable
to results obtained from individuals with moderately severe asthma [167]. With weight
loss, Xrs,6 and Xrs,11 in both upright and supine positions increased indicating a

reduction in the stiffness of the respiratory system.
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While the highly negative Xrs (Figure 4.4B and 4.4D) and large Ep (Figure 4.7A) and
their significant improvement could be attributed to peripheral airway recruitment, this
change in elastic properties could also be due in part to changes in chest wall stiffness
which is thought to be increased in obesity [145, 247]. Indeed, for peripheral airway
heterogeneity and recruitment to play a large role in our obese subjects, we would expect
larger and comparable changes in the magnitude of Rrs,6—Rrs,19 to changes in the
magnitude of Xrs. However, the baseline frequency dependence was modest, as was its
decrease with weight loss and this may mean that changes in chest wall stiffness with
weight loss may have played a more substantial part. If true, then the role of the changes
in chest wall stiffness with weight loss may have been less appreciated previously [11].
Although the series model differentiates between central and peripheral lung
compartments, these compartments are individually homogeneous, and both must
account for the chest wall elastance which is part of the total respiratory system
impedance. Thus, changes in chest wall cannot be easily differentiated from changes in

Ep.

Nevertheless, the notion that there might be peripheral airway recruitment with weight
loss is further supported by evidence of a 13.4 + 3.9 % increase in FRC with weight loss
(Figure 4.3), consistent with other findings in the literature [162, 282]. However, this
might also be due to changes in the mechanical balance of components of the respiratory
system as well as changes in the chest wall. Thus, since Rrs,6 minus Rrs,19 decreased
with weight loss in some subjects, it is likely that weight loss induced some airway
recruitment; however, as this was modest relative to the changes in Xrs, we believe the
contribution of chest wall mechanics to the improved pulmonary mechanics may be more

important.

Obesity affects the forces of mechanical interdependence between the airway and
parenchyma [245, 278]. Using oscillometry, we explored how weight loss changed the
balance of forces between the airway and parenchyma using two approaches, viz: (i)
increased lung compression caused by the supine position, and (ii) by reducing airway
smooth muscle tone to induce bronchodilation with inhaled salbutamol. Figures 4.4A and

4.4C show that moving to the supine position increased Rrs as a result of a significant
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reduction in the caliber of the airways due to mechanical compression of the lungs. The
shift to more negative Xrs recorded when subjects moved to the supine position (Figures
4.4B and 4.4D) further supports the notion of mechanical compression of the lung in
obesity, since both involve shifts in abdominal mass in the thorax. With both obesity and
the supine position, the Xrs at baseline is at its most negative, and obesity likely amplifies
increases in chest wall stiffness, especially in the supine position [299] which results in a
worsening of breathing mechanics in these subjects. The reduction in lung volume leads
to attenuation of tethering forces between the parenchyma and the airways [245], and this
consequently leads to potential derecruitment of small airways in the parenchyma as
previously reported [258, 279, 298]. Interestingly, weight loss appears to restore airway-
parenchymal tethering forces, illustrated by the increased responsiveness to BD, at least
in the upright position (Figure 4.6) [300], as well as improvements in multiple measures
of lung mechanics including Rrs,6, and Ers (Figure 4.4 and Figure 4.5), echoed by

improvements in model parameters Rc, Rp and Ep (Figure 4.7E).

The worsening of lung mechanics in the supine position likely contributes to the severity
of sleep-disordered breathing and poor sleep quality in obesity. We previously found a
strong correlation between improvements in supine Rrs,19 and improvements in sleep
quality following a modest 11.5 + 2.5 kg weight loss at the 5 week-postoperative
assessment [300]. However, despite the improvements in sleep quality, the global sleep
score of our subjects was 6.5 + 3.7 at the end of the 5-week study period. According to
the PSQI, a global sleep score > 5 is associated with poor sleep quality, whereas a global
sleep score < 5 is associated with good sleep quality [284]. Here, with greater weight
loss, the global sleep score of our subjects improved to 4.1 &+ 2.9. Thus, our study
participants achieved good sleep quality at the 6 month-postoperative assessment only
after much greater weight loss. This result is consistent with the findings of Toor et al
who also found improvements in sleep quality after much greater weight loss was
achieved at 3-6 months following bariatric surgery [271] but they did not measure

respiratory mechanics or lung function.

One of the main limitations of this study is that our study protocol required participants to

perform both spirometry and oscillometry and it is known that the deep inspirations
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associated with the forced breathing maneuvers of spirometry can transiently modify
bronchomotor tone and airway caliber [306, 307]. It is possible that oscillometry
performed in the supine position may have been affected by the deep inspirations of the
preceding upright spirometry. To control for this effect, we ensured that oscillometry was
performed at least 5 minutes after upright spirometry and participants were breathing
normally. We also maintained the same testing sequence at all 3 time points of the study

to help control for any effect this might have on the study outcomes.

In summary, lung compression occurs in obesity and in agreement with other studies
[11]; this reduces airway-parenchymal tethering forces, resulting in narrower airways and
stiffer lungs. Weight loss likely restored the airway-parenchymal tethering forces and this
resulted in improvements in oscillometric Rrs and Xrs, sleep quality and BD
responsiveness, but not spirometry. Impairments in respiratory mechanics were amplified
in the supine position, but substantial improvements were noted following weight loss.
The improvements in supine respiratory mechanics appeared to have greater impact on

the subject’s sleep quality and overall breathing mechanics.
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Chapter 5: Repeatability and Variability of Respiratory Impedance and
its Reliability: Effect of Cheek Support and Variations in Head and

Neck Positioning
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5.1 Abstract

Background: Oscillometry is increasingly used in clinical practice and in research as an
objective tool for assessment of respiratory system mechanics. Certain recommendations
have been outlined for avoiding the biasing effects from the upper airway such as those
caused by inappropriate head and neck angles, and oscillometry requires cheek-support to
minimize upper airway shunting. However, the effects of variations in positioning of the
head and neck during oscillometry have never been carefully characterized, so it is
difficult to assess the importance of these criteria. Here we examined the effects of small
and large neck angles on oscillometry outcomes, and compared these to the established
effects of the upper airway shunt artefact. We also compared within-session repeatability
and variability of oscillometric indices to day-to-day reproducibility and variability.
Methods: Six healthy adults and 6 COPD patients were evaluated using handheld
airwave oscillometry (tremoFlo) on two separate study visits to obtain respiratory system
resistance (Rrs) and reactance (Xrs). At baseline, subjects were instructed to follow
recommended guidelines for use of oscillometry in clinical practice. Oscillometry was
then repeated without cheek-support, and also during flexion and extension of the head
and neck. Three consecutive sets of measurements were obtained under each condition,
and standard deviation and percent coefficient of variation (COV) were computed as
indices of variability, repeatability and reproducibility. Also, Pearson’s product moment
correlation coefficient [Pearson’s (7)] was computed to determine the test-retest reliability
of oscillometry. Results: Oscillometry outcomes were not affected by flexion of the neck
but significant changes were recorded during extension. Despite the changes induced by
these artefacts, oscillometry demonstrated high within-day repeatability with a COV < 15
% for Rrs,5. The test-retest reliability and day-to-day reproducibility of oscillometry was
also very high. Furthermore, Rrs and Xrs were not significantly affected by cheek support
in healthy subjects, but significant effects from the upper airway shunt artefact were
observed in COPD patients. Conclusions: Handheld oscillometry demonstrated high
repeatability, and low and acceptable variability. It was also not susceptible to artefacts

caused by incorrect head and neck angles.
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5.2 Introduction

Respiratory diseases such as asthma and chronic obstructive pulmonary disease (COPD)
affect millions of people around the world and are responsible for hundreds of thousands
of deaths every year [40, 41, 67]. These diseases represent a huge global health burden
impacting significantly on global economics [29, 72]. Currently, spirometry is the gold
standard applied in the diagnosis, staging, and monitoring of respiratory disease
progression. However, the main limitations of spirometry are that it is a highly effort
dependent test that is also insensitive to changes in the small airways — the predominant
locus for lung diseases. In the mid-1950s, Dubois et al. developed a new tool for
assessment of respiratory system mechanics known as the forced oscillation technique or

more recently as oscillometry [153].

Oscillometry is increasingly being used in clinical practice and in research to derive
many useful indices of respiratory system mechanics, such as respiratory system
resistance (Rrs) and reactance (Xrs). These indices have been reported in normal subjects
[196] and in patients with various conditions such as asthma [167], COPD [163], sleep
apnea’/hypopnea [308, 309] and obesity [117, 247, 279], as well as to assess changes
induced by weight loss [9, 11, 300]. One key advantage oscillometry has over spirometry
is that it allows the assessment of pulmonary function during regular tidal breathing, and
it can be used when spirometry is difficult or unfeasible as is the case in preschool
children [182], and in patients with cognitive impairments and/or limited psychological
reserve [180, 181]. Oscillometry is also a valuable alternative in cases where

symptomatic patients present with normal or nearly normal spirometric values [174, 175].

In an effort to standardize the use of oscillometry in clinical practice, the American
Thoracic Society (ATS) and the European Respiratory Society (ERS) published a joint

guideline in 2003 with recommendations for its proper use [177]. According to the
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ATS/ERS guideline, oscillometry should be performed while sitting upright with the neck
slightly extended forward or in the neutral position and with hands firmly supporting the
cheeks and the floor of the mouth. This procedure minimizes biasing effects from the
upper airway such as those caused by inappropriate head and neck angles, and upper
airway shunting. It has been speculated that incorrect positioning of the head and neck
during oscillometry could potentially affect the accuracy as well as the repeatability, and
contribute to the variability of test outcomes [14]; however, the effects of different head
and neck angles have never been carefully characterized, so it is difficult to assess the
importance of these criteria. Furthermore, there is need for more data on the acceptable
variability for an oscillometry test from repeated measures, referred to here as the within-
test variability. More data is also needed on the day-to-day reproducibility, variability and
reliability of oscillometric parameters in healthy subjects and patients with respiratory
disease, particularly patients with airflow obstruction such as COPD and asthma patients.
Therefore, the objectives of this study were to: (i) assess the magnitude of the effect of
incorrect angles in the positioning of head and neck during oscillometry, and compare
these with the effect of cheek support to reduce upper airway shunt artefact, and (ii)
assess within-test (also referred to as within-day) repeatability and day-to-day
reproducibility, variability and reliability of oscillometric indices in healthy subjects and

patients with airway obstruction.

5.3 Methods
5.3.1 Selection of study participants and consent

Six healthy adult subjects without a history of chronic respiratory disease were recruited
from the local community (Halifax Regional Municipality) and 6 patients with a
confirmed diagnosis of chronic obstructive pulmonary disease (COPD) were recruited
from the Pulmonary Rehabilitation Program at the Mumford Professional Centre in
Halifax. This study was approved by the Nova Scotia Health Authority Research Ethics
Board (reference number: CDHA-RS/2013-219). All participants provided written

informed consent to participate in the study and consented to have their data published.

110



5.3.2 Inclusion and exclusion criteria

Male or female subjects between the ages of 16 and 70 with no history of asthma or other
chronic respiratory condition and no recent respiratory tract infection (within 6 weeks),
and less than 10 pack-years were enrolled in this study as healthy subjects. Inclusion
criteria for COPD patients was a confirmed diagnosis of COPD (GOLD stage 11
[moderate COPD] to stage IV [very severe COPD]) based on the Canadian Thoracic
Society COPD guidelines [310]. Male and female COPD patients between the ages of 16
and 70 with a baseline post-bronchodilator forced expiratory volume in 1 second (FEV1)
< 80% of predicted and FEV/forced vital capacity ratio < 70% predicted were included
in the study. COPD patients who were current or ex-smokers with a smoking history of

more than 10 pack-years were also included in the study.

Exclusion criteria for COPD patients were: (1) known respiratory disease other than
COPD (e.g. lung cancer, sarcoidosis, tuberculosis, lung fibrosis, cystic fibrosis, upper
and/or lower respiratory tract infection, (ii) having undergone lung surgery (e.g. lung
reduction or lung transplant), and (iii) any other uncontrolled disease likely to interfere

with the study or impact on subject safety.

5.3.3 Study design

Respiratory system impedance was assessed in 6 healthy adult subjects and 6 patients
with COPD on two study visits. During the first study visit, oscillometry was recorded
according to the ATS/ERS criteria [177] which recommend that during oscillometry,
subjects seat upright in a straight-backed chair, with their head in the neutral position and
with hands supporting their cheeks and mouth floor to minimize the upper airway shunt
artefact. Data obtained was used as a baseline reference, and to determine within-day
repeatability of the device. Oscillometry was then performed without hand support of
cheeks to assess the effect of upper airway shunt, and also during flexion and extension
of the neck to assess the effect of incorrect head-and-neck angles on oscillometry
outcomes. Each test was repeated 3 times with periodic breaks of about 30 s between the

measurements and within-test repeatability was assessed from these 3 measurements.
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In healthy subjects, we sought to assess the potential magnitude of large head-and-neck
angles on oscillometry outcomes, so oscillometry was conducted with the head and neck
comfortably near maximum forward flexion, and with the head and neck extended
backwards in comfortable maximum extension. The maximum flexion and maximum
extension described here established the effect of extreme deviations from the ATS/ERS

criteria, but these would not be expected to occur clinically.

We also investigated the potential magnitude of smaller deviations in head and neck
angles on oscillometry outcomes in a clinically relevant patient population. To achieve
this objective, COPD patients were asked to flex and extend their neck submaximally by
only 20° and 10°, respectively. These angles were chosen to approximate extreme
situations that would likely occur during assessment of respiratory system mechanics in
clinical practice and a goniometer was used in verifying the angle between the head and

neck.

Respiratory system mechanics was re-evaluated 2 days later with the head in the neutral
position according to the ATS/ERS criteria to determine day-to-day reproducibility, and

the test-retest reliability of oscillometry.

5.3.4 Weight and height measurements

The weight and height of each participant was measured and used in computing the BMI

of each subject.

5.3.5 Oscillometry

Respiratory system mechanics were assessed by using the tremoFlo C-100 Airwave
Oscillometry System (Appendix G, Thorasys Thoracic Medical Systems Inc, Montreal,
QC, Canada) to superimpose a multifrequency composite oscillatory pressure waveform
of about 1-2 cm H>O on a subject’s spontaneous breathing for 16 s. The handheld
oscillometry device delivered a multifrequency waveform at 5, 11, 13, 17, 19, 23, 29, 31,
and 37 Hz and mechanical parameters of the respiratory system (Rrs and Xrs) were then
estimated from the impedance of the respiratory system (Zrs) to the resulting flow
oscillations. Other experiments conducted as part of the calibration and validation of this

handheld oscillometry device are described in Appendix H.
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Zrs was computed as the spectral ratio of the fast Fourier transform of the pressure and
flow signals by averaging 1 second windows of the pressure and flow signals. Each 1
second window from the 16 second recording was multiplied by a Hamming windows
with 50% overlap in order to reduce the error caused by spectral leakage, and the Rrs and
Xrs from each 1 second window was calculated at each frequency. In each 16 s
recording, the effects of artefacts were minimized by automatic rejection of any 1 second
window that contains negative Rrs or Rrs (and Xrs) values greater than 3 standard
deviations (SDs) prior to computing the mean Rrs and Xrs. Coherence > 0.90 was used as
an acceptance criterion. Subjects wore a nose-clip during all measurements as

recommended in the ATS/ERS criteria [177].

5.3.6 Statistical analyses

Statistical analyses were performed in IBM SPSS Statistics for Windows, version 22
(IBM Corp., Armonk, N.Y., USA). Within-day repeatability of Rrs was estimated from
the coefficient of variation (COV) calculated by dividing the SD of the 3 consecutive
measurements obtained on the first study visit by the mean of those 3 consecutive
measurements. Since Xrs can have values that approach zero making COV less
representative of its variation, the variability in Xrs was estimated from the SD of Xrs.
Day-to-day reproducibility of Rrs was estimated from the COV computed by dividing the
SD of study visits 1 and 2 by the mean of study visits 1 and 2. Pearson’s correlation
coefficient (Pearson’s ) was computed from the Rrs measured on both study visits to
determine the test-retest reliability of oscillometry. All results were analyzed using a 1-
way analysis of variance (ANOV A) with repeated measures. When significance was
found, separate post hoc pairwise testing was performed with a Student’s 7 test to identify
differences due to the upper airway shunt artefact, incorrect head-and-neck angles, and
day-to-day variability. The Benjamini-Hochberg procedure was then applied to p-values
obtained to control the effect of multiple comparisons and to minimize the false
discovery rate [288]. The Benjamini-Hochberg procedure ranked the p-values from the
multiple comparisons and computed a critical value using the relationship: (i/m)q, where i

is the rank, m is the total number of comparisons performed, and ¢ is the false discovery
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rate which was set to 5%. A p-value less than the Benjamini-Hochberg critical value was

considered statistically significant.

5.4 Results

5.4.1 Anthropometric characteristics of study participants

Anthropometric and oscillometric variables of study participants are presented as mean +
SD in Table 5.1. The COPD patients were significantly older than the healthy subjects
and their weight and BMI were also significantly higher. Importantly, compared to the
healthy group, baseline respiratory mechanics was poorer among COPD patients as

demonstrated by the significantly higher Rrs,5 and significantly lower Xrs,5 (p < 0.05).

Table 5.1. Anthropometric characteristics of study participants

COPD Patients Healthy Subjects p-value
Sex, (male/female) 4/2 2/4 na
Age (years) 64.0 + 4.1 29+ 7.5 <0.001
Height (m) 1.72+0.1 1.67+0.1 0.151
Average weight (kg) 952+ 19.1 67.0+3.4 0.008
Average BMI (kg'm™) 32.0+4.0 243 £ 1.7 0.001
Rrs,5 46+1.0 24+0.2 0.003
Xrs,5 -44+33 -1.1+0.1 0.042

Note: Data are expressed as mean +£ SD. COPD, chronic obstructive pulmonary disease;
BMI, body mass index; na, not applicable.

5.4.2 Effects of flexion, extension and cheek support on mean Zrs

Oscillometry outcomes were not significantly affected by flexion of the neck but
significant changes were recorded during neck extension (Figures 5.1 and 5.2). In COPD
patients, the small 20° flexion of the neck during oscillometry did not significantly affect

Rrs and Xrs; however, the 10° extension reduced Rrs significantly while Xrs was

114



unaffected (Figure 5.1). For example, an 8.4 + 3.8 % reduction in Rrs was recorded at 5
Hz as a result of the 10° extension. In healthy subjects, maximum flexion and extension
of the neck during oscillometry did not also affect oscillometric Rrs and Xrs (Figure 5.2)
significantly, but there was a significant reduction in Xrs at 11 — 37 Hz during maximal

extension (Figure 5.2B).

In healthy subjects, cheek support had no effect on Rrs and Xrs (Figure 5.3). However, in
COPD patients, Rrs was significantly lower without cheek support, while Xrs was
significantly higher at all the oscillation frequencies compared to when the cheeks were

supported (Figure 5.3).
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Figure 5.1. Effect of 20° flexion and 10° extension of neck on Rrs (A) and Xrs (B) in
COPD patients.

Error bars indicate SE. Rrs, respiratory system resistance; Xrs, respiratory system
reactance. *, p <0.05.
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5.4.3 Effects of flexion, extension and cheek support on COV of Rrs

In both healthy and COPD subjects, the percent COV in Rrs was generally larger during
flexion and extension compared to their baselines (Table 5.2 and 5.3) but COV was less
than 15 % in all test scenarios including measurements with no cheek support. Despite
the increased variability in the measurements, COV < 15 % demonstrates that Rrs was
quite repeatable even in the presence of artefacts caused by incorrect head and neck

angles as well as the upper airway shunt.

Furthermore, in COPD patients, the upper airway shunt artefact and small deviations in
head-and-neck angle did not significantly affect the percent COV for Rrs,5 (Table 5.3)
but in healthy subjects, maximum flexion significantly increased the percent COV for Rrs
at 5, 19 and 37 Hz while maximum extension deceased the percent COV for Rrs at 37 Hz
(Table 5.2). In healthy subjects, the lack of cheek support did not have any significant
effect on the percent COV, except for a large reduction in the percent COV for Rrs,37
(Table 5.2). However, in COPD patients, a substantial reduction in the percent COV for
Rrs,19 was recorded when there was no cheek support (Table 5.3). The percent COV for
Rrs,37 was also substantially reduced when these patients extended their neck during

oscillometry (Table 5.3).

Table 5.2. Percent COV for Rrs at selected frequencies obtained when healthy subjects
performed oscillometry without cheek support, and during maximum flexion and
extension of the neck.

S Hz 19 Hz 37 Hz
Baseline 4.7+1.7 3.1£0.4  4.4+0.9
No cheek support  3.6+1.2 3.0£0.9 1.9+0.3
Flexion 12.143.4  12.1+3.1 13.343.1
Extension 10.1+4.0 5.3+1.3 2.840.8

Note: Data are presented as % means + SE. COV, coefficient of variation.
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Figure 5.2. Effect of maximal forward flexion and maximal extension on Rrs (A) and Xrs
(B) in healthy subjects.

Error bars indicate SE. Rrs, respiratory system resistance; Xrs, respiratory system
reactance. Xrs for all frequencies other than 6 Hz was significantly different from
baseline during extension of the head and neck (p < 0.05).

Table 5.3. Percent COV for Rrs at selected frequencies obtained when COPD patients

performed oscillometry without cheek support, and during 20° flexion and 10° extension
of the neck.

SHz 19 Hz 37 Hz
Baseline 4.9+1.1 6.7£1.3 6.4%=1.2
No cheek support  5.2+1.6 2103  2.5+0.8
Flexion 5.7+0.5 44+1.1 3.120.6
Extension 8.1+23 27406 2.3+05

Note: Data are presented as % means + SE. COV, coefficient of variation; COPD,
chronic obstructive pulmonary disease.

5.4.4 Effects of flexion, extension and cheek support on SD of Xrs

The mean variability in Xrs assessed through the standard deviation was less than 0.6
cm-H,O/(L-sV) at all frequencies and in all test scenarios in both healthy subjects and
COPD patients (Table 5.4 and 5.5). At baseline, the variability in Xrs was less than 0.1
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cm-H,O/(L-s!) and 0.5 cm-H2O/(L-s™) in healthy subjects and COPD patients,

respectively, and was not significantly different with other test conditions.
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Figure 5.3. Effect of upper airway shunt artefact on Rrs and Xrs measured in healthy
subjects (A & B) and COPD patients (C & D).

Error bars indicate SE. Rrs, respiratory system resistance; Xrs, respiratory system
reactance. *, p <0.05.
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Table 5.4. Standard deviation of Xrs (in cm-H2O/(L-s™)) at selected frequencies obtained
when healthy subjects performed oscillometry with and without cheek support, and
during maximum flexion and extension of the neck.

5Hz 19 Hz 37 Hz
Baseline 0.08 0.10 0.07
No cheek support  0.06 0.06 0.10
Flexion 0.12 0.14 0.17
Extension 0.12 0.12 0.11

Note: Xrs, respiratory system reactance.

5.4.5 Reliability and reproducibility of oscillometry outcomes

Respiratory impedance values were not significantly different from day to day in all the
study participants (Figure 5.4) and the test-retest reliability of oscillometry from day-to-
day was very high as demonstrated by a Pearson’s  of 0.99. The day-to-day
reproducibility of Rrs computed from the two study visits was surprisingly less than 1 %
in healthy adults, and less than 6 % in COPD patients. In healthy adults, day-to-day COV
for Rrs,5, Rrs, 19 and Rrs,37 was 0.3 %, 0.5 %, and 0.5 %, respectively, while COPD
patients demonstrated a COV of 5.2 %, 4.1 %, and 3.5 % at similar frequencies.
Furthermore, in healthy adults and COPD patients, the within-test COV for Rrs across all
oscillation frequencies obtained from the 3 consecutive measures was below 8 % on both
study visits (Figure 5.5). The within-day variability of Xrs was not significantly different
from day to day (not shown). While the within-day repeatability of Rrs was generally not
significantly different from day to day (Figure 5.5), a slight improvement was noted at
the high-frequency range (29 — 37 Hz) on the second day in patients with COPD (Figure
5.5B).

5.5 Discussion

In the present study, we assessed the effect of incorrect head and neck angles and the

repeatability and variability of respiratory impedance in a portable, handheld oscillometry
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device. Day-to-day reproducibility and variability were also assessed. The main finding
of this study was that respiratory impedance was not significantly affected by flexion of
the neck. Indeed, while significant changes were detected during extension of the neck,
the changes were still modest. In addition, handheld oscillometry demonstrated high
within-day repeatability and low variability in both healthy adults and patients with
COPD. Furthermore, day-to-day reproducibility of Rrs, and the test-retest reliability of
oscillometry was also very high. Thus, the assessment of respiratory mechanics using

handheld oscillometry is accurate, repeatable and reliable.

Table 5.5. Standard deviation of Xrs (in cm-H>O/(L-s™")) at selected frequencies obtained
when COPD patients performed oscillometry with and without cheek support, and during
20° flexion and 10°extension of the neck.

S Hz 19 Hz 37 Hz
Baseline 0.41 0.15 0.19
No cheek support  0.29 0.08 0.09
Flexion 0.54 0.14 0.11
Extension 0.47 0.16 0.13

Note: Xrs, respiratory system reactance; COPD, chronic obstructive pulmonary disease.

To the best of our knowledge, this is the first study to carefully characterize the effects of
incorrect head and neck angles on oscillometry outcomes. It is also the first study to
assess the repeatability and variability of respiratory impedance in a portable, handheld
oscillometry device. Compared to previous reports [ 14, 311], we found slightly better
repeatability of Rrs. Indeed, the mean within-day COV for Rrs was less than 8 % in both
healthy adults and COPD patients, and this indicates high repeatability. Similarly, the
day-to-day COV for Rrs was lower than 1 % in healthy subjects, and less than 6 % in
COPD patients. By comparison, within-day COV for Rrs in healthy and COPD patients
in other studies is between 8—16 % [14, 15, 311], while day-to-day COV for Rrs from 3
or more consecutive days is about 11 % in healthy normals [312, 313], and about 16 % in

COPD patients [313]. Furthermore, baseline variability in Xrs in this study was less than
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0.1 cm-H,O/(L-s") and 0.5 cm-H2O/(L-s™) in healthy subjects and COPD patients,

respectively and these results are comparable to those reported by Timmins et al [14].
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Figure 5.4. Rrs and Xrs measured during two separate study visits in healthy adults (A &
B) and COPD patients (C & D).

Error bars indicate SE. Rrs, respiratory system resistance; Xrs, respiratory system
reactance.
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Figure 5.5. Within-day COV for Rrs versus frequency from three consecutive measures
obtained during study visits 1 and 2 in healthy adults (A) and COPD patients (B).
Error bars indicate SE. COV, coefficient of variation; *, p < 0.05.

We specifically explored the effects of 20° flexion and 10°extension of the neck on
respiratory impedance in COPD patients because these angles are perhaps at the
borderline of head-and-neck position that would not be rejected during clinical
oscillometry. To compare, we also measured the effect of maximal flexion and extension
of the neck on respiratory impedance in healthy subjects to get an idea of the possible
magnitude of this effect at its extremes. We reasoned that the effect would be larger in
healthy subjects because the change in upper airway impedance would be a larger
fraction of the total respiratory impedance [314-317]. However, the overall magnitude of
this effect was modest since maximal extension only affected Xrs at mid- and high-
frequencies (Figure 5.2). We also recorded significant reductions in Rrs during
10°extension of the neck in COPD patients, but this reduction was also modest — with
only 8.4 + 3.8 % reduction in Rrs recorded at 5 Hz. Although the ATS/ERS guidelines
recommend that flexion of the head should be avoided during oscillometry [177], our

results indicate that this artefact had no significant effect on respiratory impedance in
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both healthy subjects and patients with COPD. However, maximal flexion in healthy
individuals increased the COV for Rrs to 13.343.1 % at high oscillation frequencies

(Table 5.2), thereby reducing measurement repeatability.

The upper airway shunt is an established artefact that is known to bias oscillometric
outcomes, especially in patients with high respiratory system impedance [315]. This
artefact occurs when a significant portion of the forced oscillatory energy directed at the
central and peripheral airways is diverted to compliant structures of the upper airways
with only a small portion reaching the lower respiratory system [314, 318]. This is
commonly observed in patients with high respiratory impedance, such as asthma and
COPD patients [171, 175], as well as young children who have low Crs and high Rrs
[189, 319]. To the best of our knowledge, this is the first study to investigate the biasing
effect of upper airway shunt artefact on the repeatability and variability of oscillometry
outcomes. Indeed, the upper airway shunt significantly affected respiratory impedance in
patients with COPD but no significant effect was observed among the healthy subjects.
This finding is not entirely consistent with previous reports in the literature which
established that cheek-support can significantly affect respiratory impedance in both
healthy subjects and patients with COPD [314, 318, 320]. The lack of significant
difference we found is likely due to the small number of subjects in our study. Also, the
mechanical properties of the chest wall are a significant contributor to total respiratory
system mechanics [155], and although it is likely smaller than the contribution arising
from the shunt provided by the soft tissues of the upper airwayi, it is possible that the
contribution from the chest wall might be significantly altered when study participants

raise their arms to support the cheeks, as suggested by Goldman et a/ [321].

We did not measure the effect of small angle variations on oscillometry outcomes in
healthy subjects; however, the magnitude of this effect would have been smaller than the
modest changes we reported at extreme angles. While we anticipate that small angle
flexion and extension of head and neck would have similar effects to that reported in
COPD (Figure 5.1), it is also possible that such deviations in recommended head-and-
neck position may produce larger changes than those measured in the patients with

COPD. This is because the changes in the upper airway in a healthy subject would

123



normally be a greater fraction of the total respiratory impedance, since lung impedance is
lower [314]. However, given that baseline Rrs at higher frequencies which largely
represent central airway [304] (Figure 5.3) was comparable between healthy subjects and
COPD patients, it is quite likely that changes in respiratory impedance caused by small

deviations in head-and-neck angles would be similar in both subject groups.

In summary, we have shown that oscillometry is not easily susceptible to upper airway
artefacts caused by flexion of the head and neck, but small angle extension of the neck
slightly reduced Rrs in COPD patients while maximal neck extension reduced Xrs in
healthy subjects. We also demonstrated that cheek support only affected oscillometry
outcomes in high impedance patients. Lastly, this study demonstrated that oscillometry is
highly repeatable with low variability and high test-retest reliability. These results
provide important information on the clinical validity of handheld oscillometry as a novel

tool for assessment of respiratory system mechanics.
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Chapter 6: Discussion

This chapter provides a brief description of the novel findings and contributions from this
thesis. This is followed by a description of the significance and implications of the
findings presented in this thesis. A summary of original contributions from this thesis is

also provided and the chapter ends with suggestions for future work.

6.1 Overview of findings

As reviewed in Chapters 1 and 2, obesity is a condition associated with respiratory
diseases such as asthma, obstructive sleep apnea, and obesity hypoventilation syndrome.
The most common respiratory symptoms in obesity are wheeze and dyspnea. These
symptoms can be difficult to manage in individuals with obesity, and bronchodilators are
reported to exhibit limited effectiveness. However, symptoms often improve with weight
loss but traditional methods of testing lung function such as spirometry and
plethysmography often show little or no changes with weight loss. This lack of
information from traditional lung function tests has hampered our ability to unravel the

mechanisms that link obesity and weight loss to changes in respiratory health.

Furthermore, lung function is typically assessed in the upright position either with
spirometry or oscillometry but the respiratory symptoms of obesity are reported to be
worse when subjects lie down and this affects their sleep quality. Because this
information was important to asses, as was the role weight loss or weight gain could play
in altering lung function, we directly assessed the respiratory consequences of obesity
and weight loss in the supine position. We used a portable oscillometry system which
facilitated comparison of upright pulmonary mechanics to supine mechanics, and used
this to characterize weight-induced changes in upright and supine pulmonary mechanics.
Results were also compared to traditional methods of testing lung function. Finally, to
investigate the contribution of obesity to the reported ineffectiveness of bronchodilators,

we measured breathing mechanics with oscillometry before and after inhalation of
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salbutamol, and compared baseline bronchodilator responsiveness to the responsiveness

measured after weight loss.

In Chapter 3, we reported that prior to weight loss, subjects did not respond to the
bronchodilator when assessed in the upright position with either spirometry or
oscillometry; however, a remarkable response to the bronchodilator was observed after
bariatric surgery at the 5-week postoperative assessment. We also found that oscillometry
was sensitive to early changes in pulmonary mechanics induced by weight loss at the 5-
week postoperative assessment, while spirometry was not. While oscillometry and
spirometry had been previously reported to change with obesity and weight loss [9-11,
117,204, 305], the difference in sensitivity was not well characterized. The higher
sensitivity of oscillometry to the changes induced by weight loss indicate that
oscillometry is a more appropriate technique to probe and monitor changes in pulmonary

function in these subjects.

As described above, we found that modest weight loss at the 5 week time point induced a
substantial reduction in supine Rrs,19 and this change correlated strongly with
improvements in sleep quality (Chapter 3). Thus, in Chapter 4, we were interested to see
if greater magnitudes of weight loss would lead to larger changes in supine respiratory
mechanics so we extended the follow-up period of our study to 6 months. We
hypothesized that additional weight loss would induce greater improvements in
pulmonary mechanics, which would in turn lead to greater improvements in sleep quality.
We also hypothesized that the magnitude of the changes in pulmonary mechanics would
be larger in the supine position than in the upright position. To test these hypotheses, we
re-evaluated sleep quality and pulmonary mechanics and function in our study subjects
using the PSQI, oscillometry, spirometry, and plethysmography. The main findings of
this study were that (1) surgically-induced weight loss of 21.4 = 7.1 kg induced large
changes in Rrs, Xrs, Ers and FRC at the postoperative assessment conducted at 6 months
but no significant changes were detected with spirometry, and (ii) compared to the
postoperative assessment conducted at 5 weeks (Chapter 3)[300], a greater improvement
in sleep quality was recorded at the postoperative assessment conducted at 6 months and,

for the first time, the global sleep score of our study participants exceeded the threshold
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for good sleep quality. While there was a small but significant role for airway recruitment
with weight loss, it is likely that changes in chest wall stiffness played an important role

in reducing overall respiratory system stiffness.

Lastly, in Chapter 5, this thesis investigated the biasing effects of upper airway shunt
artefact and inappropriate positioning of head and neck during oscillometry on the
repeatability of oscillometry outcomes. The within-session, and day-to-day
reproducibility of a portable, handheld oscillometry device was also characterized.
Oscillometry outcomes were not significantly affected by flexion of the neck but
significant changes were recorded during extension. In general, outcomes from
oscillometry were highly repeatable, even in the presence of artefacts caused by the upper
airway shunt artefact and incorrect head and neck angles. Furthermore, the test-retest

reliability of the device was also found to be very high.

6.2 Significance and Implications of Findings

We demonstrated for the first time that improvements in respiratory mechanics and BD
responsiveness occur very early after weight loss, mostly in the supine position, and this
resulted in improved sleep quality. These findings are significant because it further
confirms the notion that obese individuals have poor lung mechanics and this leads to
respiratory symptoms in susceptible individuals. In particular, this may be the first study
to indicate the likely importance of the association between improvements in respiratory
mechanics and sleep quality. This study also demonstrates that oscillometry is an
effective tool to objectively and sensitively measure the improvements in breathing
mechanics that occur with weight loss or with changes induced by pharmacological

intervention.

The oscillometry technique objectively measures the mechanics of moving air into and
out of the lungs and it revealed that obese individuals have some difficulty moving air
into and out of their lungs, by quantifying respiratory impedance. Our study revealed that

obese individuals have worse respiratory mechanics and likely experience greater
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difficulty moving air into and out of the lungs, particularly in the supine position. Obesity
has long been associated with respiratory symptoms such as wheeze [22] and dyspnea
[23] but traditional methods of testing pulmonary function such as spirometry and
plethysmography are usually insensitive to these symptoms [22, 23, 117, 143, 149, 243].
For example, FEV1, which is the gold standard for assessing airway obstruction, is
typically normal in those with obesity [22, 23, 322] possibly because spirometry
predominantly measures different mechanical factors of the lung, particularly the
dynamic flow limitation that occur during forced exhalation at lung volumes well above
FRC. This behavior may be normal in obese individuals. Indeed, we have shown that
obesity has greater effects on lung mechanics near FRC (since oscillometry is conducted
at FRC). These effects may be greater at FRC than might occur during the forced
exhalation maneuvers performed during spirometry. The early improvements in lung
mechanics measured with oscillometry after weight loss indicate that oscillometry is
sensitive to breathing difficulty (assessed from the PSQI) and small changes in lung

mechanics.

When we used oscillometry to probe the contribution of obesity and weight loss to the
efficacy of the short-acting bronchodilator — salbutamol, we found that prior to weight
loss, subjects did not respond to bronchodilator when evaluated in the upright position
with spirometry and oscillometry; however, with modest weight loss, bronchodilator
responsiveness returned to the normal range. This finding may be important because it
may indicate that obesity plays an important role in impairing response to
bronchodilators. Our subjects were severely obese, and this result implies that obesity
could impair therapeutic effectiveness of the BD. An important result is that weight loss
potentiates responsiveness to BD, likely through mechanisms such as restoration of

airway-parenchymal tethering (Figure 6.1).

This study has also contributed to the discussion on the role of obesity and weight loss on
changes in respiratory system mechanics. Obesity reduces chest wall compliance and this
results in lung compression and narrower airways (Figure 6.1). The resultant reduction in
airway-parenchymal tethering forces can also lead to collapse of small airways in the

lung periphery (Figure 6.2). These changes could contribute to respiratory symptoms and
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poor sleep quality which many obese individuals exhibit. Here, we have shown that
weight loss increases the compliance of the chest wall and this results in lung
decompression and increased airway caliber (Figures 6.1 and 6.2). These changes restore
the tethering forces that alveolar walls exert around the small airways likely leading to
increased recruitment of small airways and perhaps explaining the increased
responsiveness to BD. That is, at baseline, due to weak tethering forces, the changes in
airway caliber induced by BD might be relatively small, despite the attendant relaxation
of airway smooth muscle. This may explain the restoration of BD responsiveness to the

normal range with weight loss.

The improvements in multiple measures of respiratory system mechanics, sleep quality
and BD responsiveness reported here underscore the importance of weight loss in
improving pulmonary function, response to inhaled BD therapy, and overall quality of
life. To reiterate, these findings have provided new evidence that severely obese subjects
may have poor sleep quality due to poor pulmonary mechanics but weight loss can

reverse these changes.

OBESITY WEIGHT LOSS
 Waist circumference reduces
Lung compression Lung decompression

|

Attenuation of tethering forces between

|

Restoration of tethering forces between

the airway and parenchyma the airway and parenchyma
Substantial Alveolar Substantial Alveolar
narrowing and derecruitment dilation of recruitment
collapse of and collapse of central and opening of
central airways small airways airways small airways

Figure 6.1. Summary of findings at baseline and after weight loss.
The likely mechanisms for these findings are also briefly provided.
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The changes in respiratory system mechanics and function reported here were measured
with a novel handheld oscillometry device. We measured the reliability and repeatability
of this device and also characterized its response to the biasing effects of inappropriate
neck angles with respect to the well-established effects of the upper airway shunt artefact.
Our results demonstrate that the oscillometry technique is highly repeatable and reliable,
and 1s not easily susceptible to changes due small deviations in the recommended

positioning of the head and neck.

Figure 6.2. Schematic showing how stress distribution within the lung can alter airway
caliber.

The circle in the center represents a single airway that is tethered by parenchyma (alveoli)
represented by hexagons. The blue arrows pointing inward show the forces of
compression that could potentially act on the parenchyma in obesity while the red arrows
pointing outwards show how weight loss can decompress the lung resulting in a
significant increase the tethering forces between the airway and parenchyma

6.3 Limitations

The findings presented in this thesis must be interpreted in light of the limitations of this
work. Oscillometry by itself cannot be used to separate the contributions of the chest wall
from lung mechanics, in particular from peripheral lung elastance. This is because

respiratory impedance measurements represents contribution from all the components of
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the respiratory system, including the upper airway, lungs and chest wall. This means that
when we assessed the changes in pulmonary mechanics due to obesity and weight loss,
we cannot directly distinguish changes due to chest wall elastance from changes in lung
elastance that occur with recruitment following improved tethering of the peripheral
airways to the parenchyma. However, changes in peripheral airway recruitment can be
assessed from its association with changes in ventilation heterogeneity caused by
obstruction of the small airways in the lung periphery. This heterogeneity can be
indirectly assessed from the negative frequency dependence of Rrs, which is typically a

hallmark feature of asthma [173, 302-304].

Interestingly, we did not find substantial evidence of peripheral airway heterogeneity
from assessing frequency dependence of Rrs in our study participants. Indeed, we only
recorded slight negative frequency dependence of Rrs in our obese cohort, probably
because these subjects do not have asthma. Other studies of respiratory mechanics in
obesity have reported significant negative frequency dependence of Rrs which also
appears to have been larger than we report [9, 11, 305]. The exact reason for this
potential difference in frequency dependence of Rrs is not yet known, but it may be due
to differences in the devices used [9-11, 117, 305]. Depending on the manufacturer, some
oscillometry devices may exhibit inherently larger frequency dependence of Rrs [196]
likely be due to differences arising from the hardware of each device, and also
differences in the perturbation waveforms generated, since the device with the highest
frequency dependence of Rrs used impulses rather than a mixed sine wave oscillatory

signal [196, 197].

Another important factor indicating that ventilation heterogeneity was mild in our
subjects was that the coefficient of determination obtained from fitting our Zrs data to a
2-compartment model of the respiratory system was higher than 0.95, and this suggests
that the behavior of our Zrs data can be explained by the series 2-compartment model,
which is a homogenous model. Indeed, we found that the frequency dependence of Rrs
measured by subtracting Rrs,19 from Rrs,6 decreased significantly with weight loss,
indicating some reduction in ventilation heterogeneity. This means that while peripheral

airway recruitment likely played some role in the changes measured in Xrs,6 and model
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elastance with weight loss, it is likely that the reduction in the stiffness of the chest wall
may have contributed more to these changes. It is well-established that obesity changes

the compliance of the chest wall [245] and it is possible that the weight loss reported by
our subjects contributed to changes in the stiffness of the chest wall; thus contributing to

the reduction in Ers.

Our study only focused on obese women, and this could limit the generalizability of our
findings to obese men and children. Indeed, the effects of weight gain on pulmonary
function is different in men and women. While weight gain is associated with small
reductions in both FEV and FVC, the effect has been found to be greater in men than
women [323, 324], presumably because men comparatively gain more abdominal fat than
women. This may imply that compared to women, larger changes in Rrs and Xrs would

occur with weight loss in men.

Another potential limitation of this study is that our study protocol required participants
to perform both spirometry and oscillometry. However, the deep inspirations associated
with the forced breathing maneuvers of spirometry are known to transiently modify
bronchomotor tone and airway caliber, particularly in studies comparing asthma to health
[306, 307]. This could potentially have some effect on our oscillometry results obtained
in the supine position since these measurements followed spirometry in the upright
position. However, our subjects did not have asthma, so we anticipated that they had low
bronchomotor tone; thus this effect was likely small. In any case, to help control for this
effect, we ensured that participants followed the same testing sequence at all 3 time

points of the study.

We cannot reliably infer from our data that respiratory impedance is not affected by
cheek support in healthy subjects because of our small sample size. Cheek support
significantly affected respiratory impedance in patients with COPD but no significant
effect was observed among the healthy subjects. This finding is not entirely consistent
with previous reports in the literature which established that cheek-support can
significantly affect respiratory impedance in both healthy subjects and patients with
COPD [314, 318, 320]. The lack of significant difference which we report here is likely

due to the small number of subjects in our study. Also, the mechanical properties of the

132



chest wall are a significant contributor to total respiratory system mechanics [155], and

although it is likely smaller than the contribution arising from the shunt provided by the

soft tissues of the upper airway, it is possible that the contribution from the chest wall

might be significantly altered when study participants raise their arms to support the

cheeks, as suggested by Goldman et a/ [321].

6.4 Statement of Original Contributions

The following is a brief summary of the original contributions from this thesis.

1)

2)

3)

4)

I measured changes in respiratory mechanics in both the upright and supine
positions. My study was the first to measure pulmonary mechanics in obese
subjects in the supine position with oscillometry. This allowed us to compare the
changes measured in the supine position with weight loss to those recorded in the

upright position.

I showed that improvements in respiratory mechanics occur very early after
weight loss in the supine position. This was the first study to report changes in
lung mechanics as early as 5 weeks after weight loss surgery, and also the first to
report changes in respiratory mechanics from baseline at both 5 weeks and 6

months.

I measured the effect of weight reduction on BD responsiveness in obese female
adults without asthma. This is the first study to examine the effect of weight loss
on responsiveness to short-acting B2-adrenergic agonist. My study showed that

BD responsiveness was impaired in severe obesity, but weight loss restored this

response to the normal range.

I demonstrated a significant correlation between reduction in supine Rrs with
weight loss and improvement in sleep quality. This is the first study to examine

how weight loss affects the relationship between supine respiratory mechanics
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5)

6)

7)

and sleep quality. Here, I demonstrated that the breathing discomfort caused by
narrowing of the upper and central airways in the supine position contributes

significantly to poor sleep quality in obesity.

I showed that oscillometry was more sensitive than spirometry to changes in
respiratory system mechanics and function induced by weight loss and short-
acting bronchial agonist. Indeed, spirometry was not sensitive enough to detect

changes in pulmonary function even after 6 months of substantial weight loss.

I showed that a portable handheld oscillometry device demonstrated high within-
day repeatability and low and acceptable variability in the assessment of
respiratory mechanics in health and in COPD. I also showed that handheld
oscillometry demonstrated high day-to-day reproducibility and high test-retest
reliability.

I showed that portable handheld oscillometry device was not easily susceptible to
artefacts caused by small deviations in the recommended positioning of the head

and neck during oscillometry.

6.5 Suggestions for Future Research

There are several possible research questions that may be pursued as a result of the

studies in my thesis.

6.5.1 Upright and supine respiratory mechanics in obese subjects with asthma and

changes following bariatric surgery

The weight loss study described in this thesis focused only on obese subjects without
asthma because we wanted to explore the respiratory symptoms of obesity by itself. A

future direction for research would be to replicate this study in obese subjects with

134



asthma and compare the results to those without asthma. Compared to healthy weight
individuals, asthma is more severe in obese individuals [55] and several studies have
shown that obese asthmatics are less likely to respond favorably to controller therapies
[4]. There are several types of controller therapies available for treating asthma. These
include: inhaled short-acting beta, adrenergic agonist, inhaled corticosteroids (ICS),
inhaled long acting beta, adrenergic agonist (LABA), leukotriene receptor antagonist
(LTRA) and monoclonal antibodies such as omalizumab. We have shown that response
to short-acting beta, adrenergic agonist is attenuated in obese subjects without asthma but
the responsiveness to this bronchodilator is restored to the normal range following weight
loss. Given the clinical implications of this findings, it is important to conduct a similar
study in obese subjects with asthma since they are usually prescribed short-acting
bronchodilators for relief of sudden symptoms. This study would help determine whether
weight loss is effective in reversing asthma symptoms in obese individuals with asthma.
It would also help determine whether short acting bronchodilators become more effective

in these subjects after weight loss.

6.5.2 The contribution of chest wall and airway-parenchymal tethering to overall

mechanics of the respiratory system in obesity and the changes following weight loss

My thesis has shown that obesity significantly affected the impedance of the respiratory
system and significant changes in respiratory mechanics were measured with weight loss.
However, we were unable to quantitatively determine the relative contribution of the
chest wall and lungs to the overall changes in respiratory mechanics caused by obesity
and weight loss. A future study could quantify the contribution of the chest wall or lung
airways to the changes in pulmonary mechanics. Such a study would involve the use of
an esophageal balloon to differentiate lung from chest wall mechanics, and thus help
identify the degree of airway derecruitment occurring in obesity relative to changes in

chest wall.
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6.5.3 Changes in upper airway geometry with weight loss assessed with dual-energy X-

ray absorptiometry

In Chapter 3, we speculated that two possible mechanisms could account for the lack of
BD responsiveness in our obese subjects prior to weight loss. One mechanism was that
prior to weight loss, most of the bronchodilator administered to the subjects was most
likely deposited within the oropharynx. However, with weight loss, there was a reduction
in the amount of redundant supraglottic oropharyngeal tissue and this resulted in the
exposure of these subjects to effectively higher doses of the drug. The increased
responsiveness to BD measured after weight loss in these subjects is therefore a direct
consequence of increased exposure to the drug. The second possible mechanism behind
the lack of BD responsiveness prior to weight loss has to do with the attenuation of
airway-parenchymal tethering forces with obesity. The increased responsiveness to BD is
therefore due to the restoration of the tethering forces with weight loss. A future study
could use imaging modalities such as dual-energy X-ray absorptiometry (DEXA) to
determine whether the reduction in the amount of redundant supraglottic oropharyngeal
tissue with weight loss correlates with the increase in BD responsiveness. The outcome of
the study on the contribution of chest wall mechanics and airway-parenchymal tethering
to changes in lung mechanics with weight loss suggested in 6.5.1 would also be pivotal
here because it would provide crucial information on whether effective airway-

parenchymal tethering is absolutely required for inhaled bronchodilators to take effect.

6.6 Conclusion

In conclusion, the work outlined in this thesis demonstrates that the oscillometry
technique is more sensitive than spirometry at measuring breathing difficulty. Changes in
respiratory mechanics induced by weight loss were detected with the oscillometry
technique as early as 5 weeks following bariatric surgery, but no significant changes in
spirometry outcomes were recorded even after 6 months of massive weight loss. This
thesis also demonstrates that portable handheld oscillometry is not easily susceptible to

upper airway artefacts caused by small deviations in recommended head-and-neck
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positioning during oscillometry. Handheld oscillometry was shown to be highly
repeatable and highly reliable with low and acceptable variability. Taken together, these
findings provide important information on the clinical utility of handheld oscillometry as

a novel tool for assessment of respiratory mechanics.
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The symptoms of asthma develops through numerous pathophysiological mechanisms
that are triggered by a wide variety of stimuli, ultimately resulting in bronchoconstriction
and airflow obstruction [42]. It is not yet known whether these mechanisms are quite
distinct in obese individuals, who may develop asthma as a consequence of obesity. The
pathophysiologic mechanisms of asthma-like symptoms in obesity is reviewed in detail in
Section 2.4. Here, the pathophysiology of classical asthma is reviewed to enable us draw
parallels to the pathophysiology of asthma-like symptoms in obesity. The stimuli that
could provoke an asthma attack include pollen, house dust mite, cigarette smoke, animal
fur, cold air, fog, certain drugs such as aspirin, exercise, anxiety and even stress. These
triggers set off a cascade of immunological reactions that involve the CD4 T-
lymphocytes known as T-helper (Th) cells [325]. There are two types of Th cells: Tul
and Tu2 cells and the cytokines they produce are known as Tul-type cytokines (eg
interleukin (IL-) 2, interferon gamma (IFN-y) and lyphotoxin) and Tu2-type cytokines
(eg IL-4, -5, -6, -9, -10 and -13), respectively [326]. Tul cells are normally found in the
lungs whereas Th2 are not commonly found in the lungs. It is well established that Tu1
cells stimulate cell-mediated immunity (delayed-type hypersensitivity reaction or
autoimmune response) while Tu2 cells mediate allergic inflammation by increasing

humoral-mediated immunity (B-cell antibody production particularly IgE).

When inhaled allergens, microorganisms and other environmental pollutants disrupt the
airway epithelial layer in an individual with asthma, dendritic cells in the submucosa
intercept the offending antigen and migrate to regional lymph nodes where the antigen is
presented to CD4 T-lymphocytes. Depending on the nature of the interaction between the
processed antigen and the microenvironment, dendritic cells polarize naive CD4+ T-
lymphocytes to differentiate into Tul, Tu2, or regulatory T lymphocytes which normally
inhibit Tu2 cells [327]. At the same time, airway epithelial cells respond by releasing
various bronchoactive agents such as nitric oxide and thymic stromal lymphopoietin—an
important factor that conditions and activates the dendritic cells to upregulate production
of Tu2 cell attracting chemokine — CCL17 [328, 329]. Activated Tu2 cells perform
several functions. They stimulate plasma cells through IL-4 and IL-13 to increase

production of IgE antibody [330]. In addition, T2 cells stimulate the production of mast
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cells through IL-9 and also promotes eosinophil production in the bone marrow through

IL-5 [331].

Immunoglobulin E released from the peripheral blood then binds to IgE receptors present
on the surface of inflammatory cells such as mast cells, basophils, lymphocytes,
eosinophils and macrophages to form a complex. When this complex encounters the
offending antigen, it degranulates and this results in the release of pro-inflammatory
mediators including histamine, cysteinyl-leukotrienes, tryptase, and prostaglandin D, as
well as further amplification of the inflammatory response. These inflammatory
mediators induce airway hyperresponsiveness (AHR), bronchoconstriction, mucus
hypersecretion, airway edema, tissue damage, hypertrophy and hyperplasia of airway
smooth muscle (ASM), as well as other typical symptoms of asthma. Some of these

respiratory symptoms have also been reported in individuals with obesity [22, 23, 249].

Atopic or allergic asthma is thought to be due to a preference towards increased Tu2-
lymphocyte production along with a predisposition towards an IgE-mediated response
resulting in the eosinophilic inflammation that is known to characterize this asthma
phenotype and is responsible for its chronicity [332, 333]. The pathophysiology of
nonatopic or nonallergic asthma is very similar to that of atopic asthma. However,
compared to atopic asthma, many aspects of the pathophysiology of nonatopic asthma

have yet to be fully established, especially the role of IgE and neutrophils [217].
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3. Permission is granted for the term (for Books/CDs-Shelf
Life; for Internet/Intranet-In perpetuity; for all other forms
of print-the life of the title) and purpose specified in your
request. Once term has expired, permission to renew must
be made in writing.
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4. Permission granted is nonexclusive, and is valid throughout
the world in English and the languages specified in your
original request. A new permission must be requested for
revisions of the publication under current consideration.

5. Canadian Science Publishing cannot supply the requester
with the original artwork or a "clean copy."

6. If the Canadian Science Publishing material is to be
translated, the following lines must be included: The
authors, editors, and Canadian Science Publishing are not
responsible for errors or omissions in translations.

vl4

Questions? customercare@copyright.com or +1-855-239-3415
(toll free in the US) or +1-978-646-2777.

https://s100.copyright.com/CustomerAdmin/PLF .jsp?ref=55e65159-60b3-4a3a-9cfb-6f77420a1663 2/2
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Appendix F: Permission letter to use Pittsburgh Sleep Quality
Index
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Uhong Peters

From: Buysse, Daniel <BuysseD]J@upmec.edus
Sent: Friday, July 5, 2013 10:34 AM

To: Ubong Peters

Subject: RE: Permission to use the PSQI

Dear Ubong,

You have my permission to use the PSQI for your research study. You can find the instrument, scoring
instructions, the original article, links to available translations, and other useful information at
www sleep pittedu under the Instruments tab. Please ensure that the PSQI is accurately reproduced in any
on-line version (including copyright information). Please be sure to cite the 1989 paper in any publications that
result.

Please note that Question 10 is not used in scoring the PSQI. This question is for informational purposes
only, and may be omitted during data collection per requirements of the particular study.

This copyright in this form is owned by the University of Pittsburgh and may be reprinted without charge
only for non-commercial research and educational purposes. You may not make changes or modifications of
this form without prior written permission from the University of Pittsburgh. If you would like to use this
instrument for commercial purposes or for commercially sponsored research, please contact the Office of
Technelogy Management at the University of Pittsburgh at 412-648-2206 for licensing information.

Good luck with your research.
Sincerely,

Daniel J. Buysse, M.D.

Professor of Psychiatry and Clinical and Translational Science

University of Pittsburgh School of Medicine

E-1127 WPIC

3511 O'Hara 5t

Pittsburgh, PA 15213

T: (412) 246-6413

F: (412} 246-5300

buvssedi@upmec.edu

This e-munl may contain confidential trformation of UPMC or the University of Pittsburgh. Any unmethorized or tmproper disclosure, copying.
distribution, or use of the contents of this e-nunl and atteched document(s) is prohibited The tnformation combamed e this e-mil and attached

documentis) = tended only for the persenal and comfidemtial use of the recirient(s) wamed above. If you have received this compmication n error,
please notify the sender tromediately by e-mail ad delefe the original e-mml and attached documend(s).

From: Ubong Peters [mailto:Ubong.Peters@Dal .Ca]
Sent: Thursday, July 04, 2013 4:15 PM
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To: Buysse, Daniel
Subject: Permission to use the PSQI

4% July, 2013
Hello Dr. Buysse,

My name is Ubong Peters —a PhD Student in Biomedical Engineering at Dalhousie University. | collaborate with a
multidisciplinary team of researchers and clinicians from my University and Capital District Health Authority to
investigate how rapid weight loss affects sleep quality in maorbidly obese subjects. This project is funded by the
Nova Scotia Lung Association.

I am writing to request your permission to use the Pittsburgh Sleep Quality Index in our research study. The PSCI
will not be modified in any way. Please let us know if we have your approval to use this important tool in our
research.

Best regards,
-Ubong

Ubong Peters, MASe

PhD Candidate

School of Biomedical Engineering
Dalhousie University

5981 University Avenue

Halifax, N5 B3H 1W2

Tel: (902) 494-1261
Fax: (902) 494-6621

e-mail: Ubong. Peters@dal.ca

"It is better to challenge your limitations than to limir your challenges”
-Benjamin Disraeli
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C ¥ DALHOUSIE
UNIVERSITY
Capital Health

LUNG FUNCTION ID Code

FOLLOWING DATE

WEIGHT LOSS SURGERY

AGE

Pittsburgh Sleep Quality Index (PSQI)

Instructions: The following questions relate to your usual sleep habits during the past months
only. Your answers should indicate the most accurate reply for the majority of days and nights in
the past month. Please answer all questions.

1. During the past month, when have you usually gone to bed at night?
Usual bedtime:

2. During the past month, how long has it usually taken you to fall asleep each night?
Number of minutes:

3. During the past month, when have you usually gotten up in the morning?
Usual getting up time:

4. During the past month, how many hours of actual sleep did you get at night? (This may be
different than the number of hours you spend in bed.)
Hours of sleep per night:

For each of the remaining questions, check the one best response. Please answer all questions.

5. During the past month, how often have you had trouble sleeping because you...

a) Cannot get to sleep within 30 minutes
Not during the past month [] Less than once a week [

Once or twice a week || Three or more times a week ||
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b) Wake up in the middle of the night or early morning
Not during the past month [0  Less than once a week [

Once or twice a week | |  Three or more times a week [

c) Have to get up to use the bathroom
Not during the past month [J Less than once a week [

Once or twice a week | |  Three or more times a week [

d) Cannot breathe comfortably
Not during the past month [J Less than once a week [

Once or twice a week [ | Three or more times a week ||

e) Cough or snore loudly

Not during the past month [J Less than once a week [

Once or twice a week [ | Three or more times a week ||

f) Feel too cold
Not during the past month [J Less than once a week [

Once or twice a week | | Three or more times a week ||

g) Feel too hot
Not during the past month [0  Less than once a week [ ]

Once or twice a week | | Three or more times a week |

h) Had bad dreams
Not during the past month [0  Less than once a week [ ]

Once or twice a week || Three or more times a week |

i) Have pain
Not during the past month [0  Less than once a week [

Once or twice a week | | Three or more times a week |
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j) Other reason(s), please describe:

How often during the past month have you had trouble sleeping because of this?
Not during the past month []  Less than once a week [

Once or twice a week | | Three or more times a week ||

6. During the past month, how would you rate your sleep quality overall?

Very good ] Fairly good [] Fairly bad [] Very bad []

7. During the past month, how often have you taken medicine (prescribed, or “over the counter”)
to help you sleep?
Not during the past month [0 Less than once a week [

Once or twice a week | | Three or more times a week ||

8. During the past month, how often have you had trouble staying awake while driving, eating
meals or engaging in social activity?

Not during the past month [0 Less than once a week [

Once or twice a week || Three or more times a week ||

9. During the past month, how much of a problem has it been for you to keep up enough
enthusiasm to get things done?

No problem at all H Only a very slight problem []
Somewhat of a problem [ ] A very big problem [

10. Do you have a bed partner or roommate?
No bed partner or roommate [0 Partner/roommate in other room [

Partner in same room, but not same bed | Partner in same bed [ |
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If you have a roommate or bed partner, ask him/her how often in the past month you have
had...

a) Loud snoring

Not during the past month (] Less than once a week |]

Once or twice a week | |  Three or more times a week | |

b) Long pauses between breaths while asleep
Not during the past month (]  Less than once a week [

Once or twice a week | |  Three or more times a week | |

c¢) Legs twitching or jerking while you sleep
Not during the past month O Less than once a week [

Once or twice a week | | Three or more times a week | |

d) Episodes of disorientation or confusion during sleep
Not during the past month (1 Less than once a week [ ]

Once or twice a week | |  Three or more times a week | |

e) Other restlessness while you sleep, please describe:

Not during the past month (] Less than once a week |

Once or twice a week | |  Three or more times a week | |
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Appendix G: Pictorial and Schematic Representation of
tremoFlo™
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Figure G1. The tremoFlo C-100 Airwave Oscillometry System used in collecting
respiratory impedance measurements in this thesis.
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Figure G2. A schematic illustration of the inner components of one of the early
prototypes of the handheld oscillometry device. The inset is a 3D model of the handheld

oscillometry prototype.
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Appendix H: Validation of Resistance and Reactance
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Resistive test loads with nominal values of 1, 2, 3, 5, 10, 20 and 40 cm-H,O/(L-s™") from
Hans Rudolph Inc (Shawnee, KS, USA) were used as reference impedances to determine
the accuracy of measurements obtained from the handheld oscillometry device. These test
loads were measured using a 5-frequency composite signal that contained 4, 6, 10, 14 and
19 Hz oscillation frequencies. Resistance validation tests were also conducted with a 7-
frequency composite signal that contained 22 and 26 Hz oscillation frequencies, in
addition those frequencies outlined in the 5-frequency composite signal. The predicted
resistance closely matched the measured resistance, indicating that the device can

accurately measure resistance (Figure H1).

Reactance was validated using the 7-frequency composite signal with the aid of a
mechanical analogue of the lung developed in a similar manner to the study by Peslin et
al. [334]. The parameters of this mechanical analog of the lung were chosen to match the
E and I of an average man reported by Landser et al. [335] to be 30 cm H>O L' and 0.01
cm H>0 L!'s7 respectively. This test-bed mainly consisted of a 0.23 m rigid pipe with
an inner diameter of 0.021 m and an inertance (/) of 0.0106 cm H2O L' s connected in

series to a 26.4 L glass chamber with an elastance (E) of 38.297 cm H»0 L™! (Figure H2).

Basically, a defined volume of gas has a fixed £ which can be predicted from the

equation: E = g and a rigid pipe with a defined dimension has a fixed inertance which

np!

can also be predicted from the equation: / = ——
r

, where p is density of air, / is length of

the pipe, 7 is the radius of the pipe and 7 is a constant that represents the velocity profile,
with 77 =1 when the velocity profile is blunt and 7 =1.3 when the velocity profile is

parabolic. The £ and I were used in computing the predicted reactance of the mechanical
analog of the lung model according to the equation: X = wl — £ and the result was

(0]

compared to the actual reactance measured with the handheld oscillometry device.

201



The results obtained confirm that the predicted closely matched the measured reactance,
indicating that the device can accurately measure reactance. The broken lines in Figure
H3 represent the predicted inertance from the above equation, while the solid line
represents the predicted elastance. The behavior of the combined model starts very close
to the pure elastance and this implies that elastic forces dominate at low frequencies.
However, at high frequencies, the reactance is very close to the pure inertance and this

implies that inertive forces dominate reactance at high frequencies.

¢ Measured R from 7 frequency composite signal
A Measured R from 5 frequency composite signal
12 4 ---- PredictedR

10 A

R (cmH,0 /(L-s1))

0 T T T T T 1

0 5 10 15 20 25 30
Frequency (Hz)

Figure H1. Predicted and measured resistance versus frequency in a handheld
oscillometry device. The predicted resistance closely matched the measured resistance,
indicating that the device can accurately measure resistance. Note: Error bars cannot be
seen because the measurements were highly repeatable.
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Figure H2. Reactance validation testbed.
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Figure H3. Predicted and measured reactance versus frequency in a handheld
oscillometry device. The predicted reactance closely matched the measured reactance,
indicating that the device can accurately measure reactance.
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