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Preface

The prevalence of obesity is increasing at an alarming rate, with more than 300 million
obese people worldwide. The increase in the prevalence of obesity has been most
pronounced in developed countries. For example, in the United States, the prevalence
of obesity has doubled over the past 30 years, with more than a third of adults meeting
criteria for obesity based on a body mass index (BMI) >30 kg/m?. This number is
likely to continue to increase in the coming decade, as more than two-thirds of US
adults have been shown to be overweight and at risk for becoming obese.

Unfortunately, the obesity epidemic has not been limited to adults and developed
countries. There has also been parallel increase in the prevalence of obesity among
children over the past few decades. Despite controversies regarding the definition of
obesity in children, childhood obesity has become a major public health concern
worldwide, with nearly 43 million children under the age of 5 being overweight
or obese as of 2010. In the United States, the prevalence of childhood obesity
has almost tripled over the past two decades with approximately 17% of children
(12.5 million) aged 2—19 being obese. The obesity epidemic has also affected devel-
oping countries, with as much as a 40% increase in obesity prevalence noted in
some countries over the past 20 years. Although the obesity epidemic has affected
men, women, and children, several demographic factors have been linked with an
increased prevalence of obesity worldwide, including increasing age, female gender,
urban lifestyle, and socioeconomic status. However, the association between socio-
economic status and obesity risk has been shown to vary between developed and
developing countries, with a higher prevalence of obesity being noted among higher
socioeconomic class in developing countries, as opposed to developed countries
where lower socioeconomic status is linked to higher obesity risk.

Obesity is a risk factor for several chronic diseases, including cardiovascular
disease, diabetes, arthritis, cancer, and as such is associated with significant morbid-
ity and mortality. In addition, the obesity epidemic has placed a significant burden
on national health-care systems, as a result of direct and indirect costs associated
with the diagnosis and treatment of obesity-related chronic conditions, with an esti-
mated 41.5% higher medical expenditure cost. Obesity also contributes to a significant
increase in indirect cost due to loss of productivity, absenteeism, disability, and
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vi Preface

premature death, with a projected cumulative indirect cost due to premature death
of $208 billion over the next 30—40 years. Accordingly, there has been increasing
scientific and public health interest aimed at understanding the effect of obesity on
the prevalence, management, and clinical outcomes of chronic illnesses, including
pulmonary diseases.

The obesity epidemic has had a major impact on the epidemiology of pulmonary
diseases. Obesity has impacted not only the type of diseases commonly encountered
by the pulmonary clinician, but has also had a profound impact on the pathophysiol-
ogy of common pulmonary diseases. Increased body mass index is associated with
changes in resting lung volumes that can lead to respiratory complaints, such as dys-
pnea. However, aside from its mechanical effects on the lung, increased adiposity is
associated with neural, metabolic, and inflammatory dysregulation that can contrib-
ute to modifications in risk profile, clinical presentation, response to therapy, and
clinical outcomes. We have known for many years that obesity is a risk factor for
sleep disordered breathing. More recently it has also become increasingly evident
that obesity is also a major risk factor for asthma, with 250,000 cases of asthma per
year in the United States thought to be related to obesity. Obesity is thought to con-
tribute to worse asthma, severity of asthma, decreased response to treatment, and is
likely a major modifier of the phenotype of asthma. It also appears to affect response
to pathogens, and as such has a major influence on response to pneumonia as well as
having a significant impact on outcomes pertaining to acute lung injury in the inten-
sive care unit. As a result, this has led scientists and clinicians to struggle in trying to
understand how to deal with the obese patient and their pulmonary health.

Given the increasing prevalence of obesity and overweight people worldwide
and the negative effects of obesity on health, this book is intended to serve as a
resource for clinicians and scientists involved in the care and evaluation of pulmo-
nary, critical care, and sleep disorders in the twenty-first century.

Burlington, VT, USA Anne E. Dixon
Ridgefield, CT, USA Emmanuelle M. Clerisme-Beaty
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Chapter 1
Effects of Obesity on Lung Function

Cheryl M. Salome, Gregory G. King, and Norbert Berend

Abstract Obesity causes significant changes in lung function, many of which are
secondary to the reduction in operating lung volume caused by a stiffening of the
respiratory system. In addition, reductions in the volume of the intrathoracic cavity,
due to the presence of adipose tissue and changes in other structures, may also con-
tribute to an overall reduction in lung volume. Thus, the primary effects of obesity
on lung function arise from the mechanical effects of adipose tissue on the respira-
tory system. However, some studies have reported changes in airway function asso-
ciated with obesity that appear to be independent of lung volumes, though the causes
of these abnormalities are unknown. It is unclear whether the mechanical effects of
obesity on lung function can increase the risk of respiratory symptoms in otherwise
healthy individuals. However, in respiratory disease, a reduction in operating lung
volume may increase symptoms during bronchoconstriction in asthma and protect
against symptoms during exercise in COPD.

Keywords Adiposity * Respiratory compliance ¢ Lung volumes ¢ Expiratory flow
limitation * Ventilation distribution * Gas exchange ¢ Breathlessness
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Objectives

» Evaluate the effects adiposity on respiratory mechanics

* Assess the mechanism by which obesity leads to impairment in lung function

e Evaluate how obesity may impact clinical presentation and physiology of
obstructive and restrictive lung diseases

* Examine the impact of obesity on pulmonary function testing interpretation

Introduction

The accumulation of adipose tissue, leading to the development of obesity, has a
profound effect on human physiology, including significant effects on respiratory
function due to the mechanical effects of excess adipose tissue on the balance of
forces that normally act on the lung. In addition, adipose tissue produces hormones
and other mediators, collectively termed adipokines, which are associated with low-
grade systemic inflammation that can act indirectly on the respiratory system.
However, at present it is unclear whether this causes any measurable impairment in
respiratory function. The changes in lung function associated with obesity can lead
to respiratory symptoms in otherwise healthy people, which are accentuated in those
with respiratory disease, as a result of interaction between disease pathophysiology
and the direct and indirect effects of obesity. The outcomes of this interaction are
complex and differ according to the disease and the outcome of interest. The major
effects of obesity on lung function are summarized in Fig. 1.1 and suggest that many
of the changes in lung function result from changes in respiratory system mechanics
and subsequent reduction in operating lung volume, whereas others may be associ-
ated with reduced thoracic volume, or may be due to other non-volume-related fac-
tors. In this chapter, the effects of obesity on lung function and the relationships
summarized in Fig. 1.1 will be reviewed along with the effects of these impairments
on respiratory symptoms.

Adipose Tissue and Respiratory Mechanics

Obesity is defined as a body mass index >30 kg/m?. However, body mass index is a
non-specific measure of body mass that includes both fat and lean mass, without any
account of differences in fat distribution. Central obesity is associated with increased
adipose tissue in the anterior chest and abdominal walls and visceral organs, whereas
peripheral obesity reflects adiposity located peripherally on limbs, or in subcutaneous
tissue. The effect of obesity on respiratory function is likely to be determined by the
distribution of fat mass. Abdominal and thoracic fat are likely to have direct effects
on the downwards movement of the diaphragm and on chest wall properties, while
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Fig. 1.1 The effects of obesity on lung function, illustrating likely mechanisms. Question marks
indicate mechanisms for which further research evidence is needed. See text for more detailed
discussion. TLC total lung capacity, FRC functional residual capacity, Rrs respiratory system resis-
tance, EFL expiratory flow limitation

subcutaneous fat on the hips and limbs is unlikely to have any direct mechanical
effect on the lungs. In addition, visceral fat is more metabolically active than subcu-
taneous fat and may therefore make a greater contribution to low-grade systemic
inflammation in obesity. Because central obesity is more common in men than in
women, the effect of obesity on respiratory function is also influenced by gender.
Adipose tissue is also found inside the thoracic cavity, predominantly as pericardial
fat, which, when combined with obesity-associated increase in the volume of the
heart and major blood vessels, can reduce the volume of the thoracic cavity [1].

Intra-abdominal and Intrathoracic Pressures

Obesity is associated with chronic increases in intra-abdominal pressure that may
affect the pleural space by altering pressure across the diaphragm. Intra-abdominal
pressure is increased in obese subjects compared to non-obese [2, 3] and is greater
in men than women [3], likely due to the greater prevalence of central obesity in
men. Indeed, intra-abdominal pressure correlates with markers of central obesity,
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such as the sagittal abdominal diameter [2, 3]. Although pleural pressures are also
increased in obese subjects compared to non-obese and may exceed atmospheric
pressure at FRC in some patients [2], there were no gender related differences
observed. In addition, in contrast to intra-abdominal pressure, studies in supine
anaesthetized subjects [2] have shown that abdominal obesity, measured by waist
circumferences and by sagittal abdominal diameter, was not correlated with pleural
pressures. Since the relationship between abdominal pressure and pleural pressure
is mediated by the diaphragm, the lack of correlation between the two may be due
to compensatory increase in passive tension in the diaphragm in response to
increased intra-abdominal pressure in the obese. Alternatively, factors other than
increased abdominal pressures, such as changes in the properties of the chest wall,
may also contribute to the altered respiratory system mechanics associated with
obesity. Imaging studies of abdominal and thoracic fat have shown that both regions
make a significant contribution to impairments of lung function in the obese [4].

Respiratory System Compliance

Obesity has consistently been associated with a reduction in the compliance of the
total respiratory system [2, 5], likely due to reduction in the compliance of the chest
wall and lungs. However, despite numerous studies of the compliance of the chest
wall and lungs in obese subjects, the mechanisms that lead to a stiffening of the
respiratory system in the obese remain poorly understood.

Measurement of chest wall compliance is challenging since the respiratory mus-
cles must be relaxed and inactive to allow for accurate measurement. Studies of
conscious, spontaneously breathing subjects, in which changes in lung volumes
were induced using externally applied changes in pressures in a plethysmograph,
suggest that there is a reduction in chest wall compliance in obesity [5, 6]. However,
since respiratory muscle relaxation was assessed using EMG measurements, this
may not adequately reflect muscle relaxation across the whole of the chest wall. In
contrast, normal chest wall compliance has been reported in studies of supine anaes-
thetized, paralysed subjects with mild [7] or severe [2, 8] obesity, as well as in stud-
ies of upright conscious subjects [9]. Alteration in chest wall mechanics from being
in the supine position [10] may account for some of the differences in findings
between studies. However, a definitive understanding of the effect of obesity on
chest wall mechanics remains elusive.

Although some studies have reported that lung compliance, measured by full
P-V curves to TLC, is normal in some obese subjects [11], there is more consistent
evidence that lung compliance is decreased in obese individuals [6-8, 12], and lung
compliance appears to be exponentially related to BMI [7]. The mechanism for
decreased lung compliance in obesity remains unclear; however, increased pulmo-
nary blood volume [13], closure of dependent airways resulting in small areas of
atelectasis [8], and increased alveolar surface tension due to a reduction in func-
tional residual capacity (FRC) have been implicated as potential contributors to
increased stiffness of the lung tissue.
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Fig. 1.2 Compliance curves for the chest wall (C_,,), lung (C)) and respiratory system (C) in
normal weight and obese individuals. Functional residual capacity (FRC) is reduced in the obese
individual

An alternative hypothesis for altered respiratory mechanics in the obese has been
proposed by Behazin et al. [2], who suggest that the apparent stiffening of the chest
wall may simply reflect the mass loading of the chest wall due to an increased volume
of intra-abdominal and mediastinal fat [1]. This hypothesis is consistent with findings
from an experimental study by Sharp et al. [14], which showed that mass loading of
the thorax in normal weight conscious or anaesthetized/paralysed subjects produced
a parallel rightward shift of the chest wall pressure-volume curve without any effect
on compliance. Furthermore, Behazin et al. [2] suggest that high pleural pressures,
which are often above atmospheric pressure at FRC, would lead to closure of small
airways. As aresult, there would be an apparent reduction in lung compliance at FRC
since the pressure-volume relationship would reflect both lung stiffness and the open-
ing pressures of small airways. Thus, obesity could be associated with apparent
changes in chest wall and lung compliance without actually causing any changes in
the stiffness of either the chest wall or lung tissue. Figure 1.2 shows compliance
curves for the chest wall (C_,), lung (C)) and respiratory system (C,.) in normal
weight and obese individuals. In the obese, although the shape of the C_, curve is
normal, it is shifted to the right, consistent with the effect of an inspiratory threshold
load. The C| curve has an inflection point reflecting the increased pressure required
to open airways that are closed just below FRC. As a result, the C ¢ curve, which is
the summation of the C_, and C, curves, is flattened, indicating reduced compliance
of the respiratory system in the obese. The volume at which the C_ curve crosses
zero on the pressure axis (i.e. where there is a balance between inflationary and
deflationary pressures) is FRC and occurs at a lower volume in the obese.

Consequences of Altered Respiratory Mechanics in Obesity

Alterations in respiratory mechanics in the obese, leading to an overall stiffening of
the respiratory system, lead directly to changes in breathing pattern and resting lung
volumes (Fig. 1.1).
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Breathing Pattern

Increased stiffness of the respiratory system is likely to induce a rapid shallow pattern
of tidal breathing, which is a typical response to an elastic load [15]. Indeed, previous
studies have shown that tidal volumes are often reduced in severe obesity, and breath-
ing follows a rapid, shallow pattern [16]. This alteration to breathing pattern is most
apparent during exercise, when obese subjects preferentially increase their breathing
frequency more, and tidal volumes less, than non-obese subjects [17, 18]. During
bronchoconstriction, there is a greater decrease in tidal volumes in overweight or obese
subjects than in normal weight subjects [19]. However, in mild-moderate obesity, tidal
volumes at rest are often in the normal range [18, 20-22], and the frequency and
magnitude of regular sighs and deep inspirations appear similar to that in normal
weight subjects [20, 22]. Thus, increased respiratory system stiffness has a minor
effect on breathing pattern and is only seen in severe obesity or when the system is
under stress, such as during exercise or bronchoconstriction.

Resting Lung Volume

Aside from its effect on breathing pattern, increased respiratory system stiffness
also has a major effect on resting lung volume, causing a reduction lung volume at
relaxation, when the recoil pressures of the lung and chest wall are equal and oppo-
site (Fig. 1.2). The relaxation volume of the lung usually equates to the functional
residual capacity (FRC), which is very commonly reduced in obesity [7, 23]. FRC
is exponentially related to BMI [7, 23], with reduction in FRC being detected even
in overweight individuals [23]. This is illustrated in Fig. 1.3, which shows the rela-
tionship between BMI and FRC in a study of young adults, aged 28-30 years [24].
The reduction in FRC is also manifested by an increase in inspiratory capacity (IC).
With increasing severity of obesity, the reduction in FRC may become so marked
that the FRC approaches residual volume (RV), leaving the individual with a negli-
gible expiratory reserve volume (ERV) [23]. In fact, in many studies, the reduction
in ERV is one of the earliest and most marked changes in lung function that occurs
with increasing weight [25]. In contrast, the effects of obesity on the upper and
lower limits of lung volumes, total lung capacity (TLC) and RV are modest.
Increasing body weight is associated with only small decrease in TLC [23, 26, 27],
and RV is usually well preserved [16, 26, 28-30]. As a result, the RV/TLC ratio
remains normal or slightly increased in obese individuals [23, 29].

The relationship between BMI and FRC, shown in Fig. 1.3, is steeper in men
than in women. This difference in slope is likely to result from differences in the
prevalence of central obesity between men and women. Central obesity, associated
with greater fat deposition on the trunk and abdomen, is likely to have a greater
effect on respiratory system compliance than peripheral fat distribution. Reductions
in lung volumes are associated with both abdominal fat, measured by waist circum-
ference [31], waist to hip ratio [32] or abdominal height [33], and thoracic or upper
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Fig. 1.3 Relationship between BMI and FRC in young men (open squares, solid line) and women
(solid triangles, dashed line)

body fat, measured by sub-scapular skinfold thickness [34] or biceps skinfold thick-
ness [26]. Several studies have used dual-energy X-ray absorptiometry (DXA) to
quantify fat and lean mass in different regions of the body and relate these findings
to lung function [4, 35]. Sutherland et al. [4] used a wide range of body fat variables
to determine the effect of fat distribution on lung volumes in healthy adults. Lung
volumes were only loosely associated with BMI; however, both DXA and non-
DXA-derived measures of upper body fat showed highly significant negative cor-
relations with FRC and ERV in both men and women. Both abdominal obesity and
thoracic fat mass were similarly correlated with lung volumes, making it difficult to
differentiate between the effects of abdominal and thoracic fat. Similarly, improve-
ments in lung volumes such as FVC, FRC and ERV, following moderate weight
loss, were related to the cumulative loss of fat from areas impinging on the chest
wall, such as chest, subcutaneous abdominal or visceral fat, rather than from any
specific region [36].

Consequences of Reduced FRC

In the causal pathway shown in Fig. 1.1, low operating lung volume due to reduced
respiratory system compliance leads to effects on airway resistance, expiratory flow
limitation, ventilation distribution and gas exchange.
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Airway Resistance and Reactance

Since airway calibre is related to lung volume, reduction in FRC in the obese has
significant effects on the mechanical properties of the airway and on expiratory flows
during tidal breathing. Respiratory system resistance and airway resistance are
increased in the obese [37], indicating that airway calibre is reduced throughout the
breathing cycle. However, measurement of specific airway resistance in obese sub-
jects, which is adjusted for lung volume, is in the normal range [30, 37-39], suggest-
ing that the reduction in airway calibre at FRC in the obese is attributable to the
reduction in lung volumes rather than to airway obstruction. Respiratory system
reactance is also abnormal in the obese [21], but the mechanism for this is not clear.

Similarly, expiratory flows also decrease with increasing weight [29, 38] in pro-
portion to changes in lung volumes [30]. As such, decrease in expiratory flows in an
obese individual is unlikely to indicate bronchial obstruction unless the flow mea-
surements have been normalized for the reduction in vital capacity. In a large sample
of obese and normal weight non-smokers, reductions in expiratory flows at 50%
(V') and 25% (V') of vital capacity were found in obese men, but not in obese
women [38]. Although the difference between obese and normal weight men in V'
disappeared after normalization for vital capacity, the difference in V', persisted
after normalization, suggesting the presence of peripheral airway obstruction in
obese men. It is not clear why this was only detected in men in this study, but
increased peripheral airway obstruction in obesity is consistent with findings from
other studies, in both men and women, showing that obesity is associated with
increased frequency dependence of resistance [30] and increased frequency depen-
dence of compliance [11].

Expiratory Flow Limitation During Tidal Breathing

Expiratory flow rates are closely related to lung volumes, so that maximal flow
decreases rapidly as expired volume approaches RV. As shown in Fig. 1.4, the pre-
dicted maximal flow, shown in the dashed line, is maintained well above the flows
generated during tidal expiration at normal FRC, but the obese subject, breathing
tidally at very low FRC, has very little expiratory flow reserve available during tidal
breathing. For the obese individual, breathing at low lung volume places the tidal
flow volume loop in a region where it may encroach on the maximal flow, thus
increasing the risk of tidal expiratory flow limitation. It is not clear whether tidal
expiratory flow limitation is a common occurrence in the obese. Two studies
[40, 41], using the negative expiratory pressure technique, have found evidence of
expiratory flow limitation in only 20% of severely obese subjects when upright.
However, both expiratory flow limitation and breathlessness substantially increased
when the subjects were placed supine. Quantification of expiratory flow limitation
from the flow volume loop, as the percentage of the tidal volume that encroached on
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the maximal flow envelope, shows highly significant differences between obese and
normal weight women when seated at rest [18]. However, the accuracy of compari-
sons of tidal and maximal flow volume curves may be limited by effects of dynamic
compression of the airways during maximal forced expiratory manoeuvres. New
techniques are available for measuring expiratory flow limitation during tidal breath-
ing, based on the forced oscillation technique [42], that would allow larger studies
to determine the extent of expiratory flow limitation in obese populations.

Intrinsic PEEP and Dynamic Hyperinflation

The presence of expiratory flow limitation during tidal breathing promotes the
development of intrinsic positive end-expiratory pressure (PEEPi) and dynamic
hyperinflation in obstructive airway disease, where it is an important determinant of
respiratory symptoms. Pankow et al. [40] were able to detect PEEPi in all six
severely obese subjects in whom they were able to make the measurement, even in
the absence of expiratory flow limitation. The mechanism for PEEPi in the absence
of EFL is unknown, but could be due to persistent post-inspiratory activity of the
diaphragm, which has previously been observed in severely obese subjects [16].
PEEPi is a potential cause of respiratory symptoms in the obese since it is an addi-
tional elastic load that must be overcome at the beginning of each inspiration.

Although dynamic hyperinflation is usually closely associated with expiratory
flow limitation and PEEPi, it might be expected that the decrease in respiratory
system compliance associated with obesity would reduce the risk of dynamic
hyperinflation in the obese. Indeed, the relationship between BMI and FRC is cur-
vilinear and tends to flatten at high BMI (Fig. 1.3). We can speculate that the devel-
opment of expiratory flow limitation and PEEPi in severely obese individuals might
counteract, at least to a small degree, the effects of the stiffened respiratory system
on lung volumes.
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Airway Closure and Ventilation Distribution

It has been postulated that breathing at low lung volume, particularly in the setting
of marked reduction in ERV seen in obesity, could lead to closure of peripheral
airways in dependent lung zones [2, 11]. However, indicators of gas trapping and
airway closure, such as RV [16, 28] and closing capacity [43], are not usually noted
to be increased in obesity at rest. On the other hand, there is consistent evidence that
if the FRC is very low, closing capacity exceeds the FRC and airway closure can
occur within the tidal breaths [43—46]. Closing capacity, and particularly the extent
to which closure occurs within the range of tidal breathing, has been correlated with
arterial PO, [43, 46] raising the possibility that airway closure during tidal breathing
may be associated with under-ventilation of some regions of the lung.

Abnormalities of regional ventilation have been observed in obese individuals
using lung imaging to determine the distribution of ventilation [47-49]. Holley et al.
[47] found that in obese subjects with marked reductions in ERV to around 20%
predicted, ventilation was preferentially distributed to the upper zones of the lung,
leaving the lower, dependent zones relatively under-ventilated. Similarly, Demedts
[49] found that ventilation was significantly lower in the lung bases and tended to
be higher in the apical regions in obese subjects compared to normal weight con-
trols. The findings were consistent with a reduced expansion of the basal zone, pos-
sibly due to limitations in chest wall and diaphragm movements. However, global
measures of ventilation heterogeneity, measured by the slope of phase III from sin-
gle-breath washouts or by lung clearance index, are normal even in severely obese
individuals [43].

Gas Exchange

Mild hypoxemia and increased alveolar-arterial oxygen difference are frequently
reported, even in eucapnic obese individuals [7, 8, 43, 50, 51], and have been associ-
ated with abdominal obesity in the morbidly obese [52]. Reduction in oxygenation is
unlikely to be due to abnormalities of gas transfer since most studies suggest that
DLCO is normal [6, 17, 27, 53], even in morbid obesity [29]. Indeed, some studies
suggest that DLCO is increased in extremely obese subjects [27, 38], probably as a
result of the increase in blood volume [27]. Regional ventilation-perfusion mismatch
in the dependent zones of the lung is a potential determinant of hypoxemia in obese
individuals. Although an increase in blood volume in the obese could improve the
homogeneity of perfusion and increase perfusion in the apices of the lung, the distribu-
tion of perfusion is predominantly to the lower zones, and individuals with reduced
ventilation in the lung bases are likely to be at risk of ventilation-perfusion mismatch
[47]. The extent to which gas exchange abnormalities in the obese are reversible is
unclear, since some weight loss studies show improvements in arterial oxygen tensions
[51, 54] while others report no change [44, 55]. Hakala et al. [44] found no increase in
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oxygenation with weight loss, even though there were significant improvements in
FRC and most subjects no longer had closing capacities above FRC.

Consequences of Reduced Intrathoracic Volume

The effect of obesity on lung function is often described in terms of a restrictive
rather than obstructive pattern, characterized by reduction in total lung capacity and
vital capacity. The mechanisms for the reduction in total lung capacity in the obese
are not well understood, but, as proposed in Fig. 1.1, may be due to reduced intratho-
racic volume, as outlined below, or decreased respiratory system compliance.

Total Lung Capacity

The magnitude of the reduction in TLC with increasing weight is proportionally
smaller than the effect on FRC, at least until BMI exceeds 35 kg/m? [23], with TLC
usually maintained above the lower limit of normal even in severe obesity [23, 26, 28].
Lung restriction of the magnitude associated with restrictive lung disease, defined as
TLC below the lower limit of normal, is not commonly associated with obesity in
the absence of other disease. Nonetheless, evidence from prospective studies show-
ing increases in TLC with weight loss in both mild [55] and morbidly obese [51]
subjects, and decreases in vital capacity with weight gain [56], is consistent with the
development of mild restrictive patterns of lung function in obesity.

The reasons for the reduction in TLC in the obese are unknown. It may be due to
areduction in the downwards movement of the diaphragm, due to increased abdom-
inal mass, which could decrease TLC by limiting the room for lung expansion on
inflation. Alternatively, deposition of fat in sub-pleural spaces [57] or elsewhere in
the intrathoracic cavity might directly reduce lung volume by reducing the volume
of the chest cavity. An exploratory study to investigate the mechanism for reduced
TLC in obesity used MRI to measure intrathoracic volumes in obese and non-obese
men and found increased mediastinal volume in the obese due to an increase in the
volume of intrathoracic fat, the heart and major blood vessels [1]. At full inflation,
the proportion of the intrathoracic volume occupied by inflated lungs was only 78%
of the total in the obese compared with 88% in the controls, suggesting that the
increased mediastinal volume may prevent full lung expansion in the obese, and
may therefore explain the slight loss of TLC with increasing BMI. However, the
marked loss of TLC in obese subjects with lung restriction (TLC <80% predicted)
was not explained by increased mediastinal volume, suggesting that other factors,
such as reduced expansion of the thoracic cage, may also be important in this sub-
group [1]. Since respiratory muscle strength and maximum inspiratory and expira-
tory pressures have been shown to be intact in obesity [16, 37, 58], it is unlikely that
these would be an important determinant of obesity-related reduction in TLC.
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Fig. 1.5 Mean spirometric values, according to weight category, in adults (Adapted from data in
Schachter et al. [60]). FEV | (diamonds) and FVC (triangles), as percent predicted, and FEV /FVC
(squares) as a percentage

Spirometry

A reduction in total lung capacity, in the absence of any change in residual volume,
indicates a reduction in vital capacity (VC). Consistent with a mild restrictive pat-
tern of lung function in the obese, there is a progressive linear decrease in VC with
increasing BMI that parallels the decrease in TLC [23]. Similarly, increasing BMI
is also associated with a decrease in both FEV and FVC [30, 59, 60]. However, this
effect is small and both FEV  and FVC are usually within the normal range in
healthy obese adults [59, 60] and children [61]. As a result, the FEV /FVC ratio,
which is a marker of airway obstruction, is usually well preserved or increased [30,
34, 38, 59, 60], even in morbid obesity [29]. Figure 1.5 shows data from a popula-
tion of 1,971 adults aged between 17 and 73 years [60] based on per cent of pre-
dicted values. Although FVC is affected to a greater extent than FEV, as BMI
increases, FEV /FVC ratio remains normal across the weight groups, even in the
severely obese group. Studies looking at the effect of body fat distribution on
spirometry have shown that abdominal obesity is a stronger predictor than either
weight or BMI of reductions in FEV and FVC [33, 62], with one very large study
of over 130,000 people suggesting that abdominal obesity may also be a risk for
reduced FEV /FVC ratio [62]. Moreover, weight gain following smoking cessation
[63] or with increasing age [56] is associated with reductions in both FEV and
FVC; the effect is greater on FVC than on FEV and greater in men than women,
presumably because men gain more abdominal fat than women.
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Volume-Independent Effects on Airway Function

Although many of the effects of obesity on airway function can be attributed to the
mechanical effects of breathing at low lung volume, as illustrated in Fig. 1.1, some
studies have reported effects that appear to be independent of lung volume. In a
population study of young adults, King et al. [24] found that obesity was associated
with a persistent decrease in airway calibre, measured by respiratory system con-
ductance, even after adjustment for lung volumes. This effect was present in men,
but not in women. Another study by Watson et al. [28] comparing obese and control
subjects sitting and supine found that differences in lung volume could only partly
explain the differences in airflow resistance between obese and controls [28] or the
increase in resistance associated with recumbency [28, 37]. Also, as discussed
above, in the studies by Rubinstein et al. [38], although adjustment for vital capacity
normalized V', , there were significant differences in V', which persisted after nor-
malization. Lastly, the effect of obesity on spirometry increases with increasing
duration of obesity, independent of the severity of obesity [64].

The cause of these volume-independent abnormalities of airway function is
unknown. In addition, it is unclear whether there are any structural changes in the
airways of the obese. It is possible that airway structures could be remodelled by
chronic exposure to pro-inflammatory adipokines or systemic inflammation, or
damaged by the continual opening and closing of small airways throughout the
breathing cycle [45]. However, it is unlikely that fat is present in the airways of
obese people or has any direct effect on airway structure, but studies of diet-induced
obesity in rats have reported changes in lipid deposition in the lungs [65] which may
affect surfactant function [66]. There are no reports of biopsy, pathological or imag-
ing studies of the airway walls of obese subjects to indicate whether there are any
cellular or structural abnormalities of the airways that might explain abnormal air-
way function.

Effects of Altered Ventilatory Mechanics on Symptoms,
Performance and Clinical Presentation

Breathlessness at Rest and During Exercise

Breathlessness at rest is usually regarded as uncommon in healthy obese subjects,
particularly in those with mild to moderate obesity. One study found that 15 of 23
mildly obese men reported breathing difficulties at rest associated with lower maxi-
mum voluntary ventilation and maximal expiratory flows at low lung volumes.
However, the dyspnoeic group included a greater proportion of smokers, which may
account for some of the symptoms and differences in lung function [67]. In mor-
bidly obese subjects (BMI>40 kg/m?) [68], dyspnoea scores at rest correlate with
both inspiratory muscle endurance and lung function.
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In contrast, breathlessness during exercise is a common complaint among obese
individuals. In population studies, subjects with the highest BMI quintile have the
greatest risk of dyspnoea with exertion, despite being at least risk of airway obstruc-
tion [59]. Standardized weight-bearing exercise tests, such as the 6-minute walk
test, show that exercise capacity is reduced in obese adults [69, 70] and children
[71] compared to normal weight controls. However, increased exertional symptoms
in the obese are most likely due to the increased metabolic cost of the energy needed
to move heavy limbs and drive the respiratory muscles [18, 72, 73], rather than to
deconditioning or to abnormalities of airway or lung mechanics. Studies using
weight-supported exercise, such as with a cycle ergometer, show that peak exercise
capacity, in terms of both peak work rate and oxygen consumption, is normal in
healthy obese subjects suggesting that they are not deconditioned [18, 72, 74]. The
ventilatory response to inhaled CO, [17] and the relationships between oxygen con-
sumption and minute ventilation, and between breathlessness and both oxygen con-
sumption and minute ventilation are all normal in the obese [18]. Breathing at low
lung volume could increase exertional breathlessness by preventing obese subjects
from decreasing their end-expiratory volume during exercise [75, 76], but, in fact,
because they breathe at low lung volumes, obese subjects have enough inspiratory
reserve to increase their end-expiratory lung volume, to minimize expiratory flow
limitation, but still increase tidal volumes to meet ventilatory demands [18]. Taken
together, these observations suggest that the ability of the obese to increase ventila-
tion in response to increasing metabolic demand is not impaired and that changes in
lung volumes or airway mechanics due to obesity make little contribution to respira-
tory discomfort during exercise.

Effects of Obesity on Respiratory Function in Disease

The detrimental effects of obesity on lung function may have an impact on the out-
comes of respiratory disease, although the effects are complex. In asthma, obesity is
associated with greater prevalence and incidence of the disease [60, 61, 77] and may
also be associated with worse clinical outcomes [78, 79], particularly in mild [80]
or well-controlled [81] disease. In COPD, increasing BMI is associated with a
reduced risk of death in patients with more severe disease, but not in those with mild
COPD [82]. Although these relationships appear paradoxical, the mechanical effects
of obesity on lung function are likely to be important contributing factors to many
of the effects of obesity in respiratory disease.

How could the mechanical effects of obesity on lung function modify asthma
pathophysiology? Asthma is characterized by airway obstruction, airway
inflammation and airway hyperresponsiveness. One hypothesis suggests that breath-
ing at reduced tidal volumes could affect the modulation of airway smooth muscle
contractility by regular tidal stretching and deep inspirations [83], and increase the
responsiveness of the muscle. Tidal volumes are not usually abnormal in mild to
moderate obesity [18, 20-22]. However, breathing at low lung volumes means that
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airway calibre, and thus the length of airway smooth muscle, is reduced throughout
the breathing cycle. It is not clear whether this leads to clinically meaningful
increases in airway hyperresponsiveness in the obese. In studies of asthmatic sub-
jects, there is little evidence that the severity of AHR is systematically increased in
the obese [39, 80, 84, 85]. Moreover, there is inconsistent evidence of an association
between BMI and airway responsiveness in studies of random populations [60, 61,
86]. An alternative hypothesis is that the reduction in operating lung volume in the
obese has the potential to amplify the symptoms associated with bronchoconstric-
tion. Bronchoconstriction in the obese is associated with increased airway closure
compared to non-obese controls [87] and thus could increase gas trapping and alter
ventilation distribution. Bronchoconstriction at low lung volume increases the risk
of expiratory flow limitation and causes greater dynamic hyperinflation in obese
asthmatic [84] and non-asthmatic [21] subjects, which may increase the severity of
dyspnoea [88]. Nicolacakis et al. [39] suggest that obesity and asthma have additive,
rather than synergistic effects, on outcomes such as spirometry and lung volumes.
We can speculate that, in more severe or uncontrolled asthma, symptoms are likely
to be dominated by the effects of uncontrolled airway inflammation and airway
hyperresponsiveness. However, as these effects diminish with treatment and better
asthma control, the effects of obesity on the development of airway closure, expira-
tory flow limitation and dynamic hyperinflation during episodes of mild bronchoc-
onstriction may become more apparent. The occurrence of these additional elastic
loads during bronchoconstriction, reflected by greater changes in respiratory system
reactance in obese than non-obese subjects [21, 22], are often not well reflected by
spirometry and may explain why some obese asthmatics have more severe symp-
toms than their lean counterparts, despite similar spirometry [89].

In COPD, it has been proposed that reduced operating lung volumes in obese
patients may provide a mitigating influence on the intensity of exertional dyspnoea,
by counterbalancing the negative mechanical consequences of severe lung
hyperinflation [90, 91]. Because the obese COPD patients start from a much reduced
FRC, dynamic hyperinflation during exercise does not result in such severe loss of
inspiratory reserve as in non-obese COPD patients. The interactions between obe-
sity and respiratory disease are discussed in detail in later chapters.

In restrictive lung disease, there are few available data about the effects of obe-
sity on lung function. However, one study suggests increased BMI is associated
with better survival in patients with idiopathic pulmonary fibrosis [92].

Impact of Obesity on the Interpretation of Pulmonary
Function Tests

Obesity modifies many aspects of pulmonary function, even in people without
respiratory disease, so the interpretation of pulmonary function tests in obese indi-
viduals can present problems. As outlined in this chapter, obesity in people without
respiratory disease is typically associated with marked reductions in expiratory
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reserve volume and FRC, and modest reductions in TLC, VC, FEV, and FVC.
However, reductions in FEV /FVCratio, indicating airway obstruction, are not typi-
cal and would require further investigation. Measurements of expiratory flows and
airway resistance may be abnormal and must be adjusted for lung volume before
interpretation. The effect of obesity on pulmonary function tests in people at the
extremes of age and height, where predicted values are less reliable, may be difficult
to interpret.

In restrictive lung disease, TLC is, by definition, below the lower limit of normal.
Although obesity is associated with a mild restrictive pattern of lung function,
reductions of TLC of this magnitude are uncommon, even in severe obesity, and
causes other than obesity should be sought for this restrictive pattern. Furthermore,
in diseases such as idiopathic pulmonary fibrosis, diffusing capacity is reduced and
both hypoxia and hypercapnia may be present. Some obese subjects have mild
hypoxia on blood gas analysis, despite normal diffusing capacity. However, the
presence of hypercapnia is uncommon and would suggest obesity hypoventilation
syndrome (discussed in Chap. 5).
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Chapter 2
Effects of Obesity on Airway Responsiveness

Stephanie A. Shore

Abstract Although obesity is a risk factor for asthma, the mechanistic basis for this
relationship is not established. In this chapter, we review data from human subjects
and animal models examining how obesity impacts a characteristic feature of asthma
airway hyperresponsiveness. We focus on two aspects of obesity that may affect
airway responsiveness: the impact of obesity on the mechanical properties of the
lungs and chest wall, and the low-grade systemic inflammation that results from
interactions between adipocytes and leukocytes that are recruited to obese adipose
tissue. We also discuss the possibility that diet may contribute to airway hyperre-
sponsiveness, either through direct effects of dietary constituents or by altering the
gut microbiome. Determining how obesity promotes asthma may uncover novel
therapeutic strategies that are effective in the obese asthmatic.

Keywords Mice * Adipokines ¢ Inflammation  Chest wall ¢ Functional residual
capacity
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* Review the epidemiological and cohort studies that have examined airway
responsiveness in obese human subjects.

* Describe the outcome of studies that have examined airway responsiveness in
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e Understand the mechanisms by which obesity may contribute to airway
responsiveness.

e Describe the adipose tissue, systemic, and pulmonary inflammation extant in
obesity.

Introduction

As described elsewhere in this book, obesity is an important risk factor for asthma.
Numerous epidemiological studies performed in adults and children throughout the
world have consistently established a role for obesity in asthma prevalence and
incidence [1-4] and in worsening asthma control [5—7]. In contrast, evidence for an
effect of obesity on airway responsiveness, a characteristic feature of asthma, is less
consistent. In this chapter, we describe the complexities in the relationship between
obesity and airway hyperresponsiveness (AHR). We also discuss possible mecha-
nisms by which obesity might promote AHR, including effects of obesity on the
mechanical properties of the lungs and chest wall and the potential role of obesity-
related inflammation. In addition, we consider the possibility that alterations in
dietary factors may be contributing to this relationship.

Obesity and Airway Responsiveness in Human Subjects

Studies reporting the impact of obesity on airway responsiveness in adults are sum-
marized in Table 2.1. It is notable that the first study of this type was published only
10 years ago, as the tide of the obesity epidemic began to swell. The results of these
studies are mixed, with some showing that obesity is a risk factor for AHR, and oth-
ers showing no impact of obesity on AHR. Essentially similar results have been
reported in children (see [8]).

Epidemiological and Cohort Studies

Among the epidemiological studies addressing the relationship between obesity and
AHR, that of Litonjua et al. [9] deserves special mention here, because it is the only
prospective longitudinal cohort study in adults to address this issue. The authors
used the Normative Aging Study population, which consisted of mostly older
Caucasian males from the greater Boston area. Airway responsiveness was assessed
twice in each subject with an interval of approximately 4 years. Subjects were cho-
sen who had negative methacholine challenges on the first visit. Cases were subjects
who had positive challenges on the second visit (i.e., they developed AHR) and
were matched with controls whose methacholine responsiveness remained negative
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on the second visit. The authors reported that after controlling for age, smoking,
serum IgE, and initial FEV,, there was an increased risk for AHR with increasing
initial body mass index (BMI). Similarly, weight gain was related to the risk of
developing AHR.

In addition to the study of Litonjua et al. [9], three other large cross-sectional
epidemiological studies also noted a greater prevalence of AHR or symptomatic
AHR in obese versus normal weight adults [10—12], although in the study of Chinn
et al. [10], a relationship was observed in males but not in females. In the study of
Celedon et al. [11], the odds ratio for symptomatic AHR in obese versus normal
weight individuals was approximately the same in men (2.3) and in women (2.5). In
contrast, others have reported no increase in airway responsiveness with increasing
BMI [13, 14]. It is perhaps notable that in the study by Schachter et al. [13], airway
responsiveness was not assessed in any subjects with severe obesity (BMI>35) who
were also nonatopic. As described below, it is this group in which obesity-related
AHR may be particularly prevalent. In the study of Chinn et al., the relationship
between BMI and AHR became stronger after adjusting for atopy [10].

There are some methodological issues that need consideration in interpreting
these data. Some studies have reported a U-shaped relationship between BMI and
AHR [9, 11]: both underweight and obesity were associated with increased airway
responsiveness, although the effect of underweight has received little attention.
Schachter et al. [13] also noted an increase in airway responsiveness in underweight
(BMI< 18.5) individuals even though they did not find an increase in responsiveness
in overweight or obese individuals. Failure to account for the effects of low BMI
could confound the interpretation of the data relating AHR to BMI. For example, in
the study of Bustos et al. [14], much of the apparent trend toward a reduction in
responsiveness with increasing BMI is driven by these underweight individuals.

The method by which subjects are enrolled may also affect the outcome of these
studies. For example, the nonasthmatic obese subjects in the study of Nicolacakis
et al. [15] described above were chosen because they were free of lung disease.
Such a choice would lessen the likelihood of detecting an effect of obesity on AHR,
since the presence of AHR might manifest in symptoms suggestive of lung disease.
In contrast, in the two studies which evaluated populations sent to the pulmonary
function clinic for measurement of AHR for diagnostic purposes (i.e., populations
that likely had symptoms suggestive of AHR), there was a positive relationship
between obesity and airway responsiveness [12, 16].

The outcome indicator used to assess airway narrowing is also important to con-
sider. Torchio et al. [17] were able to observe increased airway responsiveness in
obese versus lean nonasthmatic subjects. To assess bronchoconstriction, they did
not use FEV | but rather maximum expiratory flow at 60% of total lung capacity
(TLC) corrected for thoracic gas compression volume. They argued that the correc-
tion for gas compression was important, especially since the TLC tends to decline
with obesity. Skloot et al. [18] reported no difference between obese and lean sub-
jects when FEV | was used as the outcome indicator, but did observe greater airway
responsiveness in the obese when measures of small airways were used instead.
Similarly, in a study of obese versus nonobese nonasthmatics, Salome et al. [19]
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reported no obesity-related differences in methacholine-induced changes in FEV,
or total respiratory system resistance. They did, however, observe greater increases
in respiratory system reactance in the obese subjects, an observation that has been
reproduced by others [17, 18]. Increased respiratory system reactance is consistent
with greater hyperinflation, and the Salome group subsequently confirmed greater
airway closure and consequent hyperinflation in the obese versus lean subjects after
methacholine challenge [20]. Sutherland et al. [21] also noted greater hyperinflation
following methacholine challenge in obese versus lean asthmatics. Notably, in obese
subjects, small airway closure occurs in the dependent regions of the lung even
without administration of any bronchoconstricting agonist [22-25]. The situation
may be even more complicated in obese asthmatics, who may have additional areas
of airway closure consequent to airway disease. It is significant that airway closure
in some parts of the lung results in dilation of the airways in the rest of the lung,
which now receive a greater portion of the tidal volume. Greater volume causes more
stretch of airway smooth muscle and subsequent bronchodilation in those regions
[26]. The FEV | is unlikely to capture the complexity of such heterogeneous airway
changes. Nevertheless, Sood et al. [12] were able to observe an increase in the preva-
lence of AHR in obese versus nonobese nonasthmatics using FEV | as the outcome
indicator. However, the effect was small and may have been observable only because
their sample size was much greater than in the studies described immediately above
where an effect of obesity on AHR could not be detected using FEV . Environmental,
genetic, and epigenetic factors can all affect AHR, and such factors may obscure any
additional effect of obesity without the use of such large sample sizes when a blunt
tool such as the FEV  is used for assessment. Interestingly, Sood et al. [12] did not
detect any impact of obesity on airway responsiveness in subjects with asthma.
These subjects already had hyperresponsive airways, and it is possible that the addi-
tional effect of obesity was too small to be observed under these conditions.

Weight Loss Studies

There are only two reports of the impact of weight loss on AHR [27, 28]. In the
study of Dixon et al. [27], obese asthmatic subjects underwent bariatric surgery and
lost an average 27% of their initial body weight. This weight loss was associated
with a significant reduction in airway responsiveness. Importantly, the atopic status
of the subjects predicted the impact of weight loss on airway responsiveness. In the
9 atopic subjects (atopy was ascertained on the basis of serum IgE), weight loss had
no significant effect on AHR. These subjects had asthma of long duration and likely
had AHR of allergic origin. Since serum IgE did not change with weight loss, it is
perhaps not surprising that in these subjects, AHR was not affected either. In con-
trast, in the 14 nonatopic subjects, there was a significant loss of responsiveness
with weight loss. These subjects had asthma with an onset later in life and had more
obesity-related comorbidities, suggesting a different asthma phenotype, with the
asthma (and AHR) more directly related to obesity.
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In the weight loss study of Aaron et al. [28], there was a trend toward an improvement
in AHR after 6 months on a diet-induced weight reduction program, but the effect
was not significant, even though subjects lost an average 17.4% of their initial body
weight and did have improved flow rates and symptoms. The reason for the discrep-
ant effects of weight loss in the two studies is not clear, but there were some note-
worthy differences in the two study populations. In the study of Aaron et al. [28],
the subjects were not as obese initially, and while they had approximately the same
percentage of atopic subjects as did Dixon et al. [27], their population included only
41% of asthmatics. Importantly, despite the overall lack of improvement in AHR,
there were several individuals in their study who did have reduced airway respon-
siveness after weight loss, but it is not possible to determine from the report whether
these were nonatopic subjects.

Obese Mice Exhibit Innate AHR

AHR is a common feature of murine obesity. Regardless of how mice become obese,
they exhibit increased responses to intravenous methacholine [29-34] (Fig. 2.1).
In mice, obesity-related AHR is also observed with another bronchoconstricting
agonist, serotonin [31], consistent with the nonspecific AHR of asthma. Obese mice
also develop greater increases in airway responsiveness following ozone exposure
[29, 31, 32, 35] or allergen sensitization and challenge [36, 37] than lean mice. As
previously discussed [8], the more consistent effect of obesity in mice than in
humans may be the consequence of the more consistent environmental, genetic, and
epigenetic influences on AHR in the mice, since the studies were performed on
animals often born to the same mothers and housed together.

In contrast to the situation in obese humans described by Salome et al. (see
above), we observed AHR in obese mice when changes in airway resistance (Raw)
were used as the outcome indicator, but not with outcomes that reflect changes in
the lung tissues [30, 32—-34]. Two factors may contribute to this human/mouse dif-
ference. First, we made measurements in mice with the chest wall open, and we
applied 3-cm H,O positive end-expiratory pressure (PEEP). Second, measurements
were made using intravenous rather than inhaled methacholine. Both factors
may limit the airway closure that appears to explain the obesity-related augmenta-
tion of methacholine-induced changes in lung tissue properties observed in obese
humans [19]. Using a histological system, Saraiva et al. [36] observed an increase
in the proportion of the lung with collapsed alveoli even in the absence of any bron-
choconstricting agonist in lungs of mice with diet-induced obesity versus lean con-
trols, suggesting an increased tendency toward airway closure. In their system,
PEEP was not applied.

In mice, AHR is affected by the extent of the obesity (Fig. 2.1). For example, ob/
ob and db/db mice that lack leptin or the leptin receptor, respectively, are massively
obese by 8 weeks of age. They exhibit AHR even at this early age, and the magni-
tude of this hyperresponsiveness is substantial [29, 31]. The increase in body weight
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Fig. 2.1 Changes in pulmonary resistance (R, ) induced by i.v. methacholine in four types of obese
mice and their lean controls. Data are mean+SE. *p<0.05 versus wild-type or low-fat-diet-fed
control mice (Data are from previous publications from the author’s lab and are reproduced from
the American Physiological Society [8])

in Cpe™ mice, which are obese because of a genetic defect in an enzyme that
regulates satiety neuropeptides, is slower in onset. At 7 weeks of age, Cpe/ mice
weigh approximately 25% more than wild-type controls and are not hyperrespon-
sive. By 10 weeks of age, body weight averages 61% more than wild-type controls,
and hyperresponsiveness is apparent [35]. The magnitude of obesity continues to
increase, and AHR is sustained with increasing age [32]. The duration of obesity
may also play a role in the induction of hyperresponsiveness. Mice become obese
when high-fat diets are initiated at the time of weaning, although the magnitude of
this obesity is not as great as with the genetic obesities [38]. Interestingly, even
though the magnitude of obesity is approximately the same in 23- and 35-week-old
mice with dietary obesity, only the older obese mice develop AHR. Perhaps with
milder obesity, longer durations are required to elicit effects.
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Mechanistic Basis for Airway Hyperresponsiveness in Obesity

Several factors may contribute to AHR in the obese. Among these, two factors have
received considerable attention and are the focus of the discussion below: (1)
mechanical changes in the lungs and chest wall and (2) aspects of the low-grade
systemic inflammation that occurs in obesity. We also discuss the potential for diet
to contribute to obesity-related AHR.

Mechanical Factors

In the absence of asthma, obesity reduces the functional residual capacity (FRC).
For example, Jones et al. [39] reported declines in FRC of 10%, 22%, and 33%
predicted in overweight, mild, and morbidly obese individuals. The pressure volume
relationship of the respiratory system changes in obesity, and the relaxation volume
of the respiratory system, the volume at which the outward recoil of the relaxed
chest wall balances the inward recoil of the lung (V ), declines (Fig. 2.2). FRC usu-
ally occurs at V_, though in obesity, other factors may also contribute (see below).

There is ample evidence that a decline in FRC can promote AHR. Ding et al. [40]
instructed normal human subjects to breath (1) at their regular FRC, (2) at a volume
0.5 L below FRC, or (3) at a volume 0.5 L above FRC. They observed that the extent
of bronchoconstriction induced by methacholine declined significantly as the lung

Chest wall - lean

™ / Chest wall - obese
l” /

lung 7~

Ve - lean

V, - Obese

Pressure

Fig. 2.2 Obesity-related alterations in the pressure volume curve of the chest wall lead to changes
in static lung volumes, including a reduction in the relaxation volume of the respiratory system
(V) the volume at which the inward recoil of the lung balances the outward recoil of the chest
wall (Reproduced from the American Physiological Society [147])



30 S.A. Shore

volume increased. Airway responsiveness also increases when declines in FRC are
caused by adopting the supine posture [41] or by chest strapping [42]. Ding et al.
argued that the increased responsiveness observed at low lung volumes was the
result of loss of the retractive forces that the lung parenchyma exerted on the air-
ways. In other words, breathing at low lung volume reduced the load on the airway
smooth muscle (ASM). Consequently, it shortened more. Loss of this load also
reduces the resting length of the ASM, which should place it at a less favorable posi-
tion on its length tension relationship. However, Torchio et al. [42] argued that the
ability of ASM to rapidly adapt its cytoskeletal structure to changes in length
allowed it to generate increased force despite its shorter length at low lung volume.
Indeed, McClean et al. [43] observed that ASM from sheep that had had their FRC
restricted for 4 weeks by means of a leather corset had a velocity of shortening that
was almost double that of sheep maintained at normal FRC.

As previously discussed [8], there are other ways in which a reduction in FRC
might promote AHR. The propensity for small airways to close increases as
FRC declines. Indeed, airway closure is observed in many obese subjects at FRC
[22, 23, 44]. The repeated opening and closing of these airways during normal
tidal breathing could cause rupture of alveolar attachments to bronchioles [45],
further reducing the load on ASM.

In addition to reductions in absolute lung volume, reductions in tidal volume
(V,) or in the frequency of sighing might also promote AHR in the obese. During
tidal breathing, and especially during sighs, ASM is stretched, causing actin-myosin
crossbridges to detach, relaxing the muscle, and dilating the airways [46].
Crossbridge detachment also reduces the stiffness of ASM, making it easier to
stretch, further promoting bronchodilation. Obesity does not alter the frequency of
sighing [17]. However, in both obese humans [47] and obese mice [3], V_is reduced.
Such reductions could lead to sustained ASM contraction and airway narrowing
(see [3] for more details).

Skloot et al. [18] recently reported that in obese subjects, airway responsiveness
was not altered when deep breaths were withheld during methacholine challenge. In
contrast, in lean subjects withholding deep breaths increased airway responsiveness
to levels comparable to the obese subjects. Others have also reported reduced
responses to the bronchodilating effects of a deep breath in obese subjects [17, 48,
49]. Factors that uncouple the airways from the parenchyma, such as reductions in
lung volume, fluid cuffing around airways, or stiffening of the airways consequent
to reduced V (see above), would be expected to attenuate the salutary effects of a
deep breath on the airways. Importantly, a similar reduced bronchodilatory effect of
a deep breath is also observed in asthma [50].

Only one study has directly addressed the importance of reductions in FRC for
AHR in obesity. Torchio et al. [17] measured airway responsiveness and FRC in
men and women with varying degrees of obesity. In men, airway responsiveness
increased progressively as FRC declined with obesity. Indeed, the decline in FRC
alone accounted for a substantial proportion of the AHR observed in the obese.
However, in women, even though obesity did lead to AHR and did reduce FRC,
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there was no relationship between the magnitude of AHR and the decline in lung
volume, suggesting that other factors, perhaps differences in inflammation, must
account for obesity-related AHR in women.

There are additional factors that require consideration in any discussion of obe-
sity and its impact on FRC. In a substantial proportion of obese individuals, FRC is
not statically determined. Instead, up to 50% of obese subjects exhibit expiratory
flow limitation during tidal breathing (tidal flows overlap the maximal expiratory
flow volume loop) [51-53]. With flow limitation, expiration may be incomplete
when the next inspiration is initiated, so that lung volume gradually ratchets up until
expiratory flow rates are sufficient to permit full expiration. In obesity, such dynamic
hyperinflation may prevent even greater reductions in FRC than would otherwise
occur. Inspiratory muscle braking during early expiration also occurs in most obese
subjects breathing quietly in the upright posture [47], and may also serve to attenu-
ate declines in FRC. Dynamic hyperinflation also occurs in asthmatics [54] and may
explain why FRC is elevated rather than reduced in individuals who are both obese
and asthmatic [21, 55]. If obesity-related reductions in FRC do indeed contribute to
promoting AHR in obesity, this may also explain why some investigators have had
difficulty discerning differences in AHR between obese and nonobese asthmatics
[12, 15] since measurements of FRC do not differ between obese and nonobese
asthmatics [21, 55].

While it is possible that the mechanical effects of obesity on the lung may con-
tribute to obesity-related AHR in humans, such effects do not appear to explain the
AHR observed in obese mice. In obese mice, measurements of airway responsive-
ness were performed with the chest open and with a fixed PEEP, in order that abso-
lute lung volume not be influenced by obesity. In addition, the mice were mechanically
ventilated with tidal volumes that were the same in the obese and lean mice. The
lungs of obese db/db and ob/ob mice are smaller than those of age- and gender-
matched lean wild-type mice, and this could impact airway responsiveness [38].
However, lung size is similar in mice with diet-induced obesity and their lean con-
trols, but obese mice still exhibit AHR [33].

Inflammation

The adipose tissue of obese humans and obese rodents is infiltrated with mac-
rophages and other immune/inflammatory cells (Fig. 2.3). Importantly, products of
these cells appear to spill over into the blood, leading to a state that has been termed
low-grade systemic inflammation. This inflammatory state appears to contribute to
many obesity-related conditions, and it is conceivable that circulating inflammatory
moieties also affect the lungs in such a way as to augment airway responsiveness.
Below we review current concepts regarding the systemic inflammation of obesity
and its importance. We also review evidence regarding inflammation in the lungs of
obese individuals.
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Fig. 2.3 Summary of the Cell type Impact of Obesity
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Adipose Tissue Inflammation: There are numerous effects of obesity on the types
and activation state of immune and inflammatory cells that infiltrate the adipose tis-
sue (Fig. 2.3). Adipose tissue macrophages (ATM) infiltrate the adipose tissue of
obese humans and obese mice. Some ATM exist even in lean individuals [56, 57],
but in obesity, ATM account for up to 50% of the cells isolated from adipose tissue
[58]. These ATM cluster in crown-like structures around necrotic adipocytes [59],
consistent with one of the classic roles of macrophages in phagocytosing dead cells.
Areas of macrophage infiltration are also hypoxic [60]. One hypothesis consistent
with these observations is that enlargement of adipocytes increases the distance
between adipocytes and capillaries, leading to adipose tissue hypoxia and conse-
quent adipocyte death [60—62].

The ATM of lean individuals are of the alternatively activated M2 phenotype
[56, 57], which are largely anti-inflammatory. However, in obesity, adipose M2
gene expression declines, and proinflammatory macrophages are recruited from
precursors in the blood [57, 59, 63]. Mgl1, MCP-1, and C3a have each been shown
to be important in this recruitment [64]. The expression of a variety of other
inflammatory genes, including many cytokines, chemokines, complement proteins,
and acute phase proteins, is also increased in the adipose tissue of obese versus lean
individuals [58, 65]. The term “adipokine” was coined to describe substances
derived from adipose tissue. ATM are the source of much of this inflammatory gene
expression, perhaps as a result of TLR4 stimulation via fatty acids [63].

In addition to macrophages, there are also changes in the numbers and types of
adipose tissue lymphocytes with obesity. CD8+ T cells increase, particularly in the
inflammatory infiltrates that form around necrotic adipocytes [60]. Interestingly,
during the development of obesity, the recruitment of CD8+ cells to adipose tissue
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actually precedes macrophage recruitment [66]. Importantly, genetic depletion and
adoptive transfer experiments in mice indicate that these cells are required for sub-
sequent macrophage recruitment to adipose tissue [67]. CD4+ cells also increase in
adipose tissue of mice with dietary obesity [68]. These cells appear to be of the Thl
lineage, whereas Th2 cells and Foxp3-expressing regulatory T cells (Tregs) decline
with obesity, contributing to the loss of M2 macrophage phenotype [68, 69]. NKT
cells that recognize lipid antigens are also present in obese adipose tissue [70] but
do not appear to change in numbers in obesity [71]. Nevertheless, NKT cells are
important for the obese phenotype. Obese mice lacking NKT cells have reduced
ATMs, whereas administration of a-galactosylceramide, an activator of NKT cells,
increases ATMs and adipose expression of inflammatory genes, indicating that
NKT cells also play a role in adipose tissue inflammation. IL-17 is also expressed in
T cells infiltrating adipose tissue, but the great majority of these IL-17-expressing T
cells are Y& TCR positive cells that are both CD4 and CD8 negative, rather than
Th17 cells [72].

There are also changes in adipose tissue mast cells and eosinophils in obesity
[73, 74]. The mast cells accumulate around microvessels in obese adipose tissue and
appear to play a role in the angiogenesis required for sustaining expansion of adi-
pose tissue [73]. In contrast, eosinophils are typically present in normal lean adi-
pose tissue where they constitute a major source of the IL-4 required for biasing
ATM toward a Th2 phenotype [74], though adipocytes themselves are important
sources of IL-13 that can also serve this function [75]. Adipose tissue eosinophils
decline in mice with diet-induced obesity [74]. Understanding what factors contrib-
ute to this reduction in eosinophils may be important for the obese lung, since air-
way eosinophils are also reduced in obese versus lean asthmatics (see below).

Systemic Inflammation: Many of the inflammatory moieties expressed in obese adi-
pose tissue are produced in sufficient quantities that they leak into the systemic cir-
culation. Levels of IL-8, MCP-1, TNFa, and IL-6 are elevated in the serum of obese
versus lean humans or mice and decline with weight loss [76—79]. The number of
circulating leukocytes is also higher in blood from obese versus lean individuals
[80], and the neutrophils are in an activated state [81]. In addition, serum concentra-
tions of many adipose-derived, energy-regulating hormones are also affected by
obesity in such a manner as to promote inflammation. For example, concentrations
of leptin, which has proinflammatory activities, increase in obesity, whereas concen-
trations of adiponectin, which is largely anti-inflammatory, decline. Finally, in both
obese rodents and obese humans, there is systemic oxidative stress, as indicated by
increases in reactive oxygen species (ROS) and declines in antioxidants [§2—87].
The systemic inflammation and oxidative stress that accompany obesity affect
many organs and tissues. For example, circulating leukocytes become activated [88].
Endothelial cell expression of endothelin is increased, while nitric oxide production
is reduced, events that promote increased vascular reactivity [89]. There is also sub-
stantial evidence that the systemic inflammation and increased oxidative stress of
obesity contribute to many obesity-related conditions. In obese humans, elevations
in serum leptin, TNFa., IL-6, and MCP-1 have each been shown to correlate with the
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presence of obesity-related diseases such as type 2 diabetes and atherosclerosis
(see [90, 91] for reviews), while there is an inverse correlation with serum adiponec-
tin. Markers of systemic oxidative stress also predict diabetes and cardiovascular
disease [84]. In animal models, aspects of the systemic inflammation and oxidative
stress of obesity are required for several obesity-related conditions. For example, the
reduction in insulin resistance observed in obese mice with myeloid specific knock-
out of IkappaB kinase beta, a central regulator of inflammatory responses, estab-
lishes the functional importance of inflammation derived from ATM in obesity [92].
In obese rats and mice, attenuating TNF signaling either by genetic manipulation
or by antibody administration attenuates insulin resistance and hepatic steatosis
[93-95]. Diabetic renal injury is reduced in obese mice deficient in MCP-1 [96].
Similarly, mice with dietary obesity treated with an inhibitor of CCR2, the receptor
that binds MCP-1, have improved glucose tolerance and insulin sensitivity and
reduced hepatic triglycerides [97]. In obese mice, treatment with an NADPH oxidase
inhibitor reduces ROS production, attenuates hyperlipidemia and hepatic steatosis,
and improves insulin sensitivity [85]. Administration of cobalt protoporphyrin,
which induces the antioxidant, heme oxygenase 1, attenuates hypertension and
glucose intolerance in obese mice [98].

Pulmonary Inflammation: While airway inflammation, particularly eosinophilic
inflammation, is a common feature of allergic asthma, it is increasingly apparent
that the asthma associated with obesity is noneosinophilic in nature [99]. Indeed, in
asthmatics, the percentage of sputum eosinophils is inversely related to BMI [100]
(Fig. 2.4), which may explain why exhaled nitric oxide, a common marker of airway
eosinophilia, is also lower in obese versus lean asthmatics [100—102]. In contrast,
Scott et al. reported that the percentage of neutrophils in sputum increases with
increasing BMI in asthmatics, especially in women [103]. Other investigators have
reported similar trends that did not reach statistical significance [104—-106].
Consistent with the declines in sputum eosinophils observed in obese asthmatics,
examination of BAL fluid of mice that have been sensitized and challenged with
allergen also indicates a decline in airway eosinophils in obese versus lean mice
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[37, 107, 108]. Nevertheless, the obese mice exhibit greater allergen-induced AHR
[37]. Histological sections of allergen-challenged genetically obese mice also indi-
cate a decline in eosinophils around airways [37], whereas airway eosinophils are
augmented in mice that have been rendered obese by high-fat feeding, despite
reductions in BAL eosinophils [108]. There are also greater increases in airway
smooth muscle mass and in airway fibrosis in mice with dietary obesity [36]. The
results suggest that airway biopsies may ultimately provide more definitive infor-
mation about airway inflammation in obese asthmatics than sputum and BAL, which
sample only those cells that have migrated to the airspaces.

In the absence of allergen challenge, there is no overt cellular inflammation either
around the airways in other parts of the lung of obese mice [31, 32]. However, even
these unchallenged obese mice are hyperresponsive compared to their lean controls
(Fig. 2.1). The results suggest that cellular inflammation is not required for the AHR
of obesity, though we cannot rule out the possibility that the obesity causes changes
in the activation status of resident immune cells such as macrophages, yo T cells,
and iNKT cells.

There are also obesity-related changes in lung lymphocytes in obese asthmatics.
Dixon et al. reported an increase in BAL lymphocytes in obese asthmatics 12 months
after bariatric surgery induced weight loss [27]. Reductions in BAL lymphocytes
have also been observed in obese versus lean allergen-challenged mice [37, 107].
Dixon et al. also observed a profound increase in cytokine production from periph-
eral blood CD4+ lymphocytes after weight loss in obese asthmatics, suggesting that
obesity attenuates rather than augments CD4+ lymphocyte activation. A similar
reduced cytokine release upon activation has been observed in cells of lymph nodes
draining the lungs of obese versus lean mice [107]. In the mice, the reduction in
lymphocyte activation was not the result of changes in Tregs, which were similar in
number in the lymph nodes of the obese and lean mice. Taken together, the data
suggest suppressed adaptive immunity in the obese asthmatic lung.

Other aspects of airway inflammation have also been assessed in the obese. For
example, 8-isoprostane in the exhaled breath condensate increases with BMI in asth-
matics but not in nonasthmatics [102]. We have also noted increased 8-isoprostane
in BAL fluid of obese versus nonobese mice (unpublished observations). 8-Isoprostane
is a non-cyclooxygenase-dependent product of arachidonic acid and is a marker of
oxidative stress. Urinary LTE, also correlates with BMI in asthmatics [109]. It is
possible that obesity-related elevations in leukotrienes are the result of increases in
the proinflammatory adipokine, leptin, which has been shown to augment leukot-
riene production in alveolar macrophages [110]. Concentrations of leptin are higher
in BAL fluid and sputum of obese versus nonobese individuals [111, 112], consis-
tent with elevations in serum leptin. Indeed, BAL leptin correlates with serum leptin
in both asthmatics and nonasthmatics [111]. It is likely that the elevated lung con-
centrations in obesity are consequent to passive diffusion into the lung of higher
blood leptin in the obese. Both BAL and serum concentrations of the anti-
inflammatory adipokine, adiponectin, increase with weight loss [27]. BAL and
serum concentrations of adiponectin are also correlated in asthmatics but not in non-
asthmatics [111]. In contrast, in nonasthmatics, there is no significant correlation
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between BAL and serum adiponectin. Adiponectins, especially the high molecular
weight isoforms of adiponectin, which are the dominant forms in serum, are
extremely large molecules and likely require a transport molecule for transit from
the blood into the lung. The adiponectin-binding protein, T-cadherin, may serve this
function [113]. Thus, increases in serum adiponectin may not necessarily lead to
increases in adiponectin in lung fluids unless there is a marked increase in the per-
meability of the alveolar/capillary barrier, an event which may occur secondary to
airway inflammation in asthma.

Inflammation and AHR: While the systemic inflammation of obesity may not nec-
essarily translate into airway inflammation, especially cellular inflammation, it may,
nevertheless, have the capacity to augment airway responsiveness. For example,
many of the inflammatory moieties that are elevated in serum of obese individuals,
including IL-6, TNFa, PAI-1, eotaxin, VEGF, and MCP-1, have been associated
with altered airway responsiveness in various models (see recent reviews [3, 38,
114, 115]). Obesity-related increases in leptin and declines in adiponectin also have
the capacity to contribute, since exogenous administration of leptin augments [116],
while adiponectin inhibits [117] allergen-induced AHR in mice.

An additional aspect of the systemic inflammation of obesity is an increase in the
serum concentration of endothelin [118, 119]. Endothelin contributes to the hyper-
tension of obesity [89, 120, 121] and may also play a role in obesity-related AHR.
Endothelin is among the most potent known constrictors of airway smooth muscle
[122, 123] and also causes AHR when administered intranasally in mice [124].
Endothelin is also required for allergen-induced AHR in some animal models [125].

Recent evidence also points to IL-17 as a component of the systemic inflammation
of obesity. IL-17A is increased in the serum of obese versus lean individuals [126].
Similar elevations in serum IL-17A are observed in severe versus moderate or mild
asthmatics [127]. IL-17A and Th17 cells are increased in spleens of mice with diet-
induced obesity versus lean controls, whereas other CD4+ lymphocyte populations
are not affected [128, 129]. Consistent with these observations, in obesity, suscepti-
bility is increased for several autoimmune diseases in which Th17 is known to play
a significant role. Th17 cells are not the only source of IL-17, and there is also
increased IL-17A expression in neutrophils in the peritoneal cavity of obese versus
lean mice undergoing zymosan-induced peritonitis [130]. As noted above, increases
in serum IL-6 are common in obesity. IL-6 is important for induction of Th17 cells,
and obesity-related increases in Th17 cells are not observed in IL-6-deficient mice
[128]. However, neutrophil expression of IL-17 in experimental peritonitis is not
affected by IL-6 neutralization.

It is conceivable that elevations in IL-17 could play a role in obesity-related
AHR. The role of IL-17 in allergic models of asthma is somewhat controversial
[131], but IL-17 is expressed in the lungs following ozone exposure and contributes
to ozone-induced neutrophil recruitment and AHR in mice [132]. Obesity-related
elevations in IL-17 might therefore contribute to the augmented ozone-induced
AHR that is observed in obese mice [29, 31, 32, 35].



2 Effects of Obesity on Airway Responsiveness 37

Diet

It is conceivable that the apparent alterations in airway responsiveness associated
with obesity are actually secondary to dietary factors. Indeed, the observed hetero-
geneity in the effects of obesity on AHR (Table 2.1) may reflect regional differences
in dietary constituents. Obese individuals tend to consume not just more calories but
also a less healthy diet [133]. There is evidence that dietary antioxidants and
omega-3 fatty acids, which are plentiful in fruits, vegetables, nuts, and marine fish,
can positively impact lung function [134]. In contrast, high dietary fat intake is
associated with AHR [135]. In a variety of cell types, certain fatty acids cause TLR4
activation, leading to increased NF-kB activation and proinflammatory cytokine
release [136]. Indeed, in obese individuals, plasma levels of IL-6 rise after a high-fat
meal [137]. In contrast, consumption of orange juice or a supplement containing
resveratrol and muscadine, components of red grapes, reduces TLR4 activation and
oxidative stress within circulating mononuclear cells [138, 139]. Indeed, even a
single high-fat meal can have an impact on the lung [140]. Compared to consump-
tion of a low-fat meal, consumption of a high-fat meal increased the percentage of
neutrophils in sputum in asthmatics and attenuated bronchodilator responsiveness.

Interestingly, Ghanim et al. [141] reported that consumption of a high-fat, high-
carbohydrate meal increased plasma endotoxin concentrations, whereas consump-
tion of a meal rich in fruits and fiber did not [141], even though both meals contained
the same amount of endotoxin. Plasma endotoxin also increased in obese mice fed
a high-fat diet [142]. The rise in plasma endotoxin was secondary to an increase in
intestinal permeability and increased absorption into the blood of endotoxin derived
from intestinal bacteria. Importantly, plasma endotoxin correlated with indices of
adipose tissue inflammation and macrophage infiltration in these mice, whereas
treatment with antibiotics suppressed this adipose tissue inflammation along with
metabolic complications including insulin resistance. High-fat feeding also reduced
the number of intestinal bifidobacteria, a population whose presence improves
mucosal barrier function [143]. Genetically obese 0b/ob mice also exhibit endotox-
emia [142], alterations in gut microbiota [144], and improved adipose tissue
inflammation upon treatment with antibiotics [142]. In fact, alterations in the gut
microbiome in obesity result in bacterial species with an increased capacity to har-
vest energy from the diet, thus perpetuating the obese state [144]. The lungs are not
sterile, and there are differences in the populations of bacteria in lungs of asthmatics
versus controls [145]. It is conceivable that obesity may also lead to alterations in
lung bacterial populations that promote AHR.

Colonic bacteria also ferment dietary fiber leading to the generation of short-chain
fatty acids (SCFA) with anti-inflammatory activities. Many of these SCFA signal via
the G-protein-coupled receptor Gpr43, and gpr43-deficient mice have augmented
allergic airways responses [146]. Thus, diets low in fiber may promote asthma via
loss of the anti-inflammatory effects of SCFA generation in the colon. Interestingly,
Bacteroidetes bacteria, which are major producers of SCFA, are reduced both in the
GI tract in obesity [144] and in the lungs of subjects with asthma [145].
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Conclusions

A growing body of evidence indicates that obesity does promote AHR, especially
when sensitive measures of airway function are employed in assessing responsive-
ness. Obesity results in reductions in the FRC, which may contribute to AHR in
males. However, in females, who make up the majority of obese asthmatics, other
factors appear to dominate. Even in lean subjects, adipose tissue is infiltrated with
numerous immune and inflammatory cells. With obesity, the relative numbers and
activation state of these cells change, leading to increased circulating levels of
several inflammatory moieties. Many of these moieties have the capacity to promote
AHR. Diet is often different in obese versus lean individuals, and some dietary
components, including dietary fat and fiber, have been shown to influence lung func-
tion and airway responsiveness. Moreover, there are changes in the gut microbiome
with obesity that may interact with the diet to exacerbate systemic inflammation.
Understanding how obesity promotes AHR may lead to better treatment modalities
for asthma in this difficult-to-treat population.
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Chapter 3
The Effects of Obesity on Immune Function
and Pulmonary Host Defense

Peter Mancuso

Abstract Obesity is a common condition in developed nations known to increase
the risk of cardiometabolic disease and is now implicated as a contributing factor to
ailments of the lung. Once thought of as a passive vessel for the storage of excess
lipids, adipose tissue is now appreciated for its role as an endocrine gland that secretes
adipocyte-derived factors or adipokines known to regulate numerous physiologic
functions. Leptin is the best characterized adipokine, and it has been shown to play a
profound role in the regulation of innate and adaptive immunity in respiratory infec-
tions. The accumulation of excess adipose tissue in the obese has dramatic effects on
the systemic immune response by contributing to a chronic state of low-grade
inflammation and altering the host response to infection. Recent epidemiologic evi-
dence and carefully controlled animal studies have demonstrated that excess adipos-
ity impairs the host response against influenza infection. Whether or not obesity
contributes to the risk of community-acquired or nosocomial pneumonia is not clear
and requires further examination. Future elucidation of the mechanisms by which
excess adiposity impairs immune function is warranted and would foster develop-
ment of novel therapeutic strategies to treat pulmonary infections in obese patients.
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Objectives

e Understand how excess adipose tissue contributes to a chronic state of low-grade
systemic inflammation.

* Examine the influence of obesity on leukocyte function.

e Evaluate the evidence that obesity and comorbid conditions increase the risk
respiratory infections.

e Illustrate the importance of leptin in host defense against infection in humans
and animals.

Introduction

The prevalence of obesity and overweight among adults living in the USA has
increased to alarming levels with 34% obese (BMI>30) and 68% overweight
(BMI=25-29.9) adults [1]. Moreover, 46-54% of hospitalized patients are over-
weight, 32% are obese, and 5% are extremely obese with a BMI of >40 [2]. Similar
trends have been observed in other developed nations raising global concerns about
the long-term health consequences of obesity [3]. While type II diabetes, cardiovas-
cular disease, and nonalcoholic fatty liver disease are well-known comorbid condi-
tions associated with obesity, the evidence that excess white adipose tissue suppresses
host defense against infections of the lung is emerging [4—7]. Obesity is said to con-
tribute to a “chronic state of systemic inflammation” that not only alters glucose and
lipid metabolism but also has profound effects on immune cell function [8, 9]. The
recent observation that the obese were uniquely susceptible to and suffered more
severe outcomes from the 2009 HIN1 influenza pandemic underscores the need to
elucidate the effects of obesity on innate and adaptive immune responses against
respiratory infections [10]. This chapter will examine the evidence that obesity con-
tributes to greater susceptibility to respiratory infections in humans and in animal
models of obesity and will also discuss the mechanisms underlying these responses.

Adipose Tissue Is an Energy Storage Depot and Endocrine
Gland that Influences the Immune System

Adipose Tissue Structure. Adipose tissue is a complex network of mature adipo-
cytes, preadipocytes, mesenchymal cells, stromal cells, vascular endothelial cells,
macrophages, and fibroblasts mainly found in subcutaneous and visceral regions. It
serves as a storage depot that buffers the influx of dietary lipids by clearing triacyl-
glycerol (TAG) and inhibiting the release of free fatty acids (FFA) into the systemic
circulation. In addition to storing TAG, white adipose tissue also functions as an
endocrine organ by elaborating adipokines (adipocyte-derived hormones that are
structurally similar to cytokines), cytokines, acute-phase reactants, prostaglandins,
and other hormones that participate in local and distal physiologic processes.
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The levels of adipokines influence glucose homeostasis and inform the host, via the
central nervous system, regarding lipid energy storage. Under conditions of a posi-
tive energy balance, adipose tissue expands not only in subcutaneous and visceral
depots but also throughout the body in association with the heart, kidneys, bone
marrow, adventitia of major blood vessels [11], and lungs [12]. While the significance
of these organ-specific adipose tissue depots is unclear, the expansion of these
depots under the influence of excess caloric intake can alter adipokine secretion,
promoting a proinflammatory state ultimately influencing organ function [11, 12].

Adipose Tissue Inflammation. During the development of obesity, individual adipo-
cytes undergo hypertrophy, and the vascular supply fails to adequately perfuse the
expansion of adipose tissue resulting in tissue hypoxia and apoptotic cell death [13,
14]. This process is thought to initiate the proinflammatory condition of visceral
adipose tissue and promote the development of type II diabetes and metabolic syn-
drome [15]. The cellular debris left behind from apoptotic adipocytes induces the
elaboration of chemokines such as CCL2, which recruits peripheral blood mono-
cytes and T cells [16, 17]. The accumulation of adipose tissue macrophages is pro-
portional to total adiposity, and the monocytes recruited to adipose tissue differentiate
into macrophages which exhibit a classically activated or M1 phenotype [14, 18, 19].
In contrast, M2 or alternatively activated macrophages found in adipose tissues of
lean animals produce anti-inflammatory mediators known to resolve inflammation
and protect against obesity-induced insulin resistance [20]. Recent reports have
described an important role for regulatory CD4+ T cells and CD8+ effector T cells
in promoting the polarization of adipose tissue macrophages toward the M1 pheno-
type which express inducible nitric oxide synthase and many proinflammatory fac-
tors known to contribute to insulin resistance [21]. In addition to these recruited
leukocytes, mast cells have also been shown to increase in adipose tissue in murine
models of diet-induced obesity, and these cells may contribute to glucose intolerance
and inflammation [22]. Finally, a recent report by Stienstra and coworkers demon-
strated an important role for NOD-, LRR-, and pyrin domain-containing 3 (NALP3)
inflammasome, an innate immune receptor, in adipose tissue inflammation, MCP-1
expression, and macrophage recruitment into adipose tissue in mice [23]. NALP3-
deficient mice were protected against diet-induced obesity and insulin resistance,
and detailed metabolic and molecular phenotyping indicated an important role for
the inflammasome in energy expenditure and adipogenic gene expression [23].

Pro- and Anti-inflammatory Adipokines in Obesity. The production of proinflammatory
adipokines in white adipose tissue (WAT) such as leptin, resistin, retinol-binding
protein 4 (RBP4), TNF-a., IL-6, lipocalin-2, IL-18, CXCLS5, and nicotinamide phos-
phoribosyltransferase (NAMPT) increases during obesity [12]. In addition to these,
acute-phase reactants, C-reactive protein (CRP), serum amyloid A (SAA), comple-
ment fragment C3, and other immune-modulating mediators are produced in WAT
as well [24]. In contrast, the production of anti-inflammatory adipokines such as
adiponectin and secreted frizzled-related protein 5 (SFRPS) is downregulated
[25, 26]. These proinflammatory mediators spill over into the peripheral circulation
and contribute to a low-grade state of chronic systemic inflammation that may
ultimately influence the pulmonary immune response against infection [24, 27].
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Although yet to be determined, the production of these adipocyte-derived mediators
from local adipose tissue (e.g., adipocytes in the mediastinum) could potentially
contribute to pulmonary inflammation.

Leptin and Inflammation. Of these proinflammatory systemic mediators that are
increased during obesity, leptin is the best characterized. It was originally described
as a satiety hormone that regulates energy homeostasis and informs the host, via the
central nervous system, regarding peripheral lipid energy storage [28]. Obese indi-
viduals, who possess high serum leptin levels since this adipokine is positively cor-
related with total body fat mass, are said to be in a state of leptin resistance without
the anorexic effects of this hormone [12, 29]. The long (LepRb) and short (LepRa-d)
isoforms of the leptin receptor are expressed by bronchial and alveolar epithelial
cells and alveolar macrophages [30-33], and all cells of the immune system express
these receptors [34]. The LepRb signals via the Janus kinase (JAK2) and signal
transducer and activator (STAT3) pathway, and the LepRa has been shown to acti-
vate the extracellular-regulated kinase pathways (ERK1/2) and phosphatidylinositol
kinase (PI3K) pathways [35, 36]. Collectively, these intracellular signals regulate
the immunostimulatory effects of leptin in myeloid cells such as the production of
reactive oxygen intermediates and upregulation of phagocytic receptor expression
in monocytes [37] and neutrophils [38—40]. These leptin-mediated signaling events
also promote a T, 1 response through the enhanced production of IL-2 and IFN-y as
well as stimulating the proliferation and activation of T cells in response to mitogen
activation [41]. Leptin can also prime leukocytes for increased IL-6, TNF-a, and
leukotriene synthesis [38, 42—44] and enhance nitric oxide production in leukocytes
in vitro [45]. Leptin also plays a critical role in B cell generation and development
[46] and licenses DCs for priming T, 1 responses, promoting their survival and
capacity to activate CD8+ T cells [47, 48]. Finally, leptin plays a critical role in the
development and activation of natural killer cells [49].

Inflammatory Effects of Leptin in the Obese Host. In total, the increased synthesis
of leptin in the obese appears to promote proinflammatory responses systemically
and in the lung. While there is evidence that cells in the lung are capable of produc-
ing low levels of leptin [32, 50-52], the physiologic significance of this is not clear.
Much higher levels of leptin appear in the peripheral blood during infection [33, 43,
53] and other systemic inflammatory responses, suggesting that it leaks in to the
respiratory tract due to increases in microvascular permeability as a consequence of
pulmonary inflammation [54, 55]. Within the lungs of obese patients, leptin may
prolong the lifespan of leukocytes, provoking greater inflammation in the setting of
pneumonia and chronic bronchitis [50, 53, 56]. However, relatively little is known
regarding the influence of leptin in immune cells in the obese leptin-resistant host.

Anti-inflammatory Adipokines. In contrast to leptin, the synthesis of the anti-
inflammatory adipokine, adiponectin, declines with increased adiposity, during an
inflammatory response, or from tobacco smoke exposures [57, 58]. All three of
the known adiponectin receptors (AdipoR1, AdipoR2, and T-cadherin) are expressed
in the lungs, and low, medium, and high molecular weight forms of adiponectin have
been isolated from bronchoalveolar lavage fluid [59, 60]. Adiponectin receptors
mediate anti-inflammatory signals via the adenosine monophosphate (AMP)-activated
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kinase (AMPK) pathway and by inhibiting Toll-like receptor-mediated nuclear factor
kappa B (NF-kB) activation in macrophages [61]. Adiponectin has been shown to
increase prostaglandin synthesis in stromal cells [62] and IL-10 production in human
macrophages [63]. In addition, exogenously administered adiponectin suppresses
leukocyte recruitment, T 2 cytokine production, and airway inflammation in a murine
model of allergen-induced asthma [59]. Interestingly, the lungs of adiponectin-
deficient mice exhibit an emphysema-like phenotype that is associated with activated
alveolar macrophages that spontaneously elaborate TNF-a and matrix metalloprotei-
nase-12 MMP-12 [64]. Adiponectin levels are reduced in smokers and increased in
former smokers with COPD [65]. Adiponectin deficiency has also been shown to be
associated with pulmonary inflammation and remodeling of the lung in a model of
allergen-induced chronic asthma. Thus, reduced levels of adiponectin, the most abun-
dant adipokine in peripheral blood (approximately 10 pg/ml) [66], may be an impor-
tant mechanistic link between obesity and pulmonary inflammatory responses.
Interestingly, a recent study by Uji et al. showed that adiponectin-knockout mice
exhibit greater mortality and that pharmacologically induced increases in serum adi-
ponectin improves survival in a murine model of polymicrobial sepsis [67].
Adiponectin also facilitates the uptake of apoptotic cells [68] by macrophages, and
this response is critical for reducing inflammation in the lungs [66, 69, 70]. At pres-
ent, there are no studies that have evaluated the role of adiponectin in pulmonary host
defense against infection, and the physiologic significance of reduced adiponectin in
obese humans warrants further investigation.

Antimicrobial Protein, Lipocalin-2. Lipocalin-2 is produced by adipose tissue and
is abundant in the serum of obese mice and humans [71, 72]. The endogenous ligand
for this transporter of lipophilic substances has not been identified. However, lipoc-
alin-2, which is also produced by neutrophils and bronchial epithelial cells, is a
siderophore (an iron-chelating molecule produced by bacteria)-binding antimicro-
bial protein that is required for host defense against Klebsiella pneumonia [73] and
plays a protective role against murine Escherichia coli pneumonia [74]. Based on
this evidence, it would appear that obese humans would be protected against bacte-
rial pneumonia due to the abundance of leptin and lipocalin-2. While some have
reported a protective effect of obesity in community-acquired pneumonia [75], other
reports have demonstrated an increased risk for lower respiratory tract infections
[76]. Clearly, future studies are needed to evaluate the contribution of these and
other adipokines to immune dysfunction in the obese.

Alteration in Leukocyte Counts and Function
in Obese Human Subjects

Obesity and Leukocytosis. A number of publications have attempted to define the
effects of obesity on host defense by simply harvesting peripheral blood cells of
obese individuals and studying their responses to various stimuli and pathogens
in vitro. While this seems like a very logical approach, it assumes that human obesity
is a signal phenotype that can be categorized solely on BMI. Human obesity is a
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Table 3.1 Effects of obesity on human leukocyte function

Cell type Effects of obesity (reference)

PMNs Increased phagocytosis and ROS production [81]; defective
bacterial killing [86, 87]

Macrophages/monocytes Increased phagocytosis and ROS production [81]; enhanced
proinflammatory cytokine production [12]

CD4+ T cells T, 1 polarization [21]

CD8+ T cells Diminished proliferative response to mitogen activation [81]

B cells Reduced proliferation in response to mitogen activation [81]

NK cells Impaired cytotoxic function [84, 85]

PMN neutrophils, ROS reactive oxygen intermediates, NK natural killer

complex multifactor syndrome that is caused by many different genetic and envi-
ronmental influences and may be accompanied by comorbid conditions known to
impair immune function such as type II diabetes. As a consequence, these factors
may explain why investigators have not always reported consistent results regarding
the function and number of immune cells harvested from obese humans. For exam-
ple, Womack et al. [77] observed that CD4+ and CD8+ T cells were elevated in
obese women compared with those with a BMI<25 kg/m? Likewise, O’Rourke
[78] observed an increased frequency of these cells in obese human subjects. In
contrast, Tanaka et al. [79] reported that the numbers of both CD4+ and CD8+ T
cells were reduced in obese compared with nonobese subjects. In addition, Kim and
Park [80] reported that lymphocyte counts in adolescent obese females were nega-
tively correlated with BML.

Affect of Obesity on Leukocyte Function. With regard to leukocyte function in obese
subjects, Nieman et al. [81] reported that CD8+ T cell and B cell proliferation in
response to exogenous stimuli was diminished. In another report from the same
group of investigators, mild to moderate obesity was not associated with impair-
ments in T cell, B cell, monocyte, and granulocyte functions [82]. While obesity has
been reported to increase naive T cell populations in humans and DIO mice, it has
also been shown to restrict T cell diversity and accelerate thymic involution [83].
There is agreement, however, that obesity reduces NK cell populations and impairs
the function of these cells [84, 85]. Interestingly, a study by Nieman et al. demon-
strated that monocytes and neutrophils (PMNs) obtained from obese human sub-
jects exhibited modest increases in the ability to phagocytose opsonized bacteria
and generate a respiratory burst [§1]. However, others have reported that PMNs
recovered from obese patients exhibit defective bactericidal function [86, 87].
Elevated populations of these cells have also been reported in obese adults and chil-
dren [80, 81, 88]. Surprisingly, there are no studies that have evaluated the impact
of obesity on dendritic cell function. Taken together, obesity, in humans, is associ-
ated with selective impairment of cells that play a principle role in nosocomial
infections (PMNs), adaptive immunity (CD4+ and CD8+ T cells and B cells), and
host defense against viral infections (NK cells and CD8+ T cells). This may explain
why obese individuals exhibit greater susceptibility to hospital-acquired infections
[89], influenza [90], and impaired vaccine responsiveness [91-93]. A summary of
the effects of obesity on immune cell function is provided in Table 3.1.



3 The Effects of Obesity on Immune Function and Pulmonary Host Defense 53

Obesity Is a Risk Factor for Susceptibility and Severity
of Illness from HIN1 Pandemic Influenza

The HIN1 influenza pandemic of 2009 provides cogent evidence that the obese
exhibit greater susceptibility to pulmonary viral infections [5, 94]. Individuals with
known risk factors for influenza such as pregnancy, chronic heart and lung disease,
neurologic disease, and diabetes were frequently reported as being among those with
confirmed HINT infections and who experienced a more severe illness [90, 94-97].
Surprisingly, a number of reports indicated that the obese and morbidly obese also
appeared to be more susceptible to pandemic HIN1 influenza and exhibited greater
severity of illness [5, 94, 98, 99]. Additional studies confirmed these associations
indicating that obesity and morbid obesity were independent risk factors for hospi-
talization [90], admission to an intensive care unit [100], and critical illness and
death [94, 101] associated with HIN1 infection in the USA [102]. Similar reports
from many other countries also indicate a greater severity of illness and death from
pandemic HINT1 in obese patients [103—108]. Table 3.2 summarizes some of the
studies demonstrating that obesity is associated with a higher risk and greater sever-
ity of illness from HIN1 pandemic influenza. Finally, obesity may also impair host
defense against other types of viral infections of the respiratory tract since obesity
was associated with a worse clinical course during respiratory syncytial virus (RSV)
infection in a cohort of Chilean children [109]. Since mortality resulting from
influenza is often associated with secondary bacterial pneumonia, future studies
should investigate the association between obesity and the possibility that these indi-
viduals may be more likely to develop secondary bacterial pneumonia.

Does Obesity Increase the Risk of Community-Acquired
or Nosocomial Pneumonia?

Obesity and Risk of Community-Acquired Pneumonia. While there is ample evi-
dence that shows an increased risk of bacterial infections of the feet, surgical and
catheter sites, gingival and periodontal tissues, gastrointestinal tract, and skin in
obese patients, the impact of obesity on bacterial pneumonia is less certain [110].
Community-acquired pneumonia is most frequently caused by bacterial pathogens.
Paradoxically, three studies have demonstrated a protective association between
obesity and mortality from pneumonia [75, 111, 112]. Corrales-Medina et al. [75]
demonstrated that increasing BMI was negatively correlated with 30-day mortality
in patients with proven pneumococcal or Haemophilus community-acquired pneu-
monia. Similarly, LaCroix et al. [111] reported a negative relationship between mor-
tality from pneumonia and BMI with increased mortality in men in the lowest BMI
quartile compared with the highest BMI quartile. This study also suggests that the
obese were protected from pneumonia as a cause of death. In a study that evaluated
protective factors against death from pneumonia in 110,000 Japanese subjects,
Inoue et al. [112] reported that low BMI (<18) was associated with an increased risk
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of death, while the opposite was true for subjects with a high BMI (25-30.9). The
reported associations between lower BMI and an increased risk of death from pneu-
monia [75, 111, 112] probably reflects the greater frequency of chronic disease-
associated malnutrition, e.g., emphysema, known to increase one’s susceptibility to
pneumonia. In contrast to these, a study by Baik et al., which included 26,429 men
aged 44-79 years from the Health Professionals Follow-up Study and 78,062 women
aged 27-44 years from the Nurses’ Health Study II, demonstrated a significant asso-
ciation between a 40-1b weight gain and a twofold increased risk of community-
acquired pneumonia [76]. Only one study, at the time that this chapter was written,
has demonstrated an association between childhood obesity and respiratory infec-
tions [113]. In this study, the authors reported that overweight children (BMI in the
90th percentile) experienced twice as high a risk for acute respiratory infections
than children with a low BMI. At present, the effect of obesity on susceptibility to
community-acquired bacterial pneumonia is not clear, and additional studies are
needed to evaluate this potential relationship.

Obesity and Risk of Nosocomial Pneumonia. Obese patients experience more compli-
cations while hospitalized for critical illness and after surgery, requiring greater hospi-
tal and ICU lengths of stay. Although there are numerous studies demonstrating that
obesity is associated with a greater risk of surgical site infections [114], wound infec-
tions, catheter and blood stream infections [89], and infections of the urinary tract
[115], the data on the association between obesity and the risk of nosocomial pneumo-
nia, which is most often caused by bacteria, are mixed. For example, a prospective
study by Bochicchio et al. involving 1,167 critically ill trauma patients demonstrated
that obesity was associated with increased hospital and ICU lengths of stay and a two-
fold increased risk of urinary tract and blood stream infections and pneumonia [4].
Similarly, Newell also observed an increase in hospital and ICU lengths of stay,
increased urinary tract infections, a longer period of ventilator support, as well as an
increased risk of pneumonia in obese and severely obese critically injured blunt trauma
patients [6]. A retrospective chart review of patients admitted to the medical ICU con-
ducted by Yaegashi et al. [7] revealed that morbidly obese patients, defined as BMI
>40, had higher rates of mortality, acute respiratory distress syndrome, catheter infec-
tions, acute renal failure, nosocomial pneumonia, and sepsis than obese patients with a
BMI in the range of 30-39.9. The morbidly obese also required a longer period of time
on ventilatory support. In contrast to the studies mentioned above, studies by Brant
et al. [116] and Moulton [117] did not find a significant association between obesity
and an increased risk of nosocomial pneumonia in patients undergoing heart surgery.
Finally, Dossett et al. did not find a significant association of BMI with pulmonary
complications (such as pneumonia) in a cohort study of critically injured adults [118].
Based on available evidence, an association between obesity and community-acquired
or nosocomial pneumonia is not clear, and additional research is needed. Future studies
should employ the use of viral and bacterial microbial DNA arrays for the identification
of the causative agent and diagnosis of infectious pneumonia[119]. Since it is likely
that obesity selectively alters the immune response, this type of identification would be
very useful in understanding the mechanisms by which excess adiposity suppresses
host defense against pathogens known to more frequently infect obese patients.
Table 3.3 provides a summary of some of the studies mentioned above.
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Comorbid Conditions Associated with Obesity Known
to Affect Pulmonary Host Defense

Obesity is a complex multifactorial disease that is characterized by excess adiposity
and is often accompanied by other comorbid conditions known to compromise
immune function such as type II diabetes and gastroesophageal reflux disease
(GERD) [120]. It is well established that diabetes delays wound healing, impairs
host defense against skin and subcutaneous infections, and is associated with noso-
comial infections and infectious complications of surgery [121]. It is also an impor-
tant risk factor for pneumonia and influenza [122] and contributes to a higher risk of
death from community-acquired pneumonia [123]. Since obese patients often have
gastroesophageal reflux disease and are at a greater risk for aspiration pneumonia
[124], care should be taken to position these patients in a semiupright position dur-
ing hospitalization [110, 125]. While type II diabetes and GERD are known risk
factors for pneumonia, less is known about the risk of respiratory infection in the
absence of comorbid conditions. However, the greater severity of illness from HIN1
influenza in obese patients without comorbid disturbances suggests that increased
adiposity may render individuals more susceptible to viral and possibly other types
of infections [126]. Another important mechanism by which obesity might alter
host defense is through metabolic disturbances induced by type II diabetes that
often accompanies obesity. In this condition, endoplasmic reticulum stress, lipotox-
icity, oxidative stress, and glucotoxicity are known to contribute to insulin resis-
tance [15]. These same mechanisms may alter the metabolic activity of immune
cells ultimately affecting their ability to respond to infection [127]. For example,
quiescent naive and memory T cells have lower energy demands and rely on aerobic
phosphorylation for ATP generation required for their survival and migration. In
contrast, the expansion quiescent T cells into cytotoxic CD8+ T cells that play a
critical role in clearing virus-infected cells from the lung switch to anaerobic glyco-
lysis to support their rapid proliferation and effector functions [128]. Metabolic
disturbances in the obese may compromise this transition and impair the cytotoxic
T cell response to infection. The effects of obesity on pulmonary host defense are
summarized in Fig. 3.1.

Effect of Leptin and Leptin Receptor Deficiency
on Susceptibility to Infection in Mice and Humans

Leptin and Leptin Receptor Deficiency Impairs Host Defense Against Pulmonary
Bacterial Infections. There are relatively few studies that have evaluated the
effects of obesity on host defense against pulmonary infections. Most of these
have been conducted using obese leptin-deficient ob/ob mice which not only are
obese but also exhibit many immune and endocrine abnormalities that are caused
by both leptin deficiency and obesity, which complicates the interpretation of
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Fig. 3.1 Obesity-induced immune dysfunction that contributes to impaired pulmonary host defense

these studies [43, 129-131]. Leptin is essential for normal development and
function of cells of the myeloid and lymphoid linage, affecting both innate and
adaptive immune responses, and the absence of this hormone or its receptor
results in severe immune abnormalities[132]. Studies conducted in our labora-
tory have shown that ob/ob mice exhibit increased pulmonary bacterial burdens
and reduced survival following an intratracheal challenge with either Klebsiella
pneumoniae or Streptococcus pneumoniae [43, 129]. The host defense impair-
ment in these animals was related to defective alveolar macrophage and neutro-
phil phagocytosis and killing of bacteria in vitro. We also reported that leptin
deficiency was associated with reduced leukotriene synthesis which is also known
to contribute to impaired pulmonary host defense against bacterial pneumonia
[43,44,53,133,134]. Likewise, Wieland etal. reported higher lung Mycobacterium
tuberculosis counts in ob/ob compared with WT mice that was associated with
reduced levels of IFN-y in a murine model of tuberculosis [131]. Ordway reported
similar results in that IFN-y+CD4+ T cell recruitment to the lungs was delayed
in ob/ob compared with WT mice challenged with M. abscessus [130]. Lung
Mycobacterium abscessus burdens were higher, and mycobacterial clearance was
delayed in ob/ob mice.
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Leptin and Leptin Receptor Deficiency Impairs Host Defense Against Bacterial,
Fungal, and Viral Infections. In addition to pulmonary infections, leptin- and leptin
receptor-deficient (db/db) obese mice exhibit increased susceptibility to subcutane-
ous Listeria monocytogenes infection despite a more robust and persistent
inflammatory response [135]. In another study by Conge [136], the immune response
against K. pneumoniae and Salmonella typhimurium was also impaired in ob/ob and
db/db mice. A recent study by Tschop et al. [137] demonstrated that ob/ob mice
exhibited greater mortality and more severe organ damage following cecal ligation
and puncture-induced polymicrobial sepsis. Db/db mice have also been shown to
exhibit greater susceptibility to Staphylococcus aureus [138] and Helicobacter
pylori [139] infections. Leptin also appears to play an important role in viral infec-
tions since ob/ob mice have been shown to exhibit greater susceptibility to encepha-
lomyocarditis virus [140] and group B coxsackie virus infections [141]. Finally,
leptin receptor mutant obese (fa/fa) rats have also been shown to exhibit impaired
host defense against Candida albicans [142]. Only one study failed to show differ-
ences between WT and ob/ob mice following bacterial infection [143]. Based on
these studies, leptin appears to play a critical role in the host defense against bacte-
rial, viral, and fungal infections of the lung and other tissues. While human leptin
deficiency is rare, individuals with this genetic defect are known to exhibit greater
susceptibility to respiratory infections, indicating an important role for leptin in the
human immune response to infectious disease as well [144].

Effects of Leptin Receptor Signaling and Leptin Resistance in Infection. While
there is disagreement in the literature regarding the susceptibility of the obese to
community-acquired and nosocomial pneumonia, obesity appears to be a risk factor
for influenza and possibly other viral infections. As mentioned above, obesity is
associated with a chronic state of systemic inflammation, and one might infer that
this condition would lead to a heightened state of host defense. However, there is
more agreement that obesity impairs host defense against influenza infection, and
this may occur via leptin resistance and metabolic dysfunction. Leptin resistance is
a condition by which cells become insensitive to leptin as a consequence of pro-
longed exposure to elevated levels of this adipokine [29]. This effect is mediated
through the downregulation of LepRb in immune cells and through the prolonged
activation of STAT3 signaling and accumulation of intracellular SOCS3 which
inhibits leptin receptor activation [145]. Leptin resistance has been demonstrated in
NK cells [146], T cells [147], and peripheral blood monocytes [148], and this might
contribute to suboptimal responses in the obese during influenza infection. Lastly, it
is interesting to note that polymorphisms in the human leptin receptor gene have
been associated not only with obesity but also with susceptibility to infectious dis-
ease as well [149, 150]. It is envisioned that leptin receptor mutations in humans
may be related to impairments in pulmonary host defense that may or may not be
associated with an obese phenotype. Alternatively, leptin receptor mutations can
lead to obesity and a protective immune phenotype against pulmonary infections
[33]. In total, more research is needed to determine the role of leptin receptor dys-
function in infectious disease.
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Diet-Induced Obesity Impairs Host Defense against Murine
Influenza A Infection

The recent obesity epidemic in developed nations is most likely due to environmen-
tal, dietary, and polygenetic influences that ultimately contribute to a positive
energy balance which most commonly occurs as a consequence of an energy-rich
diet. Many investigators have taken a similar approach in producing obese mice by
feeding these animals diets consisting of 40-60% fat, usually in the form of satu-
rated fatty acids, to induce obesity within a relatively short period of time (100-
120 days) [151]. While this approach mimics human obesity, the high saturated fat
content in these diets may also differentially regulate the immune response [152].
Although there are relatively few studies that have examined the effects of diet-
induced obesity (DIO) on host defense against influenza infection, the use of this
approach has provided very useful information on the influence of obesity on
influenza infection [153-156]. Compared to their lean counterparts, DIO mice
exhibit greater mortality and increased lung pathology following infection with a
mouse-adapted influenza virus (influenza A/PR/8/34) [153]. This impairment in
host defense in DIO mice was associated with a decrease in type I IFNs (IFN-a and
IFN-B), a delay in the expression of IL-6 and TNF-a that eventually increased to
levels greater than that observed in lean animals, and impaired natural killer (NK)
cell cytotoxicity. In addition, DIO also impairs host defense against influenza A by
reducing dendritic cell antigen presentation to T cells, attenuating monocyte and
CD8+ T cell recruitment, and diminishing IL-2 and IL-12 production [154].
Following a primary challenge with nonlethal influenza H3N2, Karlsson et al.
demonstrated that DIO mice exhibited increased morbidity and mortality following
a secondary infection with influenza A/PR/8 that was associated with reduced
CD8+ T cell and IFN-y production and defective antigen presentation by dendritic
cells [155, 157]. This impairment was due to an inability of DIO mice to generate
and maintain functional antigen-specific memory CD8+ T cells. Finally, a recent
study by Easterbrook et al. showed that DIO mice experience greater mortality
despite similar viral loads following infection with 2009 pandemic HIN1 influenza
virus [156]. In this report, the authors observed that pulmonary IFN-$ and
proinflammatory cytokine production were lower in DIO than lean control mice.
Interestingly, serum cytokine levels were elevated in DIO, and this response did not
occur after influenza infection in lean mice. The results of these studies provide
valuable insights into mechanisms by which obesity may impair host defense
against influenza infections that may be relevant to human disease. Future studies
should explore mechanisms by which obesity, and potentially alterations in the
metabolic state of the host, may dysregulate immune cell function during viral
infection [157]. Although DIO mice have been shown to have increased suscepti-
bility to S. aureus-induced sepsis [158] and P. gingivalis [159] infections, there are
no studies that have demonstrated that DIO, using animal models, impairs pulmo-
nary host defense against bacterial or fungal infections of the lung, and investiga-
tors should explore this possibility.
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Conclusions

Health care professionals are well acquainted with the association between obesity,
type II diabetes, atherosclerosis, and ischemic heart disease. However, overweight
and obese adults and children may also be especially susceptible to respiratory
infections, and this was evident during the recent HIN1 influenza pandemic of
2009. Since the prevalence of obesity is likely to be stable within the foreseeable
future, this condition should be recognized as a chronic medical condition known to
increase the risk of influenza-related complications requiring vaccination against
seasonal influenza. Only a small number of studies have characterized the mecha-
nisms by which obesity increases the risk of influenza in animal models, and this
research should be expanded to increase our understanding of the mechanistic
underpinnings of this association. Even less is known regarding the susceptibility of
the obese to bacteria and other respiratory pathogens, and this warrants further
investigation. Finally, future studies should also determine if therapeutic strategies
employed to prevent obesity-related metabolic and cardiovascular disease would
also improve immune function against respiratory infections.
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Abstract Obstructive sleep apnea is a sleep-related breathing disorder characterized
by repetitive upper airway obstruction and is associated with significant morbidity
and mortality. Obesity is one of the primary modifiable risk factors for the manage-
ment of patients with sleep apnea as there is a positive association between the
increasing obesity prevalence and sleep apnea prevalence. Several mechanisms link
obesity and sleep apnea pathogenesis, including the potential increase in additional
mechanical load on the upper and lower respiratory systems from regional adipos-
ity, possible effects of obesity-related inflammation on neuromuscular and neu-
roventilatory function of the upper airway, or a combination of these effects. By
examining the relationship between obesity and obstructive sleep apnea as well as
the mechanisms by which obesity may contribute to the development of sleep apnea
and its related comorbidities, we can evaluate the effect of weight reduction on the
management of sleep apnea.
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Objectives

* Review the epidemiology of obesity prevalence and OSA risk.

* Examine the association between obesity and OSA-related morbidity.

e Understand the mechanisms by which obesity may contribute to the develop-
ment of sleep apnea.

 Illustrate the effect of weight loss on OSA risk.

Introduction

Obstructive sleep apnea is a sleep-related breathing disorder characterized by repet-
itive upper airway obstruction during sleep which results in recurrent oxyhemoglo-
bin desaturations and arousals. Sleep apnea is associated with significant morbidity
and mortality, including increased risk of all-cause mortality [1], cardiovascular
disease [2], and lower quality of life [3]. Although there are several approved treat-
ments for obstructive sleep apnea, such as positive-pressure ventilation, oral devices,
and oral-facial surgery, one of the mainstays of the management of patients with
sleep apnea involves addressing modifiable risk factors such as obesity.

Obesity remains the most important determinant associated with the develop-
ment of the sleep apnea syndrome [4-6]. Several epidemiologic studies have
reported a positive association between the increasing obesity prevalence and sleep
apnea prevalence. The effect of obesity on sleep apnea risk appears to be dependent
on body fat distribution, with central obesity being a better predictor of sleep apnea
severity than body mass index [7]. Although not completely understood, several
mechanisms have been proposed to explain the link between regional adipose tissue
deposits and sleep apnea. These include the potential increase in additional mechan-
ical load on the upper and lower respiratory systems from regional adiposity, pos-
sible effects of obesity-related inflammation on neuromuscular and neuroventilatory
function of the upper airway, or a combination of these effects.

This chapter will focus on the relationship between obesity and obstructive sleep
apnea by examining the mechanisms by which obesity may contribute to the develop-
ment of sleep apnea and its related comorbidities. In addition, we will also evaluate
the effect of weight reduction on sleep apnea pathophysiology and related morbidity.

Obstructive Sleep Apnea: Diagnosis, Definitions,
and Nomenclature

Obstructive sleep apnea syndrome is defined as an apnea-hypopnea index (AHI) >5
events/hour associated with excessive sleepiness. Obstructive apneas are defined as
>90% reduction in airflow for >10 s with continued or increased effort during this
period [8]. The recommended hypopnea definition is a >30% decline in airflow
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for 210 s in association with a >4% oxyhemoglobin desaturation. An alternative
hypopnea definition which incorporates arousals from sleep is also acceptable and
is defined as a >50% decline in airflow with a >3% oxyhemoglobin desaturation or
an arousal. The severity of sleep apnea is determined based on the frequency of AHI
per hour of sleep with 5.0-14.9 events/hour, 15.0-29.9 events/hour, and >30 events/
hour, being classified as mild, moderate, and severe sleep apnea, respectively.
However, even though the AHI reflects the frequency of collapse, it does not pro-
vide information on the severity of the neuromechanical properties that predispose
the upper airway to collapse.

Clinical Characteristics of Obstructive Sleep Apnea

Frequent snoring is one of the most frequently noted nocturnal symptoms in sleep
apnea. Snoring is either an early symptom of upper airway airflow limitation or a
contributor to the development of airway obstruction by causing local tissue dam-
age and inflammation. Other symptoms include feeling of choking or breathlessness
at night [9], restlessness or other types of body movements during sleep, and noctu-
ria. Obstructive sleep apnea is associated with suppression of stage 3 and 4 sleep or
REM sleep, secondary to sleep-related breathing problems [10, 11] from high fre-
quency bursts of EEG activity, which leads to multiple arousals from sleep and sleep
fragmentation. The incidence of sleep fragmentation is a critical factor contributing
to daytime sleepiness [12, 13]. In addition, patients with sleep apnea also have day-
time symptoms, such as morning headaches, dry sore throat, lethargy, and excessive
daytime sleepiness. Sleep apnea is also associated with cognitive and functional
impairments including memory loss, impaired concentration, hypnagogic halluci-
nations, depression, irritability, and sexual dysfunction [14-16].

Several modifiable risk factors have been identified to contribute to obstructive
sleep apnea. Lifestyle factors such as diet, alcohol consumption, smoking, and use of
central nervous system depressants have been shown to contribute to the incidence of
apnea frequency and duration [17]. Sleep deprivation, irregular sleep patterns [18],
and allergic rhinitis are also potential contributory factors to worsening sleep apnea
[19]. However, as mentioned above, obesity is the most prevalent independent and
confounding risk factor for determining the prevalence of obstructive sleep apnea.

Epidemiology of Obesity and Obstructive Sleep Apnea
Prevalence

The most accepted sleep apnea prevalence data comes from the Wisconsin Sleep
Cohort, a random sample of Wisconsin state employees between the ages of 30 and
60 years old [4]. In this study, the prevalence of obstructive sleep apnea ranged from
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2% t0 9% in women and 4% to 24% in men depending on whether the diagnosis of
sleep apnea was based solely on AHI cut or the combination of AHI and significant
self-reported sleepiness.

The prevalence of sleep apnea in severely obese individuals (mean BMI >40 kg/m?)
is exceedingly high, with rates of at least 40% [20-22]. In the landmark study by
Young et al., a one standard deviation increase in body mass index was associated
with a fourfold increase in risk for sleep apnea [4]. However, we have documented
a prevalence of approximately 40% in an asymptomatic community cohort of over-
weight and obese but otherwise healthy men. Data from the US National Health and
Nutrition Examination Survey show a dramatic rise in the prevalence of obesity,
with prevalence estimates of approximately 60% overweight (BMI >25 kg/m?) and
30% obese (BMI >30 kg/m?) among US adults [23].

Mild to moderate obesity has been associated with markedly increased sleep apnea
prevalence [24, 25], and severe obesity has been linked to sleep apnea of increased
severity [20, 26]. Approximately 70% of those with sleep apnea are obese [27], while
the prevalence of sleep apnea in obese men and women is about 40% [25]. There
appears to be a progression in the association between obesity and sleep apnea, in that
a higher body mass index is associated with higher prevalence of disease [28].
The specific mechanisms linking obesity and sleep apnea are discussed below.

Risk Factors for OSA

It is well recognized that male sex constitutes a significant risk factor for sleep
apnea as evidenced by a two- to threefold increased risk of sleep apnea in men in the
population at large [4]. The increased risk has been attributed to sex-related differ-
ences in body fat distribution. Men manifest a predominantly central pattern of fat
distribution compared to women [29-32]. Direct mechanical effects of central adi-
posity on the upper airway predispose to upper airway narrowing [33-35], collapse
[31, 36—41], and airflow obstruction during sleep. This may explain why men typi-
cally develop sleep apnea at a lower BMI than women.

The increased prevalence in the elderly has been recently confirmed in the Sleep
Heart Health Study, a longitudinal study of the cardiovascular consequences of
sleep apnea [25]. Throughout adult life, there is an inexorable decline in skeletal
muscle mass and strength and a concurrent increase in total and percent body fat
[42, 43]. Aging is associated with decrease in the circulating levels of several hor-
mones including testosterone, DHEAS, estrogen, and growth hormone by 70% or
more, which may contribute to the increased fat accumulation with age [44-46].
Indeed, while premenopausal women appear to be protected against sleep apnea
[25], epidemiologic studies have demonstrated that menopause is a significant inde-
pendent risk factor for the development of sleep apnea, suggesting that alterations
in hormonal status also play a role in the disorder. Women experience a relatively
defined period of rapid decline in estrogen, although most hormones in both genders
gradually decline such that many older adults have levels that would be considered
pathological in younger adults. Moreover, in a recent study, women developed
adverse adipokine and inflammatory profiles during the menopausal transition as a
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consequence of increased central adiposity [47]. Studies have shown that women
who are postmenopausal have higher total fat mass and a different distribution of
body fat [48]. After menopause, body fat distribution tends to change from a high
proportion of peripheral fat to a higher proportion of central fat, more closely resem-
bling the body fat distribution of a male [49]. Restoration to “normal” levels does
result in increased lean mass and decreased adiposity. Whether changes in body fat
composition related to menopause contribute to this increased risk of sleep apnea is
unknown. Ironically, both epidemiologic and small clinical studies of hormone
replacement therapy administration have yielded conflicting results [50]. Studies
examining the prevalence of sleep apnea in middle age and elderly populations [25]
have shown that the prevalence of sleep apnea is significantly higher in the elderly
compared to the middle-aged persons [51-53].

While these associations do not impute causality, changes or differences in hor-
monal status, metabolism, and body composition may represent intermediate or
causal risk factors for the development of sleep apnea.

Regional Fat Distribution

Regional fat distribution is an important determinant of the impact of obesity on
sleep apnea in individuals. Notably, male gender constitutes a particularly strong
risk factor, conferring a two- to threefold increased risk of sleep apnea relative to
females [25, 54]. Mechanistic studies of upper airway collapse have shown increas-
ing obesity (BMI) to cause more upper airway collapse in men compared to women
(Fig. 4.1) [55, 56].

Several other lines of evidence also suggest that obesity is associated with ana-
tomic alterations that predispose to upper airway obstruction during sleep. First,
obesity has been associated with increases in neck circumference and greater
amounts of fat deposited around the upper airway [29, 57]. Second, upper airway
collapsibility is greater in obese compared to nonobese individuals [26] and less
amenable to treatment with anterior mandibular advancement during complete neu-
romuscular blockade [40]. Third, obesity, and in particular central obesity, reduces
lung volume [58] that may increase upper airway collapsibility by decreasing longi-
tudinal traction on the upper airway [59, 60].

The mechanistic role excessive deposition of adipose tissue plays in sleep apnea
severity is described in brief. Adipose tissue in the peripharyngeal area of the neck
is thought to apply pressure to the extraluminal tissue surrounding the upper airway
[61]. Fat in the thoracic compartment compresses the rib cage reducing lung volume
(see Chap. 1) [62]. Abdominal fat may result in cranial displacement of the dia-
phragm decreasing longitudinal tension on the upper airway, increasing upper air-
way collapsibility [63, 64]. Reduced prevalence and severity of sleep apnea in obese
women are likely to be due to differential distribution of excess fat tending to deposit
peripherally around the hips, buttocks, and thighs. In contrast, men tend to distribute
excess fat more centrally on the abdomen and neck [65]. Consequently, even though
women have a proportionally greater fat mass than men, they have reduced mechan-
ical loads on their upper airway [65].
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Fig. 4.1 In men and women, there is a significant correlation between the biomechanical upper
airway collapsibility (passive P, ) and body mass index (adjusted for age). Overall, the passive
P _ir for each BMI tertile was lower in women compared to men. The magnitude of the change in
P per tertile of body mass index unit was almost double in men compared to women

Morbidity/Mortality

The main consequences of sleep apnea are increased cardiovascular morbidity and
mortality [66—69], the metabolic sequelae [70-74], traffic or work-related accidents
due to sleepiness [75, 76], and quality of life impairment [25, 77-79]. In addition,
afflicted individuals may suffer from severe daytime sleepiness that can affect per-
formance and cognitive function. In the Sleep Heart Health Study, a prospective
cohort study of all-cause mortality in patients with untreated sleep apnea, partici-
pants with severe sleep-disordered breathing (an AHI of >30) were about one and a
half times more likely to die from any cause than those without any sleep-disordered
breathing after adjustment for potential confounding factors [1]. Given the con-
comitant effect of obesity on mortality and cardiovascular risk, it is unclear to what
extent the morbidity and mortality associated with sleep apnea is due to obesity.

Cardiovascular Disease

Both obesity and sleep apnea have been associated with hypertension [24, 80, 81]
and cardiovascular disease [82, 83]. The mechanisms through which obstructive
sleep apnea promotes daytime hypertension have not been fully elucidated.
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Several mechanisms have been proposed, including neural, humeral, and cellular
factors. However, converging evidence from physiological studies in humans and
animals points toward intermittent hypoxia and sympathetic nervous system activa-
tion as playing central roles. Repetitive episodes of obstructive apnea, hypoxia, and
hypercapnia act through chemoreceptor reflexes and other mechanisms to increase
sympathetic drive [84]. Remarkably, the high sympathetic drive is present even dur-
ing daytime wakefulness when subjects are breathing normally and both arterial
oxygen saturation and carbon dioxide levels are also normal. This is true whether
these patients are newly diagnosed, never-treated sleep apnea patients on no medi-
cations, or whether they are on antihypertensive therapy [84—86]. Several neural and
humeral mechanisms may contribute to maintenance of higher sympathetic activity
and blood pressure during wakefulness including baroreflex dysfunction [86, 87],
chemoreflex dysfunction [88, 89], vasoconstrictor effects of nocturnal endothelin
release [90], and endothelial dysfunction [91]. Although obesity is a known risk
factor for both obstructive sleep apnea and cardiovascular disease, little is known
about the concomitant risk of developing these two conditions [92].

Metabolic Consequences

Obesity leads to extreme metabolic disturbances, which are related to alterations in
signaling factors produced by adipose tissue [93, 94]. One of the key factors secreted
by adipocytes is leptin that suppresses appetite, increases metabolic rate, and
improves insulin sensitivity of peripheral tissues [95-102]. Fat accumulation leads
to increases in leptin expression, secretion, and pronounced circulating concentra-
tions [103, 104] and glucose intolerance [24, 105, 106].

Regional fat redistribution (lipodystrophy) has also been associated with hyper-
lipidemia, insulin resistance, and hypertension [107-110]. These clinical findings
combine to form the metabolic syndrome [111], a disorder with convenient overlap
between the development of central adiposity and disturbances in metabolism and
cardiovascular control. Recent studies have shown that leptin replacement
significantly reverses the metabolic abnormalities in patients with the metabolic
syndrome and lipoatrophy due either to genetic mutation or medication-related lep-
tin deficiency [112-114]. A true leptin deficiency per se is rare, whereas central
leptin resistance with high levels of circulating leptin is common in obesity [115,
116]. Peripherally, redistribution of body fat due to changing leptin levels may alter
upper airway mechanical loads and work of breathing. In obesity, serum leptin lev-
els are more closely associated with hypoventilation than body mass index or fat
mass; therefore, leptin resistance may reflect both a resistance to the satiety effects
of leptin and a resistance to the respiratory stimulatory effects. On the other hand,
increased leptin levels in obesity hypoventilation syndrome may reflect neuroventi-
latory compensatory response to counteract a sleep-associated rise in CO, [117,
118]. The controversy of the role of leptin in sleep apnea may be attributed to the
conflicting mechanisms of action in peripherally versus centrally located fat.
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Sleep apnea may contribute to both metabolic dysregulation and systemic
inflammation in patients with metabolic syndrome, regardless of symptoms of day-
time sleepiness [119]. Sleep apnea severity is also linked with alterations in glucose
homeostasis in severely obese men and women across a range of glucose tolerances
[73, 120, 121]. Moreover, the level of increased basal pancreatic beta-cell function
is associated with severity of sleep apnea in those with normal but not those with
impaired glucose metabolism. It has been shown that sleep apnea is associated with
increased triglycerides and glucose concentrations as well as levels of cholesterol/
HDL ratio, uric acid, and C-reactive protein [122]. Obesity and insulin resistance
also lead to liver steatosis, but causes of progression of hepatic steatosis to nonalco-
holic steatohepatitis are not known [123, 124]. The impact of hypoxic stress of sleep
apnea may be implicated in the development of insulin resistance and nonalcoholic
steatohepatitis in severe obesity, although more evidence is required.

Sleepiness, Neurocognitive Dysfunction, and Quality of Life

Polysomnographic evidence of sleep disruption due to sleep apnea has been associated
with daytime sleepiness [125], mood and neurocognitive dysfunction [126, 127], and
substantially increased risk of motor vehicle and workplace accidents [76, 128, 129].

Sleep apnea is also associated with a range of defects in neurocognitive function
[3]. Both sleep fragmentation and hypoxemia are thought to contribute [127, 130].
The predominant cognitive defects associated with sleep apnea relate to difficulties
in maintaining attention and alertness and impairments in memory and executive
function [131]. Sleep apnea patients regularly report deficits in quality of life in
various domains, including work performance, relationships, and fatigue [130].
CPAP use has been related to improvements in quality of life in sleep apnea patients
[132]. However, this finding is not always consistent [133], likely due to lack of
treatment efficacy related to suboptimal adherence [134].

Obesity also has a major negative impact on both physical and mental compo-
nents of health-related quality of life [135, 136]. Several studies have now clearly
demonstrated that, in the absence of sleep apnea, obese patients commonly report
symptoms of poor sleep quality and excessive daytime sleepiness [137], but the
cause in the absence of sleep apnea remains unclear. Obesity is associated with
other conditions that may disrupt sleep such as asthma, gastroesophageal reflux,
osteoarthritis, and nocturia. Thus, the combination of obesity and moderate to severe
sleep apnea is formidable in its impairment of quality of life.

Pathophysiology of Obstructive Sleep Apnea

The number of investigations of the mechanical properties of the upper airway,
principally attempting to understand the pathophysiology of the sleep apnea, has
rapidly increased in the preceding 20-30 years. Studies evaluating airway pressure
and airflow measurements have revealed that the upper airway in sleep apnea is
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more collapsible than that of normal healthy subjects [138, 139]. The relationship
between the structurally smaller airway and the reductions in upper airway function
as measured by pressure and airflow highlights the role of the upper airway collaps-
ibility in sleep apnea.

Mechanical, nonmechanical, and genetic factors are involved in the development
of sleep apnea. Mechanical factors include upper airway anatomy, neck and jaw
posture, surface adhesive forces, tracheal tug, and gravity. Any anatomic feature that
decreases the size of the upper airway increases the risk of sleep apnea. During sleep,
supine positioning and gravitational forces allow the retroposition of the tongue and
soft palate reducing the cross-sectional area of the upper airway. Nonmechanical
factors largely consist of pharyngeal dilator muscles and neuroventilatory modula-
tors (such as pharmaceutical or biochemical stimulants or suppressants). Genetic
factors affecting sleep apnea and its risk factors are burgeoning area of discovery.

Upper Airway Imaging

High positive predictive value for presence of sleep apnea can be obtained by direct
linear measurements of the oral cavity, BMI, and neck circumference [140].
Cephalometric measurements identified that retrognathia, elongated soft palate,
narrow posterior airway space, and inferiorly positioned hyoid bone are character-
istics of sleep apnea [141]. Measurements revealed that the mandible is both small
and repositioned [142] and the hyoid bone more inferiorly positioned in sleep apnea
[143]. More recently, three-dimensional upper airway CT in sleep apnea clearly
showed dynamic airway obstruction in sleep apnea; however, this is not strongly
correlated with disease severity [144]. Results from CT imaging studies have dem-
onstrated lateral wall folding in the upper airway [145] leading to decrease airway
caliber during sleep in both normal subjects and sleep apnea patients [34, 146], with
increased lateral airway dimensions with the application of CPAP [147].

The lateral pharyngeal walls are a complex structure made up of a number of
muscles, lymphoid tissue, and pharyngeal mucosa. Although the mechanisms that
control the dimensions of the lateral walls remain undefined, deposition of adipose
tissue due to increasing obesity is likely to change the upper airway properties.
Increased edema and possibly increased fat content of the tongue muscles in sleep
apnea have also been investigated using MRI [148].

Thus, findings from various imaging studies have revealed that the upper airway
in sleep apnea is anatomically smaller and more elliptical in shape than in normal
healthy subjects. These factors predispose the upper airway of sleep apnea patients
to collapse particularly during sleep and are significantly compromised in obesity.

Regional Obesity and Upper Airway Function

Truncal obesity has two potential impacts on upper airway collapsibility. Firstly, its
effects may be mediated through direct compression of the upper airway from
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Fig. 4.2 Sex difference in regional body fat distribution contributes to altered mechanical loads.
When matched for BMI, the severity of sleep-disordered breathing events is high in men, whereas
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peripharyngeal fat deposition. Secondly, truncal obesity-associated reductions in
lung volume [58] may increase upper airway collapsibility by decreasing longitudi-
nal traction on the upper airway [59, 60]. In recent studies, it has been demonstrated
that decreases in lung volume were associated with substantial worsening of upper
airway collapsibility with P, increasing by ~11 cmH,O L' [64].

There is an association of traditional anthropometric measures and DXA-
measured mass with each other and with sleep apnea severity in a case series of men
and women [149]. When considered separately, DXA measures of fat mass were
more predictive of sleep apnea severity than anthropometric measures in women.
The men and women in this series had comparable BMI, but the men had a lower
ratio of fat to lean body mass in all body regions, and neck circumference and
weight were as predictive of disease severity as DXA-measured fat mass in men
(Fig. 4.2). In both men and women, however, a combination of anthropometric mea-
surements and DXA-measured mass improved this predictive capacity. DXA
measures may therefore have clinical and epidemiological utility.

In both men and women, centrally located rather than peripherally located fat con-
tributes to the pathogenesis and severity of sleep apnea. However, there are substantial
gender-based differences in the association between fat distribution and severity of
sleep apnea. Neck fat is associated with disease severity in women but not in men,
while neck circumference was associated with disease severity in both genders. In
men, lean tissue is a substantial contributor to neck circumference; however, in women,
an increased neck circumference is more likely to be associated with an increase in fat.
This suggests that the male preponderance of sleep apnea is likely to be related to
more than simply the direct compressive effect of neck fat on the airway.



4 Pathogenesis of Obstructive Sleep Apnea in Obesity 81

The relative amount of abdominal fat is associated with sleep apnea severity in
men, and visceral adipose tissue in the abdomen has been found to correlate with AHI
[32]. The role of abdominal fat in upper airway instability is increasingly recognized
when recumbent abdominal obesity is likely to be associated with increased cranial
displacement of the diaphragm, decreasing longitudinal tracheal tension, and increas-
ing upper airway collapse [63]. Accumulation of fat in the chest wall (abdominal and
thoracic) also decreases functional residual capacity, particularly when recumbent
and asleep, increasing intrathoracic pressure and thereby extramural tissue pressure
at the thoracic inlet, further increasing upper airway collapsibility [150].

In studies examining the predictive value of regional obesity measures on the
severity of sleep apnea over traditional surrogate measures of obesity such as neck
and waist circumference and BMI, most [151-153], but not all [154, 155], con-
cluded abdominal fat measures to be a better predictor of metabolic risk factors than
anthropometric surrogates. Clinical epidemiological studies often rely upon BMI or
waist circumference to control for the confounding influence of obesity when inves-
tigating risk factors. However, men and women who are similar with respect to both
BMI and waist circumference were found to have differences in fat and lean mass
in the whole body and regionally. Therefore, reliance upon BMI or waist circumfer-
ence alone to measure obesity, which confounds the relationship between almost all
cardiovascular and metabolic risk factors, is likely to misrepresent the potentially
important influence of regional obesity.

Nonmechanical Factors

Sleep apnea is due to a deficit of both the mechanical properties of the upper airway
and the ability to adequately activate neuroventilatory and neuromuscular responses
during obstructed breathing. Neuroventilatory factors such as proinflammatory
cytokines can modulate upper airway muscle activity. A loss of neuromuscular com-
pensatory activity during sleep prevents dilating forces from providing stability to a
collapsible airway. Some circulating factors that suppress upper airway stability dur-
ing sleep have familial aggregation and are thus also likely to have inherited genetic
basis. While not an exhaustive review of the nonmechanical characteristics attribut-
able to obstructive sleep apnea or obesity, the predominant nonmechanical factors
that link pathogenesis of obesity and obstructive sleep apnea are discussed below.

Neuroventilatory and Humeral Factors

Obesity generates a proinflammatory condition [156—158] due to the abundant
sources of cytokines in adipose tissue [159-167]. Some of these cytokines including
tumor necrosis factor-o. (TNF-a.), TNF-a. receptor 1 (TNF-oR 1), interleukin-6 (IL-6),
and interleukin-1f (IL-1P) have neuroventilatory modulating properties during
sleep [168—175]. In particular, TNF-o and its soluble receptor, TNF-oR 1, markedly
increase due to sleep deprivation [176] and help to mediate the somnogenic effect
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of TNF-a centrally [171, 173, 174, 177]. Moreover, TNF-a activity [168-172, 177]
can increase sleep apnea susceptibility and severity [175]. Its depressant effects on
the central nervous system can account for defects in upper airway neuroventilatory
control in normal men compared to women [178-182]. Progression of obesity and
sleep apnea severity propagate sleep fragmentation and hypoxia-induced free radi-
cals that trigger additional elevations in inflammatory cytokines [116, 164, 165,
183-195], suppressing pharyngeal neuromuscular activity [116, 164, 188, 191-195].
Nevertheless, the impact of sleep apnea on inflammatory cytokines remains unclear
in view of recent evidence demonstrating no change [196] or reductions [165] in
cytokines with standard CPAP treatment for sleep apnea. Primary treatment of obe-
sity may conservatively alter upper airway structural properties, as well as improve
pharyngeal muscle activity via suppression of proinflammatory conditions.

Pharyngeal Muscle Activity

Sleep has a differential effect on the basal activity of tonic versus phasic upper air-
way muscles [197] in that with sleep onset, there is a decrement in upper airway
dilator muscle activity that may attribute to a decrease in airway caliber [198]. It is
unclear as to whether the decreased upper airway muscle activity varies with differ-
ent sleep stages.

In sleep apnea patients, abnormal neuromuscular control of pharyngeal dilating
muscles in conjunction with a mechanically disadvantaged airway leads to reduced
airflow during sleep. There are likely multiple reasons for this, including defects in
ventilatory control, defects in arousal mechanisms, and diminished responses to
negative upper airway pressure during sleep [199]. Thus, the loss of augmented
dilator muscle activity may predispose sleep apnea patients to airway obstruction,
with passive airway occlusion in response to negative airway pressures.

Obesity and fatty deposit in the upper airway tissues may decrease the mechani-
cal advantage and likely reduce the efficiency of upper airway dilator muscles dur-
ing sleep during obstruction (Fig. 4.3). The collapsibility of the upper airway can be
described by two functional components [139]: (1) the anatomical and passive
mechanical properties (passive P, . as described above) and (2) the neuromuscular
compensatory responses to upper airway obstruction (Aactive responses). The com-
bination of the passive P, . and the compensatory responses is known as the active
P _r and quantifies an individual’s ability to maintain airway patency during sleep.
Figure 4.3 quantifies the relative contribution of mechanical and nonmechanical
factors to weight-loss-related decreases in upper airway collapsibility.

Hereditary and Genetic Factors

Familial factors also play a role in the expression of sleep apnea as relatives
of patients with sleep apnea have a two- to fourfold increased risk of sleep apnea
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compared with non-apneic subjects. Several case series and familial aggregation
studies have demonstrated heritability of factors associated with sleep apnea [200—
208]. Subjective excessive daytime sleepiness and self-reported snoring have been
demonstrated to have inherited or shared environmental factors that contribute to
the development of sleep apnea [209]. Studies also show that sleep apnea and obe-
sity share substantial genetic basis but have underscored the potential importance of
genetic factors unrelated to obesity that may determine sleep apnea susceptibility
[204, 208]. Anatomical factors of the upper airway, such as the lateral pharyngeal
walls and tongue volume, are partially determined by genetic factors [205, 207]. For
example, in African Americans, the serotonin receptor 2a gene was associated with
an increased odds ratio for risk of sleep apnea. Serotonin effects sleep-wake cycles,
in particular, the amount of rapid eye movement (REM) sleep and regulation of
upper airway dilator muscle through an excitatory influence on hypoglossal motor
output. Serotonin is involved in appetite regulation, thus playing a role in obesity.
Both obesity and sleep apnea are complex disorders, which interact in an intri-
cate manner. Obesity has a strong genetic basis, as has sleep apnea, which is likely
due to the effects of small to moderate contributions from multiple genetic loci.
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As previously mentioned above, obesity is a strong risk factor for sleep apnea, and
it is likely that sleep apnea contributes to obesity. It is possible that many suscepti-
bility genes for obesity and sleep apnea are therefore shared. Reports demonstrate
that approximately half of the genetic variance in AHI is shared with obesity.
Genetic factors that increase obesity are likely to be risk factors for apnea.
Intermediate phenotypes for sleep apnea are upper airway collapsibility, ventilatory
control, upper airway muscle function, and sleep quality. On the other hand, envi-
ronmental factors that are produced by sleep apnea such as intermittent hypoxia and
sleep fragmentation may interact with obesity.

Treatment of Obstructive Sleep Apnea

Current management regimes for long-term control of sleep apnea are aimed at
providing pneumatic (continuous positive airway pressure, CPAP) or mechanical
(various dental devices, e.g., mandibular advancement splints) support for the upper
airway during sleep and need to be applied nightly. Although cumbersome, these
therapies can be very successful (especially CPAP) at reducing sleep-disordered
breathing but suffer from significant patient compliance, acceptance, and resource-
allocation issues. There is a growing need to develop less invasive, more sophisti-
cated, and more patient-“friendly” adjunct therapies, especially preventive therapies
that could be applied widely to combat disease progression. Positional therapy can
be implemented in mild disease, but not usually for severe sleep-disordered breath-
ing. Other novel treatment modalities include neuromuscular stimulation of upper
airway dilator muscles, high-flow nasal insufflations, and expiratory nasal splints.

In addition to these therapeutic interventions, treatment of obesity using behav-
ioral and lifestyle modifications or surgery may be an important initial approach to
affect both mechanical and neuroventilatory factors.

Weight Loss and Improved Upper Airway Function During Sleep

Lifestyle changes such as losing weight have been shown to improve sleep apnea
severity. In a longitudinal cohort study, a 10% weight loss was associated with a
26% decrease in AHI [5]. It has been speculated that sleep apnea itself may modu-
late secretion of hormones and other biological mediators which promote obesity or
preferential abdominal fat accumulation, thus further engaging sleep apnea and
metabolic dysfunction in a vicious cycle [210, 211]. However, to date, there is no
strong evidence to show that control of sleep apnea per se affects fat accumulation
or its distribution. Studies have reported that a decrease in the visceral fat is con-
comitant with a decrease in leptin levels with CPAP treatment of sleep apnea [212,
213]. Alternatively, weight loss may lead to complete resolution of sleep apnea,
especially in patients with mild to moderate AHI range [214]. Thus, a combination
of CPAP and behavioral modification is more effective for weight reduction than
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behavioral modification alone, suggesting a contributory effect of CPAP treatment
toward weight control [215].

Weight reduction is best achieved through behavioral changes aimed at reducing
energy intake via dietary modifications and increasing energy expenditure using
physical activity. For those with morbid obesity, bariatric surgery has been used and
shown to improve the individual’s metabolic profile as well as their sleep-disordered
breathing [216-218]. Reduction of adiposity will not only decrease the severity of
sleep apnea but also directly mitigate cardiometabolic derangements and disease
outcomes. Hence, active measures targeted at weight control should be considered
an integral part of sleep apnea management.

Longitudinal Post-Bariatric Surgery Weight Loss

Weight loss remains highly effective in treating sleep apnea [26, 214, 219-226]. In
early studies, we demonstrated that a 10-15% reduction in body weight leads to an
approximately 50% reduction in sleep apnea severity (apnea-hypopnea index) in
moderately obese male patients [26, 223]. Marked weight loss can be achieved with
bariatric surgery, which combines gastric restriction and/or intestinal bypass to
induce early satiety and nutrient malabsorption [227-231], and leads to an approxi-
mately 60% loss in excess body weight [218, 232-243]. Weight loss following bar-
iatric surgery leads to reductions in upper airway mechanical loads and improvements
in pharyngeal neuromuscular control [244], which are likely related to improve-
ments in lung volume and systemic inflammation [245-249].

Although there have only been a limited number of studies that have evaluated
the effect of substantial weight loss on polysomnography, all have shown polysom-
nographic evidence of significant improvements or resolution of sleep apnea [250,
251]. In a recent meta-analysis, bariatric surgery has been documented to produce
dramatic improvements in sleep apnea with reductions in apnea-hypopnea index of
33.9 episodes/hour (95% CI, 17.5-50.2 episodes/hour) and sleep apnea resolution
in 85.7% (95% CI, 79.2-92.2%) of patients [252]. It has previously been demon-
strated that these improvements are due to a decrease in upper airway collapsibility
(P g [26,223], although the mechanism for this reduction was not known. Changes
in upper airway collapsibility as obesity and regional fat distribution change postop-
eratively suggest a pathogenic link between obesity and upper airway dysfunction
in sleep apnea. However, it is still unknown how to predict which patients will have
improved upper airway function during sleep following weight loss interventions.

Conclusion

Obesity is the main risk factor for the development of sleep apnea. Current evidence
suggests that obesity and central adiposity lead to alterations in pharyngeal neural
and mechanical control that increase collapsibility and sleep apnea susceptibility.
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In addition, systemic and local (pharyngeal) inflammatory mechanisms related to
obesity may further compromise neuromuscular control mechanisms in obesity and
lead to a worsening of sleep apnea over time. A combined therapeutic approach of
sleep apnea treatment and weight loss may lead to improved clinical outcome.
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Chapter 5
Obesity Hypoventilation Syndrome

Stephen W. Littleton and Babak Mokhlesi

Abstract Obesity hypoventilation syndrome (OHS) is defined as hypercapnia
during wakefulness in an obese patient, without any other known cause, accompa-
nied with some form of sleep-disordered breathing as reported by Mokhlesi et al.
(Proc Am Thorac Soc 5:218-25, 2008). Although the effects of OHS are inade-
quately studied, available data show that morbidity and mortality are high. Among
those with obstructive sleep apnea (OSA), risk factors for having OHS include a
higher body mass index (BMI), an increased severity of sleep-disordered breathing,
and a restrictive defect on pulmonary function testing. While the pathophysiology
of the disorder remains unclear, it likely involves the presence of several defects,
most notably a blunted central respiratory drive. The most effective treatment option
consists of ventilatory support during sleep, in the form of positive airway pressure
therapy, with or without supplemental oxygen.
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Objectives

* Review the epidemiology of OHS and its association with obesity

* Discuss the risk factors for OHS

* Review the effect of OHS on morbidity and mortality

» Evaluate treatment options/effectiveness for the management of OHS

Introduction

Historically known as the Pickwickian syndrome, obesity hypoventilation syndrome
(OHS) is defined as hypercapnia during wakefulness in an obese patient, without
any other known cause accompanied with some form of sleep-disordered breathing
[1]. Among those with obstructive sleep apnea (OSA), risk factors for having OHS
include a higher body mass index (BMI), an increased severity of sleep-disordered
breathing (measured either by the apnea-hypopnea index (AHI ) or the % of total
sleep time spent with an oxyhemoglobin saturation below 90%), and a restrictive
defect on pulmonary function testing [2]. Although the effects of OHS are inade-
quately studied, available data show that morbidity and mortality are high [3]. The
pathophysiology of the disorder is also incompletely understood but likely involves
the presence of several defects, most notably a blunted central respiratory drive. The
most effective treatment option consists of ventilatory support during sleep, in the
form of positive airway pressure therapy, with or without supplemental oxygen.
Response to treatment can be full, partial, or minimal, for reasons that are not fully
understood [4].

Historical Accounts of Obstructive Sleep Apnea/Obesity
Hypoventilation Syndrome

Written accounts of obese, dyspneic, and hypersomnolent patients are almost as old
as civilization itself. One of the earliest accounts dates back to Dionysius, a Greek
tyrant, born circa 360 Bc. It was written of him that ““...Dionysius the Heracleote...
through daily gluttony and intemperance, increased to an extraordinary degree of
corpulency and fatness, by reason whereof he had much adoe to take breath...”
because of his obesity, he was afflicted with shortness of breath and fits of choking.
His physicians noted that he had difficulty breathing while he slept and devised
what could be considered the first treatment for OSA: “So the physicians prescribed
that he should get some fine needles, exceedingly long, which they thrust through
his ribs and belly whenever he happened to fall into a very deep sleep [5].”

The first person to recognize the similarities between an obese, hypersomno-
lent patient and Joe, the Fat Boy, in Charles Dickens’ The Posthumous Papers of
the Pickwick Club was a Dr. R Caton of Liverpool, about 60 years after its first
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publication [6]. Dickens was known for his sharp observations, and the comparison
between Joe the Fat Boy and Dr. Caton’s patient is apt. Joe’s master said of him,
“Sleep! He’s always asleep. Goes on errands fast asleep, and snores as he waits at
the table.” He was “red-faced,” which could be interpreted as secondary erythrocy-
tosis and also suffered from “young dropsy,” the archaic term for congestive heart
failure [5]. Mr. Pickwick himself, also obese, was probably not immune to the
effects of alcohol on the upper airway. After a few too many glasses of wine, “His
head was sunk upon his bosom; and perpetual snoring, with a partial choke occa-
sionally, were the only audible indications of this great man’s presence [5].” After
arterial blood gas analyzers became widely available in the 1950s, Burwell and
colleagues were able to objectively associate hypoventilation with obesity and
hypersomnolence [7]. They named the syndrome, Pickwickian syndrome, and the
nomenclature was widely adopted [8].

Epidemiology

Although the prevalence of OHS is unknown, a very rough estimate in the USA
suggests that between 0.15% and 0.3% of the adult population may suffer from
OHS [9]. The prevalence of hypercapnia among obese patients with OSA has been
extensively studied in trials from several countries (Italy, the United States, Japan,
France, Brazil, and the Netherlands) [10—16] and ranges between 10% and 20%,
excluding patients with obstructive airways disease. A recent meta-analysis reported
an overall prevalence of 19% among patients with OSA [2]. The prevalence of
hypercapnia in hospitalized obese patients appears to be even higher. According to
a prospective analysis of 150 obese hospitalized patients, 47 (31%) were found to
be hypercapnic, even after excluding other reasons for hypercapnia, such as COPD
[17]. This higher prevalence in a hospitalized population probably reflects the higher
morbidity these patients experience.

The prevalence of OHS increases in patients with OSA with increasing BMI. Three
studies have examined this phenomenon in detail. Although the prevalence among
OSA patients with a BMI of 30-34 kg/m? is <10%, this increases to 18-25% in those
with a BMI>40 kg/m? [1]. Similarly, the prevalence of OHS increases in patients as
the severity of OSA increases. Two other studies have reported the prevalence in
patients with mild OSA (AHI 5-15 events per hour) to range from 0% to 7.5%, with
a sharp increase to 25-28% in those with an AHI of >60 events per hour [9].

Although OSA is slightly more prevalent among men and in older populations,
there is no clear association between risk of OHS and increasing age or gender in
studies of patients with OSA. In a meta-analysis of 13 studies, the mean age differ-
ence between the hypercapnic group and the eucapnic group of patients with OSA
was found to be 0.09 years (p=0.9), with no gender differences between hypercap-
nic and eucapnic OSA groups [2].

As the prevalence of obesity and severe obesity in the world increases, the preva-
lence of OHS is likely to follow suit. In a Swedish study of patients using home
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mechanical ventilation, the prevalence of OHS increased from 8% to 17% from
1996 to 2001 (p<0.001) [18]. Similar results were found in a Swiss study, where the
proportion of patients with OHS increased from 14% to 39% (p<0.001) from 1992
to 1999 in patients using home noninvasive ventilation [19].

Morbidity and Mortality

The vast majority of patients with OHS are severely obese and have severe OSA [1],
both of which are known to negatively affect quality of life, increase health care
resource utilization, and increase morbidity and mortality [20-23]. As such, OHS
may be associated with significant morbidity and mortality. Further, OHS may exert
additional burden on patients independent of the effects of morbid obesity and
sleep-disordered breathing.

Quality of Life

When compared to patients with other forms of chronic respiratory failure or OSA,
it does not seem that patients with OHS have a significantly worse quality of life.
A Japanese study compared patients with untreated OHS to patients with untreated
eucapnic OSA matching for age, BMI, and lung function. There was no significant
difference in quality of life between the two groups using the short-form 36 (SF-36)
quality of life questionnaire, except for the social functioning category, where the
OHS group fared worse. Both groups experienced a significant increase in overall
quality of life after 3—6 months of treatment, although the authors failed to report
whether the OHS group had a significantly greater improvement. The group with
OHS was also found to be sleepier than the group with eucapnic OSA (Epworth
Sleepiness Scale or ESS 14.6+£4.9 vs. 12.5+4.6, p<0.05). However, this difference
in sleepiness score has not been consistent across studies. A Greek study that exam-
ined 175 patients with OSA and 38 patients with OHS found the difference in ESS
scores to be insignificant (11.9+£6.3 vs.9.5+5.6). Although the OHS group was
significantly more obese, the severity of sleep-disordered breathing between the two
groups was nearly identical. Therefore, it is unclear whether chronic hypercapnia
leads to more daytime sleepiness in these patients independent of obesity and OSA.
Furthermore, when compared to other patients receiving home mechanical ventila-
tion for hypercapnic respiratory failure, patients with OHS actually fare better on
the severe respiratory insufficiency index (a measure of health-related quality of life
in patients with chronic respiratory failure) than those with COPD [24]. This implies
that patients with OHS may have a better quality of life than those patients with
other forms of chronic respiratory failure.

In summary, OHS does not seem to worsen quality of life when compared to
patients with severe OSA. Data on whether they are sleepier than OSA patients is
mixed. OHS patients seem to suffer less from their disease when compared to other
patients with chronic respiratory failure.
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Use of Health Care Resources

Patients with OHS have higher health care costs and are much more likely to be
hospitalized than the general population and even equally obese patients. A recent
Danish study matched 755 patients with OHS to control subjects by age, sex, socio-
economic status, and location. They found that OHS patients were more likely to
receive both ambulatory (63% vs. 27%) and inpatient (53% vs. 13%) treatment [25].
A similar Canadian study compared 20 patients with OHS to a group matched for
age, sex, and obesity. The OHS group was significantly more likely to be admitted
to the hospital (odds ratio 4.9; 95% confidence interval 2.3—10.1, p=0.001) or the
intensive care unit (mean ICU days per person 3.8+1.49 vs. 0, p=0.02) in the 5
years prior to diagnosis than the obese control group. An impressive 70% of OHS
patients were hospitalized at least once in the year prior to diagnosis. This rate of
hospitalization decreased to 15% 2 years after treatment was initiated (p<0.01)
[26]. This implies that treatment of OHS may reduce morbidity.

Unsurprisingly, these studies also showed that OHS patients have higher health
care costs. In the Danish study, the annual health care costs of the OHS group was
significantly higher than that of the control group, with an estimated cost of €13,050
vs. €1730 (p<0.0001) (or, $17617 vs. $2336 at €1 =$1.35). Annual health care
costs for the OHS group was highest immediately after diagnosis at €75,000 but
dropped to €40,000-50,000 within 7 years after diagnosis [25]. This implies that
effective treatment can reduce health care costs in these patients. However, since
these control subjects were not matched by BMLI, it is unclear how much of these
excess health care costs are secondary to obesity and how much are due to OHS
itself. In the Danish study, the annual health costs per year were more than double
that of the control group in the 5 years prior to diagnosis, decreasing significantly
2 years after diagnosis (but still remaining above that of the control group)[26].

When performed prospectively, these disparities in health care usage for OHS
patients hold up. When hypercapnic obese patients were compared to patients with
simple obesity upon hospital admission, the hypercapnic group was more likely to
be admitted to the ICU (40% vs. 26%, p=0.08), receive invasive mechanical venti-
lation (6% vs.0%, p=0.01), or be discharged to a long-term care facility (9% vs.
2%, p=0.01) [17].

Taken together, data from these studies strongly suggest that patients with OHS
utilize more health care resources but that treatment can reduce these costs and
reduce hospitalizations.

Comorbidity

As OSA and obesity are associated with significant morbidity, it is difficult to deter-
mine what additional burden OHS might place on these patients.

Conventional wisdom holds that OHS patients are much more likely to have
pulmonary hypertension (because of hypoxemia), but the data are conflicting.
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One study found that OHS patients are nine times more likely to have cor pulmonale
than matched obese controls (95% CI 1.4-57.1, p<0.014) [26]. Another prospec-
tive study of 34 OHS patients found 58% had pulmonary hypertension, compared to
only 9% of the OSA control group (p<0.001) [12]. In contrast, a different prospec-
tive study reported only 11% of hospitalized patients with obesity and hypercapnia
had pulmonary hypertension compared to 4% of the simple obesity group. However,
the difference did not reach statistical significance (p=0.11) [17].

Two studies have reported a higher rate of congestive heart failure in patients
with OHS [26, 27]. A recent Greek study also found very similar results [27]. 13.2%
of the OHS group suffered from congestive heart failure, compared with only 2.9%
of the OSA group (p=0.026). Interestingly, in two of these studies, there was no
difference in the prevalence of hypertension or diabetes mellitus between patients
with OHS and obese controls [26], [27]. It is unclear why OHS is associated with
CHE, and if the relationship is causal. There are also no studies that have studied the
prevalence of other diseases associated with obesity in OHS patients, such as meta-
bolic syndrome or hypertension. From these data, it seems reasonable to consider
the diagnosis of OHS in patients with both OSA who also have comorbid congestive
heart failure or pulmonary hypertension.

Mortality

Patients with OHS are at higher risk of death than those with obesity and OSA.
A prospective study of hospitalized obese, hypercapnic patients found a 23%
18-month mortality rate, compared to 9% in the simple obesity group (hazard ratio
4.0, 95% CI 1.5-10.4), adjusted for age, sex, BMI, and renal function. This is
significantly higher than the reported 2-year mortality rate (7-8%) in patients treated
for OHS [28, 29] and is likely due to the fact that only 13% of the hypercapnic
group were treated for OHS upon discharge.

These findings suggest that treatment can reduce mortality in OHS. However,
even when treated, OHS is associated with a higher mortality rate than OSA. The
Kaplan-Meier curves are remarkably similar across studies (Fig. 5.1). Given that
patients with OHS in these studies tend to be more obese, it is unclear whether the
excess mortality is due to obesity or OHS. In addition, compared to other forms of
hypercapnic respiratory failure (such as COPD, neuromuscular disorders, and
kyphoscoliosis), patients with OHS have a better long-term survival [30].

Prognostic factors for mortality in OHS have been studied, although their utility is
unclear. Use of supplemental oxygen is a predictor of poor outcome in OHS, with a
5-year survival rate of <60% compared to >80% in those with and without oxygen,
respectively (p=0.004) [29]. A multivariate analysis, from a German study, also
found daytime hypoxia and leukocyte count to be predicted of poor outcomes, with a
daytime PaO,<50 mmHg, a pH>7.44, and a leukocyte count of>7.8x 10~ being
associated with higher mortality [30]. A reduction of nocturnal PaCO,>23.0% after
treatment was initiated and was found to be associated with improved survival. Unlike
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Fig. 5.1 Kaplan-Meier survival curves comparing various studies on cohorts with treated obstruc-
tive sleep apnea and treated obesity hypoventilation syndrome

COPD, where a shorter 6-min walk distance is predictive of mortality, 6-min walk
test has not been found to have any prognostic value in patients with OHS [31].

In summary, it appears that OHS is associated with congestive heart failure,
although whether it is associated with other conditions is unknown. Mortality also
seems to be higher in OHS patients, even when treated and compared to treated OSA
patients. It is important to note that the available data is limited by the retrospective
study designs, small sample sizes, and use of cohorts from sleep laboratories. As
such, larger studies with community cohorts are needed to confirm these findings.

Pathophysiology

Altered Respiratory Mechanics

It is well known that obesity can produce a restrictive defect on pulmonary function
testing. However, compared to similarly obese patients, patients with OHS have
greater reductions in total lung capacity (TLC) and functional residual capacity
(FRC) [32, 33]. One explanation for this disparity in TLC and FRC is the pattern of
fat distribution. Patients with OHS have more central obesity (as measured by waist
to hip ratio), which may place a greater burden on respiratory mechanics compared
to lower body adiposity. Patients with OHS also have lower pulmonary and chest
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wall compliance than patients that are equally obese [34], likely due to the lower
FRC in those with OHS. Furthermore, OHS is also associated with increased lung
resistance, three times higher than that of eucapnic obese individuals, again thought
to be secondary to the reduced FRC [34]. However, altered respiratory mechanics,
although clearly more impaired in patients with OHS, cannot explain the chronic
hypercapnia in these patients in the absence of altered respiratory muscle function
and/or a defective central respiratory drive.

Increased CO2 Production

Compared to nonobese controls, CO, production is elevated in severely obese sub-
jects individuals [35, 36]. While a portion of the excess CO, production may be
related to the increased work of breathing, a significant production is due to meta-
bolically active adipose tissue. Most severely obese patients, however, do not
develop daytime hypercapnia because of a normal adaptive response to increase
ventilation based on the degree of CO, production.

Increased Work of Breathing/Respiratory Muscle Function

Early work showed that altered respiratory mechanics lead to an increased work of
breathing in obese individuals to approximately 30% above that of normal subjects.
The work of breathing in hypercapnic obese patients far exceeds that of even equally
obese patients and is almost three times that of normal subjects [34]. This increased
work of breathing leads to an increase in the oxygen cost of breathing. Morbidly
obese subjects have to commit 15% of their oxygen consumption to the work of
breathing, compared to 3% of normal subjects [36]. This may be even higher in
patients who are hypercapnic.

More recent research on the work of breathing in patients with OHS confirms
earlier findings. Work of breathing in patients with OHS has been shown to be 250%
that of nonobese controls while upright and twice that of an equally obese eucapnic
group. Evaluations of work of breathing while supine and in stage 2 sleep also show
similar results. OHS patients expended almost three times the energy as normal sub-
jects in stage 2 sleep, and 50% more than the eucapnic obese group (p<0.05). This
increase was equally divided between resistive and elastic work of breathing [37].

The increase in the work of breathing while supine is at least partially explained
by the intrinsic positive end-expiratory pressure (PEEPi) seen in obese subjects
when supine. In one study, a mean PEEPi of 5.3+3.6 cm H,0O was measured in a
group with a mean BMI of 42.8 +8.6. This was accompanied by an increase in neu-
ral drive when diaphragmatic EMG was measured by an esophageal probe [38].
Therefore, in order for this increased work of breathing to lead to chronic hypercap-
nia, either the increase in neural drive must be inadequate (implying a central defect)
or there must be an insufficient increase in work of the respiratory muscles (imply-
ing acute or chronic respiratory muscle fatigue).
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Respiratory muscle strength in patients with OHS has not been rigorously studied.
However, early studies show it to be 60-70% of normal [39]. Respiratory muscle
strength, measured by maximal respiratory pressures, can be normal [40-42] or
reduced in eucapnic obese subjects [42, 43]. In contrast, maximum voluntary ventila-
tion is often reduced in severely obese subjects and is correlated with BMI [42, 43].
The fact that many patients with OHS can still voluntarily hyperventilate to eucapnia
implies a central rather than peripheral defect [44]. In addition, patients with OHS
also show significant improvements in hypercapnia without significant changes in
respiratory muscle strength after 2 weeks of positive airway pressure (PAP) therapy
[45], thus suggesting that, while it may be present, respiratory muscle weakness or
respiratory muscle fatigability may not be necessary for the development of chronic
hypercapnia in OHS.

Patients with OHS do not hyperventilate to the same degree as equally obese
patients when presented with a hypercapnic challenge [46, 47]. This implies a defect
in central respiratory drive. In addition, during a hypercapnic challenge, the work
produced by the diaphragm (as measured by transdiaphragmatic pressure, or Pdi)
increases at the same rate in patients who previously had OHS as in equally obese
subjects. The increase in neural activity of the diaphragm was not as brisk, further
implying a neural defect [46]. This blunted neural response improves or corrects
after successful treatment with PAP therapy [47—49].

In summary, although OHS patients have a higher work of breathing than equally
obese patients and may have weaker respiratory muscles, the available evidence
shows the main defect leading to hypercapnia is a blunted respiratory drive.

Sleep-Disordered Breathing

As previously stated, some form of sleep-disordered breathing is central to the
pathogenesis of OHS and is a defining characteristic of the syndrome [1]. While
most patients have OSA, approximately 10% have persistent nocturnal desaturation
as well as sleep hypoventilation without obstructive events. Most, but not all,
patients with OHS have an improvement or resolution of hypercapnia with effective
treatment of sleep-disordered breathing with either PAP therapy or tracheostomy
[47, 50-55]. Duration of usage of PAP therapy is also directly correlated with
improvement in hypercapnia [56], with hyperventilatory response to a hypercapnic
challenge also improving or normalizing following adequate PAP therapy [47—49],
thus suggesting that the hypercapnia and blunted central respiratory drive associ-
ated with OHS may develop secondary to severe sleep-disordered breathing.
Norman and colleagues have developed and mathematically tested a model
explaining how sleep-disordered breathing leads to daytime hypercapnia [57].
In most patients with OSA, the hyperventilation that follows an obstructive
apnea eliminates all the CO, accumulated during the apnea [58]. However, if that
hyperventilatory response is inadequate, either because of a blunted central response
or a short hyperventilatory time before the next obstructive apnea, it may lead to an
increased PaCO, during sleep [59]. As a result, the kidneys retain small amount of
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Fig. 5.2 Mechanism of daytime hypercapnia in sleep-disordered breathing patient

bicarbonate to buffer the change in pH. However, if the patient does not eliminate
the retained bicarbonate during wakefulness before the next sleep period, there will
be a net gain in bicarbonate. This can lead to a feedback loop were the patient then
retain some CO, to buffer the metabolic alkalosis (Fig. 5.2) [57].

Leptin

Leptin is a satiety hormone, produced by adipocytes, that is increased in obesity and
stimulates ventilation [60—63]. We have seen that obesity leads to increased O
consumption, increased CO, production [36], and increased load on the respiratory

S)
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system. Therefore, the increase in leptin level in obesity helps compensate for the
increased CO, burden. Patients with OHS and OSA have higher leptin levels than
normal subjects and BMI-matched subjects without sleep-disordered breathing.
Although itis unclear whether OSA or OHS independently contributes to the increased
in leptin levels, the data suggest that increased adiposity is the main contributor
[64—67]. Furthermore, patients with OHS have higher levels of leptin than age-, sex-,
and BMI-matched subjects with OSA, with leptin levels dropping after PAP therapy
[66, 68, 69]. However, this elevation is counterintuitive, since one would expect
higher leptin levels to lead to improve ventilation, and therefore protect against the
development of hypercapnia. Leptin resistance has been suggested as one possible
explanation for this disparity. For leptin to affect the respiratory center and increase
minute ventilation, it must penetrate into the cerebrospinal fluid (CSF). The leptin
CSF/serum ratio is four times higher in lean individuals compared to obese subjects
[70]. It is possible that difference in leptin CSF penetration may explain why some
individuals with severe OSA and severe obesity develop OHS and others do not.

Diagnosis

OHS is largely a diagnosis of exclusion. The patient must be obese (BMI>35 kg/m?),
have some form of sleep-disordered breathing (either OSA or sleep hypoventila-
tion) on polysomnography, and have daytime hypercapnia (PaCO,>45 mmHg).
Once these conditions are met, all other causes of hypercapnia should be excluded.
The patient should undergo pulmonary function testing to examine for obstructive
airways disease. Chest radiography should be obtained to exclude kyphoscoliosis or
parenchymal lung diseases. Physical examination should look for muscle weakness
or other signs of a neuromuscular disorder. Thyroid function studies should be
obtained to rule out severe hypothyroidism, a rare but possible cause of hypoventila-
tion [1]. Elevated serum bicarbonate level due to metabolic compensation of respi-
ratory acidosisis common in OHS, pointing toward the chronic nature of hypercapnia,
and may be used as a sensitive test to screen for hypercapnia [16].

Predictors of Hypercapnia in Obese OSA Patients

The probability of OSA increases proportionally with increased obesity and OSA
severity. A recent meta-analysis found that the mean AHI of hypercapnic patients to
be 64 events per hour (95% CI 52-76), compared to 51 events per hour in the eucap-
nic group (95% CI 4260, p<0.001). Likewise, hypercapnic patients had a higher
mean BMI than those who were eucapnic, 39 kg/m? (95% CI 34-44 kg/m?) vs.
36 kg/m? (95% CI 31-41 kg/m?), p<0.001 [2]. Although statistically significant, the
confidence intervals overlap enough such that it prevents BMI or AHI from being
clinically useful predictors. However, it would be reasonable to at least consider
OHS in any patient with an AHI >60, as two studies have found the prevalence of
OHS in this population to be 25-30% [9, 71].
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The percent of total sleep time spent with an oxyhemoglobin saturation <90%
(TST<90%) was also identified as a potential predictor of OHS risk in the same
meta-analysis. Hypercapnia was associated with a longer duration of low oxygen
saturation, with a mean TST <90% of 56.7% in the hypercapnic group versus 21.3%
in the eucapnic group (p<0.000001). Given the wide differences in TST<90%
between the two groups, it may be reasonable to initiate a workup for hypercapnia
in a patient who spend>50% of their total sleep time with an oxyhemoglobin satu-
ration <90% with a polysomnogram, if there are no other known causes for such
prolonged hypoxemia.

Treatment

PAP therapy is the most effective treatment for OHS. The use of CPAP for treat-
ment of OHS was first described in 1982 [54], and subsequent studies have
confirmed CPAP’s efficacy [11, 51, 72]. However, the fact that PAP is not univer-
sally effective has led some to question whether bi-level PAP therapy is superior
[11,51,54,72,73]. For example, in a recent prospective study, only 57% of patients
were successfully titrated with CPAP using a mean pressure of 13.9 cm H,O [74].
The other 43% of patients failed CPAP titration because the oxygen saturation
remained below 90% for >20% of TST. In addition, these patients had a residual
AHI of 25 events per hour, which suggests that a therapeutic pressure was not
reached. Unfortunately, since this was a single-night titration study, the question of
whether this hypoxemia would have resolved with long-term CPAP therapy was not
explored [74].

A recent prospective, randomized study by Piper et al. has compared the long-
term efficacy of bi-level PAP with CPAP [75]. After 3 months, there was no
significant difference in the degree of improvement in daytime hypercapnia.
Moreover, there were no differences in treatment adherence, improvement in day-
time sleepiness, or hypoxemia between CPAP and bi-level PAP therapy, thus
confirming that the majority of patients with OHS (80%) can be successfully treated
with CPAP. Based on the results of this study, bi-level PAP therapy is not superior
to CPAP a priori. Rather, treatment should be individualized to each patient.

Bi-level PAP should be used if the patient is intolerant of higher CPAP pressure
(>15 cm H,0), if such a pressure is required to abolish respiratory events or main-
tain an oxyhemoglobin saturation >90% [77]. During bi-level PAP titration, the
inspiratory PAP (IPAP) should be at least 8—10 cm H,O above the expiratory PAP
(EPAP) in order to augment tidal volume and increase minute ventilation [52, 53,
78, 79]. Ideally, tidal volumes should be monitored during bi-level PAP titration in
order to achieve the needed level of pressure support (difference between IPAP and
EPAP) to improve ventilation. In the minority of patients with OHS who do not have
OSA, those with pure sleep hypoventilation, EPAP can be set at 5 cm H,O and IPAP
titrated upward to increase ventilation [78, 79]. Bi-level PAP should also be consid-
ered if the PaCO, does not normalize after 3 months of CPAP therapy.
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Impact of Adherence to PAP Therapy on Hypercapnia
and Hypoxemia

Average hours of daily use, over a period of 1 month, are directly correlated with
improvement in arterial blood gas values. In a retrospective study of 75 outpatients
with stable OHS, the PaCO, decreased by 1.8 mmHg and the PaO, increased by
3 mmHg for every mean hour of usage in the last 30 days. In addition, the need for
daytime oxygen therapy decreased from 30% of patients prior to PAP therapy to 6%
after 30 days of PAP therapy [51]. Therefore, in patients with OHS on daytime oxy-
gen therapy, the need for supplemental oxygen during wakefulness should be reas-
sessed 4-8 weeks after effective PAP therapy is started.

Lack of Improvement in Hypercapnia After PAP Therapy

The most likely cause of a lack of improvement in hypercapnia is nonadherence
with PAP therapy. If there is objective evidence of good adherence on the device
monitor, other possibilities should be considered, such as inadequate PAP titration,
failure of CPAP therapy, or other causes of hypercapnia such as COPD, hypothy-
roidism, or metabolic alkalosis secondary to diuretic usage [3].

Improvement of daytime hypercapnia in those OHS patients adherent with PAP
therapy can be complete, partial, or completely lacking. In two studies, the PaCO,
did not improve in approximately 25% of OHS patients, who had successful PAP
titrations and were highly adherent with either CPAP or bi-level PAP therapy (>6 h/
night) [56, 76]. In one of these studies, eight patients (34%) who were adherent with
PAP therapy for at least 4.5 h daily did not have a significant improvement in PaCO,
(less than 4 mmHg) [56]. These patients tended to have a lower AHI than the group
that responded.

Lack of response to PAP therapy, along with case reports of persistent hypoven-
tilation after tracheostomy, suggests that there is a subset of patients with OHS
where the driving force behind hypoventilation is something other than OSA. These
patients will likely need more aggressive nocturnal ventilation [3].

Average Volume-Assured Pressure-Support Ventilation

Average volume-assured pressure-support ventilation (AVAPS) is a hybrid between
pressure-support and volume-controlled ventilation. It delivers a more consistent
tidal volume with the comfort of pressure-support ventilation. It ensures a preset
tidal volume during bi-level S/T mode. Although significantly more expensive than
CPAP or even bi-level PAP devices, it has been shown effective in patients with
mild hypercapnia who had failed CPAP therapy, particularly in improving hypoven-
tilation during sleep [80].
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Oxygen Therapy

In up to 50% of patients with OHS, oxygen therapy (in addition to PAP therapy) is
necessary to maintain oxyhemoglobin saturation >90% [74]. As mentioned previ-
ously, the need for oxygen therapy may abate with regular PAP usage, and this need
should be reassessed after 4—-8 weeks of effective PAP therapy. Oxygen should be
used cautiously, especially in patients who present with acute respiratory failure, as
100% oxygen therapy can worsen hypercapnia in some patients with OHS [81, 82].

Weight-Reduction Surgery

Bariatric surgery has variable long-term efficacy in treating obesity and OSA. One
study showed that after an average of 11 months after Roux-en-Y gastric bypass, those
with severe OSA had a reduction in AHI from 80 to 20 events per hour [83]. It is
notable that some of these patients still had moderate OSA and would still benefit from
PAP therapy. In another study, approximately half of those who had only mild OSA
after maximum weight loss had developed severe OSA 7 years later, without significant
weight gain [84]. A recent meta-analysis included 12 studies with 342 patients who
underwent polysomnography before surgery and after maximum weight loss. The
meta-analysis found there was a 71% reduction in the severity of OSA, the AHI going
from a preoperative 55 events per hour to a postoperative 16 events per hour. However,
only 38% achieved a cure, defined as an AHI<S5 events per hour [86]. Only one study
has examined the effects of bariatric surgery on OHS specifically. One year after sur-
gery, 31 patients had significant improvement in both PaO, and PaCO,. Five years
after surgery, results were available in 12 patients, and their values had slightly wors-
ened without significant weight gain [86]. The worsening of arterial blood gases was
probably secondary to the redevelopment of sleep-disordered breathing.

Given that patients experience a 7% weight gain 6-8 years after weight-reduc-
tion surgery (relative to their lowest weight after surgery), patients with OSA and
OHS should be monitored for recurrence of disease [87]. Bariatric surgery carries
some risk, and OSA and OHS may be associated with even higher operative mortal-
ity [88, 89]. Patients with OHS should therefore be treated with PAP therapy or, in
the case of PAP failure, undergo tracheostomy before having bariatric surgery. PAP
therapy should also be applied after extubation to prevent postoperative respiratory
failure [90-92], as there is no evidence that postoperative PAP therapy leads to
anastomotic disruption or leakage [91, 93].

Tracheostomy

Tracheostomy was the first therapy described for the treatment of OHS [94]. In a
retrospective study of 13 patients with OHS, tracheostomy was associated with a
significant improvement in OSA, but in seven patients, the AHI remained above



5 Obesity Hypoventilation Syndrome 113

20 events per hour. Despite this, the majority of patients experienced resolution of
hypercapnia [95]. Tracheostomy is now reserved for patients who are not adherent
with, or intolerant of, PAP therapy, or for patients who present with multiple epi-
sodes of acute respiratory failure requiring intubation and invasive mechanical ven-
tilation. Patients with tracheostomies may require nocturnal mechanical ventilation,
as central hypoventilation may persist [96]. A polysomnogram with the tracheos-
tomy open is required to determine whether mechanical ventilation is needed [52].

Acetazolamide

Acetazolamide induces metabolic acidosis through carbonic anhydrase inhibition,
which increases minute ventilation in normal subjects. It also reduces the AHI in
patients with moderate to severe OSA [97, 98]. In patients with OHS and mechani-
cally ventilated for acute respiratory failure, acetazolamide also increases hypercap-
nic drive and the hypercapnic ventilatory response [99]. As for long-term therapy,
there is one case report of a patient who failed to respond to a tracheostomy, but
blood gases normalized after acetazolamide therapy [72]. Further study is needed to
see if acetazolamide is an effective adjunct therapy for patients who do not respond
to PAP therapy.

Medroxyprogesterone

Medroxyprogesterone acts as a hypothalamic respiratory stimulant [100]. Results of
treatment of OHS with medroxyprogesterone have been inconsistent, with some
patients normalizing blood gases [101] and others (with tracheostomy) remaining
unchanged [72]. Administration of a medication that may increase the risk of venous
thromboembolism, especially in a population with limited mobility, may be risky
[102, 103]. Consideration of medroxyprogesterone therapy in patients who do not
respond to PAP therapy should take this risk into account.

Conclusion

OHS is a condition that is frequently under-recognized, despite its relatively high
prevalence in patients with severe OSA and severe obesity. Recognition is important,
as effective therapy reduces health care costs, reduces hospital admissions, reduces
morbidity, and likely reduces mortality. The central pathogenic mechanism seems to
be sleep-disordered breathing, but it is unclear why some patients with severe OSA
and severe obesity develop OHS and others do not. The cornerstone of treatment is
PAP therapy, but further study is needed to determine effective adjunct therapies in
the subgroup of patients who either partially respond, or do not respond at all.
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Chapter 6
Effect of Obesity on the Development
and Clinical Presentation of Asthma

Akshay Sood and Anne E. Dixon

Abstract Obesity is associated with increased risk for both prevalent and incident
asthma in a dose-response relationship. It is still not clear how this association is
modified by atopy or sex. It appears that abdominal adiposity rather than global
adiposity drives this association, but the role of visceral fat remains unstudied. The
association further does not yet fully meet the causality criteria in humans. The
mechanistic basis for the association is not fully known, but multiplicity of path-
ways is suspected including the mechanical and metabolic/inflammatory effects of
obesity on the airways. Leptin and adiponectin have been suggested as mediators in
the obesity-asthma association, but this data is currently better established in mice
than in humans. Multiple comorbidities of obesity, such as gastroesophageal reflux
disease, sleep apnea, and depression, may partly affect the disease manifestation in
the obese subject. Interestingly, the clinical manifestations of asthma are more pro-
nounced in obese than normal-weight asthmatics, but the physiological and
inflammatory manifestations do not generally differ. Similarly, weight reduction
improves clinical asthma outcomes without improving markers of airway eosino-
philic inflammation. Obese patients with asthma also show a reduced beneficial
response to asthma medications, particularly to inhaled corticosteroids. Currently,
there remain critical gaps in our understanding of this association such as the
“uniqueness” of the obesity-associated asthma phenotype.
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Objectives

* Review the epidemiology of asthma and obesity and discuss potential mechanism
by which the two may be related.

* Discuss the effects of obesity on the clinical presentation and pathophysiology of
asthma.

* Assess the effects of obesity on the treatment of asthma.

Introduction

There is an increasing prevalence of obesity (body mass index or BMI>30 kg/m?)
worldwide, particularly in the United States. Data from the two National Health and
Nutrition Examination surveys show that the prevalence of obesity has doubled
among adults aged 20-74 years in the United States from 15.0% (in the 1976-1980
survey) to 32.9% (in the 2003—-2004 survey) [1]. Similarly, the age-adjusted current
asthma prevalence rate of 8.2% based on the 2009 United States National Health
Interview Survey data is more than twice the period prevalence of 3.1% reported by
the same survey in 1980 [2]. These two epidemics are likely linked.

Epidemiology Linking Obesity and Asthma

Obesity is associated with increased risk for both prevalent and incident asthma.
This is supported by a number of cross-sectional, case-control, and longitudinal
studies. The presence of a dose-response gradient has in fact been described in vari-
ous studies whereby the risk of asthma increases with the severity of obesity [3].

Consistency of Association Among Diverse Populations

Although first described in the United States [4], the association between obesity
and asthma does not appear to be limited to areas with Western lifestyle or dietary
habits. Studies have shown an association between obesity and asthma in most parts
of the world, in both developed and developing countries, among urban and rural
populations, and across diverse races and ethnicities [5—15]. Despite variations in
the strength of the association between obesity and asthma, the relationship is
remarkably consistent across diverse patient populations. The association has
also been reported among children, adolescents, and adults, including the elderly
[7, 8, 10]. However, although described in all socioeconomic strata, the link between
obesity and asthma may be stronger among those with low household incomes than
with high household incomes [16].
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Sex Interaction

The effect of sex on the relationship between obesity and asthma is controversial.
Initial studies suggested that obesity was particularly a risk factor for asthma among
women [4, 17]. However, other studies have not supported this paradigm [18]; in
fact, some studies have even showed the opposite [19, 20]. Despite the findings of a
2007 meta-analysis of seven prospective studies that showed no significant interac-
tion (p=0.20) between sex and obesity on incident asthma [3], this issue has not
been laid to rest. Several large recent studies have continued to demonstrate that the
obesity-asthma association is either significant only among women or stronger
among women than men with odds ratio reportedly ranging from 1.3 to 2.1 in obese
women compared to normal-weight women [21-25]. A few studies have even
reported a statistically significant interaction between female sex and obesity on
asthma [22, 24]. Female sex hormones have been implicated, with some studies
showing the obesity-asthma association to be stronger among girls with early
menarche [26]. However, the greater prevalence of nonatopic asthma in women may
be a potential explanation for the stronger obesity-asthma association reported
among women compared to men [25].

Atopy Interaction

Atopy, the genetic propensity to develop IgE antibodies in response to usual expo-
sure to allergen, may be a significant modifier of the obesity-asthma association.
This is supported by results from a large Canadian cross-sectional study showing
that the obesity-asthma association was stronger among nonatopic women than
atopic women (interaction p<0.001) [25]. Another US-based study on a nationally
representative sample found a trend toward a stronger association among nonatopic
children and adolescents than their atopic counterparts (interaction p=0.09) [27].
While most studies in this field have used self-reports to document atopy [28], an
Australian study, using skin-prick test to evaluate atopic status, also confirmed the
differential association of nonatopic asthma with obesity (interaction p value not
reported) [20]. At present, the potential effect modification by atopy of the obesity-
asthma association requires further investigation because of some conflicting
findings from studies that do not show such effect modification [22, 29, 30].

Effect of Fat Composition and Distribution on Asthma Risk

Obesity is a heterogeneous disorder, characterized by excess amounts of physiolog-
ical and ectopic fat. While physiological fat is present within cells of adipose tissue,
ectopic fat is present within cells of non-adipose tissue (such as viscera and skeletal
muscle) that normally contain minimal amounts of fat. Most studies evaluating the
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obesity-asthma association have used excess body mass (i.e., high BMI) to define
the obesity phenotype. It is now known that high BMI is in fact a collection of vari-
ous phenotypes with some, but not all, relating to excess fat. Further, BMI might be
a less reliable measure of body fat in men than in women, given the large contribu-
tion by skeletal muscle toward the BMI value in men. As such, the various pheno-
types of obesity may have different effects on asthma risk.

Fat Mass, Lean Mass, and Asthma

Percent body fat, measured using bioelectrical impedance, is significantly associ-
ated with asthma in women (p=0.04) but not in men (p=0.75) [23]. Sood et al.
studied the relative contribution of fat mass and lean mass (primarily skeletal mus-
cle and viscera) using dual-energy X-ray absorptiometry (DEXA) toward the odds
of asthma [24]. While DEXA accurately identifies relatively large physiological fat
depots as fat mass, it may inaccurately classify some smaller and highly metaboli-
cally active ectopic fat within the skeletal muscle and viscera as lean mass. This
study found that increased total “lean” mass was associated with higher odds for
asthma among women and possibly lower odds among men [24]. This study further
suggested that “lean” mass may be a better predictor of asthma risk than fat mass
among women. A plausible explanation for these surprising findings is that ectopic
fat depots, though small (and therefore inaccurately assessed by DEXA as compo-
nents of lean mass), may be more important from an inflammatory standpoint than
larger, physiological fat depots for the development of asthma in women.
Interestingly, “lipidization” of skeletal muscle (described in lay terms as “marbling
of muscle”) is more pronounced in women than men, independent of overall obesity
[31-33]. “Lipidization” of viscera, although less in amount in women than men, is
associated with greater metabolic effects in women and may thus contribute to the
higher asthma risk in women [34-36].

Android Body Shape and Asthma

An android body shape is characterized by fat localization around the waist
(Fig. 6.1). Like BMI, increased waist circumference is associated with asthma [20,
36]. In a prospective study, Romieu et al. showed that the transition from a
self-perceived leaner body silhouette to one that was progressively more android
(i.e., predominantly abdominal fat distribution) after menarche was associated with
a substantial increase in asthma risk among French women [37]. In another study of
women teachers from California [36], a large waist circumference (>88 cm) was
associated with 37% greater odds of asthma prevalence, even among those with a
normal BMI. Further, the odds of asthma among BMI-defined obese women were
greater in those with concomitant abdominal obesity. These findings suggest that
android pattern of obesity in women may be associated with asthma.
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Android Obesity —
person stores fat around
his or her abdominal
region (apple-like body
shape)

Abdomen

Abdomen

Hip &lupper
thigh Hip & upper
thigh

Gynoid Obesity — person
stores fat around his or
her hip and thigh region
(pear-like body shape)

Fig. 6.1 Android and gynoid patterns of obesity. Typically, women manifest the gynoid pattern
and men the android pattern. Interestingly, asthma risk appears to be strongly associated with the
development of android pattern of obesity in women. On the other hand, the gynoid pattern of
obesity is not so strongly associated with asthma

Aside from its potential association with asthma, abdominal adiposity is also
related to the development of the metabolic syndrome, additionally characterized by
hypertension, hypertriglyceridemia, hyperglycemia, and low serum HDL choles-
terol. It is not known whether the metabolic syndrome overall or its components are
better predictors for asthma than BMI [38—40]. However, data suggest that systemic
inflammation or systemic oxidative stress, often seen with the metabolic syndrome,
does not predict asthma independent of abdominal adiposity [41, 42]. While abdom-
inal adiposity is used by some as a surrogate marker for visceral fat, there are cur-
rently no studies in the literature that have evaluated the independent association
between visceral fat, measured by computed tomography or magnetic resonance
spectroscopy, and asthma risk.
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Gynoid Body Shape and Asthma

Women have relatively larger gluteofemoral fat deposits than men, giving rise to the
“pear-shaped” or gynoid pattern (Fig. 6.1). Findings by Sood et al. suggest that. glu-
teofemoral fat is the weakest predictor among the various physiological fat deposits
for asthma among women [24]. Gynoid obesity is characterized by adipocyte hyper-
plasia as opposed to adipocyte hypertrophy. There is evidence to suggest that adipo-
cyte hyperplasia in the gluteofemoral region may be associated with a more favorable
adipokine milieu as well as higher sex-specific levels of lipoprotein lipase (a key
enzyme involved in lipogenesis) than fat in other regions [43]. Relative to other fat
compartments, gluteofemoral fat is “metabolically benign” [44] and does not exert
any mechanical effects on the respiratory system. Thus, the gynoid pattern of obesity
in women is an unlikely explanation for the obesity-asthma association.

In summary, studies using BMI do not adequately capture the complexity of the
association between the varied phenotypes of obesity and asthma. Abdominal obe-
sity, particularly abdominal ectopic fat deposits, may play a significant role in
asthma risk, particularly among women. The independent association between vis-
ceral fat, measured by computed tomography or magnetic resonance spectroscopy,
and asthma risk has however not been studied.

Is the Obesity-Asthma Association Causal?

Despite the epidemiologic evidence and convincing experimental data in mice [45],
the association between obesity and asthma has not yet fully met the Bradford-Hill
causality criteria in humans [46, 47]. This is in part due to a lack of consistency
among studies evaluating the physiological and inflammatory phenotypes of asthma
and the conflicting data on the association between obesity and atopy (usually con-
sidered an intermediate asthma phenotype) [13, 48-52]. In addition, there are still
questions regarding the underlying pathophysiological mechanisms by which obe-
sity may lead to the development of asthma in humans. Moreover, the strength of
the association between the two diseases, which can be described as weak based on
generally reported odds ratios of less than 2.0, has raised concerns that the associa-
tion may result from bias or confounding.

On the other hand, there are several factors that support a possible causal link
between obesity and asthma. These include data showing that obesity antedates the
development of asthma [17] and that there may be a dose-response gradient between
obesity and increased risk of asthma [3]. Furthermore, there have been several
reports demonstrating clinical improvement in asthma following weight reduction
[23, 53, 54].

Further, although the mechanistic basis for the obesity-asthma association is
not yet known, several plausible hypotheses have been proposed and investigated.
These include misclassification error, the mechanical effects of obesity on airway
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hyperresponsiveness, as well as the metabolic/inflammatory effects of adipose
tissue on the airways. In addition, obesity may be associated with genetic, epige-
netic, hormonal, environmental, and developmental factors as well as comorbidities
that may also be causally associated with asthma.

Misclassification Bias

It was initially thought that the association between obesity and self-reported asthma
in epidemiologic studies was primarily the result of a misclassification bias due to
obese subjects differentially reporting asthma-like symptoms without manifesting
bronchial hyperreactivity [55]. Recent studies using objective tests have shown
that this misclassification is in fact non-differential between obese and nonobese
subjects [20, 56-58]. The resulting bias is typically in a predictable direction
(i.e., toward lack of association) and unlikely to produce a spurious effect. However,
although obesity is not an independent predictor of the misdiagnosis of asthma
overall, Pakhale et al. showed that obesity may predict misdiagnosis of asthma only
in the subgroup of patients who had urgent medical visits for respiratory symptoms
in the preceding year [58]. Thus, obese subjects who require urgent visits for respi-
ratory symptoms are more likely to be mislabeled as having asthma than their coun-
terparts of normal weight (interaction p value not reported) [58].

Mechanical Effects of Obesity on Airway Hyperresponsiveness

Obesity is associated with reduced functional residual capacity due to changes in the
elastic properties of the chest wall. [59] Since the retractive forces of the lung paren-
chyma on the airway are reduced at low functional residual capacity, airway smooth
muscle shortens in the obese subjects which in turn causes airway narrowing and
increases airway hyperreactivity [60]. Similarly, the lack of deep tidal breathing and
associated lack of tidal stretch on the airway in the obese may also contribute toward
shortening of the airway smooth muscle [61]. These issues are discussed in greater
detail in the chapters titled “Effects of Obesity on Lung Function” and “Effects of
Obesity on Airway Hyperreactivity and Airway Inflammation.”

Adipokines and Asthma

Adipose tissue is a metabolically active organ involved in the regulation of systemic
inflammation via a variety of secreted proteins called adipokines. Although adipok-
ines include a number of cytokines, chemokines, and cytokine receptors, recent
studies have focused on the inflammatory and metabolic role of two energy-regulating
hormones — adiponectin and leptin.
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Adiponectin

Adiponectin is a predominantly anti-inflammatory adipokine. Adiponectin and all
of its known receptors are expressed in the lung [62—64]. Adiponectin is also trans-
ported from blood into the alveolar lining fluid via the T-cadherin molecule on the
endothelium [65]. Although visceral adipocytes are the most important source of
adiponectin [66], serum adiponectin concentrations are lower among obese subjects
[67], likely secondary to hypoxia-related necrosis of adipocytes in obese subjects
leading to activation of macrophages [68]. These activated macrophages produce
tumor necrosis factor-alpha (TNF-o) and interleukin-6 which in turn directly inhibit
the local production of adiponectin in a paracrine fashion [69].

There are three forms of circulating adiponectin — low-molecular weight (trim-
ers), medium-molecular weight (hexamers), and high-molecular weight or HMW
(higher-order multimers). HMW adiponectin is disproportionately reduced in obe-
sity. In addition, testosterone has been shown to lower serum concentrations of total
and HMW adiponectin [70]. This effect of testosterone explains the higher concen-
tration of total adiponectin and higher proportion of HMW to total adiponectin in
women compared to men, despite greater levels of overall adiposity in women [70].
Metabolic studies suggest that the HMW isoform is the most biologically active
form of adiponectin in regulating insulin resistance. Whether the same is true for
asthma is not known, but the airway preponderance of the HMW isoform noted in
mice suggests that may be the case [71].

The potential role for adiponectin in asthma is further supported by murine
studies where exogenous adiponectin administration has been shown to prevent
the development of allergen-induced airway hyperreactivity [72]. However, human
data on the independent association between serum adiponectin concentrations
and asthma are currently inconclusive [73-77]. Two studies involving German
children and American adults, respectively, showed a protective association
between serum adiponectin concentrations and odds of prevalent asthma, among
nonatopic peripubertal girls and premenopausal women independent of BMI
[75, 77]. A longitudinal study examining this association showed that low serum
adiponectin predicted significantly higher risk of incident asthma in women and in
premenopausal women and particularly among current smokers [78]. In that study,
low serum adiponectin was also found to be more important than BMI in predict-
ing the risk of incident asthma among women [78]. These findings are in conflict
with those of two other large studies, based in Finland and New Zealand, which
failed to find an association between serum adiponectin and clinical diagnosis of
asthma [74, 76].

Systemic adiponectin is also associated with good clinical control of asthma in
adolescent boys [79], though recent data by Dominic et al. suggests that the opposite
may be true in middle-aged men [78]. While it is possible that these conflicting
findings are due to significant methodological differences between the two studies,
testosterone-related changes in adiponectin isoform distribution (toward a lower pro-
portion of HMW isoform) in men compared to boys [70, 80] may also play a role.
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Further, systemic and bronchoalveolar lavage concentrations of total adiponectin were
not associated with any airway biomarker of oxidation or inflammation [81]. Thus, the
current role of adiponectin with respect to asthma control remains unclear.

Leptin

Leptin is a primarily proinflammatory adipokine. Serum concentrations of leptin are
greater in obese subjects compared to normal-weight. Leptin and leptin receptors
are expressed by the lung [82]. A causal role for leptin in asthma is supported by
murine studies, where administration of exogenous leptin in normal-weight mice
augments airway hyperreactivity following allergen challenge as well as lung
inflammation following ozone exposure [83, 84]. Similar to adiponectin, human
data is currently inconclusive regarding the independent association between serum
leptin concentrations and asthma prevalence or asthma control [73, 77, 79, 85, 86].
A large cross-sectional population-based study in the United States showed a posi-
tive association between the highest quartile of serum leptin concentration and the
risk for asthma in women (OR of 3.2, 95% CI 1.3-7.7), independent of triceps skin-
fold thickness [86]. However, the findings were not replicated in two large studies,
based in Finland and New Zealand [74, 76]. Studies in children and adolescents
similarly showed variable results [73, 77, 79, 85]. Among the positive studies, the
association appears to be stronger among prepubertal boys, peripubertal girls, and
premenopausal women [75, 77, 85, 86]. In a small study, systemic and bronchoal-
veolar lavage concentrations of leptin were not associated with airway biomarkers
of oxidation and inflammation [81]. Thus, the current role of leptin with respect to
asthma is conflicting and unclear in humans.

In summary, although the mouse data suggests that leptin and adiponectin may
be mediators in the obesity-asthma association, the role of these adipokines in
human asthma is less clear. The fact that the obesity-asthma association is not
entirely explained by systemic adipokines implies multiplicity of mechanistic path-
ways. Further, even among the studies that do show an adipokine-asthma associa-
tion, this association is not entirely explained by obesity, suggesting that adipokine
regulation by factors other than obesity may also be important in asthma. Such fac-
tors could include physical activity, insulin resistance, sex hormones, race, and
menopausal status. This makes untangling the independent contributions of obesity
and adipokines to asthma difficult because of the complex relationships between
these interrelated variables.

Obesity-Related Comorbidities and Asthma Risk

Obesity is associated with multiple comorbidities, such as gastroesophageal reflux
disease (GERD), sleep apnea, and depression, that could potentially affect asthma
symptoms and airway disease among individuals who are obese.
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Gastroesophageal Reflux Disease (GERD)

GERD has been linked with asthma, even in the absence of obesity. Studies show
that the prevalence of GERD is not only increased in asthma but that GERD often
precedes and is perhaps involved in the pathogenesis of asthma even in normal-
weight individuals [87]. While the reasons for this are complex, studies in animals
suggest at least two possible mechanisms through which GERD could lead to bron-
chospasm and asthma. First, reflux may cause bronchospasm by direct spill of acid
contents into the airway. In addition, it is possible that acid in the lower esophagus
may lead to reflex bronchospasm without entering the airway [88-90]. As there are
numerous reports of increased GERD in obesity [91], there has been much specula-
tion about the potential role that GERD could be playing in asthma in obese indi-
viduals [92]. However, a recent study showed that although asthmatics had a high
prevalence of GERD overall, the prevalence of acid reflux did not further increase
in proportion to obesity. Moreover, acid reflux was not associated with asthma
severity in either obese or lean patients [91]. It may be that asthma increases the
tendency toward acid reflux, and so obesity does not much further increase the risk
of acid reflux beyond that of having asthma. As such, GERD is unlikely to be a
significant risk factor for asthma in obese individuals.

Obstructive Sleep Apnea

Obstructive sleep apnea is another comorbidity that is dramatically increased in obe-
sity. There is strong evidence supporting an association between increasing BMI and
increased prevalence of sleep apnea [93]. Sleep apnea has been shown to be associ-
ated with increased asthma symptoms and worse asthma control in obese patients
[94]. In fact, studies suggest that the association between sleep apnea and worse
asthma control may be independent of obesity [95]. Given that sleep apnea is associ-
ated with worse asthma control, several small studies have investigated whether
treatment of sleep apnea could improve asthma control. Their findings suggest that
treatment of sleep apnea may improve not only asthma symptoms but also airway
hyperreactivity [96-98]. However, these findings have not yet been replicated using
larger studies. Given that sleep apnea itself is a serious comorbidity, and may poten-
tially contribute to poor asthma control, it makes sense to consider sleep apnea in
assessment of poor asthma control in obese patients with plans to treat it if present.

Depression

Obesity is also associated with depression, and depression is associated with the
presence of asthma, particularly in females [99]. Depression and anxiety have also
been shown to be associated with poor asthma control [99—101]. The reasons for this
are not known but could include multiple factors including adherence to treatment.
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However, it remains unknown whether treatment of depression and anxiety would
lead to improved asthma control. As in the case of sleep apnea, it is reasonable to
consider depression and anxiety as factors that could be contributing to poor asthma
control in obese patients. However, depression and anxiety are serious comorbidities
that warrant treatment regardless of their effect on asthma.

As stated previously, obesity is a complex disease associated with serious comor-
bidities and complications that may contribute to the pathogenesis and control of
asthma. Although we lack studies of the effect of treating these comorbidities on
asthma-specific outcomes, these are serious health problems which warrant treat-
ment in their own right. It is important to consider the potential role of these comor-
bidities in the clinical evaluation of obese patients with poorly controlled asthma.

Clinical Presentation of Asthma in the Obese

The clinical definition of asthma includes recurrent episodes of respiratory symp-
toms such as wheezing, breathlessness, chest tightness, and cough. There is greater
prevalence of asthma-related symptom [17, 55, 102], doctor diagnosis of asthma, as
well as asthma-related medication use [102], health care utilization [103], and
absenteeism [104] among the obese, as compared to normal-weight population.

Obesity is less strongly associated with physiological and inflammatory manifes-
tations of asthma. These issues are discussed in greater detail in the chapters titled
“Effects of Obesity on Lung Function” and “Effects of Obesity on Airway
Hyperreactivity and Airway Inflammation.”

Data from several clinical studies suggest that the clinical manifestations of
asthma may be more pronounced in obese asthmatics, including more severe, poorly
controlled disease and increased exacerbations [7, 21, 36, 79, 105, 106]. These effects
may be further more pronounced among women than men [79]. Evaluation in the
emergency room of acute asthma exacerbations, however, shows that obese adult
asthmatics have similar symptom severity as nonobese asthmatics, despite having
slightly higher peak expiratory flow rates [103]. It is worth noting that the peak expi-
ratory flow rates of obese adults with asthma exacerbation respond equally well to
intensive treatment in the emergency room as nonobese adults [103]. Yet, obese sub-
jects are more likely to be admitted to the hospital and have a greater hospital length
of stay than nonobese subjects, suggesting a slower symptomatic recovery from
acute asthma exacerbation in obese subjects [107, 108]. While it is possible that
obese subjects have a greater perception of dyspnea in response to bronchoconstric-
tion, the data in this regard are conflicting [109, 110]. The basis for the seemingly
greater clinical severity of asthma in the obese subject is thus not well understood.

Interestingly, while the clinical severity of disease may be greater in the obese
asthmatic than in the nonobese asthmatic, it has not been established that the physi-
ological and inflammatory manifestations of asthma differ between obese and non-
obese asthmatics. This is an important area of ongoing research that is discussed in
greater detail in the chapters titled “Effects of Obesity on Lung Function” and
“Effects of Obesity on Airway Hyperreactivity and Airway Inflammation.”



130 A. Sood and A.E. Dixon
Effect of Weight Reduction

Asthma prevalence and severity, including asthma-related symptoms and exacer-
bations, use of rescue medications, need for hospitalizations, and low quality of
life, improve following even modest weight reduction among obese subjects
[23, 53, 54]. In addition, weight reduction studies among obese subjects show an
improvement in lung function [53, 54, 111, 112]. There has also been report of
striking reduction in levels of serum markers of oxidative stress among subjects
with asthma following dietary restriction and associated weight loss [54]. One
recent study showed significantly improved airway hyperreactivity particularly in
nonatopic asthmatics with bariatric surgery, though markers of airway eosinophilic
inflammation did not change, and markers of lymphocytic inflammation increased
[112]. This suggests that weight loss has complex effects on airway inflammation
and physiology, and the net result of weight loss likely depends on the underlying
phenotype of asthma.

Is the Obesity-Associated Asthma a Unique Phenotype
of Asthma?

There is a growing recognition that the term ‘“asthma” does not describe a single
pathological disease process. In fact, “asthma” is an umbrella term which covers
many distinct phenotypes of airway disease commonly encountered in clinical
practice.

By way of background, it is helpful to consider what is known about the
pathophysiology of early-onset allergic asthma. This type of asthma is characterized
by childhood-onset disease with atopy and Th2 lymphocyte-driven allergic
inflammation. Th2 inflammation is associated with the production of cytokines such
as interleukins 4 and 5 which promote airway eosinophilia. Asthma in obese asth-
matics does not readily conform to this stereotypical pattern. Obesity does not
increase airway eosinophilia. Indeed, some cross-sectional studies have found an
inverse relationship between BMI and airway eosinophilia [113—115]. Studies have
also reported that exhaled nitric oxide, a noninvasive measure of airway eosino-
philic inflammation, decreases with increasing BMI [116]. This also supports the
emerging concept that allergic airway inflammation is inversely related to BMI.
Obesity does not lead to asthma through increased allergic inflammation.

A number of studies published in the last few years have described the different
phenotypes of asthma [117, 118] and provided important insight into our under-
standing of the relationship between obesity and asthma. Although these studies
varied somewhat in their particulars, one study by Moore et al. has been quite
influential [119] and divided patients into five main phenotypes (shown in Table 6.1).
Cluster groups 3 and 5 consist of predominantly obese female with relatively low
prevalence of atopy and late-onset asthma. The other three groups (cluster groups 1,
2, and 4) consist of atopic asthmatics with early-onset disease and varying disease
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Table 6.1 Five main phenotypes of patients with asthma

Cluster group 1 2 4 3 5
Prevalence of obesity Normal Normal Normal High High
Age of asthma onset Early Early Early Late Late
Prevalence of atopy High High High Low Low
Gender predominance Female Female Equal Female Female
Symptoms Low Intermediate High High High
Lung function Normal Normal Decreased Normal Decreased
Atopic Nonatopic

severity [108]. This study suggests that there may be a “unique” type of asthma that
occurs primarily among obese women, characterized by late-onset and nonatopic
disease.

Although obesity does not cause increased allergic airway inflammation, there
are likely to be people with allergic asthma who happen to be obese simply given
the very high prevalence of obesity in the developed world. However, there also
appears to be a unique phenotype of asthma, characterized by the older female non-
atopic asthmatic, with asthma that develops in the setting of obesity [112, 118]. To
summarize, there are at least two distinct phenotypes of asthma in obesity: atopic
asthmatics with early-onset disease (who happen to be obese) and nonatopic asth-
matics with later-onset disease (developing consequent to obesity). The implica-
tions for treatment of these two different phenotypes are not known.

Response to Asthma Therapy in Obese Patients

Unfortunately, the current guidelines do not specifically address the management of
obese patients with asthma. Obese patients with asthma show a reduced beneficial
response to asthma medications, particularly to inhaled corticosteroids [105, 120].
Weight loss, even when modest, is associated with clinical improvement in asthma
control [53, 107, 121] and therefore should be recommended. Habitual exercise is
presumably beneficial due to its associated deep breathing and beneficial changes in
adipokines but has not been specifically studied. Additional details on this subject
are available in the accompanying chapter titled “Treatment of the Obese Patient
with Asthma.”

Conclusion

Obesity plays an important role in the development and clinical presentation of
asthma. Despite the extensive number of studies published on this topic in the last
decade, there remain critical gaps in our understanding of the association between
obesity and asthma. In order to move the field forward, it is important to (1) unravel
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Obstructive sleep apnea

Clinical Presentation of Female
Asthma in Obesity sex

/ Non-atopic state
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Fig. 6.2 Factors contributing to presentation of asthma in obesity
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Metabolic syndrome

Pauci-eosinophilic state

the biological basis for the potential sex- and atopy-related interactions with obesity
on asthma; (2) clarify the role of ectopic vs. physiological fat deposits as well as the
associated role of adipokines, such as high-molecular weight adiponectin; and (3)
understand the clinical and therapeutic implications of obesity-associated asthma
phenotype (Fig. 6.2).
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Chapter 7
Treatment of the Obese Patient with Asthma
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Abstract Asthma in obese adults is more severe than in lean individuals, and
emerging data from clinical and translational studies suggest that obese patients are
also less likely to respond to controller therapies, particularly inhaled corticoster-
oids. As a result, obese asthmatics receive complicated treatment regimens to which
they are less likely to respond favorably. Given the high prevalence of both asthma
and obesity, this interaction has significant potential to adversely impact both indi-
vidual and population asthma burden. Despite this, no specific guidance currently
exists in NIH or international guidelines as to the optimal therapeutic approach to
the obese asthmatic. This chapter will review clinical data regarding mechanisms by
which obesity modifies asthma phenotype, focusing on clinical and translational
studies of response to controller therapies such as glucocorticoids and agents target-
ing leukotriene pathways.
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Introduction

Asthma in obese adults is more severe than in lean individuals [1, 2], and a number
of studies have demonstrated that asthma in obese adults is less responsive to inhaled
corticosteroids (ICS) [3-5], the first-line controller treatment for asthma [6]. Given
that over 50% of adult asthmatics are overweight or obese [5], the attenuated
response to glucocorticoids observed in obese asthmatics substantially increases
asthma burden and is a major public health issue. Despite this, no specific guidance
currently exists in NIH or international guidelines as to the optimal therapeutic
approach to the obese asthmatic [6, 7], and many obese asthmatics receive complicated
asthma treatment regimens to which they do not respond [2].

Only recently has work in earnest attempted to elucidate mechanisms relevant to
the obesity-asthma interaction, with the goal of facilitating the development of more
effective therapeutic approaches in obese asthmatics. It is important to recognize
that obesity is a well-documented cause of clinically relevant systemic inflammation
[8], particularly in the context of the metabolic syndrome and insulin resistance
[9, 10]. Given that clinical and epidemiologic studies suggest a link between obesity
and the worsening/development of asthma, it has been hypothesized that systemic
inflammation and other metabolic abnormalities in obesity could increase airway
inflammation in asthma [11, 12], while also modulating steroid responsiveness.
This chapter will review selected aspects of our current understanding of the contri-
butions of obesity-related airway and systemic inflammation to asthma, with a focus
on the impact of inflammation as a modifier of therapeutic response, principally to
ICS, but also to other controller agents.

Glucocorticoid Response in Asthma

Inhaled corticosteroids are glucocorticoid (GC) preparations widely used as the
principal controller therapy for patients with persistent asthma [6]. Although the
majority of patients with asthma can be successfully treated with ICS-containing
treatment regimens, studies have suggested that there is variability in response to
ICS, with a substantial minority of patients achieving less-than-optimal asthma con-
trol, despite high doses of ICS [13—15]. This is an important clinical issue in that
recognizing suboptimal therapeutic response to ICS, understanding the mechanisms
thereof, and developing strategies to address this are likely to translate directly to
improved treatment algorithms for patients with asthma. In brief, GCs exert their
effects by diffusing across the plasma membrane and binding to a cytoplasmic
receptor protein, GC receptor-alpha (GCRa.), a ligand-dependent transcription factor
[16]. Under GC-responsive conditions, the GC-GCR complex translocates to the
nucleus where it binds to specific GC response elements (GRE) within the promoter
regions of GC-responsive genes to enhance transcription after induction of histone
acetylation [16, 17].
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The mechanisms of GC insensitivity are complex, reflecting the multiple steps
involved in GC action. For example, recent reports have suggested that the majority
of peripheral blood mononuclear cells (PBMC) from GC-insensitive and steroid-
dependent asthmatics have impaired nuclear localization of GCRa. despite treatment
with GCs [18]. Glucocorticoids have also been reported to increase expression of a
key regulator of MAP kinase (MAPK) inactivation, MAP kinase phosphatase-1
(MKP-1) [19-21]. As reviewed recently [22], interactions between activation of p38
MAPK and corticosteroid activation pathways have been postulated to lead to corti-
costeroid insensitivity in chronic airway disease. Augmented proinflammatory
response of cells from GC-insensitive asthmatics could be due to a lack of ability of
steroids to induce phosphatase expression that may allow persistent MAPK activation
and cell activation, and the importance of this pathway to GC response in obese
asthmatics is discussed below. Finally, in humans, alternative splicing of the ninth
exon of the GCR pre-mRNA gives rise to two homologous GCR protein isoforms,
termed GCRa and GCR [23, 24]. In contrast to GCRa,, GCRp does not bind GCs,
is transcriptionally inactive [25-27], and competes with GCRa in the nucleus for
coactivators such as histone acetyltransferases. GCRp expression is enhanced by
proinflammatory cytokines, such as TNFa and IL-1 [28], combination IL-2/IL-4
[29], and IL-13 [16]. Furthermore, RNA silencing of GCR in monocytes/mac-
rophages enhances GCR function, suggesting that GCR[} has a physiologic role in
steroid resistance [30]. These data suggest that under conditions of immune activa-
tion and inflammation, the GCRp isoform accumulates preferentially, causing GC
insensitivity.

Potential Mechanisms of Glucocorticoid Insensitivity
in Obese Asthmatics

Emerging data suggest that elevated BMI might be associated with suboptimal
response to GC, the most effective controller therapy for patients with persistent
asthma. Inflammation in obesity is characterized by abnormal cytokine production
[31], and research over the last decade has demonstrated that TNFa is overexpressed
in the adipose tissue and muscle of obese humans [9, 32-34]. In addition, some
obese patients manifest elevated plasma concentrations of hsCRP, accompanied by
elevated IL-6 concentrations and reduced adiponectin concentrations [35, 36]. There
is potential for an interrelationship between inflammation in obesity and GC insensi-
tivity in that production of proinflammatory cytokines seen in obesity (TNFa., IL-6)
is upregulated in lung macrophages from GC-insensitive asthmatics [37]. This sug-
gests that the cytokine environment described in obesity may modify response to
GCs, perhaps via alterations in MKP-1 induction by GCs.

Alterations in mechanisms of GC signaling and response may underlie reports
suggesting that health status is impaired in obese individuals with asthma [38], with
more severe, less well-controlled, and less treatment-responsive disease being
observed in obese patients. Recent cluster analyses of patient data from clinical populations
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have been elucidating in this regard. Haldar and colleagues reported that obese asth-
matics appeared to aggregate from other patients with asthma with regard to impor-
tant factors such as symptom expression (increased), eosinophilic airway inflammation
(reduced), age of onset (adult), and sex (female predominant) [1]. Additionally, this
population appeared to be less responsive to inhaled glucocorticoids. A separate
analysis of data from the NHLBI-sponsored Severe Asthma Research Program also
indicated that elevated BMI was important in severe asthma, with the identification
of a cluster of patients in whom elevated BMI was associated with female sex, adult-
onset asthma, a greater likelihood of complicated asthma treatment regimens, and
more frequent health care utilization and need for systemic corticosteroids [2].

Although it is intuitive to conclude that this increase in asthma severity must be
associated with increased airway inflammation, studies have failed to demonstrate a
robust relationship between obesity and traditional biomarkers of airway
inflammation in adult asthmatics. For example, Todd and colleagues utilized induced
sputum cell counts as an alternative means of assessing airway inflammation in 727
obese subjects with and without asthma. While sputum eosinophil counts were
higher overall in subjects with asthma, there was not a significant correlation
between BMI and sputum eosinophils either in asthmatic participants or in the study
population as a whole [39]. McLachlan and colleagues reported similar findings in
a population-based cohort of approximately 1,000 individuals, demonstrating that
while adiposity (reflected in percentage of body fat) was associated with asthma and
airflow limitation in a subset of subjects, there was not a meaningful association
between exhaled nitric oxide (F,NO) or adiposity [40]. Thus, traditionally monitored
biomarkers of airway inflammation (e.g., induced sputum eosinophil percentage,
F_NO) do not necessarily increase as body mass increases in subjects with asthma,
suggesting that novel biologically relevant biomarkers of airway inflammation in
obese asthmatics need to be identified. Strategies which take advantage of research
bronchoscopy to directly sample the airway are likely to be of high yield in this
regard. As discussed elsewhere in this volume, one challenge in assessing treatment
response in obese asthmatics relates to the assessment of physiologic variables in
this population.

Although more work is needed to refine the basic mechanisms by which obesity
modifies response to GC in asthma, it is possible that mechanism associated with
systemic inflammation also impacts the airway. Recent studies have shown that
monokines secreted by adipose tissue activate blood monocytes and recruit activated
macrophages to adipose tissue, significantly amplifying proinflammatory cytokine
generation [41-45]. The phenotype of blood monocytes and adipose tissue mac-
rophages in obesity is consistent with “classical” or “M1” activation, [45-48] in
which there is expression of inflammatory mediators (e.g., a, IL-1p3, IL-6) that are
crucial to innate immune responses against pathogens. Classical activation is inhibited
by Th2 cytokines which “alternatively” program macrophages [49-52], and aller-
gen-driven “asthma’ in murine models and mild atopic human asthma is associated
with a Th2 milieu and alternative macrophage programming [53]. However,
inflammation in refractory asthma has also been associated with Thl cytokines
[54-56], and M1 skewing of blood monocytes and alveolar macrophages has been
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documented in glucocorticoid-insensitive asthma [57, 58]. These data suggest that
in asthma, obesity may alter certain aspects of airway inflammation and response to
effective controller therapies, possibly increasing asthma severity and making the
disease more difficult to treat.

Finally, the elevations in TNFa observed in obesity may be relevant to the
treatment of obese asthmatics. A recent clinical trial demonstrated that increased
expression of membrane-bound TNFa, TNFa receptor 1, and TNFa-converting
enzyme in peripheral blood mononuclear cells from patients with severe asthma
was associated with GC insensitivity. This study also suggested a beneficial effect
of soluble TNFa receptor, etanercept, in these patients, as shown by improve-
ments in AHR, FEV , and asthma-related quality of life [56], raising the possibil-
ity that controller agents other than corticosteroids may be effective in obese
asthmatics in whom systemic inflammation and GC insensitivity are shown to be
important factors.

Evidence from Clinical Studies

In one of the first reports to assess the relationship between body mass index and
response to controller therapies in adult asthmatics, Peters-Golden and colleagues
used data obtained during clinical trials of montelukast and inhaled beclomethasone
to perform a retrospective analysis of the effect of obesity (as reflected by increased
BMI) on asthma control, using asthma control days as the primary clinical variable
of interest [59]. The study population consisted of 1,603 patients who had a normal
BMI, 971 patients with BMI in the overweight range, and 499 who were obese.
Obese patients were older, with a median age of 40 years, compared with 36 years
in overweight patients and 28 years in lean patients. With regard to lung function,
median FEV was 68.1% of predicted for lean participants, 66.6% for overweight
participants, and 65.2% for obese participants. In lean patients, beclomethasone
resulted in a higher percentage of asthma control data than did montelukast, at
18.6% versus 9.5% (p<0.001). However, the beneficial effect of the inhaled corti-
costeroid versus the leukotriene modifier became less as BMI increased, with a
comparative effect of 18.8% versus 15.7% in overweight (p=0.25) and 13.9% ver-
sus 13.4% (p=0.90) in obese adults. In overweight and obese participants, the
authors also reported a significant statistical interaction (p=0.04) of BMI and treat-
ment response, with an inverse correlation between increasing body mass index
category and the reduction in asthma control days, a finding that was significant
with beclomethasone and placebo but not with montelukast. On the basis on these
findings, the authors concluded that increasing BMI is associated with a decrease in
the overall level of asthma control in response to controller therapy and suggested
that there may be a differential effect of BMI on response to inhaled corticosteroids
when compared with montelukast, with the negative impact of BMI being greater in
those patients treated with inhaled corticosteroids [59].
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Fig. 7.1 Percentage of patients in various BMI categories achieving asthma control after 12 weeks
of treatment with either fluticasone propionate (FP) or salmeterol/fluticasone propionate (SFP)
(Reprinted from [62] with permission)

A subsequent article by Boulet and Franssen evaluated the relationship between
increasing BMI and response to an inhaled corticosteroid (fluticasone) with and
without an added long-acting beta agonist (salmeterol). The authors utilized data
from five clinical trials, including the GOAL study [60], ultimately including 1,242
steroid-naive nonsmoking adults with asthma. Mean FEV | in the analysis population
was 83% of predicted, with 31.7% and 25.5% being overweight and obese, respec-
tively. All patients demonstrated bronchodilator response with a mean improvement
of 20%. Overall, obese subjects were less likely than nonobese individuals to
achieve asthma control in response to treatment with either agent. When the odds of
achieving asthma control were compared between patients with WHO class 3 obe-
sity (BMI>40 kg/m?)[61] and other weight categories, the odds ratio for achieving
asthma control were 3.23 (95% confidence interval 1.50-6.97) for patients with
BMI<20, 2.66 (1.45-4.87) for patients with BMI 20-24.9, 2.11 (1.15-3.87) for
patients with BMI 25-29.9, 1.91 (1.01-3.61) for BMI 30-34.9, and 2.46 (1.17-
5.18) for patients with BMI of 35-39.9 (Fig. 7.1). For patients treated with fluticasone
alone, 39.7% of patients with a normal BMI were able to achieve asthma control;
this proportion dropped to 28.8% in those who were overweight, 13.9% in those
with WHO class 1 obesity (BMI 30-34.9), 6.0% in those with class 2 obesity, and
3.3% in those with class 3 obesity. Similar trends were seen with patients treated
with the combination of fluticasone and salmeterol, with 38.2% of treated lean
patients achieving asthma control compared to 2.8% of those with class 3 obesity
(Fig. 7.1). The authors concluded that obesity is associated with a reduced likelihood
of achieving asthma control in response to both inhaled steroid monotherapy and
inhaled steroid/long-acting beta agonist combination therapy, a finding most pro-
nounced in those with the most severe form of obesity [62]. These findings validated
the observations of Peters-Golden and colleagues and extended the observation not
just to inhaled steroid or leukotriene modifier monotherapy but also to the combination
of an inhaled steroid and a long-acting beta agonist. Additional post hoc analyses of



7 Treatment of the Obese Patient with Asthma 145

data from multiple clinical trial populations have further validated these observations
[5, 63-65]. In one of these, we analyzed data from studies conducted by the
NIH-funded Asthma Clinical Research Network in a similar post hoc approach to
those described above and reported an approximately 55% reduction in the effec-
tiveness of ICS monotherapy in lowering exhaled nitric oxide in overweight/obese
subjects, as well as a reduction of the beneficial effect of ICS/LABA combinations
on FEV and FEV /FVC ratio in overweight and obese subjects [5].

Less is known about the effect of overweight and obesity on response to
theophylline, with much of the insight coming from a secondary analysis of the
LODO study [66], which studied the effectiveness of low-dose theophylline as add-on
therapy in poorly controlled asthma. In this analysis, published by Dixon and col-
leagues, 73% of the 488 included subjects were overweight or obese, and although
there were no baseline differences between the groups with regard to cough, dysp-
nea, or wheeze, obese participants utilized rescue bronchodilators 30% more fre-
quently than other subjects. Overweight and obese participants achieved serum
theophylline concentrations similar to those in lean participants, but despite this,
there was a significant increase in asthma exacerbations in obese participants com-
pared to those who were lean or overweight, with a relative risk of exacerbation of
3.7 [95% confidence interval 2.2-6.3, p<0.001]. Differences in exacerbation rates
were not seen in the placebo or montelukast add-on arms of the study [66].

Although many of the reports cited above have identified a reduction in clinical
response to GC-containing therapeutic regimens in overweight and obese asthmatics,
the mechanisms by which this insensitivity to GCs occurs have been less rigorously
investigated. One potential mechanism by which this could be hypothesized to
occur is altered molecular response to GCs due to systemic inflammation. As noted
above, glucocorticoids inhibit proinflammatory gene expression, in part through
negative regulation of MAP kinase signaling pathways by molecules such as MAP
kinase phosphatase-1 (MKP-1). Given that proinflammatory cytokines such as IL-1,
IL-6, and TNFa are increased in many obese individuals and given that these same
cytokines are regulated by potential regulators of p38 MAP kinase [19], it is possi-
ble that this proinflammatory environment might modify GC function in obese asth-
matics. In order to evaluate this possibility, we hypothesized that overweight and
obese asthmatics would demonstrate evidence of reduced molecular responsiveness
to GCs in immune cells derived from both the peripheral blood and lung, a process
potentially mediated by enhanced expression of or sensitivity to TNFo. They
enrolled 45 nonsmoking adults, 33 with asthma (mean (SD) FEV % of 70.7 (9.8)%)
and 12 without, in a study in which sensitivity to glucocorticoids was assessed
in vitro in both peripheral blood mononuclear cells (PBMC) and bronchoalveolar
lavage (BAL) cells. Dexamethasone-induced PBMC MKP-1 expression was reduced
in overweight/obese versus lean asthmatics, with mean (+SEM) fold induction of
3.11+0.46 versus 5.27+0.66, respectively (p=0.01, Fig. 7.2). In asthmatics, regres-
sion analysis revealed a —0.16+0.08-fold decrease in DEX-induced MKP-1 per unit
BMI increase (p=0.04). PBMC TNFa expression increased as BMI increased in
subjects with asthma, with a 0.27 unit increase in log [TNFa (ng/mL)] per unit
BMI increase (p=0.01). The ratio of PBMC [log [TNFa]:DEX-induced MKP-1]
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Fig. 7.2 Reduced DEX-induced MKP-1 expression in peripheral blood mononuclear cells from
overweight and obese versus lean adults with asthma (Reprinted from [4] with permission)

also increased as BMI increased in asthmatics (+0.09+£0.02, p=0.004). In AL cells,
DEX-induced MKP-1 expression was also reduced in overweight/obese versus lean
asthmatics (1.36+0.09 vs. 1.76 £0.15-fold induction, p=0.05). Similar findings were
not observed in nonasthmatic controls. On the basis of these findings, the authors
concluded that GC sensitivity decreased in both the lung and the periphery as body
mass increases in individuals with asthma. This effect was found to occur via a
reduced induction of MKP-1 expression in response to dexamethasone in both PBMC
and BAL cells and was related to enhanced expression of TNFa. in both peripheral
and lung immune cells as body mass increases, suggesting a scenario in which one
or more molecular pathways governing GC responses are modified in both the air-
way and peripheral blood in overweight and obese asthmatics [4].

Obesity and Treatment Response in Children
and Adolescents with Asthma

Fewer studies have reported on the association between increased body weight and
treatment response in children and adolescents. Using data from the Childhood
Asthma Management Program (CAMP), Forno and colleagues conducted a retro-
spective analysis of the impact of increased body mass index on response to inhaled
corticosteroids in children with asthma [67]. The CAMP dataset consists of longitudinal
data on 1,041 children obtained during a randomized, controlled trial in which par-
ticipants were treated either with inhaled budesonide, nedocromil, or placebo. On
average, this cohort had a normal prebronchodilator FEV at 93.7% of predicted and
aslightly reduced FEV /FVC ratio of 79.6%. The cohort also demonstrated evidence
of bronchodilator responsiveness, with a 10.8% improvement in FEV | after adminis-
tration of albuterol. Approximately one-third (31.4%) of participants were overweight
or obese, with overweight/obese participants more likely to be African American
(p=0.002), older (p=0.002), and have lower vitamin D levels. The investigators
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reported there was a significant interaction between body mass index and response to
budesonide with regard both to the FEV /FVC ratio (p=0.0007) and bronchodilator
responsiveness (p=0.049) for bronchodilator response. Additionally, a nonstatistically
significant trend for an interaction with regard to FEV  improvement was noted as
well (p=0.15). The authors calculated that for every 1% increase in body mass index,
children treated with budesonide would experience a reduction in inhaled steroid
response of approximately 0.04% in FEV /FVC and 0.025% in the degree of bron-
chodilator response. Given the retrospective nature of the analysis and limited avail-
ability of biological specimens, the investigators were unable to identify specific
mechanisms of reduced inhaled steroid responsiveness in this population but specu-
lated that many of the same mechanisms present in adults could impact steroid
responsiveness in overweight and obese children [67].

In a study that sheds some light on the association in adolescents, Kattan and
colleagues investigated the relationship between adiposity, adipokines, and asthma
control in a population of adolescents in the Asthma Adiposity Study [68]. This
group of 368 adolescents between 12 and 20 years of age demonstrated increases in
BMI, with females demonstrating a BMI percentile of 82 +22.3% and males dem-
onstrating a BMI percentile of 75.6+25.9%. Female participants had, on average,
35.4+89% body fat, while males demonstrated a body fat percentage of 21.9+ 10.2%
(»<0.001 for comparison). In association with this relatively increased BMI and
percent body fat, female participants also demonstrated higher concentrations of
adiponectin, leptin, CRP, and IL-6 when compared with male participants. In female
participants, but not in males, there was a significant relationship between increases
in percent body fat and increases in both asthma symptoms and asthma exacerbations.
These findings suggest that measurements of adiposity other than body mass index
are associated with asthma morbidity, underscoring a relationship between obesity
and a decreased level of asthma control [68].

Weight Loss as a Therapeutic Adjunct in Obese Asthmatics

Studies of the effect of weight loss on response to asthma therapy are in their infancy.
In controlled trials, nonsurgical weight loss protocols [69] can induce an approximately
10% reduction in body weight, and this degree of weight loss has been shown to
improve lung function in asthma and to improve adipokines and other markers of
systemic inflammation in obesity [70]. This amount of weight loss has also been shown
to be enough to permit improvement in waist circumference, blood pressure, circulat-
ing cytokines, and fasting levels of glucose, triglycerides, and HDL cholesterol [70]
and therefore could be predicted to result improvement in asthma, although this remains
speculative. A 2008 systematic review on weight loss in asthma cited only four prior
reports of medical weight loss, all of which evaluated primarily spirometric outcomes
and which enrolled 120 subjects in toto. Thus, additional studies are needed.

Surgical weight loss approaches induce an even greater degree of weight loss
(>20% of body weight in some cases), which may alter pulmonary physiology in
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ways that make linking weight loss and clinical response more challenging. However,
arecent report by Dixon and colleagues [71] has improved our understanding of the
impact of weight loss surgery in asthma. In their cohort of 23 asthmatics, 21 of
whom followed for up to 12 months after surgery, significant clinical and physiologic
improvements were observed after surgery. Asthma control questionnaire score
improved from 1.55 to 0.74 (p<.0001), a 50% improvement, and patients also
reported reduced need for rescue beta agonists and improved asthma-related quality
of life. Methacholine PC20 improved almost one doubling dose, from 3.90+3.59 to
7.28+6.50 mg/mL (p=0.03), a response observed only in patients with normal
serum IgE concentrations (p for interaction=0.01). These findings add asthma control
and airway hyperresponsiveness to the list of clinical variables (principally symptoms
heretofore) that improve with surgical weight loss.

Conclusion

Ample evidence from both clinical and translational studies suggests that response to
asthma controller therapies decreases as body mass increases. The strongest evidence
relates to the impact of obesity on response to inhaled corticosteroids, although similar
findings have been observed when long-acting beta agonists, montelukast, and theo-
phylline are all added to inhaled corticosteroids. Despite this, no specific guidance
currently exists in NIH or international guidelines as to the optimal therapeutic approach
to the obese asthmatic, and many obese asthmatics receive complicated asthma treat-
ment regimens to which they do not respond. Until clinical trials specifically evaluating
treatment regimens in obese asthmatics are conducted, clinicians must carefully apply
guideline-based care to obese patients with asthma, frequently assessing asthma con-
trol and treatment response and modifying treatment algorithms as necessary.
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Chapter 8
Obesity and Chronic Obstructive
Pulmonary Disease

Frits MLE. Franssen and Emiel F.M. Wouters

Abstract COPD and obesity are two heterogeneous chronic conditions with
increasing prevalences all over the world. For accurate clinical assessment and disease
management, it is important to understand the effects of excessive fat accumulation
in patients with concomitant COPD and obesity. In COPD, obesity results in reduc-
tions in static lung hyperinflation, irrespective of the severity of airflow limitation.
The impact of obesity on exercise capacity in COPD is likely dependent on the type
of exercise, with obesity being associated with decreased tolerance to weight-bearing
exercise while having beneficial effects on dynamic ventilatory mechanics during
weight-supported exercise. Although obese COPD patients have higher levels of
systemic inflammation and increased risk of metabolic syndrome, it is currently
unknown whether and to what extent adipose tissue dysfunction and insulin resistance
contribute to increased cardiovascular risk and extrapulmonary manifestations in
COPD. In contrast to early stage COPD, obesity seems to protect against mortality
in patients with severe disease. Even though additional studies on the interaction
between obesity and COPD are warranted, the current findings suggest that the
presence of obesity has implications for interpretation of diagnostic measurements
and management of patients with COPD. Future studies need to show the overall
effects of nutritional interventions in obese COPD patients and determine the optimal
BMI for an obese patient with COPD.
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Keywords Chronic obstructive pulmonary disease ¢ Obesity ¢ Epidemiology
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Objectives

* Describe the epidemiological relationship between obesity and COPD

* Discuss the effects of obesity on lung function and exercise tolerance in COPD

e Describe the impact of obesity on mortality in COPD

* Discuss the relationship between the metabolic syndrome and comorbidities in
COPD

* Consider the potential pathophysiologic role of adipose tissue dysfunction in
COPD

Introduction

Chronic obstructive pulmonary disease (COPD) is characterized by progressive
airflow limitation, caused by inhalation of noxious particles or gases, particularly
smoke from tobacco and from burning of biomass [1]. Millions of people worldwide
suffer from COPD. According to the “Burden of Obstructive Lung Disease” (BOLD)
Initiative, the global prevalence of spirometrically confirmed COPD in adults ranges
from 11% to 25% [2]. It is predicted that COPD will become the third leading cause
of mortality and the fifth most important contributor to disability-adjusted life years
by 2020 [3]. Typical presenting symptoms of patients with COPD are dyspnea on
exertion, cough, and sputum production [1]. In addition, progressive exercise limi-
tation is frequently observed in patients with COPD [4] and is multifactorially
determined [5]. Traditionally, COPD was considered a respiratory disease, based on
the presence of chronic airflow limitation. Nowadays, it is recognized that COPD is
a heterogeneous disease with both pulmonary as well as extrapulmonary manifesta-
tions that are insufficiently captured by the degree of airflow limitation [6].
Anthropometric differences between patients with COPD probably contribute to the
observed heterogeneity in this disabling disease.

The prevalence of obesity, defined as body mass index (BMI)>30 kg/m?, has
more than doubled worldwide since 1980. According to WHO estimates, it is projected
that the number of obese adults will exceed 700 million by the year 2015 [7]. Aside
from its effect on chronic diseases such as diabetes, heart disease, sleep-disordered
breathing, and stroke, obesity is associated with both mechanical and systemic
changes that may contribute to COPD heterogeneity and the development of comor-
bidities such as cardiovascular disease. Furthermore, COPD-specific factors, such
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as systemic hypoxemia and reduced skeletal muscle oxidative capacity, may aggravate
obesity-related metabolic and inflammatory derangements in patients with COPD [8].

This chapter focuses on the epidemiology of obesity in COPD and examines the
impact of excessive fat mass on pulmonary function, exercise tolerance, and prognosis.
In addition, the potential role of metabolic syndrome and adipose tissue dysfunction
in COPD pathophysiology will be evaluated.

Epidemiology

COPD patients are at increased risk of developing obesity compared with healthy
elderly, as a result of a reduced level of daily physical activities [9]. An increased
prevalence of obesity in COPD could therefore be anticipated. Only a few studies
concerning the prevalence of obesity in patients with COPD have been performed,
and results are inconclusive. In the multicenter population-based epidemiologic
“Proyecto Latinoamericano de Investigacion en Obstruccio 'n Pulmonar” (PLATINO)
study, the overall prevalence of COPD in adults aged 40 or older was 14% [10]. The
prevalence of obesity among those meeting spirometric criteria for COPD (FEV /
FVC<0.7) was 23%, compared to 32% in subjects without COPD [10]. In another
study from the Netherlands based on a large primary care population of COPD
patients, the prevalence of obesity was 18% [11]. In that cohort, obesity was found
to be more prevalent (16-24%) in patients with milder disease severity (GOLD 1
and 2) and was lowest (6%) in those with severe disease (GOLD 4) [11]. This is
compared to the national prevalence of obesity in the general adult population in the
Netherlands at that time of approximately 11% [12]. A much higher prevalence of
obesity was reported in an adult multiethnic cohort of early stage COPD patients
from Northern California, USA [13]. In this study, 54% of subjects met criteria for
obesity compared to the 20-24% reported prevalence for the general adult popula-
tion of that region.

As such, available data indicate that the prevalence of obesity in COPD is variable
and may be related to differences in general risk factors for obesity among populations,
such as dietary factors and physical activity. In addition, factors related to COPD dis-
ease severity, such as the severity of airflow limitation, frequency of hospitalizations,
comorbidities, use of systemic glucocorticosteroids, and smoking status, may also
contribute to the observed differences in prevalence of obesity between studies.

Effect of Obesity on Lung Function in COPD

The respective changes in pulmonary function at rest related to obesity and COPD
are well understood. As described in Chap. 2, reduction in functional residual capacity
(FRC) [14] as a result of a reduction in lung compliance [15] is the most prominent
effect of obesity on respiratory physiology. The effects of obesity on airway function
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are limited with forced expiratory volume in 1 s (FEV ) and forced vital capacity
(FVC) being usually preserved [16] and FEV /FVC ratio remaining normal.
However, obese subjects are at increased risk of expiratory flow limitation as a
result of their breathing at lower lung volume [14], and small airways disease may
be present. Diffusing lung capacity of carbon monoxide (DLCO) is also in the normal
range or increased in obesity [17]. In contrast, COPD is characterized by chronic
expiratory airflow limitation and lung hyperinflation at rest [1]. Lung hyperinflation
is defined as an abnormal increase in resting FRC, which is the result of increased
lung compliance and airflow limitation [18].

The pathophysiologic interactions between obesity and COPD are complex
and have not yet been extensively investigated. However, it is important to under-
stand these interactions to correctly interpret lung function measurements in
patients with COPD and coexisting obesity, an increasingly growing population.
In a study of moderate-to-severe COPD patients, there was no difference in diffu-
sion capacity or maximum inspiratory mouth occlusion pressure between normal-
weight and obese patients with a comparable degree of airflow limitation [19].
Although resting hyperinflation was present in both groups, FRC and ERV were
significantly lower in obese patients compared to normal-weight patients [19]
likely due to the effects of obesity on static lung volumes in COPD causing less
hyperinflation. Similarly, TLC (%predicted) was smaller, and IC/TLC ratio was
significantly increased in obese compared to normal-weight COPD patients. In
line with isolated obesity, increasing BMI was associated with decreasing static
lung volumes in COPD [19], resulting in less hyperinflation. The association
between BMI and plethysmographically measured lung volumes was shown to be
independent of the severity of COPD [20]. However, increasing BMI was found
to be associated with increasing FEV /FVC ratio, especially in patients with
severe to very severe disease [20].

Whether these observed effects of obesity on lung function in COPD patients
differ based on distribution of fat mass (i.e., central vs. peripheral obesity) has not
yet been studied.

Effect of Obesity on Exercise Performance in COPD

Obesity is associated with increased absolute oxygen uptake, and carbon dioxide
production is higher at rest and during exercise, as a consequence of a larger
metabolically active muscle mass. Also, obese subjects have increased work of
breathing [21] and more rapid and shallow breathing pattern as a result of mechanical
restriction, leading to increased dyspnea and difficulties performing daily physical
activities [22]. Despite the anticipated negative consequences of obesity on exercise
tolerance, peak exercise capacity has been shown to be normal in healthy obese
subjects [23]. Although oxygen consumption and minute ventilation at any given
work rate were found consistently increased during incremental cycle exercise,
there was no difference in breathlessness ratings or ventilatory equivalent for carbon
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dioxide production response between obese and normal-weight women [24]. Aside
from its effect on increased metabolic needs, obesity also affects operating lung
volumes during exercise with progressive increase in end-expiratory lung volume
(EELV) and recruitment of resting IC during cycle exercise [24]. This likely attenuates
the progressive expiratory flow limitation by breathing at lower lung volumes close
to the maximal flow volume loop and increased respiratory rate [24].

In COPD, exercise is associated with insufficient expiratory time due to increased
respiration rate that leads to increased EELV and worsening hyperinflation. This
phenomenon, known as dynamic hyperinflation [25], is associated with decreased
tidal volume and increased inspiratory effort that leads to increased dyspnea and
exercise intolerance. Neuromechanical dissociation due to dynamic hyperinflation
further contributes to the development of breathlessness and decreased exercise tol-
erance in COPD [18].

Given the effects of obesity on resting FRC and ERV, one would expect a beneficial
effect of obesity on dynamic hyperinflation and exercise tolerance in COPD patients.
Indeed, peak oxygen uptake and peak work rate during symptom-limited cycle exercise
were higher in obese COPD patients compared to normal-weight patients matched
for FEV, [19]. Although both patient groups had a ventilatory exercise limitation,
minute ventilation and ventilatory efficiency at any given work rate were greater in
the obese patients. Dyspnea intensity at any given level of ventilation was also lower
in obese COPD patients compared to normal-weight patients [19], despite higher
respiratory rate in the obese patients. The lower dyspnea intensity in the obese COPD
subjects is probably the result of improved ventilatory mechanics. Although the
magnitude of dynamic hyperinflation was comparable to the normal-weight COPD
patients, the relative dynamic EELV was lower during exercise in the obese patients
[19], resulting in a higher maximal minute ventilation.

Despite decrease in dyspnea perception and lower operating lung volumes, obese
COPD patients show impairments in weight-bearing exercises. Specifically, obese
COPD patients have a shorter 6-min walking distance, reduced self-reported
functional activities, and greater fatigue than nonobese patients [26]. This is likely
due to increased metabolic and ventilatory requirements associated with weight-
bearing exercise, given comparable physiologic responses, i.e., dyspnea and leg
fatigue during 6-min walking test between obese and nonobese COPD patients [27].
Thus, the potential beneficial influence of obesity on exercise tolerance related to
decreased resting hyperinflation may be offset by the increased metabolic load
associated with weight-bearing exercise in obesity. Future studies need to clarify the
influence of obesity on activities of daily life in COPD.

Effect of Obesity on Prognosis in COPD

In the general population, obesity is associated with a large decrease in life expectancy
[28]. In the Prospective Studies Collaboration, the association between BMI and
mortality was assessed by long-term prospective follow-up of almost 900,000
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participants [29]. For each 5 kg/m? increase in BMI above the normal range, overall
mortality was about 30% higher, mainly due to cardiovascular disease [29].

Few studies have investigated the impact of obesity on prognosis in patients with
COPD. In the epidemiological Copenhagen City Heart Study, obesity was associ-
ated with a 20-34% increase in the relative risk of all-cause mortality in patients
with mild-to-moderate COPD compared to normal BMI patients with comparable
disease severity [30]. However, the relative risk of all-cause mortality and COPD-
related mortality was 0.62 and 0.31, respectively, in patients with severe COPD
compared to normal-weight patients with severe disease [30]. A possibly protective
role for obesity in patients with severe COPD was also observed in early studies on
the association between body weight and mortality [31, 32]. In the “Association
Nationale pour le Traitement a Domicile de 1’Insuffisance Respiratoire Chronique”
(ANTADIR) network, the prognostic value of obesity in hypoxemic patients with
COPD treated with long-term oxygen therapy was clearly demonstrated [33].
During the 7.5-year follow-up, the highest survival and lowest hospitalization rates
were observed in obese COPD patients. The 5-year survival rates were 24%, 34%,
449%, and 59%, respectively, for patients with BMIs<20, 20 to 24, 25 to 29,
and>30 kg/m?.

This possible association between obesity and improved survival in COPD
thus contrasts with epidemiological data from the general population. Although
not completely understood, this phenomenon known as the “obesity paradox” is
not unique for COPD [34]. One explanation, for the prognostic advantage of obe-
sity, concerns the relative reduction in static lung volumes in obese COPD patients.
During a 3-year follow-up study, the inspiratory capacity to total lung capacity
ratio (IC/TLC), an index of static lung hyperinflation, was found to be an indepen-
dent predictor of increased respiratory and all-cause mortality in patients with
COPD [35]. Although the mechanism underlying the association between
hyperinflation and prognosis remains unclear, it can be speculated that increased
IC/TLC in obese patients with COPD [19] may contribute to a benefit in
survival.

In addition, obesity is associated with significantly lower annual decline in FEV|
in men and not in women [36]. Thus, there may be gender-specific differences in the
effect of obesity on the progression of chronic airflow limitation. Furthermore, it is
not yet clear whether excessive fat mass or muscle mass contributes to the survival
advantage in chronic diseases [34].

Based on the evidence outlined above, it can be hypothesized that obesity
exerts divergent effects on COPD prognosis based on patient characteristics and
disease severity. Obesity may protect against mortality in advanced COPD
patients, in which loss of fat-free mass is a particularly important short-term risk
factor for death [37]. By contrast, in earlier stage COPD, the harmful long-term
effects of obesity-related conditions such as low-grade systemic inflammation and
metabolic syndrome may result in increased cardiovascular and all-cause
mortality.
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Metabolic Syndrome in COPD

Patients with COPD are at high risk of hospitalization and death from cardiovascular
disease [38] and at increased risk of diabetes [39]. Although the mechanisms
responsible for this association remain largely unknown, obesity is associated with
abnormal metabolic and inflammatory responses that may contribute to increased
cardiovascular morbidity in COPD.

Metabolic syndrome is a cluster of risk factors (i.e., hypertension, dyslipidemia,
diabetes) for cardiovascular disease [40]. Central obesity is one of the key factors in
the pathogenesis of this syndrome, in addition to physical inactivity, nutrition, aging,
genetics, and proinflammatory state, and hormonal changes play arole [41]. Metabolic
syndrome is associated with restrictive lung function impairment, independent of
waist circumference and BMI [42]. In a large population-based study, the risk of meta-
bolic syndrome was 40% higher in subjects with restrictive lung function impairment
compared to subjects with normal lung function [43]. Abdominal obesity, not BMI,
was the strongest predictor of lung function impairment in that study.

Several studies have investigated the prevalence of metabolic syndrome in patients
with COPD. In a small study of patients with severe COPD referred for pulmonary
rehabilitation, 47% of patients fulfilled the diagnostic criteria for metabolic syndrome.
This percentage was significantly higher compared to the age- and gender-matched
control subjects, in whom the prevalence of metabolic syndrome was only 21% [44].
Similar results were reported in a larger study including patients with chronic bronchitis
and COPD [45]. Although the prevalence of metabolic syndrome does not appear to
vary based on the severity of lung disease, it is associated with increased circulatory
levels of high-sensitivity C-reactive protein (hs-CRP) and interleukin-6 (IL-6) and
with physical inactivity. These associations were independent of lung function
impairment [45]. Future studies should focus on whether patients with COPD and
the metabolic syndrome indeed have an increased risk of developing comorbidities
including cardiovascular diseases and diabetes and whether this contributes to
increased cardiovascular and all-cause mortality in these patients.

Adipose Tissue Dysfunction in COPD?

In recent years, it has become known that adipose tissue is not an inert organ simply
for the storage of energy. Instead, adipose tissue is now recognized as a highly
active metabolic and endocrine organ [46]. Adipocytes secrete a variety of proteins,
called adipokines, that exert effects at the local and systemic level [47]. Normal
function of adipose tissue is disturbed in obesity with growing evidence suggesting
that this plays an important role in the metabolic and hemodynamic disturbances
observed in obesity and metabolic syndrome. In short, adipocytes in obesity are
characterized by hypertrophy, decreased blood flow, hypoxia, infiltration of
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macrophages, and disturbed adipokines secretion [47]. In morbidly obese subjects
undergoing open gastric bypass surgery, IL-6 concentrations in the portal vein,
which drains the visceral fat, were significantly increased compared to IL-6 levels
in peripheral arterial blood, demonstrating that visceral fat is an important source of
IL-6 in obesity [48]. Furthermore, portal vein IL-6 levels were related to arterial
CRP concentrations, suggesting a mechanistic link between visceral fat mass and
systemic inflammation.

In addition to pulmonary inflammation, low-grade systemic inflammation is con-
sidered a hallmark of COPD [49, 50] and may explain the increase cardiovascular
morbidity and metabolic syndrome noted in patients with COPD. Increased levels
of proinflammatory cells and mediators have been reported in the circulation of
COPD patients, including increased plasma concentrations of fibrinogen, CRP,
TNF-a, and circulating leukocytes [49]. Increased levels of IL-6 [51, 52], IL-8 [53],
IL-10 [52], and IL-18 [54] have also been reported. Although it is often hypothe-
sized that inflammation in the systemic compartment is the result of spillover of the
inflammatory process in the airways, lung parenchyma, and pulmonary vasculature,
evidence from cross-sectional studies indicates no correlation between pulmonary
and circulatory inflammatory markers in stable COPD [53, 55].

However, adipose tissue may be a potential source of systemic inflammation in
COPD. Increased levels of systemic inflammation have been reported in relation
with excessive fat mass in COPD patients. Specifically, TNF-o, IL-6, and leptin
plasma levels have been shown to be significantly increased in overweight/obese
patients compared with normal-weight patients, while plasma adiponectin concen-
trations were reduced [50]. The likelihood of having elevated CRP is three times
higher in obese patients compared to normal-weight patients, after adjusting for
relevant confounders [56], with abdominal fat mass being positively associated
with plasma CRP levels in patients with COPD [57]. To date, no studies have inves-
tigated differences in adipokine expression and secretion by adipose tissue and their
relationship with systemic inflammation in obese and normal-weight patients with
COPD. Two studies have examined adipose tissue inflammation in COPD and found
significant differences in subcutaneous adipose tissue mRNA expression of
proinflammatory IL-6, TNF-a, and CD68 (macrophage cell surface receptor) among
cachectic, normal-weight, overweight, and obese patients with moderate-to-severe
COPD [58]. However, there was no difference in serum levels of IL-6, TNF-a., and
high-sensitivity CRP (hs-CRP) [58]. In another study, gene expression of
proinflammatory CD40, mitogen-activated protein kinase 4 (MKK4), and c-Jun
NH_-terminal kinases (JNK) was increased in subcutaneous adipose tissue in under-
weight and muscle-wasted COPD patients with resting hypoxia, compared to less
severe patients with overweight and preserved muscle mass [59]. Upregulation of
CD40, MKK4, and JNK was inversely related to arterial oxygen tension (P O,),
BMI, and adipocyte diameter. However, since no healthy control groups matched
for body composition were included, a COPD-specific effect on adipose tissue
inflammation could not be assessed. Further, given comparable levels of circulating
hs-CRP and IL-6 levels in the underweight hypoxemic patients and the overweight
normoxemic patients, a link between white adipose tissue inflammation and systemic
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inflammation has not been proven. To conclude, evidence suggests higher levels of
systemic inflammation in obese COPD patients, but the potential contribution of
excessive fat mass remains unknown.

The current findings suggest that the presence of obesity has implications for

interpretation of diagnostic measurements and management of patients with COPD.
Future studies need to show the overall effects of nutritional interventions in obese
COPD patients and determine the optimal BMI for an obese patient with COPD.
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Chapter 9
Obesity, the Metabolic Syndrome,
and Pulmonary Hypertension

Anna Ryan Hemnes and Ivan M. Robbins

Abstract Pulmonary hypertension may be caused by many different conditions,
classified broadly into five categories by the World Health Organization. The pri-
mary determinants of pulmonary vascular pressure are left atrial pressure, pulmo-
nary vascular resistance, and flow through the pulmonary circulation. In this chapter,
the effects of obesity on each of these components are considered. Currently, there
is ample evidence that obesity and its attendant systemic diseases play a role in
increasing left atrial pressure and may affect flow through the pulmonary vasculature.
Hypoxia is a potent pulmonary vasoconstrictor, and increased pulmonary vascular
resistance is well described in patients with hypoxemia associated with sleep-disordered
breathing or obesity hypoventilation. There is also a growing body of literature that
fat cytokines such as adiponectin and insulin resistance associated with obesity may
contribute to the development of primary pulmonary vascular disease such as pul-
monary arterial hypertension. In addition to examining the role obesity may play in
pulmonary hypertension etiology, this chapter will review the difficulty obesity
poses to accurately diagnosing pulmonary vascular disease and the role of obesity
in pulmonary hypertension therapy.
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Abbreviations

BMI Body mass index

BMPR2 Bone morphogenic protein receptor type 2
COPD Chronic obstructive pulmonary disease
HFPEF Heart failure with preserved ejection fraction
NHANES National health and nutrition examination survey
OHS Obesity hypoventilation syndrome

OSA Obstructive sleep apnea

PPARYy Peroxisome proliferator-activated receptor y
PAH Pulmonary arterial hypertension

PH Pulmonary hypertension

PVH Pulmonary venous hypertension

RHC Right heart catheterization

WHO World health organization

Objectives

* Review WHO classification of pulmonary hypertension

» Discuss causes of pulmonary hypertension in obesity

* Review pathophysiology of pulmonary hypertension in obesity
e Discuss evaluation of pulmonary hypertension in obesity

» Discuss treatment of pulmonary hypertension in obesity

Introduction

Pulmonary hypertension is a consequence of a diverse group of conditions affecting
the cardiopulmonary system. The main determinants of pulmonary artery pressure
are left atrial pressure, flow through the pulmonary vasculature, and resistance of
the vascular bed (Fig. 9.1). Alterations in each of these components may result in
pulmonary hypertension (PH). For instance, elevation of left atrial pressure with
mitral stenosis will result in PH as will high pulmonary vascular flow associated
with hyperthyroidism. Careful assessment through detailed evaluation is mandatory
for the proper diagnosis and treatment of PH [1, 2].

Pulmonary Hypertension Classification

The World Health Organization (WHO) has broadly categorized conditions that cause
PH based on pathology and disease etiology into five groups (Table 9.1). These groups
are patients with intrinsic pulmonary arterial disorders in the absence of parenchymal
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Fig. 9.1 Determinants of pulmonary arterial pressure. P,, =pulmonary arterial pressure, P, , =left
atrial pressure, P, ,=hydrostatic pressure in pulmonary capillaries, PVR =pulmonary vascular
resistance

Table 9.1 Pulmonary hypertension classification

Group 1 Pulmonary arterial hypertension
Idiopathic
Heritable
Associated with other conditions (e.g., scleroderma, HIV, portopulmonary
hypertension)
Congenital left-to-right shunt
Drug- and toxin-induced
Group 1’ Pulmonary veno-occlusive disease and/or pulmonary capillary
hemangiomatosis
Group 2 Pulmonary hypertension owing to left heart disease
Aortic or mitral valvular disease
Left ventricular systolic failure
Heart failure with preserved ejection fraction
Group 3 Pulmonary hypertension owing to lung disease and/or hypoxia
Advanced parenchymal lung disease
Sleep-disordered breathing
Obesity hypoventilation syndrome
Group 4 Chronic thromboembolic pulmonary hypertension
Group 5 Pulmonary hypertension with unclear or multifactorial mechanisms
Sarcoidosis
Pulmonary Langerhans cell histiocytosis
Hematologic disorders

Adapted from WHO 2008 Dana Point Classification

disease (WHO group 1, pulmonary arterial hypertension (PAH)), left-sided heart disease
leading to elevated post-capillary pressure and the subsequent development of PH due
passive congestion (WHO group 2, pulmonary venous hypertension (PVH)), hypoxemia
or parenchymal lung disease causing destruction and/or vasoconstriction of the vascular
bed (WHO group 3), chronic thromboembolic disease (WHO group 3), and PH with
unclear or multifactorial mechanisms (WHO group 5).
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The bulk of basic science research has focused on PAH, with a great expansion
of our understanding of the basic underlying pathogenesis of PAH in the last several
decades. Pathologically, PAH is characterized by vascular remodeling including
medial hypertrophy, intimal thickening, and in situ thrombosis [3]. Studies of
molecular and cellular function in PAH have shown inflammation, endothelial cell
damage and dysfunction, proliferation of smooth muscle cells, resistance to apoptosis,
and recruitment of progenitor cells [4]. Abnormalities of several important mediators
and signaling cascades, including endothelin-1 [5], bone morphogenic protein
receptor-2 (BMPR?2) [6], prostacyclin [7], and nitric oxide [8, 9], have been identified
as contributing to many of the cellular and pathologic findings. Current therapies
include prostacyclin derivatives, endothelin receptor antagonists, and phosphodi-
esterase type 5 inhibitors [10], which have had a small, but significant impact on
survival [11]. Detailed description of PAH diagnosis and therapy is outside the
scope of this chapter, but can be found elsewhere [1, 12, 13].

The underlying mechanisms for non-WHO group 1 PH are varied and in some cases
overlapping. In group 2 patients, left ventricular systolic and increasingly diastolic failure
(more recently termed heart failure with preserved ejection fraction (HFPEF)) are
frequently associated with passive PH. The elevation in PAP is generally mild. Chronic
hypoxia with pulmonary arterial remodeling as well as vascular obliteration contributes
to PH associated with parenchymal lung disease in group 3 patients [14, 15]. Aside from
surgical endarterectomy for patients with chronic thromboembolic PH (group 4), the
treatment of WHO groups 2-5 is, for the most part, aimed at the underlying conditions
with the assumption that PH will improve with treatment of the primary disorder.

Patients with obesity and PH do not fall into one WHO group; rather, they have
risk factors for PH that are found in groups 2, 3, and 4 and perhaps, group 1, as will
be discussed in detail later in this chapter. Alveolar hypoventilation, a subcategory
of group 3, is most often associated with obesity but can occur in nonobese patients
as well. Likewise, other risk factors for PH such as HFPEF and hypoxia, while seen
frequently in patients with obesity, are not uniquely associated with an elevated
body mass index (BMI).

Clinically, PH and obesity have been closely linked for decades, if not centuries.
One of the central characters in Charles Dickens’ “The Pickwick Papers” was Joe,
an obese boy described as consuming great quantities of food and constantly sleeping
and snoring [16]. In 1956, Burwell and Robin described a poker player who gained
weight, snored, and became sleepy during the day. They coined the term “Pickwickian
syndrome,” now referred to as obesity hypoventilation syndrome (OHS), to describe
this constellation of findings associated with obesity and subsequently shown to
result from alveolar hypoventilation with hypoxia and CO, retention, the latter leading
to daytime hypersomnolence. Interestingly, the original patient description included
evidence of PH with right heart failure or cor pulmonale. Whether other factors such
as HFPEF contributed to this patient’s PH is unknown. More recently, there is
mounting evidence that obesity-associated metabolic derangements, and the metabolic
syndrome more broadly (central obesity, systemic hypertension, insulin resistance,
and dyslipidemia [17]), have direct effects on the pulmonary vasculature and may
play a role in development of true PAH, WHO group 1 disease [18-21].
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In this chapter, we will review the basic science evidence for pulmonary vascular
effects of obesity, discuss PH phenotypes associated with obesity, and consider the
role of obesity in diagnosis and management of patients with PH.

Mechanisms of Obesity-Related Pulmonary Vascular Disease

An increase in any of the determinants of pulmonary arterial pressure — left atrial
pressure, pulmonary blood flow, or pulmonary vascular resistance — will raise
pulmonary artery pressure (Fig. 9.1). Obesity, often with concomitant type 2 diabetes
mellitus, systemic hypertension, and sleep apnea, is closely associated with PVH
(WHO group 2) due to heart failure with reduced ejection fraction as a result of
coronary artery disease [22] and, increasingly, due to HFPEF [23-25]. Similarly,
obesity can be associated with increased pulmonary blood flow [26] that, in turn,
may increase pulmonary arterial pressure. Hypoxia associated with obstructive
sleep apnea and obesity hypoventilation is one of the strongest stimuli for pulmonary
vasoconstriction and undoubtedly plays a role in the pathophysiology of PH in this
syndrome. Finally, there is also growing evidence that the effects of obesity including
increased production of fat cytokines, dyslipidemia, insulin resistance, and related
oxidative stress have direct effects on the pulmonary vasculature that raise pulmonary
vascular resistance, unrelated to the effects of obesity on left atrial pressure or
pulmonary blood flow.

Pulmonary Arterial Hypertension

Links Between BMPR2 and Obesity

As mentioned above, the BMPR2 receptor, a member of TGFp receptor family, is
frequently altered in several forms of PAH [27-29], and numerous mutations have
been identified in heritable, and to a lesser extent, idiopathic PAH [28, 30].
Interestingly, a downstream target of this signaling pathway is the transcription factor
peroxisome proliferator-activator receptor Y (PPARY), which is closely associated
with glucose metabolism and adipogenesis. PPARY is highly expressed in the lungs
and also has been shown to regulate other pathways known to be important in PAH
including MCP-1, endothelin-1, and eNOS [31, 32]. Lung tissue from patients with
PAH has shown decreased expression of PPARy and also its downstream effector
ApoE [33, 34], which plays an important role in reduction of circulating oxidized
lipids. When mice with ApoE deficiency are given a high-fat diet to promote insulin
resistance, PH develops and can be reversed when rosiglitazone, a PPARy agonist,
is coadministered to upregulate PPARYy signaling [35]. Additional support for this
observation is provided by the demonstration in human smooth muscle cell lines
derived from PAH patients [36] that PPARy stimulation can decrease abnormally
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Fig. 9.2 Schematic diagram of interaction of non-obesity-related factors shown to promote PAH
(BMPR2 mutation and enhanced oxidant stress) with obesity-related factors that may contribute to
or promote PAH. The role of enhanced reactive oxygen species signaling in obesity and dyslipi-
demia in promotion of pulmonary vascular disease is less well defined

high proliferation rates. Additionally, mice with targeted smooth muscle cell deletion
of PPARYy spontaneously develop PH [36]. A schematic of these relationships is
demonstrated in Fig. 9.2. Recent data has shown a high prevalence of insulin resistance
and glucose intolerance in humans with PAH [18, 21], corroborating the animal
data. Thus, PAH-associated BMPR?2 dysfunction appears to be linked to insulin
resistance in both animal models and human patients.

Adipokines and PAH

A second important feature of obesity is increased generation of adipokines. Adipose
cells actively secrete cytokines (so-called adipokines) and play a role not just in the
local microenvironment where fat is present but also in the circulating hormonal
milieu [37]. Several adipokines have been postulated to have pulmonary vascular-specific
effects including adiponectin, ghrelin, and leptin [38—42]. Adiponectin is a particularly
attractive mediator of the adipokine effect on PH. The obese adiponectin-deficient
mice spontaneously develop mild PH, and adiponectin overexpression can reverse
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animal models of PH [38, 42]. Similarly, in mice with ApoE deficiency, adiponectin
levels were found to be higher in female mice, where lower pulmonary vascular
pressures were found [35, 36]. Rosiglitazone therapy in male ApoE-deficient mice
reduces adiponectin levels and pulmonary pressure [36]. Adiponectin inhibits
PDGEF, a potent mitogen for pulmonary artery smooth muscle cells, which serves as
a potential mechanistic link for the adverse effects of deficiency of adiponectin on
the pulmonary vasculature. In total, these data suggest a protective role for adi-
ponectin in pulmonary vascular disease; however, these animal findings have not
been correlated in human disease to date.

Dyslipidemia, Insulin Resistance, and PAH

Dyslipidemia is another potential underlying mechanism linking obesity, metabolic
syndrome, and pulmonary vascular disease. Some animal data, however, suggest
that the important feature of the metabolic syndrome and obesity on the pulmonary
vasculature is insulin resistance rather than dyslipidemia. ApoE-deficient mice fed
a high-fat diet developed elevated triglycerides and total cholesterol, and a portion
developed PH. However, in these mice, the presence of lipid derangement corre-
lated poorly with the presence of PH, whereas it tracks closely with the presence of
insulin resistance [35]. Although there is data suggesting that the HMG CoA
reductase inhibitor simvastatin is protective in some rodent models of PH, these
effects appear to be mediated through anti-inflammatory statin effects, not lowering
of plasma lipid concentrations [43, 44]. Finally, although human PAH patients have
been shown to have low HDL cholesterol compared with control patients matched
for cardiovascular risk factors and lower levels correlated with worse survival in
PAH [45], interventions in PAH using HMG CoA reductase therapy have not been
successful [46]. These animal and human data point to a lesser role for dyslipidemia
in promotion of pulmonary vascular disease and a greater role for insulin
resistance.

Oxidant Injury and PAH

There may be other features of obesity and metabolic syndrome that promote
pulmonary vascular disease, in particular, oxidant injury which has been well
studied in both PH [47, 48] and obesity. However, it is presently unknown if oxi-
dative stress in PH is exacerbated by obesity [20]. Further studies of these links
are warranted.

Human Data Linking PAH and Obesity

Despite these strong animal data, it remains unknown if obesity alone can contribute
to the development of PAH. We and others have previously published that obesity is
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commonly present in PAH patients [19, 21], but a causal role in humans is not
established. Recently, Burger and colleagues compared BMI data from a US regis-
try of PAH patients with normative values from the National Health and Nutrition
Examination Survey (NHANES) and found that there was no difference in average
BMI between PAH patients and the NHANES cohort [49]. However, there were
higher percentages of obese patients (BMI>30) in the PAH cohort, suggesting a
correlation between the two conditions [49].

Pulmonary Venous Hypertension

Obesity, with or without coronary artery disease from underlying diabetes mellitus
and systemic hypertension, is a risk factor for HFPEF which is increasingly identified
as a cause of pulmonary venous hypertension (WHO group 2) through elevated left
atrial pressure and transmission of this pressure to the pulmonary arteries [23, 24].
We have observed that when two or more features of the metabolic syndrome are
present, patients with PH, without evidence of systolic LV dysfunction, are substantially
more likely (OR 30.7, CI 3.6-260.0) to have PVH than PAH after a thorough evalu-
ation [19]. These same risk factors can also contribute to systolic left ventricular
failure and subsequent pulmonary venous hypertension. In addition, either type of
left ventricular dysfunction can be associated with a reactive component of PH and
the development of markedly elevated PAP [19, 50].

Obesity Hypoventilation Syndrome (OHS)

OHS is a type of alveolar hypoventilation and is well described in the literature [51].
The pathogenesis of this syndrome (explored in depth in Chap. 6) underlies several
of the mechanisms responsible for the development of PH associated with obesity.
Hypercapnia and hypoxia are hallmarks of OHS, and both can contribute directly to
PH through vasoconstriction of the pulmonary vasculature.

Hypercapnia

Numerous studies, dating back over 50 years, have demonstrated that acute
hypercapnia in normal subjects causes pulmonary vasoconstriction with increases
in pulmonary artery pressure and pulmonary vascular resistance [52-54].
Whether elevated levels of CO, or the acidosis that accompanies acute hypercap-
nia is the main factor responsible for vasoconstriction is unclear. Administration
of bicarbonate to increase pH in studies of normal subjects exposed to elevated
CO, as well as patients with chronic lung disease and chronic hypercapnia
reported both improvement and worsening of PH in different patients [52]. In
addition, patients with OHS develop a compensatory metabolic alkalosis so that
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their acidosis in general is mild. One study did find a correlation with chronic
hypercapnia and PH in a small group of patients [54]. However, just how much
chronic hypercapnia contributes to sustained pulmonary vasoconstriction and PH
is not known.

Hypoxia

Hypoxia is one of the most potent stimulus for pulmonary vasoconstriction and was
first described by von Euler and Liljestrand in 1946 [55]. It plays an important role
in the development of PH in diverse lung diseases including emphysema and inter-
stitial lung disease [56]. In obese patients, excess weight increases the respiratory
system load and the work of breathing (up to three times control) [57] and is associ-
ated with respiratory muscle weakness [58] with a resultant decrease in expiratory
reserve volume and maximum voluntary ventilation, ventilation-perfusion mis-
matching, and hypoxia [59—62]. In addition, as the term implies, patients with OHS
have a depressed ventilatory drive contributing to both hypercapnia and hypoxia
[63]. Interestingly, at least in animal models, hypercapnia may mitigate the vaso-
constrictive effects of hypoxia, muddling somewhat the role of hypoxia in the devel-
opment of PH in obese patients [64]. This is supported by the fact that not all patients
with OHS develop PH. Other factors undoubtedly contribute to PH including sleep
apnea, left heart dysfunction, and the metabolic syndrome.

Sleep-Disordered Breathing

Obesity is strongly associated with sleep-disordered breathing (SDB) [65], another
subcategory of group 3 PH. However, studies on the role of obesity in the develop-
ment of PH from sleep-disordered are conflicting. In addition, in the absence of
parenchymal lung disease, most often chronic obstructive pulmonary disease
(COPD), PH seen in SDB is generally mild (mPAP of 20-30 mmHg) [66]. Two
studies have reported an elevated BMI in patients with obstructive sleep apnea
(OSA) who develop PH compared to those that did not develop PH, and one of
these studies demonstrated a significant correlation of PAP with BMI, Fig. 9.3.
However, in the larger of the two studies involving 220 consecutive patients diag-
nosed with OSA, higher BMI fell out as a factor for the development of PH in
multiple regression analysis [67, 68]. Conversely, three studies examining PH in
OSA [69-71] and one evaluating RV function in OSA found no correlation with
BMI [72]. Confounding several of these studies is the inclusion of patients with
COPD [68, 69], the strong association of PH with PVH [70], or the inability to
exclude PVH as a cause of PH due to lack of direct hemodynamic measurements
[72] or no measurement of pulmonary wedge pressure [69]. Further, PH was
defined as a mean pulmonary artery pressure of >20 mmHg which would be con-
sidered normal in the WHO classification of PH. Few, if any, patients had PH of
>25 mmHg in the absence of daytime hypoxia.
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Fig. 9.3 Correlation between mean pulmonary artery pressure and body mass index. r=0.50,
p=0.0006, PAPm=mean pulmonary artery pressure, BMI=body mass index (Reprinted with per-
mission from Bady et al. [91])

Patients with OHS appear to have a higher risk for OSA and for the develop-
ment of PH associated with OSA than patients with obesity alone. Studies have
shown a prevalence of OHS between 10% and 20% in obese patients with OSA
and increases with higher BMI [51]. Between 74% and 88% of OHS patients have
been reported to have OSA [73, 74]. In one study, PH was found significantly
more often in patients with OHS than without, 58% versus 9%, respectively,
although it was for the most part mild with a mPAP of 23+10 mmHg [74]. The
OHS patients were also morbidly obese with a BMI of 40+8 kg/m* They had
mild restriction on pulmonary function testing; significantly greater desaturation
at night and at baseline, not only compared to OSA patients but a group of OSA
patients with COPD as well; and, by definition, a higher PaCO, compared to the
other two groups.

These studies raise the issue of the degree of obesity in terms of a risk factor for
PH. The variation in BMI in different studies is substantial, and it may be that mild
obesity is much less of a risk factor for PH than morbid obesity. However, this has
not been well evaluated. Overall, it appears that obesity, particularly morbid obesity
and OHS, in conjunction with OSA, is a risk factor for the development of at least
mild PH. However, the studies are difficult to interpret, and other factors such as the
metabolic syndrome or HFPEF likely contribute to the development of PH. This is
an area that requires significantly more study.
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Implications of Obesity for the Diagnosis and Management
of Pulmonary Hypertension

Diagnostic Considerations

PH frequently has a nonspecific presentation including insidious onset of dyspnea,
symptoms and signs of right heart failure, and, in advanced disease, exertional chest
pain and syncope. There are several published guidelines for the evaluation of suspected
PH [1, 2]. Many features of this diagnostic evaluation are affected by obesity.

Often, the first diagnostic test in the evaluation of PH is a transthoracic echocar-
diogram. There are many limitations to this study posed by obesity including
difficulty with viewing the right ventricle through subcutaneous fat, challenges with
proper windowing of tricuspid regurgitation to determine right ventricular systolic
pressure, and increased intravascular volume that can make Doppler-derived indices
of ventricular filling less accurate [26, 75-77].

A major obstacle that obesity presents to diagnostic evaluation of PH are the weight
limits to testing apparatus, e.g., weight limits to the table for ventilation-perfusion
scan, computed tomography scan, pulmonary angiography, and right heart catheter-
ization. This is of particular concern in the evaluation of possible chronic throm-
boembolic PH, an important diagnosis to make as this is a potentially curative as
opposed to other forms of PH. Although obesity is known to be a risk factor for acute
thromboembolic disease [78], analysis of risk factors for chronic thromboembolic PH
has not shown that obesity plays a role in development of this complication [79].

Although PVH is the most likely etiology of PH in obesity patients, PAH is not
infrequently diagnosed. Therapy for PAH is markedly different from management
of group 2 or 3 disease, and PAH-specific therapy is not known to be less efficacious
than in the nonobese patients. Therefore, a diagnosis should be pursued when clinically
appropriate. In patients with a high index of suspicion for PAH after noninvasive
testing or in whom there is an unclear diagnosis, right heart catheterization (RHC)
is indicated. RHC is mandatory for definitive diagnosis of PH and in differentiating
PAH from PVH. In addition, in patients diagnosed with PAH, RHC allows for
determination of vasoreactivity by administration of a short-acting pulmonary
vasodilator such as nitric oxide as well as poor prognostic features such as elevated
right atrial pressure or low cardiac index to aid in determination of therapeutic
recommendations [80].

Obesity may complicate several aspects of right heart catheterization, including
challenges with intravenous access and weight limitations of the procedure table,
but the major complication obesity presents is the determination of an accurate
surrogate for left atrial pressure. A central feature of understanding pulmonary
vascular pathophysiology is knowledge of left atrial pressure. Pulmonary artery
occlusion pressure is the most commonly used surrogate for left atrial pressure, but
left ventricular end-diastolic pressure may be used in the absence of mitral stenosis
and in our experience is less affected by respiratory variation in obese individuals.
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In markedly obese patients, major respiratory effects on pulmonary artery occlusion
pressure tracings, due to large changes in pleural pressure with breathing, are common,
and it may be difficult to discern the proper location to determine the occlusion
pressure. Given that there may be a discrepancy between pulmonary artery occlusion
pressure and left ventricular end-diastolic pressure when the two are simultaneously
measured [81], we often recommend that severely obese patients have measurement
of left ventricular end-diastolic pressure if possible to ensure correct diagnosis.

In some patients with morbid obesity, weight may preclude several aspects of
diagnostic testing including ventilation-perfusion scanning, good quality echocar-
diography, and right heart catheterization. In general, these patients have such severe
exercise limitations related to their obesity that therapy for PAH is unlikely to be
helpful in the absence of weight loss. We do not recommend empiric therapy aimed
at PAH (e.g., phosphodiesterase five inhibitors, endothelin receptor antagonists, or
prostaglandins) for such individuals; rather, we advise nutritional consultation,
weight loss, cardiac rehabilitation, and reassessment if their weight drops to such a
point where they may undergo diagnostic testing. In patients with repeated throm-
boembolic events, lifelong anticoagulation would be warranted in any case, so this
therapy may be recommended.

Disease-Specific Recommendations

When PVH is diagnosed, therapy is aimed at the cause of left atrial hypertension, as
shown in Fig. 9.1, and reduction in left atrial pressure will concomitantly lower
pulmonary artery pressure. Weight loss is likely to be beneficial in management of
both systolic and non-systolic heart failure. Discussion of the mechanisms is outside
the scope of this chapter.

Treatment Aimed Directly at PAH

Therapeutic response to PAH-specific medications is not known to be dependent on
weight. Thus, standard treatment algorithms can be followed [1, 2]. If patients have
an acute response to vasodilators administered during right heart catheterization,
they should be treated with calcium channel blockers [82]. This finding is rare, how-
ever, and most patients will be treated with either oral medications, such as an
endothelin receptor antagonist or a phosphodiesterase inhibitor, or a non-enteral
prostaglandin dependent on disease severity and patient characteristics. There are no
contraindications to any of these therapies based on weight; however, occasionally
prostaglandin infusion therapy may be difficult in the severely obese. Prostaglandins
may be administered by intermittent inhalations or by continuous intravenous or
subcutaneous infusion. Inhalational therapy is not complicated by weight, but occa-
sionally morbidly obese individuals will have difficulty with maintenance of intrave-
nous lines. Nonetheless, we have recommended and continue to use continuous
infusion prostaglandin therapy in obese as well as nonobese patients.
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Treatment Aimed at Weight Loss

A critical management recommendation in obese patients with PAH is weight loss.
Patients have limited ability to augment cardiac output during exercise due to
pulmonary vascular limitations; therefore, lower body mass may allow less require-
ment for blood flow and increase exercise capacity even without substantial improve-
ment in PAH. Cardiopulmonary rehabilitation has been shown to improve 6-min
walk distance in PAH [83], and we routinely recommend this therapy to all of our
patients, regardless of weight. Improved exercise may aid in augmentation of weight
loss, additionally. As insulin resistance and occult diabetes are common in PAH
regardless of body mass [18, 21], routine screening for prediabetes and diabetes is
indicated. PAH substantially increases surgical risk with anything more than minor
procedures; thus, bariatric surgery is not currently recommended for obese patients
with PAH even with the knowledge that adipokines, insulin resistance, and possibly
dyslipidemia may play a role in promotion of pulmonary vascular injury. There has
been a single report of dramatic improvement in a patient with PAH after bariatric
surgery [84], but further study is warranted before this procedure can even be con-
sidered safe in patients with PAH.

Treatment of OSA

Mainstays of treatment of OHS and OSA are weight loss, positive airway pressure
(PAP) therapy, and supplemental oxygen. Improvement in pulmonary function tests
has been shown following weight loss with a significant improvement in forced
expiratory volume in 1 s and forced vital capacity [85, 86], patients with the highest
BMI demonstrating the greatest percent improvement [85]. Other studies have
shown improvement in lung volumes [86, 87] and respiratory muscle strength [87].
Positive airway pressure therapy improves PH in patients with OSA, but this was
measured by echocardiography only, and both the PH and the improvement were
mild [88, 89]. Whether improvement in OSA or improvement in other factors such
as HFPEF accounts for the change is uncertain. Supplemental oxygen has been
shown in numerous studies in a variety of respiratory disorders to improve PH and
should be prescribed for patients with OHS or OSA who exhibit desaturation.
Medroxyprogesterone, a respiratory stimulant, has been used in OHS, but there are
not large controlled trials, and there may be no improvement or even worsening of
dyspnea in patients who cannot normalize their PCO, with voluntary ventilation
[51]. Finally, tracheostomy may be helpful in patients with OHS who are intolerant
of or do not improve with positive airway pressure [51].

Assessment of Treatment

In PAH, it may be very difficult to determine response to therapy in patients who
have a major exercise limitation related to their weight. Six-minute walk test and
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New York Heart Association functional class are the most readily available determinants
of response to therapy; however, these tests may be heavily influenced by weight. The
6-min walk test is affected by body mass index [90], and percent predicted values may
be more useful for patients with a BMI of 35 kg/m? or greater. Functional class may
be heavily influenced by weight-related activity limitations, and thus it is difficult to
discern if therapy has improved symptoms. In such cases, greater reliance on echocar-
diography or even invasive hemodynamics may be warranted.

Conclusions

There is long-standing data on the role of hypoxia and hypercapnia related to OHS and
SDB in obesity, but now there is also mounting evidence that obesity and related
adipokines, insulin resistance, and dyslipidemia may contribute to development of PAH
as well. With rising rates of obesity, these findings and their implications for human
pulmonary vascular disease are of major importance. Further studies of the risk of PAH
with obesity, the role of bariatric surgery in alteration of pulmonary vascular disease,
and the complex interaction of hypercarbia and hypoxia on pulmonary vascular disease
development will enhance our ability to treat, and perhaps prevent, PH in obese patients.
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Chapter 10
Obesity and Acute Lung Injury

Renee D. Stapleton and Benjamin T. Suratt

Abstract Acute lung injury (ALI) is a common clinical inflammatory syndrome
associated with severe acute hypoxemic respiratory with a case fatality of 30-40%.
Although counterintuitive, several studies now suggest that the survival of obese and
extremely obese critically ill patients with ALI (as well as obese critically ill patients in
general) is equal to or better than their lean critically ill counterparts. The mechanisms
underlying these findings are not yet clear but may be related to obesity-associated
alterations of the host inflammatory response or to decreased susceptibility to ventila-
tor-induced lung injury in these patients. Despite possible survival benefits afforded by
obesity in ALI, studies do suggest that obese patients may have longer durations of
ventilation and ICU stays. This information is important for clinicians to consider when
discussing prognosis and expectations with critically ill patients and their families.
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» Discuss potential impact of obesity on ventilator-induced lung injury
» Discuss strategies for management of obese critically ill ventilated patients

Introduction

Acute lung injury (ALI) is a clinical syndrome defined by bilateral pulmonary
infiltrates and severe acute hypoxemic respiratory that is not caused by heart
failure [1]. ALI is common in critical illness, with 200,000 US cases of ALI per
year and a case fatality of 30—40% in the USA [2, 3]. The prevalence of obesity and
extreme obesity has been steadily increasing in developed countries for many years,
with dire public health consequences including increased all-cause mortality [4].
However, in critically ill patients including those with ALI, a decade of observa-
tional evidence now suggests that obese and extremely obese patients may have
lower mortality rates than normal weight patients. Therefore, although obese
patients may have increased morbidity related to the intensive care unit (ICU)
including increased ICU and hospital lengths of stay (LOS), contrary to what might
be assumed by clinicians, the survival of obese and extremely obese critically ill
patients is equal to or better than their lean critically ill counterparts. The mecha-
nisms for these findings are not yet clear, but recent biologic data may begin to
provide an explanation.

The aims of this chapter are twofold. First, the literature regarding the epidemiol-
ogy of obesity and ALI will be reviewed. Subsequently, potential biologic mecha-
nisms that may explain the clinical findings of improved survival in critically ill
obese patients will be discussed.

Clinical Outcomes of ALI in Obese Patients

ALI and its more severe form, the acute respiratory distress syndrome (ARDS), are
common severe complications of pulmonary or systemic injury, resulting in severe
acute hypoxemic respiratory failure [1]. There are approximately 200,000 cases of
ALI per year in the USA, and the public health impact is tremendous [2]. ALI
results in 3.6 million annual hospital days and substantial mortality with nearly 40%
of ALI patients dying [2, 3, 5, 6]. Additionally, survivors experience significant
morbidity with reduced health-related quality of life and musculoskeletal, cogni-
tive, and psychological function [7, 8]. The most common risk factor for ALI is
sepsis, and patients whose risk is sepsis have considerably worse outcomes than
patients with other risk factors [2, 9].

The devastating manifestations of ALI result from a complex cascade that
includes massive activation of the proinflammatory response [10, 11]. Activated
macrophages release cytokines such as interleukin (IL)-1B (beta), IL-6, IL-8, and
tumor necrosis factor (TNF)-a (alpha), which activate neutrophils that then produce
proteases, oxidants, and lipid mediators that perpetuate the lung injury cycle [12].
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Only one ALI-specific therapy has been found to improve survival. In a large
randomized controlled trial (RCT) performed by the National Heart, Lung, and
Blood Institute Acute Respiratory Distress Syndrome Network (NHLBI ARDS
Network), low tidal volume ventilation decreased mortality with an absolute reduction
of 8.8% [13]. A better understanding of ALI pathogenesis is therefore urgently
needed to enable research into novel therapies for this devastating syndrome.

The prevalence of obesity, especially extreme obesity (BMI >40 kg/m?), has
been rapidly increasing for the past two decades in the USA and other developed
countries [4]. Over one third of the American population is obese, and over 5% is
extremely obese [14]. The public health consequences of this rise in obesity are
considerable, as obesity is associated with increased all-cause mortality in both men
and women [4].

Studies in ALI and General Critical Illness

Several years ago, evidence began to emerge describing outcomes of obese and
extremely obese critically ill patients. Several observational studies have since
reported that survival in obese and extremely obese critically ill patients may be
paradoxically improved compared to normal weight critically ill patients [15-20],
while other studies have reported that mortality in the obese and extremely obese is
at least as good as that of critically ill lean patients [20-30]. The majority of these
reports have included general medical, surgical, and trauma ICU patients; only three
prior studies have specifically focused on acute lung injury, and these are summa-
rized in Table 10.1 [18, 25, 26].

The first ALI study was a secondary analysis of 807 patients enrolled in a
randomized controlled trial of traditional versus low tidal volumes conducted by the
National Heart, Lung, and Blood Institute ARDS Network [25]. Underweight
patients were not examined, and severely obese patients (BMI >40 kg/m?) comprised
a small percentage (4.7%) of the study group because the parent study excluded
patients with a weight-to-height ratio of more than 1.0 kg/cm. BMI data were also
missing for 6.1% of participants. In both adjusted and unadjusted analyses, no
significant differences between normal weight and obese patients were found in
28-day or 180-day mortality, rate of unassisted ventilation by day 28, or ventilator-free
days between normal weight and obese patients. Other morbidity outcomes, such as
ICU length of stay, were not reported.

Subsequent to this research, an observational study utilizing Project Impact®
(a subscription database operated by the Society of Critical Care Medicine designed
to measure and describe the care of ICU patients) data to further explore outcomes in
1,488 critically ill obese patients with ALI was published [18]. Participants were
included if the admission diagnosis was consistent with ALI, BMI on admission could
be calculated, and mechanical ventilation was initiated within 24 h of ICU admission.
Underweight patients in this group had a higher adjusted mortality than normal weight
patients. Unadjusted hospital mortality was significantly associated with BMI, with
the highest mortality seen in underweight patients (54.6%), and the lowest in extremely
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Table 10.1 Summary of published studies of clinical outcomes in obese critically Ill patients with

acute lung injury

O’Brien et al. [25]

O’Brien et al. [18]

Morris et al. [26]

Participants
Design

ALI definition

Primary outcome
Findings
of adjusted
analyses

Secondary
outcomes

Findings of
adjusted
analyses

807

Secondary analysis
of data from ARDS
Network RCT

AECC

28-day mortality
Not significantly
different between
obese and normal
weight patients

Ventilator-free days,
achievement of
unassisted ventila-
tion, 180-day
mortality

Not significantly
different between
obese and normal
weight patients

1,488

Cohort study using
Project Impact
database

Diagnosis codes from
database
Hospital mortality

Significantly decreased

odds of death in
obese compared with
normal weight
patients

ICU LOS, hospital LOS,
discharge location

Not significantly
different between
obese and normal
weight patients

825

Secondary analysis
of prospectively
collected data
from King
County Lung
Injury Project

AECC

Hospital mortality
Not significantly

different between
obese and
normal weight
patients

Duration of
mechanical
ventilation, ICU
length of stay,
hospital length of
stay, discharge
location

Significantly

longer duration
of mechanical
ventilation, ICU
LOS, and
hospital LOS in
severely obese
survivors
compared with
normal weight
patients.
Severely obese
patients also
more likely to be
discharged to a
rehabilitation or
skilled nursing
facility than to
home

RCT randomized controlled trial, ARDS acute respiratory distress syndrome, ALI acute lung injury,
AECC American-European Consensus Conference

obese patients (29.0%). After statistical adjustment for age, gender, race, Simplified
Acute Physiology Score, admission condition, patient origin, preexisting diseases/
conditions, and ICU processes of care, patients in all obese categories had a decreased
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risk of death relative to normal weight patients. However, this difference was statistically
significant only in the obese group with BMI 30-39.9 kg/m?. ICU and hospital LOS
and discharge location did not differ by BMI category.

The third and most recent study to examine patients with ALI was an analysis of data
from 825 participants in the King County Lung Injury Project in Seattle, where all hos-
pitalized patients in and around King County were screened for the presence of ALI
from April 1999 to July 2000 [26]. Because this study used population-based data, the
results are likely generalizable to all ALI patients. Similar to the prior study, crude mor-
tality was highestin underweight patients and decreased with increasing BMI. Unadjusted
analyses revealed no statistically significant differences in mortality between the over-
weight, obese, or extremely obese groups when compared to normal weight patients.
Severely obese patients (BMI >40 kg/m?) who survived had longer duration of mechan-
ical ventilation, ICU LOS, and hospital LOS than normal weight patients, and they were
more likely to be discharged to a rehabilitation or skilled nursing facility than to home.

In addition to these individual studies, three recent meta-analyses of outcomes in
critically ill obese patients have been published [31-33]. The first included 62,045
patients from 14 studies and concluded that hospital mortality was significantly
lower in obese patients with BMI >30 kg/m? than in normal weight patients (RR
0.83, 95% CI 0.74-0.92). However, obese patients also had significantly longer
duration of mechanical ventilation (1.48 days, 95% CI 0.07-2.89; p=.04) and ICU
LOS (1.08 days, 95% CI 0.27-1.88; p=.009) [31]. The second meta-analysis
included 22 studies totaling 88,051 patients [32]. There was no difference in ICU
mortality between normal weight and obese patients, but obese patients had a
significantly lower hospital mortality (RR=0.76 with 95% CI 0.59-0.92). In contrast
to the prior meta-analysis, this study found that when data were aggregated, there
was no association between BMI and duration of mechanical ventilation or ICU
LOS. The third meta-analysis included patients from 23 studies and found that mor-
tality was significantly lower in the overweight (OR 0.91, 95% CI 0.84-0.98) and
obese (OR 0.82, 95% CI 0.68-0.98) groups, but there was no difference in survival
among severely obese compared with normal weight patients [33]. Differences
between the results of these three meta-analyses can be explained by their inclusion
of different studies, but the overall results indicate that obese critically ill patients
likely have a survival advantage compared with normal weight patients in the ICU.

Since publication of the above meta-analyses, an additional report focusing on
outcomes in extremely obese patients has been published [20]. The authors analyzed
data from a multicenter international observational study of ICU nutrition practices
occurring in 355 ICUs in 33 countries during 2007-2009. Patients included in the par-
ent study were adults more than 17 years old who were mechanically ventilated and
in the ICU for at least 72 h. Of the 8,813 patients included, 3,490 were normal weight,
2,604 were overweight (BMI 25-29.9 kg/m?), 1,772 were obese (BMI 30-39.9 kg/m?),
348 had BMI 40-49.9 kg/m?, 118 had BMI 50-59.9 kg/m?, and 58 had BMI >60 kg/
m?. Adjusted analyses found that overweight (OR 0.80, 95%CI 0.71-0.90) and obese
(OR 0.73, 95%CI 0.64—0.84) patients had significantly reduced mortality compared
with normal weight patients. There was also a notable trend toward improved survival
in the extremely obese group (BMI >40 kg/m?) with the odds of death equal to 0.87
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(95% C10.69-1.09, p=0.07) compared with normal weight patients. Adjusted results
also demonstrated that obese and extremely obese patients who survive have longer
durations of mechanical ventilation and ICU LOS, with the most severely obese
patients (BMI >60 kg/m?) also having longer hospital LOS.

In summary, current evidence suggests that overweight, obese, and extremely
obese critically ill patients have lower mortality compared to normal weight patients,
but their morbidity including ICU length of stay and duration of mechanical ventila-
tion is likely higher. The three published studies of obese patients with ALI suggest
that increased BMI may be associated with a greater risk of developing ALI [34], but
paradoxically does not increase mortality, and may in fact be protective [18, 25, 26].

Limitations of Prior Investigations

There are several limitations to prior studies in outcomes in critically ill patients with
and without ALI. First, BMI has been used in all studies as the measure of obesity,
but it may not accurately reflect obesity syndromes compared with other measure-
ments, such as waist circumference [35]. Furthermore, measurement of BMI may be
altered by intravenous fluid administration in ICU patients before weight is obtained
or erroneous assessment of height in supine critically ill patients [36]. Third, a tool
for assessing severity of illness specifically in obese patients does not exist, and cur-
rent assessment tools, including APACHE and SAPS [37, 38], may not accurately
reflect mortality risk in obese patients due to unknown factors that may be specific to
the obese population. Fourth, processes of care for obese and extremely obese
patients in different hospitals and ICUs are likely to be highly variable and may bias
results, either toward improved or worse outcomes for obese patients. Finally, diag-
nosing ALI and assessing the degree of critical illness in extremely obese patients
can be very difficult (e.g., measuring noninvasive blood pressure measurements [39]
or interpreting of chest radiographs), thus leading to misclassification and incorrect
case ascertainment, although many studies report an improvement in outcomes in the
overweight and obese groups where such misclassification is less likely [40].
Additionally, one recent study of a cohort of 1,795 critically ill patients at risk for
ARDS found that increasing BMI was significantly associated with the subsequent
development of ARDS. However, this increased risk was due to a greater incidence
of hypoxemic respiratory failure and not a greater incidence of bilateral pulmonary
infiltrates on chest radiograph, thus suggesting that misinterpretation of chest radio-
graphs in obese patients is not responsible for incorrect ascertainment [34].

Possible Explanation of Findings

Results of the above clinical studies have now prompted interest in investigating
mechanisms by which obesity may influence ICU outcomes. Reasons for increased
duration of mechanical ventilation and ICU LOS in obese patients with ALI observed
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in some studies may be due to physiologic factors that lead to longer duration of care
but do not increase mortality. For example, lung derecruitment due to the weight of
the abdomen and chest wall and provider reluctance to extubate an extremely obese
patient may contribute to longer duration of ventilation [41].

However, explanations of why survival in obese patients with ALI is at least as
good as, if not better than, that in normal weight patients are less clear. Obesity may
be somehow protective in ALI, but the mechanisms by which that might occur have
not been elucidated. A recent study found that obese patients with ALI have lower
levels of several proinflammatory cytokines (IL-6, IL-8, and surfactant protein D)
that are known to be increased in ALI and to be associated with increased mortality
[40], thus suggesting that innate immunity and the inflammatory response may be
altered in obesity.

Biologic Relationship of Obesity and ALI

Obesity and the Pathogenesis of ALI

Despite decades of research, the pathogenesis of ALI remains incompletely
understood. Following an inciting event, alveolar macrophage activation, pulmo-
nary recruitment of neutrophils, and alveolar endothelial and epithelial injury are
thought to be central factors in both the onset and progression of this syndrome,
which is also then promulgated by ventilator-induced lung injury (VILI) (Fig. 10.1)
[11, 12, 42-45]. In accordance with such a schema, increases in both airspace
neutrophilia and plasma cytokine levels, including TNF-a (alpha), IL-1B (beta),
IL-6, and IL-8, have been shown to correlate with increased morbidity and mortality
from this disease [43, 44, 46-48].

It is increasingly recognized that ALI pathogenesis and hence outcome may be
influenced by host factors, including genetic polymorphisms and comorbid conditions
[12, 45]. In this light, the clinical evidence that obesity may have an ameliorative
effect on ALI and critical care outcomes suggests obesity may be one such factor.
Such an interaction would be surprising, as obesity is itself believed to be an
inflammatory state with baseline increased circulating neutrophil levels [49, 50],
elevations in blood TNF-a (alpha), IL-1B (beta), IL-6, and IL-8 [51, 52], and
innate immune cell activation [53-55] with endothelial injury [56-58], perhaps
predictive of inflammatory synergy between the obese state and ALI. Nevertheless,
it has recently been reported that plasma IL-6 and IL-8 fall with rising BMI in
ALI patients [40], indicating that although obesity may increase the risk of devel-
oping ALI [34], perhaps through preexisting vascular injury, it may paradoxically
have an attenuating effect on ALI-associated inflammation and hence the progression
of the disease.

Although human studies examining the effects of obesity on ALI pathophysiology
are scarce, recent reports in animal models suggest that such models may recapitu-
late the clinical effects of obesity, allowing further dissection of the underlying
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Fig. 10.1 Pathophysiologic mechanisms of acute lung injury and the possible effects of obesity.
In this schematized view of the pathophysiologic pathways of ALI/ARDS, direct injuries to the
lung damage the alveolar capillary membrane (ACM) and initiate local and subsequently systemic
inflammatory cascades, which may be dampened by the effects of obesity and the metabolic syn-
drome (1). Indirect injuries initiate the pathophysiologic pathways of ALI/ARDS primarily
through release of systemic cytokines. Following both direct and indirect initiators of ALI/ARDS,
the release of systemic inflammatory mediators activates circulating neutrophils and the vascular
endothelium of the lung, leading to pulmonary microvascular sequestration of neutrophils and
inflammatory injury to the ACM. Although obesity may promote vascular injury in ALI, it appears
to attenuate cytokine release and neutrophil activation. This injury is critical in the failure of alveo-
lar/capillary membrane barrier function and flooding of the alveoli with proteinaceous edema fluid.
Both ACM injury and alveolar edema cause surfactant loss and dysfunction, which promote alveo-
lar instability and collapse, driving further edema formation and alveolar injury, particularly in the
setting of mechanical ventilation, which also may be attenuated in the setting of obesity (Adapted
with permission from Suratt and Parsons [45])

mechanisms. Most animal studies examining obesity-associated effects on pulmonary
immunity and inflammation have focused on models of asthma and pneumonia, and,
as detailed elsewhere in this volume, although some forms of airway inflammation
appear to be amplified by obesity [59], the response to pneumonia is blunted [60—-62],
suggesting that the inflammatory response in the alveoli (the site of ALI) is impaired.
In the few published reports examining obesity’s effects on acute lung injury models,
obese mice and rats demonstrate reduced inflammation, lung injury, and mortality
from LPS-, hyperoxia-, and ozone-induced ALI [63—-66], although in the case of
ozone exposure, findings are mixed and appear to vary with the acuity of exposure
[66-68]. To date, investigators have primarily examined spontaneously obese, genet-
ically mutant leptin-deficient mice (ob/ob; Lep®), and leptin-resistant mice (db/db;
Lepr®) and rats (Zucker; Lepr®), yet one of these reports [66] also examined the
effects of the potentially more clinically relevant diet-induced obesity and found
similar attenuation in inflammation and lung injury.
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Obesity, the Metabolic Syndrome, and the Inflammatory
Response in ALI

Given the systemic abnormalities associated with obesity and the accompanying
metabolic syndrome, obesity’s effects on the pathogenesis of ALI almost certainly
reflect interaction between multiple facets of the obese state. Although few reports
focus on obesity itself, a growing literature examines the effects of the metabolic
syndrome on ALI pathogenesis and outcome. The most extensively investigated
element of the metabolic syndrome in this regard is diabetes.

Diabetes has been shown to be associated with a reduced risk of developing ALI
in three large clinical studies of high-risk patients including those with sepsis, aspi-
ration, trauma, and massive transfusion [69—71], with an adjusted odds ratio ranging
from 0.33 to 0.58 [72]. Although this protective effect is reproducible in animal
models of diabetes [63, 73—75], the underlying mechanisms remain unclear. Diabetes
is associated with impaired innate immune response [76, 77], which although
believed to drive the increased risk of infection in diabetics [78], might conversely
attenuate inappropriate inflammatory states such as ALI Evidence supporting roles
for either hyperglycemia or insulin resistance in the attenuation of ALI is conflicting,
and recently attention has focused on the possibility that this protective effect may
be related to the systemic actions of diabetic therapies, such as exogenous insulin
and PPAR-y (gamma) agonists [72].

Comparable studies investigating dyslipidemia and its effects on ALI risk and
pathogenesis have not yet been published. However, as with obesity in general,
dyslipidemia is associated with baseline elevations in circulating neutrophil levels
in both humans and mouse models, often in the absence of accompanying obesity
[79-82]. Persistent activation of both monocytes and neutrophils is described in
dyslipidemic states, accompanied by endothelial injury [83], and may be driven by
direct effects of lipid species on leukocytes [84, 85]. Yet, in this setting, there appear
to be defects in neutrophil and monocyte function [86, 87], and recently animal
models of hypercholesterolemia without obesity have suggested that the develop-
ment of LPS-induced ALI is blunted [88]. Whether such defects might reflect tonic
activation of the innate immune system with “desensitization” to acute stimuli or
other effects of the dyslipidemic state is not yet known.

Another significant feature of the metabolic syndrome and obesity in general is
the dysregulation of adipokine release and response. Although initially described as
hormone-like signaling molecules released by adipose tissue and involved in meta-
bolic homeostasis, adipokines such as leptin, adiponectin, and visfatin have recently
been shown to have quite protean effects including modulation of both innate and
adaptive immune systems [89, 90]. The best studied of these molecules is leptin,
which was originally described as a regulator of appetite. Leptin has been shown to
be important in the marrow development of the myelomonocytic lineages [91, 92]
and to serve as an activation and survival signal for neutrophils in the periphery
[93-95]. Interestingly, leptin also appears to act as a neutrophil chemoattractant
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[96-98] and may be released by the injured lung [99, 100], while serum levels of
leptin are elevated in critical illness [101-103], together suggesting a possible role
for leptin in the development of ALI.

How leptin’s effects on innate immune function may be altered in obesity is
poorly understood. Obesity is typically accompanied by a state of hyperleptinemic
leptin resistance in which leptin response is blunted despite high circulating levels
of this cytokine, presumably due to receptor desensitization. Elevated leptin levels
in patients with end-stage renal disease have been implicated in the neutrophil
dysfunction that accompanies that state [98], while animal models of aleptinemia
and leptin resistance suggest that the development of hyperoxic ALI is blunted in
this setting [64, 65]. Whether hyperleptinemia and leptin resistance may affect the
development of human ALI has not yet been addressed.

In reviewing the literature describing the many effects of the metabolic syndrome,
it is important to emphasize that both human and, with rare exceptions, animal studies
examining “discrete” elements of the metabolic syndrome have not examined these
in isolation of obesity or the other facets of the syndrome. For instance, none of the
reported clinical studies on diabetes and ALI included BMI as a confounding variable,
and the db/db mouse model, although used in various studies to specifically exam-
ine leptin resistance, diabetes, or obesity, is also noted to be extremely dyslipidemic.
Thus, it remains unclear which elements of obesity and the metabolic syndrome
may be operative in the majority of reported findings.

Obese Pulmonary Mechanics: VILI Attenuated?

One further possibility that must be considered when examining the potential inter-
action between obesity and ALI focuses on the biomechanical effects of obesity. As
detailed elsewhere in this volume, obese individuals manifest altered pulmonary
mechanics compared to lean individuals, at baseline and when mechanically venti-
lated. Obese patients with ARDS demonstrate similar changes, with a combination
of reduced chest wall and lung compliance leading to a lower FRC and consequently
atelectasis, increased airways resistance and closure, and ventilation/perfusion mis-
match [104, 105]. Although these changes likely underlie obesity-associated delays
in liberation from mechanical ventilation, how such alterations might be protective
in ALI is unclear.

It is possible that the combination of lower respiratory system compliance and
higher airways resistance, which yield atelectasis and higher static and dynamic
airway pressures for a given tidal volume, may prompt clinicians to selectively
increase PEEP and decrease tidal volumes in the obese, thus mimicking or accentu-
ating a protective low tidal volume strategy. However, it has been shown that obese
ALI patients are typically ventilated at higher tidal volumes (cc/kg ideal body
weight) than normal weight patients [25, 26], indicating that, in light of comparable
to improved survival in the obese, mechanical ventilation (even at higher tidal
volumes) may be better tolerated in these patients. Furthermore, although overall
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mortality in the RCT of low tidal volume ventilation in ALI was not different
between lean and obese patients [25], data from this study suggest that obese patients
may have tolerated higher tidal volumes (12 cc/kg IBW) better than did lean patients.
The relative reduction in mortality attributable to lower tidal volumes (6 cc/kg IBW)
in the overall cohort was 30%, yet when stratified into normal, overweight, and
obese BMI categories, the relative reductions in mortality between high and low
tidal volume arms of the study were 42%, 27%, and 12%, respectively, although this
finding did not reach statistical significance. Thus, obese patients may be less sus-
ceptible to VILI. Whether this might be related to the mechanical interaction
between obese patients and ventilation or an additional manifestation of attenuated
inflammatory response in obese ALI has yet to be examined.

Clinical Recommendations

Caring for critically ill obese and severely obese patients in a clinical setting can be
challenging. Like all ICU patients, special attention should be paid to prevention of
infection with measures such as the use of a checklist during central line insertion
to prevent central line-associated blood stream infection [106] and semirecumbent
positioning to prevent ventilator-associated pneumonia [107]. Prior studies have
also suggested that obese patients who are mechanically ventilated receive tidal
volumes early in their ICU course substantially greater than the 6 cc/kg predicted
body weight shown to improve survival [13, 26, 40]. ICU clinicians should therefore
be conscientious when choosing tidal volumes in obese patients. Furthermore, the
recumbent position leads to increased atelectasis and greater mechanical loading of
the diaphragm in obesity, contributing to hypoxia and difficulty weaning. Therefore,
consideration should be given to positioning obese patients as upright as safely
possible and transitioning to chair during weans, both of which have been shown to
improve mechanics in these patients [108]. Lastly, the pharmacokinetics and phar-
macodynamics of many drugs commonly used in critical illness are substantially
altered in obese and severely obese patients compared with those of normal weight
(e.g., heparin and benzodiazepines); attention to detail when using these medicines
is important.

Conclusions

Survival in the general population is j-shaped, with increased mortality in under-
weight people, lowest mortality in patients with a BMI near 25 kg/m?, and increas-
ing mortality rates in overweight, obese, and extremely obese patients [4]. Evidence
in critically ill patients, however, suggests that overweight, obese, and extremely
obese patients have lower mortality compared to normal weight patients. The limited
studies of obese patients with ALI published to date show that rising BMI may
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increase the risk for the development of ALI [34], but paradoxically does not
increase mortality from this disease, and may in fact be protective [18, 25, 26].
Health professionals may assume that obese patients have worse survival and mor-
bidity due to presumed difficulties of caring for such critically ill patients includ-
ing transport, body positioning, intravascular access, diagnostic imaging, and
ventilator weaning. While the literature does suggest that obese patients may have
longer durations of ventilation and ICU lengths of stay, their survival is at least as
good as normal weight patients. This information is important for clinicians to rec-
ognize when discussing prognosis and expectations with critically ill patients and
their families.
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Chapter 11
Mechanical Ventilation of Patients
with Severe Obesity
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Abstract In recent years, obesity has become endemic in developed countries.
Medical care of the obese patient is extremely challenging, especially critically il
obese individuals. The challenge of providing medical care to obese patients is
multifactorial and stems from difficulty performing diagnostic and therapeutic
procedures, difficulty providing logistical support, and the necessity of extrapolating
data usually obtained from the study of leaner populations. Obesity affects respiratory
physiology and also predisposes to obstructive sleep apnea (OSA) and obesity
hypoventilation syndrome (OHS). As a result, patients with obesity may be at higher
risk for respiratory failure and greater duration of mechanical ventilation.
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Objectives

* Review the effects of obesity on lung function and upper airway mechanics.

e Describe the mechanisms of benefit of CPAP/NIPPV in obesity.

e Review strategies to minimize intubation and postintubation complications in
obese patients.

* Describe strategies for mechanical ventilation in obese patients.

Introduction

In recent years, obesity has emerged as one of the most prevalent epidemics in devel-
oped countries [1]. Obesity has a multitude of associated pathological consequences
and places afflicted individuals at high risk for medical and surgical complications.
Obese patients in the intensive care unit (ICU) may suffer prolonged duration of
mechanical ventilation and ICU length of stay [2]. In response, medical societies have
created management recommendations for patients with obesity based on existing
data and expert opinion where data are sparse [3]. The goal of this chapter is to sum-
marize the physiological consequences of obesity to enable the practioner to avoid
complications of mechanical ventilation and to optimize management of obesity-
related conditions, such as obstructive sleep apnea (OSA) and obesity hypoventilation
syndrome (OHS). Individualizing therapy based on these physiological principles
holds promise for the future as clinical trials are ongoing using this approach.

Influence of Obesity on Lung Function

Obesity is defined as body mass index (BMI) greater than 30 kg/m? Obesity alters
respiratory physiology in a number of unfavorable ways, including decreased lung
volumes, increased airway resistance, decreased total respiratory system compli-
ance, and decreased gas exchange. Moreover, upper airway physiology is also
affected. As will be discussed below, obesity is also the dominant risk factor for
OSA, and both obesity and OSA are generally necessary to develop obesity hypoven-
tilation syndrome (OHS) [4, 5]. Thus, before discussing mechanical ventilation in
such patients, an understanding of obesity-related physiological changes is critical.

Lung Volumes

The three factors that determine lung volume at any given point of the respiratory
cycle are respiratory muscle activity, and chest wall and lung tissue recoil forces.
In morbidly obese subjects, the chest wall has decreased outward recoil due to
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Fig. 11.1 Effect of body mass index on pulmonary function results (Adapted from Berger et al. [8])

greater weight, leading to decreased functional residual capacity (FRC). FRC is
comprised of expiratory reserve volume (ERV), the maximum volume that can be
exhaled with the use of respiratory muscles after normal exhalation, and residual
volume (RV), the gas that stays in the lungs after ERV is expelled. In severely obese
individuals, ERV may be substantially reduced causing FRC to approach residual
volume [6]. However, in relatively healthy obese individuals, total lung capacity
(TLC) and vital capacity (VC) are less vulnerable to the effects of obesity (Fig. 11.1),
with TLC being reduced only in the extremes of obesity. This pattern of reduced
FRC with relatively preserved RV is in contrast to pulmonary parenchymal causes
of restriction (e.g., fibrosis) in which RV and FRC are both reduced. Thus, the
combination of severely decreased ERV and normal or only modestly decreased
TLC and VC on lung volume testing is the expected change in obese patients.

Resistance, Compliance, and Lung Function

In addition to gross changes in lung volume, obesity also causes changes in airflow.
For example, airway resistance is inversely related to airway size, which is a function
of lung volume. As lung volume decreases, airway resistance increases precipitously
according to the Poiseuille equation (in which resistance increases with decreases in
airway radius by the fourth or fifth power, depending on laminar or turbulent flow).
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Moreover, increased chest weight can cause elevated pleural pressures, which can
lead to atelectasis and airway closure even during tidal breathing [7]. These
abnormalities can in turn lead to V/Q mismatch and shunt, yielding hypoxemia.

Obesity, the Upper Airway, and Obstructive Sleep Apnea

OSA is characterized by recurrent collapse of the upper airway during sleep, leading to
intermittent hypoxemia and sleep fragmentation. Obesity is the key risk factor for OSA.
Although the exact mechanism(s) is not known, one possible explanation is anatomical
compromise of the pharyngeal airway due to increased peripharyngeal fat deposition. In
this model, increased fat deposition increases the extraluminal pressure, increasing the
tendency for airway collapse. During wakefulness, OSA patients are able to offset this
increased collapsibility by increased activity of pharyngeal dilator muscles. However,
during sleep (or anesthesia), dilator muscle activity falls and repetitive apnea becomes
evident. CPAP is effective in eliminating obstructive events since it acts as a pneumatic
splint to prevent collapse of the upper airway by raising its transmural pressure.

Obesity Hypoventilation Syndrome

OHS is another syndrome associated with obesity. Because the vast majority (>90%)
of OHS patients have concomitant OSA, many people consider these two conditions
to be a spectrum of one disease. OHS is defined by hypoventilation (P_,,>45 mmHg)
in the setting of obesity (BMI>30 kg/m?) without other underlying cause such as
parenchymal lung disease or neuromuscular abnormality. OHS patients have
increased work of breathing for the reasons listed above: increased upper and lower
airway resistance and mass loading of the chest wall and abdomen.

Some data suggest that hypoventilation occurs during sleep with gradual retention
of CO, over time: the ventilatory response is inadequate for the accumulation of
CO, such that gradual elevations in serum bicarbonate and daytime PaCO, eventually
occur [8]. Although this is the classical explanation for OHS, several other interesting
hypotheses deserve mention. An alternative hypothesis is that OSA may cause
hypoxic or inflammatory injury that leads to respiratory muscle dysfunction. OHS
may also be a result of decreased drive to breathe since OHS patients demonstrate
impaired central respiratory drive, including diminished responsiveness to hypoxic
and hypercapnic stimuli, although it is not clear if this finding is a cause or result of
OHS [9, 10]. Of interest is that many patients with OHS often present with acute on
chronic respiratory failure to the intensive care unit [11]. Lastly, more recent data
suggest that obese individuals exhibit resistance to leptin at a receptor level. Leptin
was first described as a hormone secreted by adipose tissue and primarily involved
in regulation of appetite [12]. More recently, it has been appreciated that leptin also
has a role in regulation of ventilation. For example, leptin infusion increases minute
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ventilation in leptin-deficient mice, even before there has been any change in weight
[13]. In humans, serum leptin is a better predictor of hypoventilation than BMI, and
treatment of OHS can lead to reductions in serum leptin [14, 15]. However, further
data are clearly needed.

Physiological Effects of CPAP/NIPPV

Noninvasive ventilation is increasingly used in clinical practice and counteracts
many of the physiological effects of obesity. Continuous positive airway pressure
(CPAP) can be applied over the nose or nose and mouth. CPAP can counterbal-
ance the collapsing forces acting on the upper airway and acts as a pneumatic
splint. Additionally, application of positive pressure increases FRC, which prevents
lower airway closure and atelectasis. Cumulatively, these effects improve oxygen-
ation. In addition to positive expiratory pressure, NIPPV also applies a driving
pressure during spontaneous inspiration which augments the effect of inspiratory
muscle activity. Thus, bi-level PAP can be used to increase ventilation and
decrease work of breathing. NIPPV can be delivered via a bi-level PAP device or
via a critical care mechanical ventilator — some devices have features of both. On
more advanced machines, various independent variables can be manipulated,
including pressure — or volume-targeted modes, trigger sensitivity, inspiratory
time, rise time, etc.

A new mode of NIPPV was developed combining features of pressure-targeted
and volume-cycled ventilation. Average volume-assured pressure support (AVAPS)
is able to adjust pressure support to deliver a fixed average tidal volume. The role of
AVAPS in the management of OHS or respiratory failure is being evaluated, with
some data suggesting potential benefit in small cohorts [16].

Management of Obese Patients Before and During Intubation

Recognizing an ever growing number of patients suffering from obesity-related
comorbidities, the American Society of Anesthesiologists published guidelines on
perioperative management of patients with OSA [17]. A focus of these recommen-
dations was to minimize complications during intubation and to avoid prolonged
mechanical ventilation and extubation failures. The principles of perioperative man-
agement in the morbidly obese were: preoperative diagnosing of OSA, use of CPAP
in perioperative period, use of regional rather than general anesthesia whenever pos-
sible, meticulous reversal of neuromuscular blockade, use of lateral rather than
supine positioning, and extended close monitoring in the postoperative period
(see Table 11.1). While most of these ASA recommendations require rigorous
corroboration, we believe that they reflect sound physiological principles. For
example, lateral posture may well improve end-expiratory lung volume, upper
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Table 11.1 Summary of measures which can be undertaken to minimize respiratory complications
in patients with OSA in perioperative period (Adopted from ref [17])

Preoperative preparation  Intraoperative management Postoperative management

1. Establish the diagnosis 1. Local anesthesia and 1. Use of NSAIDs as opioid
of OSA peripheral nerve block sparing medication for post-op

2. Preoperative initiation of should be used where analgesia when feasible
CPAP or NIV applicable

3. If unable to tolerate 2. Ventilation should be 2. Utilization of CPAP or NIV in
CPAP or NIV preopera- continuously monitored patients who were using it
tively, alternative throughout the entire preoperatively as soon as
treatment for OSA procedure when moderate possible after the surgery
sh01.11d be initiated sedation. or greater levels 3. Use supplemental oxygen to
(weight loss, oral of sedation used avoid hypoxemia
devices, etc.)

4. Difficult airway 3. General anesthesia with 4. Avoid supine position during
management algorithm secured airway preferred sleep if possible
resources available over deep sedation without

secured airway

4. Patients with OSA should
be extubated while awake
whenever feasible

5. Full reversal of neuromuscu-
lar blockade should be
ascertained before
extubation

6. Extubation should performed
in nonsupine position

airway patency and collapsibility, result in improved gas exchange, and may reduce
aspiration risk. Also, medications used for sedation and anesthesia frequently com-
promise upper airway motor control in addition to their effects on respiratory pump
muscles. Thus, postextubation patients both in the OR and in the ICU may be at
particularly high risk of upper airway compromise. Upper airway compromise may
also have important clinical consequences. In a case—control study design, Gupta
et al. showed that patients with unrecognized OSA have a higher rate of postopera-
tive complications after knee and hip replacement surgery than those who were
treated with PAP prior to the procedure [18]. Complications included increased
length of ICU stay, cardiac events, and reintubation. While safety comparison trials
of regional and general anesthesia are lacking to the best of our knowledge in obese
subjects, use of regional anesthesia appears to be safer as it offers less pronounced
hemodynamic and respiratory suppressive effects [19]. In regard to the different
positions during surgical procedures in obese individuals and its physiological effect
on cardiopulmonary system, a thorough review is available; however, specific stud-
ies to address this question are lacking [20].
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Obesity and Intubation

To answer specific questions regarding morbidity and mortality conferred by severe
obesity and its comorbidities in the perioperative period, the Longitudinal
Assessment of Bariatric Surgery Consortium group examined perioperative risk
factors in a prospective, multicenter observational study of patients undergoing bariatric
surgery. Using a composite endpoint of death, need for reintervention, and throm-
boembolism, the authors found that comorbid OSA was associated independently
with a significantly higher rate of postoperative complications [21]. Thus, preoperative
screening for OSA and perioperative CPAP use have been advocated, although as of
yet there are no compelling clinical trial data to confirm the wisdom of this approach.
Definitive data on perioperative risk of obesity and sleep apnea are difficult to
acquire given the low incidence of serious complications with modern anesthesia. In
addition anesthesiologists may adapt their clinical practice to manage patients with
obesity and suspected OSA. For example, Mallampati score and neck circumfer-
ence are important factors in anesthetic assessment, but may also be markers of
OSA [22]. Thus, the current standard of care may already manage OSA patients
adequately, although further data are certainly required.

Securing the airway in the obese patient can be challenging, even for the most
experienced anesthetist. Obesity has been shown in some studies to be a risk factor
for having a difficult airway, defined as problems with therapeutic manipulations of
the airway (i.e., bag-mask ventilation, direct laryngoscopy and endotracheal intubation,
need for surgical airway) [23-25]. As such, establishing an airway in an obese
patient may be difficult, and success is often based on a correct initial risk assessment
and a well-thought-out induction plan.

Endotracheal (ET) intubation is recommended as the most secure artificial airway.
Several factors may complicate endotracheal intubation in obese patients. During
preparation for ET intubation, obesity may complicate bag-mask ventilation by several
mechanisms. First, excess soft tissue can make bag-mask ventilation difficult. Using
a 2-person technique during bag-mask ventilation has been shown to improve
ventilation, probably by minimizing air leak [26]. Use of nasal trumpets and oral
airways may also be helpful. Second, reduced FRC contributes to rapid oxygen
desaturation. Reverse Trendelenburg positioning during bag-mask ventilation may
alleviate this situation to some degree, improving upper airway patency and chest
wall mechanics, thus increasing FRC and oxygen reserve. Using preoxygenation
with near 100% oxygen concentration may provide additional oxygen reserve in
preparation for ET intubation, although whether preoxygenation increases resorp-
tive atelectasis in obese patients is unclear. Third, obesity may be an independent
risk factor for difficult intubation as a result of limited neck mobility, mouth open-
ing, and tracheal as well as hypopharyngeal anatomy distortion. Several studies
have been conducted to identify the position of obese patients that would allow
optimal visualization of the vocal cords. The “ramp position” with head elevated
appeared to be superior to sniffing and supine positions [27, 28]. While rapid
sequence intubation is not contraindicated in obese patients, its use in obesity should
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be done with caution, due to the possibility of the “can’t intubate, can’t ventilate”
scenario. For obese patients, an awake fiberoptic intubation is preferred since it
avoids neuromuscular blockade and may use only minimal or moderate sedation.
The pharmacodynamics and pharmacokinetics of neuromuscular blocking (NMB)
agents as well as sedatives and analgesics may be altered in obese individuals due
to increases in the glomerular filtration rate and volume of distribution [29].

Mechanical Ventilation in Obese Patients

Once intubated, the initial selection of the parameters for mechanical ventilation in
obese patients may be a challenging task due to alterations of pulmonary physiology
in this patient population. For example, commonly used initial positive end-expiratory
pressure (PEEP) settings may allow alveolar derecruitment and contribute to hypox-
emia. Understanding the impact of obesity on the chest wall is critical in this regard.

Transpulmonary Versus Plateau Pressure for Selecting
Ventilator Setting in Obese Patients

Although airway pressure is commonly used as a convenient measure, the critical
pressure in terms of barotrauma and atelectasis is the transpulmonary pressure.
Transpulmonary pressure is the difference between airway and pleural pressure.
The transpulmonary pressure has been confirmed as the relevant physiological mea-
surement in experiments in which the chest wall was cast [30, 31]. In these experi-
ments, a high Pplat alone did not cause lung overdistension and injury, so long as the
pleural pressures were also elevated. Although pleural pressure effects may be neg-
ligible in healthy, lean individuals, in severely obese patients, pleural pressure
effects may be quite pronounced due to the weight of the chest wall and abdomen.
Pleural pressure can be estimated by esophageal manometry which when situated in
the lower third of esophagus gives an approximate estimate of midthoracic pleural
pressure. Use of pleural pressure estimates can provide reassurance against overdis-
tension during inspiration by keeping peak inflation transpulmonary pressure below
25 cmH, 0O (see Fig. 11.2) [32, 33].

Role of PEEP in Preventing Complications of Mechanical
Ventilation in Obese Patients

In addition, during the expiratory phase of the respiratory cycle, elevated pleural
pressure in obese individuals may promote atelectasis in the dependent areas
(e.g., posterior segments). This situation creates areas of heterogeneity within the
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Fig. 11.2 Plateau pressure (Pplat) is an imperfect surrogate for inspiratory transpulmonary pres-
sure (PLESEIO). Some patients with higher pleural pressure will have high Pplat even with a low
transpulmonary pressure (Adapted from Loring et al. [35])

lung tissue even in the absence of prominent lung injury. Previous studies have
estimated that the effective pressure gradient between atelectatic and normal lung
regions may reach >100 cmH,O even when the applied airway pressure does not
exceed 30 cmH,O due to high shear forces at the junctions of normal and abnor-
mal lung [34]. This scenario may contribute to so-called atelectrauma in which
repetitive alveolar collapse has been postulated to contribute to lung injury and
systemic inflammation.

One of the ways to alleviate the above pathophysiological phenomenon is to
promote lung homogeneity by applying appropriate PEEP, which can prevent alveo-
lar collapse at end-exhalation and thus keep alveoli open throughout the respiratory
cycle. Adequate PEEP should decrease areas of atelectasis and heterogeneity,
improving gas exchange and decreasing the risk for shear force injury resulting
from repetition of the opening and closing of atelectatic alveoli during respiratory
cycle. However, it is important to use the appropriate level of PEEP, as suboptimal
levels will not fully prevent derecruitment, and excessive levels may promote over-
distension and hemodynamic compromise. Obese patients may require high PEEP
levels to offset the effect of high pleural pressure at the end of expiration. That is,
with typical initial ventilator settings, the end-expiratory transpulmonary pressure
could be negative (see Fig. 11.3) [35]. Given the unpredictability of obesity effects
on respiratory mechanics, we favor an individualized physiological approach to
mechanical ventilation, rather than “one size fits all” [36]. Titrating PEEP to a posi-
tive end-expiratory transpulmonary pressure can lead to improved gas exchange
[32]. Although measurement of esophageal pressure may be beneficial, the strategy
is lacking definitive data and outcome data are still emerging. Therefore, in clinical
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Fig. 11.3 Even modest level of extrinsic PEEP may not prevent a negative transpulmonary pres-
sure at end-expiration in those with high pleural pressure. PEEP positive end-expiratory pressure,
PEEPT extrinsic PEEP, PLESEEO transpulmonary pressure estimated by esophageal manometry
at end-expiration (Adapted from Loring et al. [35])

practice, titration of ventilator settings based on gas exchange is commonly used
due to its simplicity. A variety of methods have been discussed in terms of PEEP
titration including the pressure/volume curve, the so-called stress index, and imag-
ing techniques, among others. One of the early attempts to identify best strategy of
mechanical ventilation in ARDS patients, undertaken by Amato et al., used the
lower inflection point of the respiratory pressure-volume curve to set PEEP. In com-
bination with other lung protective strategies, this method for setting PEEP was
associated with improved survival compared to a conventional mechanical ventila-
tory approach [37]. The ideal method of PEEP titration however remains unclear.
Caramez et al., tried to answer this question by using an animal model of ARDS.
The authors compared the relationship of nine variables to the “open-lung PEEP”
value, represented in the study by the PEEP at the best dynamic tidal respiratory
compliance. Various estimates of optimal PEEP based on mechanics or gas exchange
all yielded similar values [38].

Effect of PEEP Applied during Mechanical Ventilation
on Respiratory Parameters

Clinically, there have been three very large randomized trials of the effect of low vs.
high PEEP on mortality in ARDS, with applied PEEP levels set based on oxygenation
tables rather than lung mechanics [39-41]. All of the trials showed improved
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compliance, gas exchange, and decreased FiO, requirements in the high PEEP
groups, although there was no effect on mortality. Unfortunately none of the above
studies were designed to assess the impact of body weight on respiratory mechanics
or PEEP settings. Regardless, in our experience, BMI is a poor predictor of end-
expiratory esophageal pressure in the critically ill, emphasizing the need for physi-
ological measurements rather than estimates based on demographics. A recently
published trial assessed the potential benefits of titrating PEEP adjusted for pleural
pressure compared with PEEP titration based on ARDS network recommendations.
Both groups received low tidal volume ventilation and were heavily sedated or
paralyzed. This trial showed improved oxygenation, respiratory compliance, and a
trend toward improved survival in the transpulmonary pressure directed group [32].
Obese patients may potentially be at special advantage for individualized ventilator
settings as pleural pressure is often elevated (although unpredictably) in this patient
population. Pleural pressure elevations in critically ill patients with obesity are a
function of intra-abdominal pressures, which are often elevated but, again, highly
variable. Malbrain conducted a prevalence study of intra-abdominal hypertension in
97 critically ill patients in 13 ICUs. While no difference was found between
intra-abdominal pressure (IAP) in surgical and medical patients, patients with
higher BMI demonstrated significantly higher IAP. Other factors including fluid
accumulation can raise intra-abdominal pressure, and thus obesity alone is unlikely
to be a method to guide therapy. However, BMI was the only independent predictor
of IAP in a multivariate analysis. Larger randomized trials, which would specifically
include obese individuals with sophisticated physiological measurements, are
needed to shed light on this subject [42]. Another source of variability is the degree
to which elevated abdominal pressures are transmitted to the thorax [43].

Another important aspect of mechanical ventilation in obese patients is the
concept of predicted body weight. The ARDS Network trial showed that ventilation
of ARDS patients with tidal volume of 6 ml/kg of predicted body weight has survival
benefit over ventilation with tidal volume of 12 ml/kg [44]. Lung volume is proportional
to height (and influenced by sex and race) but not to weight. Calculating tidal vol-
ume based on actual body weight may lead to alveolar overdistension and
barotrauma.

Weaning Obese Individuals from Mechanical Ventilation:
The Role of NIPPV

The process of weaning patients from mechanical ventilation should be consid-
ered as soon as possible to avoid morbidity and mortality associated with pro-
longed intubation [45]. Obese patients may be at high risk for failure of liberation
from mechanical ventilation for several reasons. Even in normal weight indi-
viduals, in the immediate postextubation period, patients may have impaired
central ventilatory drive and protective airway reflexes due to general anesthesia
or sedation. These sedative agents might accumulate in adipose tissue and be
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Fig. 11.4 Cumulative probability of remaining on endotracheal mechanical ventilation (ETMV)
in the invasive pressure support ventilation (IPSV) and the noninvasive ventilation (NV) weaning
group (From Girault et al. [49]; reprinted with permission of the American Thoracic Society.
Copyright © 2011 American Thoracic Society)

slower to clear in obese patients. Prolonged endotracheal intubation may
potentially lead to impairment of pharyngeal protective mechanisms and con-
tribute to upper airway compromise postextubation in those patients already
predisposed to upper airway collapse. The endotracheal tube may irritate the
pharyngeal mucosa which could compromise the integrity of upper airway
mechanoreceptors critical to mediating the negative pressure reflex [46]. Not
surprisingly, obesity has been noted to be a risk factor for failed fast-track extu-
bation in patients after coronary bypass surgery and abdominal aortic aneurysm
repair [47, 48].

Using NIPPV in the early postextubation period may help to overcome the
aforementioned difficulties in liberation from mechanical ventilation in obese
patients. Girault et al. evaluated 53 consecutive patients in a prospective ran-
domized controlled trial who presented with acute on chronic respiratory failure
and who required initial endotracheal intubation [49]. All patients failed T-piece
trials, even though they met simple criteria for readiness for extubation, including
demonstrating a rapid shallow breathing index (RSBI) less than 105 breaths/l.
Utilization of NIPPV early after extubation significantly reduced the duration of
invasive mechanical ventilation and was successful in preventing reintubation
(Fig. 11.4). No effect of BMI was reported on either of the above outcomes. Based
on the notion that larger end-expiratory lung volume may improve upper airway
patency in obese individuals with OSA, reverse Trendelenburg position may also
be a helpful adjunct to NIPPV in the early postextubation period in obese
individuals [50].
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Conclusion

The obesity pandemic has raised important challenges for society, including respiratory
and critical care physicians. Mechanical ventilation of critically ill obese patients
requires detailed knowledge of pulmonary pathophysiology, patient-ventilator
interaction, and the modulating effect of obesity. Despite substantial advances made
in these areas recently, numerous questions remained unanswered. The best strategy
to avoid ventilator-induced lung injury, including barotrauma and atelectrauma, in
obese patients remains to be proven. Another remaining question concerns the best
way to identify optimal PEEP to avoid atelectrauma and maintain optimal alveolar
recruitment. We would advocate for further research into the individualized care of
the obese patient, possibly using esophageal manometry, and the role of NIPPV.
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Chapter 12
Obesity and Lung Health in Children

Jason E. Lang

Abstract Obesity among children has increased dramatically and has received
considerable recent public health attention. The impact of obesity on lung health has
become a recognized problem worldwide and an area of intense research. Obese chil-
dren and adolescents are at greater risk for asthma, impaired lung mechanics, sleep-
disordered breathing, and obesity hypoventilation syndrome. This chapter will discuss
our current understanding of these conditions and will explore the possible mechanisms
underlying the increased asthma risk among obese children. Obesity may influence the
phenotypic characteristics of asthma. For example, obese children with asthma may
have more difficulty achieving symptom control. We will explore the current knowledge
of how obesity in childhood affects the complex disease characteristics of asthma.

Keywords Obesity e Overweight ¢ Asthma ¢ Lung function ® Adipokine * Montelukast
* Obesity hypoventilation ¢ Obstructive sleep apnea

Objectives

e Review the impact of obesity on lung function in otherwise healthychildren.

* Understand the association and possible mechanisms linking obesitywith asthma
development.

* Examine the current data on how obesity affects the asthma endotypeand
management in children.

* Review how obesity affects sleep-disordered breathing andhypoventilation in
children.
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Fig. 12.1 Prevalence of obesity during childhood by age group — United States, 1963-2008. Obesity
is defined as a body mass index >95th percentile for age and gender. (Taken from MMWR [159])

Introduction

Obesity is a serious public health problem among children. Obesity rates have
increased dramatically among adults in past decades; however, the acceleration of
obesity rates has been greatest among children [1, 2] (Fig. 12.1). Pediatric obesity
is also not a problem limited to North America (Table 12.1). Worldwide, there are
now more than 40 million children below the age of 5 who are overweight or obese
[3, 4]. As the prevalence of obesity in children has risen, so has several obesity-re-
lated comorbidities — most notably diabetes, hypertension, and dyslipidemia.
Obesity in children also negatively affects respiratory health and in ways that are
often distinct from adults.

This chapter will address obesity’s effect on respiratory health in otherwise healthy
children. We will also discuss the link between obesity and both asthma risk and
asthma phenotype — and how these relationships may be modified by other individual
factors such as age, gender, and race. Obesity refers to an excessive amount of body
fat. The nomenclature for pediatric obesity used by most experts is based on age and
gender-based normative data involving the body mass index (BMI) [2, 5-7].
Overweight refers to a BMI above the 85th percentile of age — and gender-matched
children, while obesity refers to a BMI>95th percentile [8]. Though it is the most
commonly accepted indicator of adiposity (fatness) in children above 2 years of age,
body mass index (BMI) serves only as a surrogate because it measures the relation-
ship between weight and height. Because BMI percentile and BMI z-scores both
overestimate adiposity in shorter and more muscular children, BMI-based markers
used in statistical analyses may obscure important relationships between adiposity
and respiratory outcomes. There is some evidence that alternate measures that focus
on actual total body fat (such as dual X-ray absorptiometry (DEXA) or air-displace-
ment plethysmography) may be more useful. Since BMI-based measures in children
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Table 12.1 International prevalences of childhood overweight

Country Prevalence, % Ages sampled  Source

Brazil [160] 27.6 10-17 Barbiero SM, Public Health
Nutr (2009)

Italy [161] 334 9-13 Lazzeri G, J Prev Med Hyg
(2008)

Japan [162] 20 6-13 Nakano, J Med Invest (2010)

Kuwait [163] 30.9 10-14 Al-Isa, Eur J Clin Nutr (2004)

New Zealand [164] 31 5-14 Utter J, Int J Pediatr Obes
(2007)

Saudi Arabia [165] 34 5-18 El Mouzan MI, Ann Saudi Med
(2010)

United Arab Emirates [166] 35.2 5-17 Malik Obes Rev (2007)

USA [2] 343 12-19 Odgen, JAMA (2006)

Overweight most commonly defined as a body mass index >85th percentile for age and gender

are greatly affected by skeletal muscle development and somatic growth, we may not
be able to fully understand the effects of obesity on the respiratory system until more
data exist utilizing more precise measures of adiposity.

Obesity and Respiratory Function in Healthy Children

Even among otherwise healthy children, obesity is associated with impaired respi-
ratory function. Though some studies that examine the relationship between obe-
sity and lung function focus specifically on pubertal or prepubertal cohorts, it is yet
unclear how much age modifies the effect of obesity. It is possible that age and
other individual factors such as sex, atopy status, and race may be important to
consider in assessing the effect of obesity. However, to date, consistent patterns of
effect modification have yet to become evident and may require very large cohorts
to avoid false associations (type 1 errors). Among prepubescent children, obesity
has been associated with greater chest symptoms such as breathlessness and cough
[9] and greater objectively defined exercise-induced bronchospasm [10]. The exact
cause of these findings is unclear. Compared with adults, the relationship between
obesity and spirometric lung volumes in children is less consistent in the literature.
Obesity has been associated with increased [11], decreased [12], and unchanged
[9] spirometric lung volumes. There is also some evidence for an association
between obesity in boys and airflow obstruction, and between obesity in girls and
reduced vital capacity [12]. Airflow obstruction (represented by reduced FEV /
FVC) has been a more consistent finding among obese children [11, 12] often with
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normal or even increased vital capacity. Age, pubertal status, and ethnicity may
also be obesity effect modifying factors on lung function. For example, among
obese Mexican—American youths, adolescents had a much stronger association
with airflow obstruction compared to their school-age counterparts [11]. However,
in a separate study looking at airway reactivity and symptom reporting, obese
school-age children had greater exercise-induced airway reactivity [10] and chest
symptoms [13].

Among otherwise healthy adolescents, evidence exists for obesity-related reductions
in spirometric lung volumes and increases in airflow obstruction [11, 14—16]. These
associations were present using surrogate measures of adiposity including BMI
z-score, BMI percentile, DEXA total body fat percent, waist-height ratio, and skin-
fold measures. Li and colleagues found that a significant percent of obese adoles-
cents displayed reduced functional residual capacity, residual volume, and diffusing
capacity for carbon monoxide (DLCO), but not airflow obstruction [17]. Li found
the above changes in lung function only when determining obesity status using
DEXA (and not when using BMI). Non-asthmatic obese adolescents, similar to
younger children, may be more likely to have exercise-induced airway hyperreactivity
[15, 18]. These studies involve small samples; however, at least some of these
exercise-induced spirometry changes appear to result from airflow obstruction and
not solely obesity-related muscle fatigue [18].

Explanations for these obesity-related patterns of lung dysfunction include occult
asthma, restrictive lung and chest wall disease, respiratory muscle weakness, and
lung growth alterations related to obesity. Alterations in the pattern of growth and
development that associate with obesity may make up a set of confounding processes
that impact the risk of reduced airway caliber. The lack of consistency in lung function
changes noted above may stem from effect modification related to sex, race,
socioeconomics, genetics, and specific obesity-related comorbidities. Much more
analysis is required, involving larger samples that can adjust for these possible effect
modifiers and that more accurately measure adiposity.

Obesity and Asthma Risk in Children

Like obesity, asthma has also increased in prevalence in recent decades, raising the
question of a possible causal link between obesity and asthma. Many cross-sec-
tional studies have documented an association between obesity and asthma. Cross-
sectional analytic studies are valuable to establish associations and for hypothesis
generation; however, they are inadequate for evaluating temporality or cause-effect
relationships. Instead, longitudinal studies can better assess the sequence of risks
and disease. More than 15 longitudinal cohort studies have been conducted in
adults and children. When lean and obese non-asthmatics are followed prospec-
tively, obese participants, almost universally, develop asthma at a higher rate.
Obesity clearly increases the risk for new asthma diagnosis in adults [19-26] and
children [27-33], though the precise nature of the association remains controver-
sial [34-39].



12 Obesity and Lung Health in Children 221
Longitudinal Cohort Studies

Assessing risk for asthma requires prospectively following an at-risk cohort (e.g.,
obese) and a non at-risk cohort (e.g., nonobese) for the development of the condi-
tion in question (asthma) and cannot rely on cross-sectional or case—control studies
[40]. The current literature includes several high-quality cohort studies among
diverse populations that have assessed the risk of incident asthma among lean and
obese children [27-33]. These studies involve children of varying age, geography,
socioeconomic status, and race/ethnicity. Across the span of pediatric ages, over-
weight status appears to increase the risk for incident asthma. Although the risk
ratios vary among studies, obesity appears to roughly double the risk for new asthma
in children [28, 30, 31]. Though some reports suggest that obesity-related asthma
risk may be stronger among adult females, there is not a consistent gender effect in
children. Importantly, obesity-related asthma risk also does not appear to be medi-
ated through atopy [27-29, 32]. Alterations in the rate of growth, distinct from
obesity status itself, may also influence asthma risk in children. Gold found that
extremes in the change in body mass index (BMI) and low baseline BMI were asso-
ciated with asthma risk [30], further suggesting that alterations in growth patterns
(not just obesity status itself) may be a substantial root cause for the obesity-asthma
link. Additionally, it is not clear if aberrant growth (obesity or underweight) medi-
ates the development of asthma, or instead aberrant growth and asthma stem from
the same root cause and merely signify a noncausal association (Fig. 12.2).

Since asthma lacks a precise set of diagnostic criteria and evidence exists for
overdiagnosis of asthma in some groups [41, 42], it would be rational to hypothesize
that obesity-related breathlessness and exertional dyspnea might contribute to over-
diagnosis of asthma and result in an erroneous epidemiologic (obesity-asthma) link.
However, erroneous asthma diagnosis is unlikely to explain all of the increased
asthma risk. Castro-Rodriguez et al. reported increased objective markers of true
asthma (peak flow variability and responsiveness to bronchodilator) in overweight
girls compared with lean girls [29]. We also evaluated lean and obese children
referred to a pediatric specialty asthma clinic in order to determine whether high
BMI percentile among referrals was associated with misdiagnosis of asthma or if
obese referrals had significantly different objective measures of asthma compared to
lean referrals [41]. We found a good diagnostic correlation between referring physi-
cians and asthma specialists that was not affected by BMI. Among patients diag-
nosed to have asthma by a specialist, a greater BMI percentile was associated with
significantly reduced FEV , FEF25-75, and FEV /FVC. We concluded that in gen-
eral physicians do not erroneously diagnose asthma in children due to overweight
status. Similar conclusions have been made among adults [42].

Possible Etiologies

The etiology underlying the increased asthma risk among obese children is unknown.
Several theories exist that have been detailed previously [35, 43, 44] and are
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Fig. 12.2 Model of commonly proposed obesity-asthma mechanisms. This schema depicts pos-
sible etiologic mechanisms when obesity antedates asthma. The mechanisms are divided into con-
founders (when the factor is etiologically associated with both conditions) and mediators (when
obesity acts through a separate mediating factor that leads to asthma). Each mechanism has some
supporting evidence though it is likely that more than one mechanism is truly present in the obe-
sity-asthma link. SDB sleep-disordered breathing, GER gastroesophageal reflux

addressed in the respective chapters by Drs. Salome and Shore in this text. These
theories involve mediating factors stemming from the obese state, leading to the
characteristics of asthma. These include abnormal circulating inflammation and
oxidant stress, chest restriction with airway narrowing, and obesity-related comor-
bidities (Fig. 12.2). Assessing lung inflammation and responses in children remains
challenging and limited by current technologies. Studies in children involving bron-
chodilator responsiveness, bronchoconstricting agonists (e.g., methacholine chal-
lenge), and airway inflammatory markers have yet to show a consistent pattern of
obesity-related hyperresponsiveness. Therefore, discussions about the etiology of
obesity-related asthma in children remain speculative. Other factors that may con-
tribute to asthma risk among the obese that require more investigation include the
possible confounding factors of diet, sedentariness, and shared genetics.

Dietary Factors

Unhealthy lifestyle factors related to obesity (such as a fatty diet or reduced physi-
cal activity) may play a role in asthma risk. For example, the typical “Western”
high-fat diet contains up to 25-fold more omega-6 (n-6) polyunsaturated fatty acids
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(PUFA) than omega-3 (n-3) PUFAs. n-6 PUFAs are found in eggs and most vegeta-
ble oils (such as corn oil) that are now commonly used in cooking in many devel-
oped countries, while n-3 PUFAs are contained in cold water fish (such as salmon,
herring, tuna), mussels, and flaxseeds. The current 25:1 n-6-to-n-3 ratio is much
higher than the<2:1 ratio that was typical during the majority of human evolution
[45—47]. A typical high-fat “Western” diet with abundant n-6 PUFA promotes and
maintains a low leukocyte plasma membrane n-3/n-6 PUFA ratio and appears to
increase cellular expression of 5-lipoxygenase pathway products (such as leukot-
rienes), TNFa, and other molecules important in asthma pathogenesis [48—51], and
also increases free radical generation [52-55]. High dietary fat has been associated
with obesity, asthma risk [S6-58], and particular asthma characteristics such as air-
way reactivity [59]. A lower dietary and inflammatory cell n-6/n-3 PUFA ratio has
been associated with improvements in asthma outcomes [60-64]. Interestingly, a
“Mediterranean” diet that has more n-3 fatty acids and antioxidants appears to protect
from recurrent wheezing in young children [65].

Importantly, obese individuals (including children) on average consume more n-6
dietary PUFAs and have a reduced dietary n-3/n-6 ratio in their diet compared to leans
[66]. Not surprisingly, obese adolescents do appear to have lower serum n-3 PUFA
(especially docosahexaenoic acid (DHA)) and lower n-3/n-6 PUFA serum levels com-
pared to lean adolescents [67], suggesting that abnormal n-3 PUFA metabolism seen in
the obese state may contribute to elevated asthma risk. Recently, Wood and colleagues
showed that high-fat intake in healthy and asthmatic adults can lead to both greater
inflammation in the airway and diminished lung function following bronchodilator
administration [68]. These observations suggest that a high-fat diet, consumed chroni-
cally, may have a significant impact on the development of both obesity and asthma.

Sedentariness

A second lifestyle factor that is an important consideration in the obesity-asthma
link is physical activity. Children who are overweight sustain less routine physical
exertion than their lean counterparts [69]. Some reports suggest that physical activ-
ity may be important in reducing asthma risk [70] and reducing asthma symptoms
[71-73], though other reports have not corroborated these findings [29, 65]. Lucas
et al. have raised the concern that past cohort studies may not have been able to
adequately adjust for reduced physical activity. If so, it is possible that reduced
activity in combination with other obesity-related factors may be contributing to
increased asthma incidence [36]. Indeed, repeated exercise promotes hyperventila-
tion, cyclic airway smooth muscle stretch, and bronchodilation. In vitro studies sug-
gest that exercise-related cyclic respiratory epithelial compression may improve
both airway caliber and clearance [74]. Fredberg and others have pointed out that
airway smooth muscle stretch that results from deep breathing is among the most
effective bronchodilators [75, 76] and methods for maintaining airway patency. It is
very possible that frequent exercise and exhaustive play during childhood (which
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has been shown to be reduced in obese children) [77, 78] plays a protective role in
avoiding the development of asthma. More studies are needed to determine if, and
to what degree, activity level is a confounding covariate in the obesity-asthma risk
relationship. Regardless, most experts strongly suggest frequent exercise for opti-
mal lung and cardiovascular health in children, especially in children with asthma
or obesity.

Shared Genetics

Lastly, it would also be rational to hypothesize that the obesity-asthma link stems
from common genetic origins [44, 79]. It is likely that genes contributing to one
multifactorial complex disease probably also contribute directly or indirectly to
other complex diseases. Our current genetic understanding has resulted from dis-
covering associations between obesity and asthma phenotypes and candidate gene
variants. For example, several promising genomic areas that contain genes con-
nected with both obesity and asthma (5q23-32, 6p21-23, 11q13, and 12q13-24)
have been identified [34, 43, 44, 79-82]. Only five genes have polymorphisms that
have been associated with both obesity and asthma [83, 84]. These include the fol-
lowing genes: B2-adrenergic receptor gene (ADRB2), TNFa., lymphotoxin-o (LTA),
vitamin D receptor (VDR), and protein kinase C-o. (PRKCA). Further interrogation
of these and other genetic loci is needed among cohorts with and without obesity
and with and without asthma in order to better understand the nature of the obesity-
asthma link.

Fetal Programming

Lastly, considering that the rise of asthma and particularly obesity has been so
precipitous over recent decades, it is rationale to consider other contributors
besides just changes in genetics or postnatal exposures. One consideration should
be fetal programming, that is, unfavorable exposures during gestation that induces
alterations in organ development and somatic growth that lead to lasting changes
and risk for later disease. Through both epidemiologic and experimental evidence,
it is clear that the fetus becomes exposed to the antigens and cytokines of the mater-
nal environment. Other contributing factors might include total placenta nourish-
ment; transplacental passage of antigens, cytokines, sex hormones, and macro —and
micronutrient during organogenesis; intrauterine space restriction; and amniotic
fluid antigens and cytokines. Nutritional factors in particular have been associated
with both abnormal acceleration and deceleration of fetal growth, both of which
have been associated with the conditions of obesity and asthma.

It is possible that more than one of the several mechanisms mentioned above (or
mechanisms not yet considered) may act to increase asthma risk in the obese.
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Obesity and Asthma Phenotype in Children

Currently, there is not a consensus about whether obese asthma constitutes a distinct
phenotype in children. Here, we will explore important phenotypic factors includ-
ing overall severity, atopy status, oxidation, and inflammation in the airway, lung
mechanics, and response to rescue and controller asthma therapy to assess the cur-
rent state of knowledge.

Severity

The current data do not conclusively suggest that obese children with asthma expe-
rience greater disease severity. Asthma severity describes the intrinsic intensity of
the disease process (symptoms), the patient’s functional impairment, the risk of a
severe exacerbation, and the level of daily preventive treatment needed to control
the disease [85].

Impairment

Several reports suggest that asthma-related impairment is more severe among obese
children [86-94] while others have found no real difference [95—-100]. Two large pop-
ulation-based studies have reported greater asthma severity among obese asthmatics
based on either patient symptom reporting or physician reporting of diagnostic sever-
ity [87, 92]. Though these results come from well-designed epidemiologic studies
(e.g., NHANES, ISAAC), they reflect either patient reporting or provider diagnoses,
rather than objective measures of asthma and these findings may be vulnerable to dif-
ferential misclassification bias. Obese asthmatic children and adults do generally
report reduced asthma-related quality of life compared to normal weight asthmatics
[86, 93, 101, 102]. However, when well-phenotyped pediatric cohorts are examined
using objective measurements to detect a possible effect of obesity on disease severity,
very little difference in asthma severity can be found [95, 100, 103]. Recently, we
described a cohort of school-age children and adolescents with generally mild asthma
[104]. The obese adolescents had very similar symptom reporting compared to their
nonobese counterparts, while the 6—11-year-old obese asthmatics had improved
asthma symptoms compared to leans. We have found similar results among a highly
characterized pediatric cohort with poorly controlled asthma (Lang, unpublished).

Risk

Asthma severity in the urgent care setting has been assessed among obese children
in four recent reports [90, 91, 96, 97]. Obesity was associated with a significantly
higher rate of hospitalization (34 % vs. 25 %) [91]. However, asthma severity using
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the Modified Pulmonary Index Score (heart rate, respiratory rate, oximetry, wheezing
presence, prolonged expiratory phase, and accessory muscle use) was the same in
obese versus lean asthmatics. Ginde and colleagues, using a similar index score,
also saw no greater asthma severity among obese children in the setting of acute
disease [96]. These discrepancies may be due to the heterogeneous nature of obese
asthma, modifying covariates (gender, age, race, and age of asthma onset), or sever-
ity misclassification bias on the part of providers. Luder found that obese asthmatics
were more likely to be on a greater number of asthma medications [94], while
Vargas did not [89]. We evaluated 10,291 lean and obese children diagnosed with
asthma at four Nemours Children’s Clinics pediatric asthma clinics over a 10-year
period. We found a small but statistically significant increase in odds for severe
asthma diagnosis and advanced treatment (EPR-3 treatment step 5 or higher) in
obese versus lean children with asthma (Lang, unpublished). However, obese chil-
dren with asthma seen in our clinic were not more likely to be experiencing an
exacerbation. Overall, though obese children may report greater symptoms (impair-
ment domain), little data suggest that obese children with asthma are at higher risk
for severe exacerbation (risk domain).

The other major domain influencing asthma severity is the level of therapy required
to control symptoms. Data suggest that obese asthmatics are at least as hard to control
as their lean counterparts, and in some adult reports, are less responsive to conven-
tional therapies [90, 91, 103, 105-109]. Evidence suggests that this reduced treatment
efficacy may be rooted in true glucocorticosteroid resistance [105]. Recently, Forno
and colleagues showed that obese children may also be less responsive to inhaled
corticosteroids [110]. Corticosteroid resistance among obese asthmatic children could
explain some reports of greater symptoms and greater disease severity.

Lung Function

Obese adult asthmatics generally have similar lung function (or modest reductions
in vital capacity) and bronchodilator response compared to lean asthmatics [103,
111]. Fewer studies have reported spirometric outcomes in lean and obese children
with asthma. Unlike in adults, obesity in children does not appear to reduce vital
capacity or total lung capacity substantially [86, 93, 95, 98], and in some reports,
may be associated with greater lung volumes and capacity [14]. However, obese
children with asthma may have a mild obstructive impairment in airway flows [16,
41, 94, 100, 104], though this has not been a universal finding [9, 86, 95, 98].
Airways hyperresponsiveness (AHR) denotes excessive constriction triggered by
innocuous stimuli and is an important phenotypic component of true asthma. Both
AHR and the response to bronchodilator correlate with airway inflammation [112—114]
and help assess asthma control and risk of future exacerbation. Obese children with
asthma appear to have similar responsiveness to bronchoprovocation compared to lean
asthmatic children [86]. Additionally, obese children with asthma appear to have
similar or even reduced response to bronchodilators [9, 93, 100] compared to lean
asthmatic children. These results provide some evidence that obesity-related risk for
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new asthma and possible increases in asthma severity are not due to increases in traditional
airway inflammation. Instead, it seems more likely that obesity-related symptoms in
children are related to greater airflow obstruction from mechanical effects.

Atopy

Though there are some reports of obesity being a risk factor for atopy among adoles-
cent girls [39, 115, 116], obesity does not appear to consistently increase the risk for
atopy. An NHANES III analysis of children 4-17 years of age showed a stepwise
increase in prevalence of asthma with increasing BMI that did not include a similar
increase in atopy (measured by skin prick testing) [117]. A second large sample of
European children answering an ISAAC-based survey demonstrated an association
between obesity and asthma, but not between obesity and atopy [118]. Overall, more
investigation is needed into the relationship between obesity and atopy because it is
possible that the current lack of consistency in the literature may be due to effect
modification by regional exposures [119], gender, and age [115, 120].

Airway Inflammation

The measurement of airway inflammation in the obese asthmatic patient is an area in
need of further study. Currently, there is little evidence that obesity leads to greater
allergic airway inflammation in children. Exhaled nitric oxide levels (a surrogate of
eosinophilic inflammation) among obese asthmatic children may be the same or even
reduced compared to similar leans [121-125]. A few studies in adult obese asthmat-
ics have shown reduced eosinophilic inflammation compared with similar leans [101,
102]. Obese asthmatic children did not have elevated airway LTB, [121]. Recent
adult studies suggest that obesity may enhance neutrophilic airway inflammation
[126] and systemic leukotriene production [127], though this has not been evaluated
in children. The discovery of neutrophilic inflammation in obese asthmatics is con-
sistent with findings of reduced corticosteroids efficacy in this group, since inhaled
steroids are generally ineffective against neutrophilic inflammation.

Leukotriene production is important in asthma pathogenesis [128, 129] and may
be upregulated in patients with obesity [127, 130]. There is preliminary evidence
that genes, more common among the obese, may affect upregulate leukotriene path-
way. We previously determined the allele frequencies of the addition/deletion pro-
moter polymorphism in the ALOXS gene among a population of lean and obese
asthmatics undergoing a clinical trial [131, 132]. The relative risk of obesity in indi-
viduals carrying the variant allele is 2.04 compared to carriers of the wild type
(»=0.0165) (Lang, unpublished). It is rational to hypothesize that obese, non-asth-
matic persons may be at enhanced risk for incident asthma due in part to greater
upregulation of the leukotriene pathway [131, 133]. Lastly, whereas increasing
obesity appears to reduce response to inhaled corticosteroids, montelukast (a leukotriene
receptor antagonist) appears to have a stable effect with increasing BMI [134].
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Table 12.2 Summary of phenotypic observations in the obese asthmatic child

Characteristic

Traditional phenotype

Obese phenotype

Severity

Onset

Atopy

Airway inflammation

Lung function

Bronchodilator response

Early onset
Very common

Eosinophilic, elevated
FENO

Episodic airway
obstruction; variable
remodeling

Very common

Greater asthma symptoms, reduced QOL
Early onset; delayed onset also common
May be less common
More data needed; may be mixed with
greater neutrophilic component/
reduced FENO
Normal FVC, variable reduction
in FEVI/FVC

Common; slightly reduced compared to

leans
Present
Greater in children; reduced in adults
Steroid resistance may be more common;
LTRA may be helpful
Hyperinsulinemia, elevated triglycerides,
LDL; anxiety/depression, GER

Bronchoprovocation/AHR ~ Present

Airflow perception -

Response to therapy Steroid resistance rare

Common comorbidities Allergic rhinitis,
eczema, sinusitis,
anxiety, GER

Resolution - Weight loss improves asthma control

QOL quality of life, FENO fractional exhalation nitric oxide, FVC forced vital capacity, FEV
forced expiratory volume, LTRA leukotriene receptor antagonist, GER gastroesophageal reflux,
LDL low-density lipoprotein

Asthma and obesity are conditions involving excess oxidative stress. Asthmatics
have increased airway 8-isoprostane, a marker of arachidonic acid oxidation.
Reactive oxygen species within the airway reacts with normal enzymes causing
impaired airway function and inflammation. Airway 8-isoprostane is elevated in
adult asthmatics who are obese [135]. Excess oxidative stress and injury is possibly
a second mechanism making the obese-asthma phenotype less responsive to inhaled
corticosteroid therapy. Though the exact nature of the obese-asthma phenotype in
children is far from clear, some patterns are emerging (Table 12.2).

The Obese Asthmatic Child: Management Considerations

Weight Loss

Studies in adults have evaluated asthma outcomes following weight loss [136—139].
The most consistent findings involve improved spirometric lung volumes, asthma
symptom reporting, and reduced nonspecific symptoms of breathlessness and exer-
cise intolerance. It is difficult to decipher general improvements in cardiorespiratory
health following weight loss from asthma-specific improvements. Though the
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impact of weight loss in obese children with asthma has not been adequately stud-
ied, weight loss is an Evidence B recommendation of the EPR-3 [85]. It is rational
to expect similar improvements in symptom control and lung volumes among chil-
dren as that seen in adults. Exercise and other lifestyle intervention remains an
important area of future research for obese children with asthma.

Medications

Current research does not support major deviations from current GINA and NHLBI
EPR-3 guidelines when considering the management of the obese asthmatic child.
Recent studies may provide some focused guidance to the clinician caring for an
obese asthmatic child. Evidence suggests that obesity may blunt the response to
some controller therapies (inhaled corticosteroids [105, 107, 134] and low-dose
theophylline [103]). In fact, a recent report suggests a possible genetic explanation
for this pattern of reduced steroid response that may also be coupled with enhanced
montelukast response [140]. These findings in conjunction with evidence of supe-
rior adherence [141] suggest that montelukast may be particularly useful in the
obese asthmatic population.

Since much of the impairment domain of asthma control involves subjective
assessment and quality of life issues, attention to obesity-related sequelae that may
interact with asthma symptoms remains critically important. Though empiric treat-
ment for “silent” gastroesophageal reflux so far does not seem warranted [142],
some obese patients with gastroesophageal reflux and cough may improve with
antireflux medications. Clinicians should maintain a high index of suspicion for
certain obesity-related conditions such as sleep-disordered breathing and metabolic
syndrome. Lastly, depression with anxiety is associated with both obesity and
asthma and is commonly overlooked. For these reasons, some children with obese
asthma may need more intensive self-management education and help with adher-
ence/concordance. Since mood can affect self-mastery, a jointly designed home
asthma plan that considers all of the patient’s comorbidities may be most effective.

The most universally effective management plan for obese children with persistent
asthma continues to involve weight loss, daily exercise, a balanced low-fat diet, and
repeated asthma education regarding inhaler technique and trigger avoidance.
Pharmacologic controller therapy with inhaled corticosteroids and leukotriene modifiers
should be first-line therapies. Response heterogeneity likely exists among obese asth-
matics as it does among lean asthmatics. This means that among moderate asthmatics,
a significant portion of patients will show a clear response preference to one of the fol-
lowing choices: ICS-LABA, or ICS plus montelukast, or to a higher dose of ICS alone
[143]. Because of the flat dose—response curve and steroid resistance seen among obese
asthmatics, preference toward ICS plus montelukast for stepup therapy may be war-
ranted. Regardless of the stepup therapy chosen, close follow-up is critically important
in order to reiterate proper inhaler techniques, weight-control, low-fat diet, daily exer-
cise, and monitoring of asthma symptoms and medication side effects.
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Sleep-Disordered Breathing and Obesity Hypoventilation
Syndrome

Obese children are at considerably elevated risk for developing obstructive hypoven-
tilation and obstructive sleep apnea (OSA) [144]. Traditionally, OSA in children
stems from either tonsillar hypertrophy or craniomandibular anomalies. However,
with the increasing prevalence of obesity among children, more cases of childhood
OSA appear to stem from obesity. In children, the odds of OSA among the obese
may be as high as 500 % that of nonobese children. Obesity likely leads to OSA
from crowding of the pharyngeal airway leading to reduced caliber and greater col-
lapsibility. One recent polysomnography study found that 19 % of obese children
and adolescents displayed obstructive sleep apnea and 17 % had central sleep apnea
with a mean SaO, nadir of 82 % [145]. Obese children may also suffer greater con-
sequences of end organ dysfunction related to OSA [146]. Obese children with
OSA experience greater daytime sleepiness than lean children even after adjusting
for OSA severity [147]. Many overweight and obese children with OSA have tonsil-
lar hypertrophy and do benefit from adenotonsillectomy (AT); however, the most
optimal therapy for obese children remains weight loss. The long-term success of
AT is reduced in obese children [148] and in those who gain weight following AT
[149]. For obese children suffering mild residual OSA following surgery, therapies
such as montelukast and nasal steroids have been advocated [150-153]. Nasal con-
tinuous positive airway pressure should be implemented for moderate-to-severe
residual disease until the patient is able to achieve adequate weight loss [146]. It is
important for children and their parents to understand that for many children with
obesity and OSA, management approaches such as airway pressure devices and oral
appliances may never fully eliminate OSA symptoms and their sequelae.

Obesity Hypoventilation Syndrome (OHS)

Obesity hypoventilation syndrome (OHS) has also become a greater concern among
children and adolescents with the increasing prevalence of severe obesity. The syn-
drome classically is associated with extreme obesity (usually BMI >35) and awake
alveolar hypoventilation (PaCO,>45 mmHg). The population prevalence of OHS
among children is unknown. However, prospective adult studies suggest that
13-20 % of patients evaluated for OSA [154, 155] (and 31 % with BMI>35 kg/m?)
[156] have OHS. In children, the prevalence is difficult to determine, but extrapolat-
ing from these adult data and work in children by Rosen [157], the prevalence of
OHS among obese children may be as high as 3-5 %. When suspected, clinicians
should establish the presence of wakeful hypoventilation by arterial blood gas analysis
and evaluate for possible contributing causes such as muscle weakness, parenchy-
mal lung disease, or hypothyroidism. OHS can lead to acute cardiorespiratory fail-
ure and can be life-threatening. The evaluation typically will include polysomnography,
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arterial blood gas analysis, lung function testing (spirometry, plethysmography,
and maximal inspiratory/expiratory pressures), thyroid function, and chest imaging.
A high prevalence of children with OHS will have significant sleep-disordered
breathing and may benefit from nocturnal positive airway pressure or adenotonsil-
lectomy, or both. Hypoventilation related to obesity may be more common with
truncal obesity [158] and may occur with sleep unassociated with upper airway
obstruction. These sleep-related central apneas and hypopneas can lead to hypox-
emia. Other comorbidities such as metabolic syndrome and pulmonary hyperten-
sion with right-sided heart failure may also contribute to the development of OHS
and should be considered in the evaluation of patients with OHS.

Conclusions

Obesity in children is a significant public health problem that clearly can affect
quality of life and lung health. Obesity does appear to worsen breathing function is
many children and appears to increase the risk for new asthma through currently
unknown mechanisms. Larger epidemiologic studies involving in-depth disease
characterization and more accurate measures of adiposity may be needed to deter-
mine how obesity impacts asthma phenotype. In asthmatic children, obesity appears
to be associated with greater airflow obstruction and reduced response to controller
therapy. Obesity also significantly increases the risk for obstructive sleep apnea and
obesity-hypoventilation syndrome. For each of these conditions, weight loss appears
to be an effective treatment. Prevention of obesity should continue to be a major
public health priority and primary strategy for addressing all obesity-related seque-
lae including obesity-related lung disease.
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