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Abstract Obstructive sleep apnea (OSA) is very common in
the general population and is characterized by ineffective
inspiratory efforts against a collapsed upper airway during
sleep. Collapse occurs mainly at the level of the velopharynx
and oropharynx due to a combination of predisposing anatomy
and the withdrawal of pharyngeal dilator activity during sleep.
Central sleep apnea (CSA) is a manifestation of chemoreflex
control instability, leading to periods of inadequate respiratory
drive sufficient to trigger breathing, usually alternating with
periods of hyperventilation. While both forms of apnea are the
result of differing pathophysiology, it has become increasingly
clear that OSA and CSA often coexist in the same patient, the
existence of one can predispose to the other, and that the two
are not as distinct as previously thought. Both OSA and CSA
exert a number of acute deleterious effects including intermit-
tent hypoxia, arousals from sleep, and swings in negative
intrathoracic pressure, which in turn lead to chronic physio-
logic consequences such as autonomic dysregulation, endo-
thelial dysfunction, and cardiac remodeling. These underlying
pathophysiological mechanisms provide a framework for
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Introduction

Obstructive sleep apnea (OSA) is present in approximately 3—
7% of the general population [149] and is characterized by
repetitive collapse of the upper airway during sleep, leading
to ineffectual respiratory efforts and apnea. Apneas are
typically followed by large recovery breaths, referred to as
hyperpneas. Lesser reductions in ventilation that fall short of
outright apnea are termed hypopneas. The severity of sleep
apnea is most commonly quantified as the apnea—hypopnea
index (AHI), the number of apneas and hypopneas per hour
of sleep. While there is some disagreement about the exact
thresholds to be used in defining the severity of sleep apnea,
in general, AHI>5 events per hour is considered to be
normal, 5-15 mild, 15-30 moderate, and >30 severe [43].

In addition to causing nonrestorative sleep that leads to
excessive daytime sleepiness, OSA has been implicated in a
host of serious cardiovascular consequences, including
hypertension, coronary artery disease, stroke, and congestive
heart failure (CHF) [7, 96, 111, 142, 178]. The prevalence of
OSA in patients with these conditions is much higher than in
the general population, approaching 30-50% [15].

Central sleep apnea (CSA) differs from OSA in that
central apneas are associated with absent respiratory effort.
Hypercapnic CSA is a result of diminished central drive or
respiratory muscle weakness and will not be discussed
further in this review. Instead, the focus will be restricted to
eucapnic or hypocapnic CSA which results from instability
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in the chemoreflex control of breathing. Cheyne—Stokes
respiration is a form of CSA in which an apneic phase
alternates with ventilatory periods (hyperpneic phase)
having a crescendo—decrescendo pattern of tidal volume.
Although much less common than OSA in the general
population, CSA is very common among patients with certain
disease states, including CHF and stroke, and can also be
frequently observed in normal individuals at altitude and, not
uncommonly, in patients with OSA immediately following
establishment of upper airway patency with continuous
positive airway pressure (CPAP) (sometimes referred to as
“complex sleep apnea”). The latter observation, among others,
has led to the recognition in recent years that OSA and CSA
are not completely distinct pathophysiological entities as has
previously been thought. Patients often display both kinds of
apnea, and one or the other form may predominate at different
times of the night during sleep in a single individual. It is
increasingly thought that OSA and CSA are more usefully
conceptualized as extremes along a continuum of sleep-
disordered breathing (SDB) with considerable overlap be-
tween the two apnea types.

Obstructive sleep apnea

OSA, by definition, consists of repetitive pharyngeal airway
collapse (obstruction) leading to the absence of ventilation
(apnea) during sleep (Fig. 1). Apneas may result in
significant oxyhemoglobin desaturation and are generally
terminated by central nervous system arousals, which in

turn lead to activation of the pharyngeal dilator muscles,
relieving the obstruction. Lesser reductions in ventilation
that fall short of outright apnea are termed hypopneas.
Owing to the complexities of the functional anatomy of
the upper airway, the pathogenesis of OSA is not fully
understood, but fundamentally must relate to the balance
between the action of dilating upper airway muscles and the
inherent tendency for the upper airway to collapse. It is also
worthwhile to consider that OSA is a state-dependent
phenomenon. If the passive anatomy of the upper airway
were solely responsible for its collapse, obstruction would
occur during both wakefulness and sleep, instead of during
sleep alone. Even within sleep, the various sleep stages are
not uniform with respect to their tendency to cause upper
airway obstruction. It has long been observed that OSA
worsens during rapid eye movement (REM) sleep. There-
fore, any theory which purports to explain upper airway
obstruction in OSA must account for its state dependency.
Historically, there were two theoretical mechanisms for
this state-dependent airway collapse, termed the “active”
and “passive” theories. The theory of active collapse was
proposed by Weitzman et al., based on the observation of
spasmodic closure of the lateral pharyngeal walls at end
expiration [213]. However, direct upper airway electromy-
ography has not confirmed the presence of muscle activity
with airway collapse, leading to the “active” theory being
largely discarded [53]. In contrast, there is a considerable
weight of evidence supporting the theory of passive
collapse of the upper airway. Stated more explicitly, airway
obstruction during OSA is thought to result from the loss of

Fig. 1 Obstructive sleep apnea
in an obese patient. Note the
ineffectual paradoxical motion
of the chest and abdomen during
apneas, during which there is no
nasal airflow. Apneas are
terminated with arousals visible
on EEG and are accompanied by
fluctuations in oxygen
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the dilating activity of pharyngeal muscles in an anatomically
predisposed upper airway [154].

Anatomic considerations

The human upper airway is a complicated passage that
transmits air, liquids, and solids. In other mammals, the
respiratory and alimentary canals are more separate, with
the larynx being closer to the skull base [100]. Laryngeal
descent, while facilitating speech development, predisposes
the supraglottic pharyngeal airway to obstruction and
requires compensatory neurological and physiological
changes [107, 138].

The upper airway consists of four regions, the nasopharynx,
velopharynx, oropharynx, and hypopharynx (Fig. 2). The
anatomic relationships are defined below:

1. Nasopharynx: extends from the nasal turbinates to hard
palate.

2. Velopharynx: approximates and is posterior to the soft
palate. In some classification schemes, this region is
considered to be part of the oropharynx, called the
“retropalatal oropharynx” to distinguish it from the
“glossopalatal oropharynx” inferiorly.

3. Oropharynx: extends from the hard palate to the base of
the epiglottis.

4. Hypopharynx: extends from the base of tongue to the
larynx.

The velopharynx (or retropalatal oropharynx) has the
narrowest cross-sectional area in the upper airway, making
it a high risk location for obstruction [171, 173]. It is

Tensor palatini

Levator palatini Nasopharynx

Geniogl
enioglossus Velopharynx

Epiglottis
Oropharynx
Genu of mandible

Geniohyoid Hypopharynx

Hyoid bone
Thyrohyoid
Thyroid cartilage

Fig. 2 Anatomical representation of the upper airway showing
important structures affecting upper airway patency. The most
common point of collapse during obstructive apneas is the retropalatal
oropharynx or velopharynx or both. Reproduced with permission from
Fogel et al. [47]

bounded anteriorly by the soft palate and tongue, posteri-
orly by the superior, middle, and inferior constrictor
muscles and laterally by orophargyngeal muscles (hyoglos-
sus, styloglossus, stylohyoid, stylopharyngeus, palatoglos-
sus, palatopharyngeus, pharyngeal constrictors (superior,
middle, and inferior)), lymphoid tissue (lingual and palatine
tonsils, located at the base of the tongue, and on either side
of the oropharynx, respectively, and adenoids, located in
the roof of the nasopharynx), and adipose tissue (para-
pharyngeal fat pads). Decreases in oropharyngeal cross-
sectional area due to crowding or dysfunction of any of
these adjacent structures may predispose to obstruction.

Static and dynamic properties of the upper airway

There are many static features that influence upper airway
patency, including surface adhesive forces, neck and jaw
posture, lung volume and tracheal tug, as well as the effects of
gravity. Surface adhesive forces tend to cause the soft palate to
remain in opposition to the back of the tongue during mouth
closure and may delay separation of these structures following
mouth opening [72, 158]. Manipulation of surface adhesive
forces through instillation of exogenous surfactant and saline
has been found to improve upper airway patency [84, 122].
Neck extension facilitates airway opening, whereas neck
flexion promotes airway closure [121, 164]. Increases in
lung volume lead to caudal displacement of the thoracic
notch, thereby passively opening the pharynx [62, 161, 201,
208]. Finally, the effects of gravity have long been
recognized in the tendency of OSA and snoring to worsen
when patients sleep supine. When supine, the tongue and
soft tissue fall posteriorly, further compromising the
upper airway [175, 186].

Dynamic features of the upper airway affecting patency
include upstream resistance within the nasal airway and
pharynx, the Bernoulli effect, and the dynamic compliance of
the airway. Upstream resistance during inspiration develops
mainly within the nose and pharynx. Nasal resistance leads to a
more negative nasopharyngeal intraluminal pressure, as does
resistance within the pharynx itself. These falls in intraluminal
pressure predispose the airway to obstruction [8]. The
Bernoulli effect refers to the conversion of fluid potential
energy to kinetic energy in high resistance regions of the
airway. As a result, flow velocity increases when lumen size
decreases, leading to a drop in lateral wall pressure that
further narrows the airway [8]. Airway compliance dictates
the degree of the resultant narrowing with the aforementioned
intraluminal pressure variations [71].

Physiology of upper airway and dilator muscles

The state dependency of OSA is illustrated by the routine
observation that even patients with the most severe OSA do
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not suffer airway collapse during wakefulness. The state-
dependent cross-sectional area of the pharyngeal airway is
determined by muscles regulating the position of the soft
palate, tongue, hyoid, and posterior lateral wall. Upper
airway muscle function depends both on which muscles are
simultaneously active and also their anatomic relationship
to each other. For example, the position of the hyoid, as a
bone with no bony attachments, is in turn determined by the
sternohyoid, thyrohyoid, genioglossus, and geniohyoid
[209]. Similarly, mouth opening decreases genioglossus
and geniohyoid length and, hence, the force developed by
muscle action [87, 88].

Given the multiple and complex effects of various
muscle movements on airway caliber, an effective pressure,
termed P, can simplify and quantify the effect of muscle
action. This effective pressure of muscle activation can be
defined as the change in transmural pressure required to
yield the equivalent change in airway compliance under
passive conditions (i.e., with no muscle activation) [8].

The degree of muscle activation and, hence, P, is
influenced by a number of factors including changes in
sleep state and chemical and proprioceptive stimulation.
Sleep increases supraglottic airway resistance (from the
nares to the region above the glottis) even in healthy
persons from 1-2 to 5-10 cmH,O/L/s and to 50 cmH,0 in
heavy snorers. Supraglottic airway resistance is typically
elevated even during wakefulness in patients with OSA and
further increases to the point of airway closure with sleep
[3, 4, 185, 199, 206, 218]. Chemical and proprioceptive
stimuli also play a role in maintaining upper airway
patency. Arterial CO, changes around the CO, threshold
for upper airway motor neuron activity may cause an
imbalance of forces leading to airway closure. Responses to
an increase in CO, appear first in the phrenic nerve and
later in the upper airway at higher CO, levels [135, 200,
212]. Similarly, upper airway and intrathoracic propiocep-
tors can increase or decrease motor output to inspiratory
muscles [64, 69, 112, 113].

OSA worsens during REM sleep. The muscular atonia
accompanying REM further relaxes the upper airway
dilators, lowering P,s and favoring collapse, and the
decreased chemosensitivity and arousability serve to delay
the termination of apneas by arousals, leading to more
profound hypoxemia. REM-related muscular atonia also
reduces end-tidal lung volume and, hence, oxygen stores,
an effect that may be further exacerbated by the presence of
obesity [141].

Model of passive pharyngeal collapse
Given the complex anatomy of the upper airway, it is clear

that many physiologic processes enable airway patency
including upper airway muscle tone, mechanical forces
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from the airway wall, tissue masses, and surface
adhesive forces. Further, upstream and downstream
pressures from the nose and trachea also affect intra-
luminal airway pressure. In order to simplify the
functional anatomy of the upper airway, it is useful to
model the airway as a Starling resistor and seek
explanations for the role of various factors on upper
airway patency by considering their net effects on
transmural pressure (Py,), defined as the distending force
of the upper airway resulting from the difference between
the sum of the dilating forces (P, and the sum of the
collapsing forces (Py,).

Pyn = Poyt — Pin

where Py, is transmural pressure, P,y is the sum of
dilating forces, and Pj, is the sum of collapsing forces.

In this simplified view, the upper airway is considered to
be a collapsible tube, wherein the cross-sectional area
depends on the transmural pressure and the tube compli-
ance. Poiseuille’s law states that flow through a rigid tube is
a function of the driving pressure and resistance through the
tube.

V = (P — P;)/R(Poiseuille’s law)

where V' is flow, P; is the pressure upstream, P, is the
pressure downstream, (P;—P,) is the driving pressure, and
R is resistance.

Similarly, resistance in a rigid tube varies with tube
length, fluid viscosity and, most importantly, the radius of
the tube.

R = 8nL/zr

where R is resistance, L is the length of tube, 7 is the fluid
viscosity, and 7 is the radius.

The Starling resistor concept builds on Poiseuille’s law,
to describe flow through a tube which is not rigid, but
rather is collapsible, with infinite resistance at one trans-
mural pressure, but low resistance at another transmural
pressure. This behavior is explainable by the tube shifting
from closed to open at a certain intraluminal pressure,
termed the critical pressure (Py;). In normal subjects, P,
would be negative, whereas it would be positive in subjects
with OSA during sleep. Within this framework, the main
treatment for maintaining airway patency in OSA, CPAP,
can be viewed as a means to achieving an intraluminal
pressure that exceeds Pt

In a collapsible tube, resistance varies with airway lumen
size, airflow and transmural pressure, and the upstream and
downstream pressures. The downstream pressure (Pyownstream)
is the negative inspiratory pressure at the trachea and the
upstream pressure (Pypsiream) 1S the ambient pressure at the
nose. As airway size varies, unimpeded flow, flutter, and
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obstruction can occur, corresponding to normal breathing,
snoring, and obstruction as follows:

Normal breathing: The airway is like a rigid tube;
airway size and resistance are constant. P, is lower
than both the upstream and downstream pressures.
Flutter (snoring): In snorers, the upstream (nasal)
pressures are higher than P, but the downstream
(tracheal) pressures are less than P.;. Thus, when the
airway is open, it is exposed to the downstream
pressure, which leads to airway collapse. However,
when the choke point closes, the airway is exposed
only to the positive upstream pressures and the airway
reopens.

Obstruction: The airway is always closed. Py is
higher than both the upstream and downstream
pressures.

Anatomical and physiological abnormalities in patients
with sleep apnea

Many studies have assessed the anatomic and physiologic
basis for OSA. Broadly, predisposing factors can be
considered in two categories. It is clear that some patients
develop OSA mainly due to congenital predisposing
skeletal relationships of the head, neck, and jaw. Alterna-
tively, upper airway soft tissue enlargement, most com-
monly due to an excess of adipose tissue is often at fault.

Cephalometry, the study of skeletal relationships in the
head, has found many anatomical correlates of OSA.
Compared to normals, patients with OSA have a decreased
mandibular body length (retrognathia), an inferiorly positioned
hyoid bone, and retroposition of the mandible [19, 38, 86, 117,
163, 171, 172, 174, 181].

Similarly, upper airway soft tissue enlargement is
associated with OSA. CT and MRI examination of patients
with and without OSA have revealed increased dimensions
of the soft palate, tongue, parapharyngeal fat pads, and
lateral pharyngeal walls in patients with OSA [9, 29, 35,
103, 147, 173]. Upper airway soft tissue enlargement in
OSA may relate to gender, obesity, muscle injury, edema,
and genetic considerations, based on epidemiological and
physiological studies. For example, upper airway size and
neck size are smaller in women than men [54, 91, 119].
Conversely, airway length, soft palate size, and tongue size
are larger in men than women [106, 217]. Body mass index
has long been recognized as an excellent predictor of OSA
and is associated with increased fat deposition in lateral
pharyngeal fat pads [179], thereby reducing airway cross-
sectional area [65, 124]. There is also evidence for
pathologic airway remodeling in patients with OSA,
although whether it is the cause or the result of sleep apnea
is unclear. Type II fibers, which are more fatiguable than

type I fibers, are more common in the genioglossus muscles
of patients with OSA than controls [21, 48, 176]. Edema
and fluid shifts have been implicated in OSA pathogenesis.
Edema from negative pressure from airway closure and
trauma leads to an increase in soft tissue volume [168, 170].
Fluid shifts from dependent areas of the body into the upper
airway soft tissues, particularly in patients in edematous
states such as CHF and renal failure may also contribute to
airway obstruction [49, 152, 153, 195]. There are also
genetic factors predisposing patients to OSA. The familial
predominance of OSA may be due to the heritability of
facial structure [114]. Another uncommon but strong risk
factor for OSA is macroglossia, as in patients with trisomy
21 [110].

Central sleep apnea

Commonly, repetitive nonhypercapnic central apneas can
occur during non-REM sleep under conditions of high altitude
or in association with congestive CHF or stroke [130, 216].
Much less commonly, CSA can occur in some subjects with
no apparent cardiac, pulmonary, or neurologic disease. For
these individuals, the term “idiopathic” CSA is used [17].
Idiopathic CSA is relatively rare and constitutes <5% of
patients referred to sleep clinics [105]. In contrast, although
rare in the general population, CSA is very common in the
setting of CHF, being present in 30-40% of these patients in
the two largest reported series [74, 183].

Repetitive central apneic events wherein tidal volume
fluctuates in a crescendo—decrescendo pattern (Fig. 3) are
often referred to as Cheyne—Stokes respiration or periodic
breathing; the two terms are generally used interchangeably.
However, some authors distinguish between the two. If
intervals of hyperventilation (hyperpneas) are separated by
periods of reduced tidal volume (hypopneas), the term
periodic breathing may be used, but if mainly apneas are
present, the event is described as Cheyne—Stokes respira-
tion [85, 118]. It has been suggested that three or more
successive oscillation periods of tidal volume are necessary
for the diagnosis of periodic breathing or Cheyne—Stokes
respiration [5], but no specific definition has been generally
accepted.

Loop gain and ventilatory control instability

Hypopneas or apneas manifest in patients with CSA due to
destabilized ventilatory control. The chemical control of
respiration operates in a negative feedback, closed-loop
fashion. For a change in metabolic rate, there is a transient
change in ventilation that results in a transient change in
alveolar gas tension (i.e., PaCO,, Pa0O,). These changes are
sensed by chemoreceptors resulting in a further change to
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Fig. 3 Cheyne—Stokes
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the ventilatory response. The ventilatory output to a given
change in PaCO, or PaO, (i.e., chemosensitivity) can vary
between individuals and with disease status. The concept of
“loop gain”, an engineering term to define the sensitivity of
a variable system, was first used to describe ventilatory
control in the early 1980s [83]. Loop gain has a number of
components: with ventilation, these can be considered the
ventilatory response to CO, (i.e., controller gain), the blood
gas response to change in ventilation (i.e., plant gain), and
the delays in feedback between the two imposed by
hemoglobin binding and cardiac output (i.e., feedback
gain) [17, 82].

Chemosensitivity (controller gain) and the apnea threshold

The transition from wakefulness to non-REM sleep is
characterized by a decrease in ventilatory motor output, a
fall in ventilation, and resultant increases in PaCO,
(~5 mmHg). The sensitivity to small changes in PaCO,
and the speed of the ventilatory response provides stability,
allowing these fluctuating PaCO, levels to stay within a
PaCO, reserve of ~5 mmHg. This reserve is often referred
to as the apnea threshold [222]. If PaCO, falls below the
bounds of the apnea threshold, respiratory drive is curtailed
and breathing ceases. In the context of loop gain theory,
ventilation is destabilized when the ratio between the size
of the response to the size of a disturbance is greater than
one. This value predicts an overshoot in ventilation to an
increase in PaCO, and progressive instability. A ratio of
less than one, however, would predict an appropriate
ventilatory response and stability of the system [214].
Individuals with elevated chemosensitivity (i.e., controller
gain) will hypoventilate to decreases in PaCO, and,
consequently, hyperventilate to increases in PaCO, causing

ventilatory control to become destabilized [26, 83] (Fig. 4).

A number of studies have shown that CHF patients with
periodic breathing while awake or Cheyne—Stokes respira-
tion during sleep demonstrate higher central [73, 219] and
peripheral chemoresponsiveness [145, 189] than among
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those with OSA or without sleep apnea. Interestingly, Xie et
al. [222] showed that in CHF patients with CSA, the apnea
thresholds are not different from patients without CSA.
However, an increased ventilatory drive during sleep in
CHF patients with CSA narrows the proximity of the
eupneic PaCO, to the apnea threshold, predisposing them
to the development of apnea and subsequent breathing
instability. It still remains unclear, however, whether such
increases in central and peripheral chemoresponsiveness
predate or is a consequence of CHF [220], though increased
peripheral chemoreflexes have been induced in a rabbit
model of CHF though a nitric oxide-dependent mechanism
[196, 197]. In a study investigating chemosensitivity in
patients with CHF, Solin et al. [189] made the following
observations: (1) the timing of the peripheral CO, ventila-
tory response was consistent with the response time of the
carotid chemoreceptor allowing for circulatory delay, (2)
the peripheral CO, ventilatory response was similarly
elevated in patients with CHF and CSA and in patients
with idiopathic CSA—suggesting that CSA can be evoked
solely by raised chemosensitivity independent of underlying

Hyperventilation

| Paco,

(below apnea
threshold)

Hypoventilation

Fig. 4 Ventilatory control (stability)-loop gain theory: In patients
with high chemosensitivity, small increases in PaCO, are responded to
with resultant hyperventilation, until PaCO, is reduced below the
apnea threshold resulting in hypoventilation and possible apnea.
During apnea, PaCO, is increased; thus, the cycle of periodic
breathing pattern is repeated
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cardiac function, and (3) in the CHF patients as a whole,
the peripheral CO, ventilatory response correlated signifi-
cantly with CSA severity. These findings suggest that in
patients with CHF, elevated central CO, ventilatory response
lowers PaCO, toward the apnea threshold, narrowing the
difference between PaCO, levels and the apnea threshold,
predisposing a patient with CHF to develop central apneas
and breathing instability.

Circulatory delay (feedback gain)

The circulation time for changes in arterial blood gas
tension to travel from the lungs to the chemoreceptors
affects the length of the subsequent ventilatory phase and is
inversely proportional to cardiac output. Patients with CSA
and CHF, compared to patients without CHF, demonstrate a
longer ventilatory phase during which tidal volume rises
and falls more gradually [56]. Thus, the prolonged
circulation period in CHF patients induces a periodic
breathing pattern. This was first speculated by Pryor [148]
over 60 years ago. However, later studies have not been
able to show a predisposition or statistical association
between low cardiac output and periodic breathing in
patients with CHF [57, 183]. Indeed, among CHF patients
with and without CSA, no significant differences in lung to
peripheral chemoreceptor circulation time or cardiac output
have been observed [56, 187]. Rather, the central control of
ventilation appears to be the primary defect leading to
instability in patients with CSA rather than their impaired
cardiac function (and resulting circulatory delay) [187]. The
genesis of abnormal central control of ventilation may lie,
at least in part, in the observation that pulmonary vascular
pressure is significantly elevated in patients with CSA.
Highly significant correlations have been demonstrated
between raised pulmonary vascular pressure on the one
hand, and hypocapnia and CSA severity on the other [187].
Data from animal models have shed light on this relation-
ship, by demonstrating that the hyperventilation results
from elevation of pulmonary interstitial pressure. Indeed,
pulmonary edema and the concomitant increase in intersti-
tial pressure stimulate pulmonary J receptors, which lie
within the interstitium in close proximity to the pulmonary
capillaries [139]. Neural impulses are transmitted via
afferent pulmonary vagal C fibers to the ventilatory control
center in the medulla [157], whereby stimulation of this
vagal afferent system results in brief central apnea followed
by tachypnea and hyperventilation [28, 139, 157].

The effects of an isolated increased circulation time on
respiratory control were investigated by Guyton [55] in a
series of classic animal experiments in the 1950s. Guyton
was able to induce periodic breathing in dogs by inserting a
length of tube between the heart and cerebral circulation to
prolong transit time between the lungs and chemoreceptors.

However, CSA was only induced when the circulation time
was a few minutes in duration. This far exceeds the lung to
cerebral circulation time in CHF patients, which in humans
is inversely proportional to stroke volume and cardiac
output [56].

However, the concept that prolonged circulation time
predisposes to CSA has not been completely discarded.
Mortara et al. [123], for one, found that a prolonged
circulation time was a significant determinant of the
presence of CSA in patients with CHF, but a number of
other investigators have reported that left ventricular (LV)
ejection fraction, cardiac output, and circulation time are
not significantly different in CHF patients with and without
CSA [57, 130, 187]. Therefore, CSA appears not to be
caused by circulatory delay, but rather is proportional to the
preceding decrease in PaCO, [31, 56]. Indeed, the general
consensus is that prolonged circulation time is probably not
the critical determinant predisposing CHF patients to CSA.
Circulatory delay, however, does influence periodic breath-
ing cycle length such that cycle length is proportional to
lung carotid body circulation time [56], accounting for the
greater length of the periodic breathing cycle in CHF
patients than in patients with idiopathic CSA whose cardiac
function is normal. A study investigating circulation time
and CSA by Solin et al. extended these concepts, by
objectively assessing systolic function in subjects with and
without CHF [190] and found that the presence of CHF can
be inferred in patients with nonhypercapnic CSA by a
prolonged circulation time exceeding 15 s.

Sleep transitions and ventilatory control (stability)

The transition from wakefulness to sleep and vice versa
may show some instability in breathing as the PaCO, set
point changes. Periodic breathing is commonly seen even in
normal individuals during transitional periods between
wakefulness and light sleep and is markedly attenuated or
disappears during REM sleep. A close relationship between
periodic breathing and shift in sleep stages has been
reported [41], confirming that stage-specific brain activity
has a role in the control of ventilation [184]. Most
commonly, arousal from sleep is associated with an abrupt
increase in ventilation [67, 78], particularly immediately
after awakening. In normal individuals during wakefulness,
the PaCO, approximates 40 mmHg. However, during stable
non-REM sleep, the PaCO, rises by around 5 mmHg.
Therefore, during the transition from non-REM sleep to
wakefulness, individuals typically briefly hyperventilate to
drive down the sleeping PaCO, to the new waking set
point. If the increase in ventilation is associated with
ventilatory overshoot and yields a PaCO, below the apnea
threshold [36], a resulting cessation of breathing (apnea)
can occur. Similarly, during the transition from wakefulness
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to non-REM sleep, the waking neural drive to breathe is
lost, and the threshold for a ventilatory response to PaCO,
is increased [143]. Sleep onset is therefore very commonly
associated with central apneas, resulting from the waking
PaCO, (around 40 mmHg), being too low to stimulate
ventilation in association with the higher PaCO, set point of
sleep. Finally, it has been reported that arousals can trigger
abrupt increases in ventilation that rise above waking levels
independently of PaCO, [66], and these would further tend
to cause instability.

A low eupneic PCO, has been reported, and a eupneic
PCO, close to the apneic threshold has been suggested as
the main mechanism of CSA [102, 130, 203]. Indeed, Xie
et al. [222] reported that patients with CHF and CSA show
a closer proximity of eupneic PprCO, to the threshold
PErCO, and a greater hypocapnic ventilatory response below
eupnea compared with patients with CHF but without CSA.
Furthermore, patients with CSA do not show an increase in
their PerCO, from wakefulness to sleep [203, 222], whereas
in normal patients, the hypercapnic effect of sleep persists
even in the presence of ventilatory stimulation with
progesterone or hypoxia [75]. These findings suggest that
in patients with CSA, sleep state is associated with an
additional ventilatory drive that offsets the removal of the
ventilatory drive associated with wakefulness.

Although periodic breathing can be observed during
wakefulness [17, 205], it is much more common in non-
REM sleep, where chemical-metabolic factors are the
predominant influence on ventilatory control, and less
common during REM sleep where behavioral nonmetabolic
factors again supervene [17, 130, 144]. Indeed, the
arousability to respiratory stimuli is diminished during
REM sleep compared with the lighter stages of non-REM
sleep. Therefore, during REM sleep, the tendency to
increase ventilation above the apnea threshold is lessened,
thereby reducing the tendency to blow down PaCO, and
consequently dampening apneic events. Furthermore, in the
deeper stages of non-REM sleep where arousability is also
decreased, CSA events are also reduced compared to lighter
non-REM sleep.

Periodic breathing can also present during exercise in
patients with CHF. Indeed, increases in the metabolic
responses to incremental exercise can produce an excessive
ventilatory response, thus promoting greater ventilatory
instability [93].

Interactions between central sleep apnea
and obstructive sleep apnea
There is substantial evidence to suggest a mechanistic link

between OSA and CSA. Several studies have shown that
oscillating ventilatory motor output during periodic breathing
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is associated with reciprocal changes in upper airway
resistance [10, 68]. Indeed, patients who snore without
concomitant sleep apnea may be dependent on ventilatory
motor output to preserve upper airway patency through the
action of the pharyngeal dilators [68, 134], and in these
patients, pharyngeal obstruction can occur when ventilatory
drive reaches a nadir during induced periodic breathing [68,
134, 211]. Similarly, spontaneous central apnea is often
associated with pharyngeal narrowing or occlusion early
during the central apneic period in the absence of inspiratory
efforts [11]. It has been suggested [224] that the ability of the
patient with severe OSA to effectively compensate for
airway narrowing and increased mechanical load was a more
important determinant of the degree of cycling behavior of
airway patency and ventilation than the inherent passive
collapsibility of the airway. Therefore, although an inherently
collapsible airway may allow for significant airway narrowing
and obstruction during sleep, any cycling behavior in airway
patency and ventilation is also critically dependent upon
chemical control mechanisms.

A number of studies have demonstrated that the concept
of ventilatory instability due to increased loop gain holds
relevance not only in CSA, but in OSA. In patients with
OSA, the CO, reserve has been reported to be significantly
narrower and the controller gain significantly greater
compared to controls, whereas the apnea threshold and
plant gain are similar. However, following 1 month of
CPAP, the CO, reserve widens and the controller gain is
diminished in patients with OSA, both towards normal
[165]. The susceptibility to periodic breathing in patients
with mild to severe OSA was first assessed in a novel
fashion by Younes et al. by artificially increasing controller
gain, using proportional assist ventilation [225]. The
increase in loop gain at each assist level was quantified
from the ratio of assisted tidal volume (VT) to the VT
obtained during single-breath reloading tests. The chemical
control system has been reported to be more unstable in
patients with severe OSA than in patients with milder OSA
and was speculated to contribute to the severity of OSA.
Finally, the clinical utility of mathematically quantifying
loop gain from the cyclic pattern of periodic breathing in
heart failure patients has been demonstrated by one group.
The calculated estimates of loop gain enabled the quanti-
fication of the severity of ventilatory instability underlying
periodic breathing. This made possible a priori selection of
patients whose periodic breathing is treatable with CPAP
therapy; non-responders to CPAP had higher calculated
loop gain [166].

In patients with CHF, there is commonly observed both
obstructive and central apneas during a single night; in such
patients, there is also often a gradual shift from predomi-
nantly obstructive apneas at the beginning of the night to
predominantly central apneas towards the end [204]. This
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change occurs in association with a prolongation in
circulation time and a downward drift in PaCO, towards
the apnea threshold—suggesting the possibility that repet-
itive surges in afterload induced by OSA, combined with
increased venous return can cause an overnight increase in
left ventricular filling pressure that leads to hyperventilation
and hypocapnia through stimulation of pulmonary affer-
ents. A cause and effect relationship between central and
obstructive apneas is also suggested by the frequent
occurrence of mixed apneas, which are characterized by a
period of decreased central drive followed by an obstructive
breath. Indeed, a high central apnea index with a low
obstructive apnea index is encountered in only a small
number of patients [34]. Despite similarities and interac-
tions between CSA and OSA, arousals accompanying the
two appear to serve different purposes. In OSA, arousals
operate as a defense mechanism to terminate apneas and
activate pharyngeal muscles to allow the re-opening of the
upper airway. However, in CSA, arousals appear to provoke
ventilatory overshoot that sustains periodic breathing, as
indicated by the strong relationship between the magnitude
of arousal, and both the magnitude of ventilation during
hyperpnea and subsequent apnea duration [223]. This
reflects the tendency of the upper airways to collapse even
in healthy subjects when the drive to the inspiratory
muscles and especially the upper airway muscles is reduced
at the nadir of periodic breathing [218].

Still another manifestation of the linkage between OSA
and CSA is the recently described entity “complex sleep
apnea”, referring to the unexpected appearance of repetitive
central apneas once upper airway patency has been
maintained in patients being treated for OSA with CPAP
[120]. While the specific mechanisms responsible for
complex sleep apnea remain unclear, sleep fragmentation
and frequent transitions between sleep and wakefulness due
to initial intolerance of CPAP is thought to play a role [22,
37, 92]. Moreover, it may be that patients who display
complex sleep apnea may have underlying chemoreflex
instability obscured by OSA that only becomes apparent
once upper airway patency is established. In support of this
concept is the finding that patients with OSA who develop
complex sleep apnea following application of CPAP have
more frequent central apneas even on their baseline pre-
CPAP sleep studies than patients who do not develop
complex sleep apnea [76].

Consequences of OSA and CSA
Acute effects

As a consequence of the repetitive apneas characteristic of
OSA and CSA, hemodynamic variables and cardiovascular

autonomic activity oscillate between the apneic and ventila-
tory phases. Surges in heart rate (HR) and blood pressure (BP)
typically occur 5-7 s after apnea termination in OSA [156,
202], coincident with arousal from sleep, peak ventilation,
and the nadir of SaO,. In CSA, these surges occur not at
apnea termination, but during hyperpnea [98]. These
repetitive surges counteract the usual fall in HR and BP that
accompany normal sleep. Three key pathophysiological
features of sleep apnea give rise to these abnormal
cardiovascular oscillations: hypoxia, arousals from sleep,
and generation of negative intrathoracic pressure. In turn,
these disturbances give rise to a fourth consequence of sleep
apnea: sympathetic activation during sleep.

Hypoxia alternating with normoxia is a hallmark of sleep
apnea. Hypoxia can reduce myocardial oxygen delivery,
directly depress myocardial contractility and increase LV
afterload, and indirectly cause increased pulmonary vaso-
constriction and increasing pulmonary arterial pressure
[177]. Hypoxia can either increase or decrease HR depend-
ing on whether parasympathetic or sympathetic influences
predominate [14]. It is well known that apnea-associated
hypoxia can lead to episodes of extreme bradycardia and
even heart block [51], and severe hypoxia has been reported
to acutely trigger ventricular arrhythmias [180]. Moreover,
the combination of hypoxia and tachycardia further impairs
myocardial contractility [177]. While apnea-associated
hypercapnia would tend to favor oxygen unloading to the
tissues through a rightward shift of the oxyhemoglobin
dissociation curve, hypocapnia, as a result of post-apneic
hyperventilation, can further exacerbate matters by induc-
ing coronary artery vasoconstriction [125] and a leftward
shift of the dissociation curve, reducing oxygen availability
to the tissues. Given the primacy of hypoxia as a candidate
mechanism for causing deleterious effects, it is perhaps
surprising that the severity of hypoxia is poorly reflected in
AHI, the conventional metrics of OSA. However, there is
evidence that the frequency of obstructive events associated
with at least a 4% drop in oxyhemoglobin saturation is
independently associated with cardiovascular disease,
whereas events with lesser degrees of desaturation are not
[150], raising the possibility that the intermittent pattern of
hypoxia is important in disease pathogenesis.

However, it is possible that the effects of hypoxia are not
entirely harmful: Lavie and Lavie hypothesized that
hypoxic “preconditioning” might exert a protective effect
against ischemic myocardial injury [90] and one group has
described increased coronary vessel collateralization in
association with OSA in patients with total coronary artery
occlusion [194].

Arousals typically accompany each apneic event in both
OSA and CSA. In OSA, arousals are critical to the opening
of the upper airway and resumption of ventilation; in CSA,
they occur after ventilation has resumed and can contribute
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to ventilatory control instability [130, 144, 223]. Arousals
may contribute to post-apneic surges in HR and BP [66,
133, 205], sympathetic nervous system activation, and
catecholamine release [63, 129].

Negative intrathoracic pressure is a result of the patient’s
futile inspiratory efforts against a collapsed upper airway
and can reach levels as low as —147 cmH,O [198].
Exaggerated negative intrathoracic pressure of a lesser
magnitude is also observed during CSA due to pulmonary
congestion and reduced lung compliance in conjunction
with the increased respiratory efforts accompanying hyper-
pnea. Negative intrathoracic pressure increases venous
return to the right heart, leading to distension of the right
ventricle and leftward shift of the interventricular septum
during diastole [96], which reduces LV preload. Negative
intrathoracic pressure also increases LV transmural pressure
by increasing the difference between extracardiac and
intracardiac pressures [24, 133, 215]. The consequent
increase in systolic wall stress increases afterload. In
patients with coexistent cardiac disease, these effects are
magnified [16]. This increased mechanical stretch and wall
tension of the myocardium may predispose to ventricular
hypertrophy, or ventricular arrhythmias through electro-
mechanical coupling [95, 162].

Increases in sympathetic nerve activity have been demon-
strated during sleep in patients with OSA compared to controls
[61, 191], a phenomenon that is attenuated under hyperoxic
conditions [94]. Elevations in sympathetic nerve activity
during obstructive apneas are largely responsible for the
characteristic surges in HR and BP that typically occur
shortly following apnea termination [61, 156, 202]. These
repetitive surges in BP oppose the usual fall that accompanies
normal sleep and may be responsible in many cases for the
phenomenon of “non-dipping” of the nocturnal BP profile
[146].

Hypoxia is an obvious candidate for the sympatho-
excitation that accompanies OSA. Through stimulation of
the peripheral chemoreceptors, sympathetic vasomotor
outflow is increased [192]. Therefore, despite hypoxia
causing vasodilation through local autoregulation, periph-
eral vasoconstriction actually occurs in most vascular beds
[104]. The effect of hypoxia on HR is similarly two-
pronged. In the absence of the normal ventilatory response
to hypoxia, peripheral chemoreceptor stimulation leads to
vagally mediated bradycardia [13, 116]. This response may
be relevant to bradycardic episodes during apneas. In
contrast, in the presence of the normal ventilatory response
to hypoxia, tachycardia is observed, owing to lung inflation
reflexes that inhibit cardiac vagal efferents, permitting
cardiac sympathetic activity to remain unopposed [115].

While hypoxic stimulation of the peripheral chemorecep-
tors leads to sympatho-excitation, the act of respiration is itself
sympatho-inhibitory. The muscle sympathetic nerve activity
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(MSNA) response to hypoxia is markedly potentiated by the
absence of breathing [192]. Respiration, while diminishing
the sympathetic response to hypoxia, does not eliminate it
entirely. Therefore, hypoxia is sympatho-excitatory whether
breathing is present or absent, with the magnitude of the
effect being greater during apnea. Since patients with CHF
and CSA display an increased ventilatory response to
peripheral chemoreceptor stimulation [145, 189], it is
possible that they might also have an exaggerated sympa-
thetic response to hypoxia. However, the chemoreflex
response to hypoxia cannot be entirely responsible for the
acute autonomic effects of sleep apnea, since elimination of
hypoxia only modestly dampens the HR and BP oscillations
that accompany OSA and CSA [52, 97].

The MSNA response to hypoxia and the degree of its
inhibition by respiration may be further modified by the level
of PaCO,. Hypercapnia itself causes increased ventilation,
tachycardia, increased cardiac output, and BP. Sympathetic
vasoconstrictor activity is increased, which is opposed by the
direct vasodilatory action of CO, [155]. Indeed, hypercapnia
is a more potent stimulus for sympatho-excitation than
hypoxia, in the sense that for equivalent increases in minute
ventilation, greater MSNA is observed with hypercapnia
than hypoxia, and the sympatho-inhibitory effect of respira-
tion is less effective [192]. This observation suggests that
hypoxia and hypercapnia do not cause sympatho-excitation
solely through generation of central respiratory drive, but
must also be able to influence the vasomotor centers
independently. Combined hypoxia and hypercapnia have a
synergistic effect on both sympathetic activity and ventila-
tion and result in a more marked rise in BP.

Chemoreceptor reflexes may be of particular importance
in the setting of CHF. Patients with CHF and CSA are
known to have increased chemoreceptor sensitivity [73,
189, 219], and an increased sympathetic response to CO,
has also been observed [128]. Thus, the hyperpneic phase
of CSA, which is a manifestation of intense chemo-
stimulation by CO,, might be expected to exert considerable
sympatho-excitatory effects.

Chronic effects

In recent years, it has become increasingly appreciated that
sleep apnea represents not only an acute physiologic insult,
but also exerts chronic effects that may promote a number
of disease states, particularly cardiovascular disease. While
a full discussion of the chronic effects of sleep apnea is
beyond the scope of this paper, we will briefly describe some
of the most well-accepted pathophysiology, including endo-
thelial dysfunction and atherosclerosis, cardiac remodeling,
and neurohormonal dysfunction.

The intermittent hypoxia accompanying sleep apnea may
be viewed as essentially a form of ischemia—reperfusion type
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injury that may have a direct effect on the myocardium or
vasculature, an effect exacerbated by hypercapnia and acidosis
[42]. Ischemia-reperfusion injury is known to initiate
oxidative stress via the production of reactive oxygen species
and is recognized to play an important role in the genesis of
endothelial dysfunction, via inactivation of nitric oxide [33].
There is increasing evidence that such vascular wall
inflammation plays a key role in the pathogenesis of vascular
disease and that endothelial dysfunction is a precursor of the
atherosclerotic process [160].

The downstream effects of sleep apnea including hypoxia,
sympathetic activation, systemic inflammation, production of
reactive oxygen species, endothelial dysfunction, and nega-
tive intrathoracic pressures provide the basis for a cascade of
events that could initiate atherogenesis [221]. In the case of
the carotid arteries, which are adjacent to the upper airway,
there is also some suggestion that acoustic vibration from
snoring may also predispose to atherosclerosis [27]. Evi-
dence suggests that OSA is an independent predictor of
endothelial dysfunction [81] and that an imbalance occurs
between the vasoconstrictive and vasorelaxant factors with
improvement following treatment with CPAP therapy [70,
169]. More recently, direct evidence of endothelial dysfunc-
tion and inflammation has been demonstrated in vivo in the
vascular endothelium of patients with OSA [77] along with
increased carotid intima-media thickness [101]. The role of
hypoxia is further supported by Savransky and colleagues
who demonstrated induction of atherosclerosis in mice
exposed to intermittent hypoxia [167]. Treatment of OSA
with CPAP has been found to reverse early atherosclerotic
lesions in humans, supporting a causal relationship [39].
OSA may also contribute to atherosclerosis indirectly by
causing systolic hypertension, insulin resistance, and im-
paired lipid metabolism [99, 151].

Cardiac remodeling may be a long-term consequence of
OSA. Animal models of chronic intermittent hypoxia
induce LV hypertrophy and global LV dysfunction inde-
pendent of elevations in blood pressure [44, 45]. In a canine
model of chronic OSA, acute sleep-related obstructive
events were associated with increased LV afterload and
decreased fractional shortening, which chronically lead to
sustained decreases in LV systolic performance [140]. In
these animal models, the LV dysfunction is attributable to
cardiomyocyte hypertrophy, apoptosis, and altered gene
profile expression [23, 25, 44, 45]. Furthermore, oxidative
stress and cytokines are implicated in the pathophysiology
of intermittent hypoxia-induced LV remodeling [12, 58].

The interpretation of human studies of cardiac remodel-
ing in the presence of OSA has been obscured by such
confounding factors as the presence of cardiac medications,
hypertension, or other diseases that could affect LV
function, incomplete or varying methodology in the
assessment of echocardiographic parameters [6, 50, 131,

137], and lack of an adequately matched control group [40,
50, 182]. However, both hemodynamic load and neurohor-
monal activation are known mechanisms that predispose to
cardiac remodeling [30, 136], and these are present in SDB.
In general, the majority of the studies have favored a higher
prevalence of LV hypertrophy in OSA patients, especially
in those with higher AHI [60, 132]. In nonobese children
with OSA, there was an 11-fold increased risk for LV
hypertrophy and 83% had eccentric hypertrophy. Those
with OSA were also more likely to have right ventricular
dysfunction [2]. In contrast, two studies did not find any
relationship between LV hypertrophy and OSA, although
differences in the calculation of the LV mass may account
for some of these differences [32, 131].

Studies examining systolic and diastolic dysfunction in
OSA in the absence of other underlying cardiac disease and
the effect of CPAP therapy are also conflicting. Most of
these studies are uncontrolled and small cross-sectional
analyses. One prospective cohort study of 169 patients
found systolic dysfunction in 7.7% of OSA patients as
assessed by radionuclide imaging. Ischemic cardiac disease
was unlikely as there were no segmental LV wall motion
abnormalities. However, 69% of these individuals were
obese and 54% had hypertension. Nonetheless, normaliza-
tion of dysfunction following therapy with CPAP was seen
in all of the patients who had follow-up imaging [89].
Improvements in early systolic dysfunction manifesting as a
reduced cardiac output during exercise in subjects with
OSA has also been described following treatment with
CPAP [1].

The evidence for OSA contributing to diastolic dysfunc-
tion is more robust. Diastolic dysfunction has been
associated with moderate to severe OSA in a number of
studies [6, 40, 50, 137]. In two studies, OSA independent
of obesity was associated with increased left atrial (LA) size
as well as impaired LV diastolic function [137, 159]. The
authors propose that chronic diastolic dysfunction may
cause increased LA size and predispose to atrial fibrillation
[79]. The most frequent abnormality observed in these
studies is impaired isovolumic relaxation time and mitral
deceleration time with a tendency to a higher LV mass,
posterior wall, and interventricular septal thickness in OSA
subjects. That diastolic dysfunction is associated indepen-
dently with OSA is suggested by the reversal of some of
these changes on application of CPAP [6, 40, 137, 182].

OSA and CSA are also associated with chronic
abnormalities of cardiovascular autonomic regulation. It is
important to recognize that these abnormalities are not
limited to sleep, but carry over into the daytime. Patients
with OSA have higher daytime MSNA compared to
controls matched for age, sex and body mass index [20,
127]. Treatment of OSA either by tracheostomy [46] or
CPAP leads to a reduction in overnight urinary catechol-
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amine levels and daytime MSNA. However, lowering of
MSNA with CPAP may take several months to occur,
suggesting that the sympatho-excitatory effects of OSA are
chronic in nature, and not immediately or easily reversible
[59, 126, 210].

While it remains unclear whether OSA can predispose to
the development of LV systolic dysfunction in the absence
of other cardiac disease, there is evidence that OSA and
CSA have particular importance in the setting of estab-
lished CHF. Patients with the combination of CHF and
OSA have higher daytime MSNA than controls matched for
age and ejection fraction [193], a finding that portends
higher mortality. There is intriguing evidence that the CHF
state may actually alter the sympathetic response to
obstructive apneas: patients with CHF have a higher MSNA
response to simulated obstructive apneas (Mueller maneu-
vers) than to simple breath holds, whereas healthy controls
have similar MSNA responses to both maneuvers [18]. If
so, OSA and CHF may act synergistically to undermine
normal autonomic regulation. Treatment of OSA for
1 month with CPAP has been reported in a randomized
controlled trial to improve LV ejection fraction [80] and to
reduce both daytime MSNA and BP, compared to an
untreated group [207].

Surprisingly, given the consistency of the studies using
MSNA, urinary norepinephrine has not been found to be
elevated in CHF patients with OSA compared to those
without [188], and although norepinephrine spillover rates
are exceedingly high in patients with CHF and CSA, this
appears to be a consequence of CHF severity and not the
severity of CSA [109]. Nonetheless, treatment of OSA with
CPAP for 3 months in the setting of heart failure
significantly reduced urinary norepinephrine compared to
untreated controls [108].

Conclusion

OSA is very common in the general population and is
characterized by ineffective inspiratory efforts against a
collapsed upper airway during sleep. It is a state-dependent
phenomenon. Although collapse occurs mainly in patients
who have narrowing at the level of the velopharynx and
oropharynx, predisposing anatomy is not sufficient to cause
obstruction without the withdrawal of pharyngeal dilator
activity during sleep. CSA is a manifestation of ventilatory
instability due to some combination of increased chemo-
reflex loop gain, circulatory feedback delay, or sleep—wake
transitions altering the state-specific control of breathing.
While both OSA and CSA arise from different pathophys-
iology, it has become increasingly clear that both apnea
types often coexist in the same patient, that one can
predispose to the other, and that the two are not as distinct
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as previously thought. Withdrawal of ventilatory drive as
what occurs during central apnea can cause collapse of the
upper airway and obstruction, whereas the ventilatory
overshoot that accompanies the termination of obstructive
apneas can predispose to hypocapnia and central apneas.

Both OSA and CSA exert a number of acute potentially
deleterious effects including intermittent hypoxia, arousals
from sleep, and swings in negative intrathoracic pressure,
which in turn can lead to chronic physiologic consequences
such as autonomic dysregulation, endothelial dysfunction,
and cardiac remodeling. Only through understanding of the
relevant pathophysiological mechanisms through which
OSA and CSA arise and lead to cardiovascular disease will
there be sufficient knowledge to develop novel and better
approaches to management.
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