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ABSTRACT
Sleep disordered breathing (SDB) is highly prevalent among patients
with cardiovascular disease (CVD), and the relationship between SDB
and CVD may be bidirectional. However, SDB remains underdiagnosed
and undertreated. One of the major barriers identified by cardiologists
is lack of satisfaction with SDB therapy. This situation could be the
result of the discordance between treatment and the pathophysiolog-
ical characteristics of SDB. This condition is caused by multiple path-
ophysiological mechanisms, which could be classified into upper
airway anatomic compromise, pharyngeal dilator muscle dysfunction,
and ventilatory control instability. However, the effective treatment of
SDB remains limited, and positive airway pressure therapy is still the
mainstay of the treatment. Therefore, we review the pathophysiolog-
ical characteristics of SDB in this article, and we propose to provide
individualized treatment of SDB based on the underlying mechanism.
This approach requires further study but could potentially improve
adherence and success of therapy.
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R�ESUM�E
Les troubles respiratoires du sommeil (TRS) sont très r�epandus chez
les patients souffrant de maladies cardiovasculaires (MCV). Par con-
s�equent, les TRS et les MCV montreraient un lien bidirectionnel.
Cependant, les TRS demeurent sous-diagnostiqu�es et sous-trait�es. L’un
des obstacles majeurs d�etermin�es par les cardiologues est l’insa-
tisfaction concernant le traitement des TRS. Cette situation pourrait
r�esulter de la discordance entre le traitement et les caract�eristiques
physiopathologiques des TRS. Cette affection est caus�ee par de mul-
tiples m�ecanismes physiopathologiques, qui pourraient être classifi�es
comme suit : le compromis anatomique des voies a�eriennes
sup�erieures, la dysfonction des muscles dilatateurs du pharynx et
l’instabilit�e de la maîtrise ventilatoire. Cependant, le traitement effi-
cace des TRS �etant limit�e, leur traitement repose encore sur la
th�erapie par pression positive expiratoire continue. Par cons�equent,
dans cet article, nous passons en revue les caract�eristiques physi-
opathologiques des TRS et nous proposons d’offrir un traitement
individualis�e des TRS reposant sur le m�ecanisme sous-jacent. Cette
approche n�ecessite des �etudes plus approfondies, mais pourrait
favoriser l’observance et le succès du traitement.
Sleep disordered breathing (SDB) with daytime sleepiness was
previously estimated to affect 4% of men and 2% of women in
North America.1 However, recent data suggest that SDB is
considerably more common at present, affecting approximately
13% of men and 6% of women. This increase is likely the result
of increasing rates of obesity, an aging population, and im-
provements in technology to detect subtle respiratory events.2-4

The increasing prevalence is alarming, given the existing
knowledge about the role of SDB as a cardiometabolic risk
factor. SDB contributes to the development and progression
of cardiovascular and cerebrovascular diseases, including heart
failure, atrial fibrillation, myocardial infarction, stroke, and
mortality.5-8 These associations have been explained by mul-
tiple proposed mechanisms, although intermittent hypoxemia
in SDB has emerged as the most prominent. Specifically,
recurrent hypoxemia followed by reoxygenation resembles
repetitive ischemia and reperfusion injury, which leads to
sympathetic nervous system overactivity, systemic inflamma-
tion, metabolic dysfunction, and subsequent endothelial
dysfunction.9-12 During an obstructive apnea event, strenuous
inspiratory effort against an occluded upper airway leads to
sympathetic overactivity, and the resultant negative intratho-
racic pressure increases left ventricular afterload and right
ventricular preload, which chronically increases myocardial
oxygen demand and causes ventricular remodelling.13-15

Arousal at the end of an apneic episode also increases sym-
pathetic activity and suppresses vagal tone, triggering the surge
in blood pressure and heart rate.16

Emerging evidence suggests a reciprocal relationship in
which cardiovascular disease (CVD) also leads to SDB (Fig. 1).
Fluid redistributes from the extremities to the neck region
ll rights reserved.
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Figure 1. Schematic representation of the bidirectional relationship
between sleep disordered breathing and congestive heart failure.
RAS, renin-angiotensin system; CSA, central sleep apnea; OSA,
obstructive sleep apnea; PCO2, partial pressure of carbon dioxide.
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because of the gravity effect of positional change from upright to
supine during sleep and may contribute to upper airway edema
and increased neck circumference, thus leading to upper airway
mechanical obstruction.17 Optimization of diuresis and
congestive heart failure (CHF) management should be the
first-line treatment for these patients, because diuresis with
furosemide and spironolactone in a nonrandomized trial
demonstrated enlarged upper airway diameter and reduction in
the apnea-hypopnea index (AHI).18 Furthermore, cardiac
dysfunction may lead to ventilatory control instability, which is
well known to cause central sleep apnea (CSA) and Cheyne-
Stokes respiration (CSR), but may also result in obstructive
sleep apnea (OSA) (Fig. 2).19,20 Also, pulmonary congestion
enhances chemoreflex sensitivity and pulmonary irritant re-
ceptors, which result in unstable ventilatory control.21-23

Therefore, there seems to be at least a bidirectional relation-
ship between SDB andCVD,24 if not a vicious cycle.Moreover,
treatment of OSA has been associated with improved cardio-
vascular outcomes.25-27 Studies have demonstrated that treating
OSA decreases recurrence of atrial fibrillation after ablation and
cardioversion.28,29 The most recent 2013 American College of
Cardiology Foundation/AmericanHeart Association guidelines
also made class IIa recommendations on the treatment of OSA
in patients with heart failure.30

Despite the large burden of disease and the close association
with CVD, SDB continues to be under-recognized and thus
undertreated. Based on a 2011 American College of Cardiology
Foundation survey among cardiologists, the major barriers to
referring patients to sleep centres are lack of satisfaction with the
effectiveness of sleep apnea therapy, the cost of a sleep study, and
concerns over managing continuous positive airway pressure
(CPAP) therapy.31Here, we focus on reviewing potential future
SDB treatment with a new approach based on pathophysio-
logical mechanisms of SDB (Fig. 3).
Behavioral Intervention for CPAP Adherence
Despite the large burden of disease, therapy for SDB re-

mains unsatisfactory. CPAP is the treatment of choice, espe-
cially for OSA.32 Although CPAP therapy can be
transformative for many patients, tolerance and adherence to
CPAP have been a major hindrance for proper treatment of
SDB for a major portion of patients.33-35 As many as 83% of
patients who begin CPAP therapy are not optimally treated in
that they do not use their CPAP device for even a minimum
threshold of 4 hours per night on at least 70% of nights.34,36

This problem has led to studies testing interventions that
include patient education,37,38 intensive support,39-41 behav-
ioral therapies based on motivational interviewing,42 and
cognitive behavioral therapy.43

Several studies have shown that intervention for treatment
adherence needs to start as early as possible. Adherence in the
first weeks predicts adherence at 6 months, which predicts
long-term adherence.44 Further, those who have been able to
maintain adherence tend to see greater symptom reductions.45

Despite this knowledge, adherence still remains poor, and
behavioral approaches remain underused. Despite mounting
evidence that these approaches can be helpful, efficacy of these
interventions is suboptimal when they are available, and, in
many cases patients do not have access to these
interventions.35

A more mechanistic approach to SDB therapy may aid in
this regard by more properly aligning patients with treatments
and obviating the need for CPAP when an alternative can be
provided. It should be noted, however, that alternative treat-
ments also require adherence, and thus further study is clearly
required.
Mechanistic Approach to SDB Therapy
Although CPAP has emerged as the first line of treatment,

the problems associated with adherence have led to the
exploration of alternative therapies such as oral appliances and
upper airway surgery.32 These alternative therapies have var-
iable efficacy, however, and it is difficult to reliably predict the
rates or degree of response to these therapies based solely on
clinical examination or baseline polysomnographic re-
sults.32,46 Thus, new therapeutic approaches and targets are
greatly needed.

To improve treatment, the emerging concept is to provide
individualized therapy for patients with SDB based on un-
derlying pathophysiological mechanisms. Key causes of SDB
could be classified into upper airway anatomical compromise,
pharyngeal dilator muscle dysfunction, and ventilatory control
instability. If we could accurately classify patients based on the
primary causes of their SDB, targeted and individualized
therapy could be offered to improve long-term therapeutic
effectiveness.
Upper Airway Narrowing and Obstruction

Anatomic compromise

OSA is characterized by recurrent upper airway narrowing
and closure. Traditionally, a narrowed upper airway resulting
from various anatomic causes, such as thickened lateral
pharyngeal walls from obesity, or from genetic predisposition,
have been proposed to be the major mechanism for OSA.47-49

If anatomic narrowing is the predominant factor, it is plau-
sible to suggest that surgical procedures to correct the
anatomic narrowing could be effective treatment. In practice,



Figure 2. (A) Recording of an unattended portable monitor demonstrates Cheyne-Stokes respiration during sleep in a patient with congestive heart
failure. (B) An example of central sleep apnea from an unattended portable recording during sleep. (C) An example of obstructive sleep apnea from
an unattended portable recording during sleep.
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Figure 3. Mechanistic approach for treatment of sleep disordered breathing. ASV, adaptive servoventilation; CHF, congestive heart failure; EPAP,
expiratory PAP; HGNS, hypoglossal nerve stimulator; MAD, mandibular advancement device; OPT, oral pressure therapy; PAP, positive airway
pressure.

Figure 4. Neuromuscular control of upper airway patency. CNS,
central nervous system.
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however, surgical interventions have demonstrated limited
effectiveness in unselected patients.32 The upper airway is a
dynamic structure, balanced by neuromuscular activities and
compensatory reflexes during sleep.50,51 The narrowest point
of the pharynx during wakefulness is not necessarily the
critical point of narrowing during sleep.50,52 Thus, despite
ongoing efforts, no optimal clinical evaluation or investigation
to predict the outcomes of surgical treatment of OSA on an
individual basis has been identified.32

Recently, computer modelling with finite element analysis
has been applied to evaluate the impact of surgical manipu-
lations on individual upper airway anatomy.53-55 The baseline
upper airway anatomy is constructed based on the individual
patient’s magnetic resonance imaging (MRI) scan and physi-
ological measurement. It is hypothesized that with computer
modelling of postsurgical upper airway changes, the surgical
effect on the upper airway with specific procedures such as
mandibular advancement or uvulopalatopharyngoplasty might
be predicted with better accuracy. This approach has been
validated in other areas using brain imaging for neurosur-
gery,56,57 but it needs further evaluation to apply to OSA
treatment. If the outcome of a future surgical intervention
could be predicted on an individual basis, patients might be
able to avoid an ineffective procedure. Similarly, this concept
could be used for oral appliance selection.54

A novel oral pressure therapy (OPT) system that provides
negative pressure through gentle suction to the oral cavity has
been shown to reduce AHI moderately in selected patients
with OSA in preliminary studies.58,59 This new therapy in-
creases the size of the retropalatal airway by drawing the soft
palate and tongue forward.60 It should be noted that OPT
may decrease the retroglossal airway caliber, so further study
will be required to determine for whom this therapy may be a
viable alternative for upper airway anatomic compromise with
intolerance of CPAP therapy.60,61

Muscular control of upper airway

During wakefulness, the pharyngeal dilator muscles,
including the genioglossus and tensor palatini muscles, are
critical in maintaining airway patency.62 Upper airway muscles
are activated by brain stem motor neurons and in response to
respiratory stimuli, including pressure changes and CO2 level
through compensatory reflexes (Fig. 4).63,64 However, de-
creases in brain stem motor neuron activity and attenuation of
protective reflexes during sleep lead to a decrease in pharyngeal
dilator muscle activity, which results in collapse or flow limi-
tation in those anatomically vulnerable.65,66
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Responsiveness of the pharyngeal dilator muscles to stimuli
during sleep is highly variable in patients with OSA.67 In pa-
tients with minimal responsiveness of the pharyngeal dilator
muscles during sleep, arousal is generally required to restore
airway patency.68 It has been observed that most patients with
OSA have some period of stable breathing, which is associated
with elevated activity in the genioglossus muscle.67,69 This
finding further suggests that the genioglossus muscle is both
necessary and sufficient to stabilize breathing during sleep. The
neural circuitry activating the genioglossus in response to
negative intrapharyngeal pressure has recently been discovered
in the periobex region of the medulla.70,71 This region of
neurons contains heavy cholinergic staining,71 suggesting
acetylcholine may be a potential therapeutic target for selected
patients with OSA. It is possible that cholinergic agents might
improve the responsiveness of the negative pressure reflex.
Targeting this cholinergic pathway may improve OSA in
selected patients with minimal responsiveness of the pharyngeal
dilator muscle. Although the mechanism of acetylcholine on
genioglossus control is still unclear, some preliminary clinical
data have shown efficacy of cholinesterase inhibitors in OSA.72

The pharyngeal dilator muscles receive constant input from
the hypoglossal motor nucleus and the motor branch of the
trigeminal nerve.65 During sleep, the activity of brain stem
motor neurons decreases during sleep, especially during rapid
eye movement (REM) sleep.73 The neurochemistry of these
brain stem regions is complex, involving serotonergic, adren-
ergic, cholinergic, and histaminergic systems.74 There are
potential pharmacologic targets that could be hypothesized to
enhance the brain stem motor neuron output to the
pharyngeal dilator muscles, but further research is needed.72

In addition, activation of the genioglossus muscle by hypo-
glossal nerve stimulation through an implantable device has
been shown to be effective in reducing AHI and quality of life
in a subset of patients with OSA.75,76

Lung volume

During sleep, upper airway resistance increases and func-
tional residual capacity decreases normally. However, recent
investigations indicate that end-expiratory lung volume
(EELV) correlates with upper airway stability because in-
creases in EELV provide traction caudally on the upper
airway, which decreases its collapsibility.77-79 EELV might be
another mechanism linking obesity and upper airway stability,
because central adiposity of the viscera and chest decreases
EELV.80 One of the novel therapies that applies this concept
is the nasal expiratory positive airway pressure (EPAP) device,
which consists of small 1-way valves that are fitted through the
nostrils to generate EPAP by spontaneous breathing.81 Other
manipulations of EELV through extrathoracic pressure,
medications, or electrical stimulation of the phrenic nerve
have not been systematically studied; however, results of
EELV manipulation have thus far been disappointing.79
Ventilatory Control Instability

Arousal threshold

Ventilation is tightly controlled with multiple feedback
loops to maintain oxygen and carbon dioxide levels within
narrow ranges. The transition from wakefulness to sleep is an
inherently unstable period of ventilatory control because of
multiple physiological changes, such as chemosensitivity to
CO2, with sleep onset.51 Even in healthy individuals, an
irregular breathing pattern with apnea/hypopnea at sleep onset
may occur.82,83 Similarly, ventilatory control can become
unstable during arousal, depending on arousal threshold and
ventilatory response to arousal, which could lead to increases
in apnea/hypopnea.84 Arousal threshold is defined as the
propensity to awaken from sleep; some individuals who have
low arousal threshold (ie, easy to wake up) may experience
repetitive apnea or CSA as the individual oscillates between
wakefulness and sleep.64,84 In contrast, arousal also serves as a
protective mechanism and individuals with a high arousal
threshold (ie, difficult to wake up) may experience profound
hypoxemia and hypercapnia preceding arousal.68,84 Therefore,
increasing the arousal threshold could theoretically be bene-
ficial to stabilize the breathing for certain patients, but this
approach could be deleterious and worsen nocturnal hypox-
emia for others. Sedative hypnotic agents such as trazodone
and eszopiclone have shown various effects, including in-
creases of the apneic threshold and improvement in AHI in
small studies.85,86 These medications could potentially be
used as adjuvant therapy for SDB if patients who may benefit
from manipulation of the arousal threshold could be
identified.

Loop gain

Loop gain of the ventilatory control system is a concept
developed from the engineering field and is used to describe
the ventilatory system response (changes in ventilation) to a
ventilatory disturbance (such as apnea or hypopnea) within a
negative feedback control system.87 A high loop gain system is
susceptible to ventilatory oscillations and instability, and this
concept is important to the pathogenesis of both OSA and
CSA.20,51 Patients with CHF are at risk for the development
of a Cheyne-Stokes breathing (CSB) pattern, a characteristic
crescendo-decrescendo ventilatory pattern.88 This pattern is
thought to result from a combination of high loop gain
resulting from delayed circulatory time and heightened che-
mosensitivity caused by pulmonary congestion and decreased
cardiac function.21,51 Thus, optimization of cardiac function
and elimination of pulmonary congestion are the primary
therapy for CSB. Cardiac function optimization occurs
through medications,88-90 devices such as cardiac resynchro-
nization therapy,91 or even heart transplantation.92 For pa-
tients with residual CSB despite maximal cardiac treatment,
nasal CPAP may be helpful by reducing cardiac preload and
afterload, although positive outcome data are lacking.93

Adaptive servoventilation (ASV) is similar to CPAP, except
that it automatically adjusts pressure support based on
monitoring of ventilation; this approach has emerged as a
therapy for stabilizing ventilation and decreasing AHI in
CSR.94,95 Three large-scale randomized controlled trials
(NCT01128816, NCT00733343, and NCT01807897) are
currently under way to assess clinical outcomes of ASV
treatment for CSB/CSA in CHF. Other miscellaneous ther-
apies, including oxygen, increased dead space, and inspired
carbon dioxide, have improved AHI in an effort to decrease
the loop gain of the feedback system.96,97 Similarly,
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acetazolamide and theophylline have shown comparable ef-
fects.98,99 However, more studies are required to evaluate the
long-term efficacy and safety of these treatment options.

Phrenic nerve stimulation, which was previously used for
ventilatory failure caused by congenital impairment or spinal
cord injuries, has recently shown effective modulation of
ventilation for CSB/CSA in patients with CHF in 2 recent
small trials.100,101 It was postulated that unilateral phrenic
nerve stimulation may attenuate minute ventilation and
reduce the oscillation of the CO2 level. More evidence from
long-term outcomes is needed in the context of treatment of
CSA.61
Personalized Characterization of the
Pathophysiological Traits

Recent advances have been made in quantifying the
pathophysiological traits of OSA discussed earlier in individual
patients with noninvasive techniques similar to study of CPAP
titration.102,103 With these trait measurements, afflicted pa-
tients can be further categorized into 4 groups, each of which
has a different estimated response to various therapies.104

Furthermore, an integrative model was developed to provide
mathematical prediction for therapy based on the patho-
physiological traits.105 However, the technique to measure
these pathophysiological traits is currently limited to the
research setting. Therefore, some recent research has demon-
strated methods using regular polysomnography tracings to
quantify these pathophysiologic traits such as arousal
threshold or loop gain.106,107 For example, some of the CPAP
nonresponders may have a low arousal threshold, which can
be identified by simply reviewing the nadir oxygen saturation,
AHI, and fraction of the AHI that showed hypopnea on
clinical polysomnography.107 For these patients with a low
arousal threshold, sedatives such as eszopiclone or trazodone
may increase the arousal threshold and decrease the AHI.85,86

In the foreseeable future, clinicians will be able to tailor SDB
treatment based on polysomnography data with an integrated
computer model that identifies the pathophysiological traits
and the treatment options with a predicted individualized
response rate. This vision of personalized medicine for SDB is
ambitious but attainable, at least for some patients.
Conclusions
SDB and CVD are closely interlinked. Untreated SDB is a

risk factor for the development or progression of CVD, and
CVD is also a risk factor for both OSA and CSA. Because
variable pathophysiological mechanisms contribute to SDB, a
mechanistic approach for treatment may potentially improve
the effectiveness and efficacy of current and emerging thera-
pies for SDB. Further efforts involving the use of knowledge
about individual-level pathogenesis to guide treatment in SDB
is urgently needed given the considerable burden of untreated
disease. Further, treatment approaches that more closely align
with specific pathogenesis may more directly address the
disease at an individualized level and increase adherence to
therapy.
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