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Abstract
Three decades ago, continuous positive airway pressure (CPAP) was introduced to treat obstructive sleep apnea (OSA). Shortly
after, bilevel positive airway pressure devices (BPAP) that independently adjusted inspiratory and expiratory positive airway
pressure were developed to treat complex sleep-related breathing disorders unresponsive to CPAP. Based on the bilevel positive
airway pressure platform (hardware) governed by propriety algorithms (software), advanced modes of noninvasive ventilation
(NIV) were developed to address complex cardiorespiratory pathophysiology beyond OSA. This review summarizes key aspects
of different bilevel PAP therapies (BPAP with/without backup rate, adaptive servoventilation, and volume-assured pressure
support) to treat common sleep-related hypoventilation disorders, treatment-emergent central sleep apnea, and central sleep apnea
syndromes.
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Introduction

Collin Sullivan introduced continuous positive airway pres-
sure (CPAP) as a therapeutic modality to treat obstructive
sleep apnea (OSA) in 1981 [1]. CPAP provides a pneumatic
splint to the pharyngeal airway preventing it from collapsing
during sleep, along with improvement in lung volumes (i.e.,
functional residual capacity) and oxyhemoglobin saturation
[2]. In 1990, Sanders and Kern described the treatment of
OSA by “independently adjusted inspiratory and expiratory
positive airway pressures” via mask interface. By installing a
flow sensor (input), the device was able to correctly detect the
patient’s breath phase (inhalation vs exhalation) to deliver a
different therapeutic pressure during inhalation—inspiratory
positive airway pressure (IPAP)—and during exhalation—
expiratory positive airway pressure (EPAP) [3]. With the in-
troduction of digital processing of the flow signal (input),
current advanced bilevel devices have developed the capabil-
ity to self-modulate IPAP and/or EPAP as well as to “time”
the initiation and/or termination of each breath in synchrony

with patient’s breathing. Different from CPAP, these ad-
vanced modes of bilevel positive airway pressure ventilation,
collectively known as noninvasive ventilation (NIV), were
developed to address complex cardiorespiratory pathophysi-
ology beyond OSA [4] (Fig. 1A).

Practical Pathophysiologic Approach
to Sleep-Related Breathing Disorders

The third edition of International Classification of Sleep
Disorders – Diagnostic and Coding Manual (ICSD-3) has
grouped the sleep-related breathing disorders (SRBD) into
obstructive sleep apnea disorders (OSA), central sleep apnea
syndromes (CSAS), and sleep-related hypoventilation disor-
ders (alveolar hypoventilation) [5]. These disorders encom-
pass a heterogeneous group of diseases with diverse patho-
physiological mechanisms of which many patients may meet
diagnostic criteria for more than one of them (Table 1).

In general, these breathing disorders can be grouped into
two categories based upon their effect on partial pressure of
carbon dioxide (pCO2) balance, as reflected in arterial carbon
dioxide tension (PaCO2). Sleep-related hypoventilation disor-
ders (alveolar hypoventilation) are associated with hypercap-
nia (PaCO2 ≥ 45 mmHg) due to ineffective ventilation (CO2

elimination). Common causes of hypercapnic respiratory
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failure are increased lung ventilation–perfusion inequality and
respiratory system load (e.g., chronic obstructive pulmonary
disease), decreased respiratory drive (e.g., opioid intake), or
inadequate respiratory muscle strength (e.g., neuromuscular
disorders), or a combination of them. In contrast, CSAS are
eucapnic (PaCO2 ≤ 45 mmHg) or even hypocapnic (PaCO2 <
40) sleep-related breathing disorders characterized by inter-
mittently diminished/increased or absent respiratory efforts
(i.e., hypopneic, hyperpneic, and apneic phases) (e.g.,
Cheyne–Stokes respiration (CSR)) [6] (Table 1).

Treatment of these diverse disorders shares some basic
principles. In general, if they are associated with underlying
medical illnesses or medications, the treatment of the under-
lying condition may improve the sleep-related breathing dis-
order (e.g., cardiac therapy optimization by guideline-directed
therapy of congestive heart failure). However, when correc-
tion of the underlying problem is not achieved, treatment of
the underlying sleep-related breathing disorder is based on
noninvasive positive airway pressure (PAP) therapy delivered
either in the form of CPAP or bilevel positive airway pressure
(bi-PAP) by portable devices via a facial mask. The latter is
known under the generic name of NIV secondary to its capa-
bility to augment ventilation without the requirement for an
invasive artificial airway (i.e., via intubation). NIV encom-
passes modes such as bilevel positive airway pressure
(BPAP) with/out backup rate, adaptive servoventilation
(ASV), and volume-assured pressure support (VAPS).

Basic Components of Positive Airway Pressure
Devices

Positive airway pressure devices (hardware) are portable flow
generators capable of delivering positive air pressure to a pa-
tient via a facial mask interface. PAP devices are basically
composed of a turbine (“blower”), a respiratory circuit (a sin-
gle or double hose), and a facial mask. Based on flow and
pressure sensors located in the device (device input), a
microprocessor-based controller (governed by propriety algo-
rithms) is constantly adjusting the turbine speed in order to
reach a preset positive pressure (device output) chosen by the
provider (Fig. 1B).

Based on their settings (mode), PAP devices may either
deliver a single, continuous pressure (CPAP) mode at all times
or a higher inspiratory pressure (IPAP) and a lower expiratory
pressure (EPAP) in the form of BPAP mode, thereby
supporting and/or augmenting patient’s breath (tidal volumes)
in addition to stabilizing the patency of the upper airway and,
hence, ventilation. Depending on the type of software
(modes), BPAP modes may interact differently with the
breathing pattern, adjusting pressure accordingly using propri-
ety algorithms (decision paths) designed to achieve a specific
respiratory assistance (e.g., ventilation support in alveolar

hypoventilation or countercyclical compensatory respiratory
support in Cheyne–Stokes respiration) [4].

Type of Bilevel Positive Airway Pressure
Modes

Basic BPAP Modes: BPAP-S and BPAP-ST

BPAP mode may cycle between two pressures, a higher pres-
sure, i.e., IPAP, and a lower pressure, i.e., EPAP, in response
to the patient’s respiratory effort (flow) or time to breathe.
While the IPAP augments inspiration, the EPAP provides a
pneumatic splint to maintain upper airway patency and
maintains/improves expiratory residual volume and thereby
improves the lung oxygen reservoir. The difference between
the two pressures (IPAP and EPAP), called pressure support
or delta pressure, contributes to improved ventilation through
tidal breath augmentation. The larger the pressure support, the
larger the tidal volume (depth of breath) that is generated
which will help with ventilation to reduce PaCO2. However,
for a given patient, the tidal volume generated by BPAP is not
fixed and depends on the interaction between the preset pres-
sure in the device, inspiratory time and effort, and the dynamic
characteristics of the respiratory system (resistance and com-
pliance) (Fig. 2A, Table 2).

Based on the level of interaction with the patient’s sponta-
neous respiratory effort, BPAP may be delivered in S (spon-
taneous), ST (spontaneous/timed), and T (timed) modes. In S
mode, the device senses when the patient is inhaling and ex-
haling and supplies the IPAP and EPAP accordingly. In the
ST mode, the device in addition to supporting and/or aug-
menting breaths initiated by the patient, it also provides addi-
tional breaths should the patient’s breath rate fall below the
preset backup respiratory rate (RR) (Fig. 2B, Table 2).
Although rarely used, in T mode, a fixed breath rate and du-
ration are applied by the device based on patient’s lack of
respiratory drive.

Volume-Assured Pressure Support

VAPS mode tracks spontaneous respiratory breath and expi-
ratory tidal volume, proportionally adjusting IPAP and/or the
backup respiratory rate, with subsequent augmentation of
breathing when needed to reach a respiratory target set by
the provider. These respiratory targets could be either expira-
tory tidal volume or alveolar ventilation. Tidal volume is the
total amount of air inhaled (and exhaled) with each breath, a
third of which remains in the conducting airways (anatomical
dead space) and the rest reaches the alveoli for oxygen and
carbon dioxide gas exchange. Alveolar ventilation (respirato-
ry rate multiplied by the tidal volume minus the anatomical
dead space volume, i.e., the alveolar volume) is the amount of
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tidal volume that reaches the alveoli each minute, while min-
ute ventilation (tidal volume that includes the anatomical dead
space volume) is the total tidal volume multiplied by the re-
spiratory rate. In patients with inadequate ventilation due to a
decrease in respiratory drive (e.g., use of opioids or a
brainstem lesion affecting the respiratory control center), a
backup respiratory rate from the VAPS will supply additional
breaths to reach adequate minute ventilation. An auto-EPAP
function is also available in more recent device models to self-
adjust to upper airway resistance to maintain upper airway
patency [7] (Fig. 2C, Table 2).

Adaptive Servoventilation

The ASV device supports breathing in a countercyclical com-
pensatory fashion (counterbalance proportional system).
When ventilation decreases, the ASV mode may provide a
higher respiratory support (i.e., minute ventilation or peak
flow) by increasing inspiratory pressure support and/or respi-
ratory rate. When ventilation returns to a more stable breath-
ing pattern, this mode lowers support to a minimum. As the
device detects stronger breath, it automatically lowers the
pressure support provided [7]. This “on demand” breathing
support allows a dampening effect on respiratory drive fluc-
tuations and is particularly useful in periodic breathing sec-
ondary to a highly unstable respiratory drive system (high
loop gain) as in patients with CSR. Loop gain is an engineer-
ing term that describes in pulmonary physiology the degree of
response, in this case, of the respiratory control system, after a

ventilatory disturbance results in minimal changes of noctur-
nal PaCO2. Therefore, if the loop gain is high in a particular
system (or patient), there is a higher variability in the ventila-
tory (both high and low ventilation) response to minimal
changes in PaCO2, resulting in respiratory instability.
Disorders such as Cheyne–Stokes respiration (CSR) in con-
gestive heart failure and high-altitude central sleep apnea are
examples of this high loop gain respiratory control system [7,
8] (Fig. 2D, Table 2).

Brief Literature Review on Noninvasive
Ventilation Therapy to Treat Various
Sleep-Related Breathing Disorders

Sleep-Related Hypoventilation Disorders

As described in “Practical Pathophysiologic Approach to
Sleep-Related Breathing Disorders,” this group of disorders
is defined by an elevated nocturnal PaCO2 level (>
45 mmHg), which may extend into the daytime. The main
respiratory abnormality resulting in ventilatory failure may re-
side at any point along the brainstem respiratory control center
(e.g., congenital/acquired central alveolar hypoventilation syn-
drome, opioids’ side effects), to the respiratory motor output
unit (e.g., neuromuscular diseases), and to the thoracic-
pulmonary unit (e.g., thoracic cage disorders, obstructive lung
diseases such as COPD).

CPAPPatient’s 
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NIV

No Ventilation

No Breath 
Augmentation
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Oxygen Flow 
(Splint of UA 
and FRC) 
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Fig. 1 (A) CPAP vs NIV in
respiratory support. (B)
Components of a single-limb cir-
cuit NIV. CPAP = continuous
positive airway pressure; FRC =
functional residual capacity; NIV
= noninvasive ventilation; Vt =
tidal volume; RR = respiration
rate; UA = upper airway
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Obesity Hypoventilation Syndrome

Obesity hypoventilation syndrome (OHS) is defined by the triad
of obesity (BMI ≥ 30 kg/m2), daytime hypercapnia (PaCO2 ≥
45 mmHg), and sleep-disordered breathing often present in the
form of OSA. It is a diagnosis of exclusion, when other alterna-
tive explanations for hypoventilation (e.g., chronic obstructive
pulmonary disease, medication/substance such as opioids, or
neuromuscular disease) have been ruled out [5]. Nearly 70%
of OHS patients have severe OSA [9]. The remaining patients
have nonobstructive sleep hypoventilation with no or mild
OSA. As per the American Academy of Sleep Medicine
(AASM), hypoventilation is defined by PaCO2 > 55 mmHg
for > 10 min or an increase in PaCO2 > 10 mmHg compared
to an awake supine value > 50 mmHg for > 10 min [5].

Pathophysiology in OHS The pathophysiology is not
completely known. The implicated mechanisms leading to
daytime hypercapnia are probably a combination of impair-
ment in respiratory mechanics with increase in mechanical
load due to obesity and blunted respiratory drive due to central
resistance to leptin as a respiratory stimulant. Furthermore,

OSA with relatively long-lasting apneas and hypopneas may
also contribute to insufficient postevent ventilatory compen-
sation with subsequent hypoventilation during sleep, particu-
larly prominent during rapid eye movement (REM) sleep [10,
11]. Additional understanding of the pathophysiologic path-
way may help to characterize OHS phenotypes and thereby
able to predict the responses to the different modalities of
positive airway pressure (PAP) therapies.

For therapeutic purposes, two OHS phenotypes can be
identified: patients with predominant severe OSA and patients
with milder OSA but severe hypercapnia and typical REM
sleep hypoventilation secondary to decreased respiratory
drive. The former phenotype is likely to respond to CPAP
and the latter (sometimes referred as “true Pickwickian syn-
drome”) is likely to respond to NIV. Left untreated, obesity
hypoventilation syndrome is associated with serious cardio-
pulmonary comorbidities (e.g., pulmonary hypertension),
metabolic diseases, and increased mortality [12–14].

Types of PAP Therapy That Can Be Used in OHS: CPAP, BPAP-
S, BPAP-ST, and VAPS In those OHS patients with compensat-
ed hypercapnic respiratory failure and predominant (severe)

Table 1 Sleep-related hypoventilation disorders and central sleep apnea syndromes

Pathophysiology Disorders Notes

High nocturnal carbon dioxide
(sleep-related hypoventilation
disorders)

Ventilatory control abnormalities
• e.g., congenital central alveolar

hypoventilation syndrome
(CCAHS)

Ventilatory control is affected by mutations in the PHOX2B gene.

Neuromuscular disorders
• e.g., amyotrophic lateral sclerosis

(ALS)

Inability to translate ventilatory center output into appropriate output by the
neuromuscular apparatus, thus rendering ventilatory control ineffective.

Chest wall abnormalities
• e.g., kyphoscoliosis or obesity

hypoventilation syndrome

Increased work of breathing and limited lung expansion due to thoracic
cage abnormalities, such as skeletal rigidity or excessive load from
adipose tissue blunts the intended response to CO2.

Lung disorders
• e.g., chronic obstructive lung

disease (COPD) I

In COPD, mechanical effectiveness of ventilation is compromised by
ventilation–perfusion inequality, respiratory muscle dysfunction, and
changes in chemosensitivity of the respiratory centers. During sleep,
ventilation failure is particularly evident during REM sleep, when per-
sistence of ventilation is primarily dependent on diaphragm activity and
central (nonmetabolic) respiratory drive.

Normal or reduced nocturnal carbon
dioxide (central sleep apnea
syndromes)

Treatment-emergent central sleep
apnea

High loop gain induced by CPAP therapy for obstructive sleep apnea
syndrome. OSA phenotype characterized by ventilatory control center
instability in response to minor CO2 fluctuations induced by CPAP
therapy.

Central sleep apnea with
Cheyne–Stokes breathing

This disorder is primarily seen in patients with congestive heart failure.
High loop gain with feedback delays induced by poor cardiac output.
Patients exhibit enhanced ventilatory drive leading to cyclic over and
undershoot of ventilation (crescendo and decrescendo breathing patterns
interspaced by apneic events).

Central sleep apnea due to
high-altitude periodic breathing

High loop gain induced by hypoxemia as a result of decreased fractional
oxygen concentration at high altitude.

Central sleep apnea due to
medications or substances

• e.g., opioids

Loop gain is variable, and opioid effects on the pre-Bötzinger complex
result in unpredictable behavior of the ventilatory control center.

84 S. Bernardo and K. Ramar



OSA phenotype, CPAP therapy is considered the first-line
therapy [15]. CPAP relieves OSA and ameliorates
hypoventilation over an average of 3-month period [16].
Regarding NIV, BPAP-S and BPAP-ST have shown to be
equally effective to CPAP in improving daytime hypercapnia
and mortality [15, 17, 18]. In comparison to BPAP-ST, VAPS
in ST mode has been shown to reach a larger improvement of
PaCO2 levels and equal improvement in nocturnal oxyhemo-
globin saturation, sleep quality, and health-related quality of
life [19]. BPAP-ST and VAPS are equally effective as long as
both modes are set to reach a similar amount of ventilatory
support [19–21]. Based on current literature, NIV has not been
shown to be superior to CAP to treat OHS patients with pre-
dominant (severe) OSA disease [15].

The literature of OHS patients with mild or non-OSA
where central hypoventilation is the main mechanism (“true
Pickwickian syndrome”) is limited and the clinical impact of
PAP therapy remains under investigation [22]. In this OHS
phenotype, CPAP and BPAP-S therapy may be insufficient
[23]. A recently published randomized trial indicated that
VAPS was more effective than lifestyle modification alone
(calorie-restricted diet and the maintenance of correct sleep
hygiene and habits) in improving daytime PaCO2, sleepiness,
and polysomnographic parameters in this population [24].

Therefore, in OHS patients with predominant lack of respira-
tory drive and persistent hypercapnia, a trial of BPAP-ST or
VAPS is recommended [9].

In summary, based on OHS phenotype, we recommend
starting CPAP therapy in OHS patients with predominant
OSA. If hypoxia or hypercapnia persists while on CPAP,
BPAP-S may be initiated for ventilatory support and to im-
prove respiratory mechanics. For those OHS patients with
mild or non-OSA but severe hypercapnia and typical REM
sleep hypoventilation secondary to decreased respiratory
drive, a NIV mode with backup rate such as BPAP-ST or
VAPS is recommended.

Sleep-Related Hypoventilation Due to Neuromuscular
Diseases (NMD)

Pathophysiology of NMD NMD can result in hypoventilation
as a consequence of respiratory muscle insufficiency and/or
dysfunction. These disorders adversely affect the transmission
of respiratory signals (output) from the brainstem respiratory
center to the respiratory muscles, resulting in insufficiency of
respiratory muscle contraction. Hypoventilation is most pro-
nounced during sleep as a consequence of sleep-related phys-
iological hypoventilation in comparison to the awake state.

Table 2 Noninvasive ventilation (NIV) modes, settings, and clinical indications

Mode Settings Clinical indications

Bilevel PAP (BPAP)
• Spontaneous (S) mode: the device senses pa-

tient’s inhaling and exhaling flow and supplies
the IPAP and EPAP respectively.

• Spontaneous-timed (ST) mode: the device will
support and/or augment breaths initiated by the
patient and supply additional breaths should the
patient breath rate fall below the preset backup
rate.

• Inspiratory pressure (IPAP)
• Expiratory pressure (EPAP)
• Spontaneous (S) mode: no backup rate
• Spontaneous-timed (ST) mode: backup respira-

tory rate. This ensures that the patient receives a
minimum number of breaths per minute.

• Spontaneous (S) mode: to support and/or
augment breaths in patients with intact re-
spiratory drive and respiratory muscle
strength.

• Spontaneous-timed (ST) mode for patients
with impaired respiratory drive or neuro-
muscular disease with insufficient triggering
of IPAP.

Adaptive servoventilation (ASV)
• ASV mode self-adjusts pressures to deliver

anticyclical respiratory support to patient’s
breathing pattern.

•Maximum and minimum inspiratory pressures or
pressure support.

• Expiratory pressure (EPAP) (EPAPmay be fixed
or in “auto” self-adjusting ranges to pneumati-
cally splint the upper airway: Min. EPAP and
Max. EPAP).

• Backup ventilatory rate and flow characteristics
may be adjusted or set to default factory
settings.

• Treatment-emergent central sleep apnea.
• Opioid-induced central sleep apnea without

hypoventilation.

Volume-assure pressure support (VAPS)
• Feedback loop system which adjusts its pressures

to deliver a set tidal volume or alveolar
ventilation, guaranteeing a minute ventilation.

• Target tidal volume or alveolar ventilation.
• Expiratory positive airway pressure (EPAP)

(EPAP may be fixed or in “auto” self-adjusting
ranges to pneumatically splint the upper airway:
Min. EPAP and Max. EPAP)

• Min. IPAP.
• Max. IPAP.
• Respiratory rate.
• Flow characteristics may also be set, but default

values are provided by factory.

• In OHS patients who failed CPAP therapy.
• In OHS with predominant reduced

respiratory drive (“true Pickwickian
syndrome”).

CPAP = continuous positive airway pressure; IPAP = inspiratory positive airway pressure; EPAP = expiratory positive airway pressure; Max. =
maximal; Min. = minimal; OHS = obesity hypoventilation syndrome
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Although most extensively described in amyotrophic lateral
sclerosis (ALS), experience on NIV to treat nocturnal alveolar
hypoventilation due to neuromuscular disease extends to
Duchenne muscular dystrophy, myotonic dystrophy, and acid
maltase deficiency, among others.

In ALS patients, NIV has not only been shown to improve
gas exchange and subjective sleep quality, but also quality of
life and survival, particularly in those compliant with PAP
therapy (≥ 4 h) and those without severe bulbar dysfunction
[25, 26]. The decision to start PAP therapy in ALS patients is
based on the combination of symptoms (orthopnea, sleep frag-
mentation, morning headaches, excessive daytime sleepi-
ness), the rate of disease progression, and objective evidence
of respiratory muscle insufficiency and/or dysfunction (forced
vital capacity < 50% of predicted; maximal inspiratory pres-
sure < − 60 cm H2O or sniff nasal pressure < 40 cm H2O;
PaCO2 > 45 mmHg) [27].

PAP Therapy That Can Be Used: BPAP-ST and VAPS Besides
treatment with riluzole, BPAP-ST is currently the only treat-
ment option to increase survival in ALS. CPAP and BPAP-S
have no role in securing ventilation in neuromuscular disease
patients with acute and/or chronic respiratory failure.

In the NMD population, VAPS devices are also used
based on the theoretical advantage of self-adjusting set-
tings to match the disease progression. Although signifi-
cant improvements in tidal volume are reached in those
NMD patients using VAPS, no differences in number of
apneas or hypopneas, saturation of oxygen, and oxygen

desaturation index (number of oxygen desaturations of ≥
4% per hour of total recording time) were noted when
compared to BPAP-ST. Nocturnal gas exchange (pH,
PaCO2, nocturnal oxyhemoglobin saturation), sleep quali-
ty, and respiratory muscle strength were also similar
[28–30].

In summary, under close monitoring and follow-up by
trained providers, BPAP-ST with relatively low inspiratory
pressure is the most commonly used NIV modality to treat
NMD patients with chronic alveolar hypoventilation.
VAPS is an alternative form of NPPV that is increasingly
used in this population [28]. While there are theoretical
potential benefits to dynamically adjust ventilatory support
with VAPS in the setting of progressive respiratory failure,
BPAP-ST continues to be widely accepted as standard of
care. The role of VAPS is yet to be clarified by the current
literature.

Central Sleep Apnea Syndromes

CSAS are characterized by a group of sleep-related breathing
disorders associated with decreased or absent respiratory ef-
forts (apneic events), combined with symptoms such as ex-
cessive daytime sleepiness and/or sleep fragmentation. In
these disorders, respiratory instability is most often the result
of overresponse (hyperventilation) or underresponse (apnea)
of the respiratory control system to minimal changes in noc-
turnal pCO2 (high loop gain) [8, 31].

Volume Assured Pressure Support-VAPS Adaptive Servo Ventilation -ASV

Basic BPAP Pressure Wave Form
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Inhalation
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Fig. 2 (A–D) Noninvasive
ventilation waveforms. ASV =
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central sleep apnea; EPAP =
expiratory positive airway
pressure; IPAP = inspiratory
positive airway pressure; IPAP
min. = minimal inspiratory
positive airway pressure; IPAP
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positive airway pressure; OSA =
obstructive sleep apnea; CSR =
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pressure support; RR = respirato-
ry rate; Vt = tidal volume; Vte =
expiratory tidal volume; VAPS =
volume-assured pressure support
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Central Sleep Apnea with Cheyne–Stokes Respiration
(CSA-CSR)

Pathophysiology of CSA-CSR

CSA-CSR is related to unstable breathing caused by high loop
gain, an excessive magnitude of respiratory drive response to
a given (proportionally) minor respiratory disturbance. Loop
gain has three components: circulatory time, plant gain, and
controller gain. The prolonged lung to brain circulatory delay
is commonly seen in congestive heart failure (CHF) due to
reduced cardiac output. In CHF, the circulatory delay is dou-
bled (10-20 s). Controller gain is related to chemosensitivity
(heightened ventilatory response to minor CO2 fluctuations),
while plant gain is related to the modification in pCO2

resulting from a given change in ventilation. High loop gain
predisposes to hyperventilation (overshoot) and subsequent
lowering of pCO2 below the apneic threshold which is elevat-
ed during NREM sleep.When carbon dioxide drops below the
apneic threshold, a central apnea event (undershoot) will oc-
cur and last until the carbon dioxide increases above the
threshold. Therefore, pCO2 levels oscillate above and below
the apneic threshold, thereby causing the typical cyclical hy-
perventilation followed by central apnea pattern that defines
CSA-CSR [8, 32].

Although CSA-CSR is more prevalent in CHF patients, it
can also be encountered in other medical disorders such as acute
ischemic stroke and renal failure [33]. In CHF patients, CSA-
CSR can be found in either systolic dysfunction, known as heart
failure with reduced ejection fraction (HFrEF), or diastolic left
ventricular dysfunction, known as heart failure with preserved
ejection fraction (HFpEF) [34]. In the HFrEF, CSA-CSR is
recognized as a marker of disease severity and impaired prog-
nosis (e.g., increased mortality and hospitalization).

PAP Therapies That Can Be Used: CPAP, BPAP-ST, and ASV

If underlying heart failure is present, cardiac optimization with
guideline-directed therapy should be prioritized before PAP
therapy is considered. The decision to treat CSA with PAP
therapy remains controversial based on current data. If PAP
therapy is considered, careful selection of the PAPmode (e.g.,
CPAP vs BPAP-ST vs ASV) should be based on symptom-
atology, clinical acuity, and cardiovascular status (e.g., left
ventricular ejection fraction) [35].

Although CPAP is considered the initial PAP therapy for
symptomatic CHF patients with persistent CSA, contradictory
information exists regarding survival (transplant-free survival)
in patients with HFrEF [36]. CPAP improves hemodynamics
(e.g., left ventricular ejection fraction), with a trend towards
decreasing combined mortality–cardiac transplantation rate in
CHF with CSA-CSR patients, particularly in patients who
comply with therapy and achieve a clinical significant

suppression of the respiratory disturbance (reduction of apnea
hypopnea index to < 15 events per hour) [37].

There is consistent evidence that BPAP-ST is superior to
CPAP in suppressing respiratory disturbances and is equally
effective to ASV in improving left ventricular ejection fraction
in patients with HFrEF and CSA [38]. Since the publication of
the SERVEHF trial, ASV use is currently contraindicated in
CHF patients with a left ventricular ejection fraction of ≤ 45%
and moderate to severe CSA due to increased risk of all-cause
and cardiovascular mortality [39, 40]. Based on current clini-
cal guidelines, ASV still remains an option to use in CHF
patients with a left ventricular ejection fraction > 45%,
HFpEF, and treatment-emergent central sleep apnea as well
as in cases of CSA-CSR associated with acute stroke or renal
failure [41].

Consistent evidence has demonstrated that the develop-
ment of CSAS in patients with CHF is a poor prognostic
indicator and a risk factor for cardiovascular mortality.
However, it remains unclear what effect PAP therapies have
on patients with CHF. To date, all major randomized clinical
trials have failed to demonstrate a survival benefit with PAP
therapy and one major study investigating the use of ASV
demonstrated harm in HFrEF patients with predominant
CSAS [39].

Central Sleep Apnea Due to Opioid Use

Pathophysiology of CSA Due to Opioids

All opioids inhibit μ-opioid receptors distributed on respiratory
neurons throughout the central and peripheral nervous system.
Among the most important opioid-sensitive areas in respiratory
centers are the following: (1) pre-Bötzinger complex, the prin-
cipal kernel responsible for generating inspiration and for cen-
tral chemoreception of CO2; (2) glomus cells of the carotid
body, responsible for breath-by-breath control by providing
rapid feedback from the periphery to the central nervous system
regarding concentrations of oxygen, carbon dioxide, and
hydrogen/PH; (3) bulbospinal inspiratory and expiratory
premotor neurons that project to the phrenic, intercostal, and
abdominal motoneurons; and (4) the hypoglossal motor nucleus
necessary for maintaining upper airway patency during sleep
[42–44]. Therefore, opioids have the potential to affect breath-
ing frequency, tidal volume, rhythm, upper airway patency, and
chemosensitivity to CO2 and O2 changes. Clinically, this may
translate into changes of breathing pattern (ataxia or irregular vs
regular), presence of sleep-related breathing disorders (central
and/or obstructive apneas and hypopneas), gas exchange (hyp-
oxia and hypercapnia), or a combination of them. As the effects
of opioids on central apneas are dose-dependent, discontinua-
tion or reduction of the dose of opioid as tolerated is considered
the first-line therapy [45, 46].
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PAP Therapies That Can Be Used: CPAP, BPAP-S, BPAP-ST,
and ASV

Studies assessing the effectiveness of PAP therapy in chronic
opioid users have shown conflicting results. Although CPAP
may reduce the number of respiratory events, generally by
controlling obstructive respiratory events, centrally mediated
sleep-disordered breathing may not only persist but also in-
crease during the implementation of CPAP in this population
[47].

Although ASV is commonly prescribed to chronic opioid
users with predominant CSA, conflicting data exist about the
role of ASV in this group. One study did not show ASV
efficacy, likely related to suboptimal titration of the device
[48]. In two other studies with optimal titrations, ASV was
effective in the majority of cases [49, 50]. In cases where
CPAP and ASV are ineffective or if nocturnal hypercapnia
develops, BPAP-ST should be considered for ventilation, par-
ticularly in patients with hypercapnic respiratory failure.

In summary, if discontinuation or reduction of opiate dose
is not feasible or effective, we would recommend a polysom-
nographic study with NIV titration. In those chronic opioid
users with predominant CSA, ASV has shown to be highly
effective once the device is titrated appropriately. If ASV is
ineffective or if alveolar hypoventilation persists despite res-
olution of CSA, BPAP-STmay be a better option to maximize
ventilatory support in these patients.

Treatment-Emergent Central Sleep Apnea (Formerly
Known as Complex Sleep Apnea Syndrome)

Treatment-emergent central sleep apnea (TECSA) is defined
by the AASM as the emergence (or persistence) of CSA dur-
ing PAP therapy after elimination of predominantly obstruc-
tive respiratory events. However, TECSA is a dynamic phe-
nomenon during which CSA may not persist over time in
some patients [51]. Therefore, two therapeutic phenotypes
can be identified: those patients with “transient CSA” which
resolve with continued CPAP use and those with “treatment-
persistent” emergent CSA who will benefit from BPAP-ST or
ASV therapy. Agreement on initial device mode therapy
(CPAP vs ASV) continues to be controversial due to difficul-
ties in identifying these two phenotypes at PAP initiation dur-
ing polysomnography.

Pathophysiology of TECSA

The mechanism(s) by which CAs develop after the elimina-
tion of obstructive events during treatment with CPAP remain
unclear, though possible causes include higher CPAP than
needed to control obstructive events, postarousal CSA,
readaptation of the loop gain after resolution of upper airway
obstruction, associated comorbidities/medications (e.g., CHF

or opioids), and unmasking of previously existing central-
mediated apneas and hypopneas. It is possible that by elimi-
nating the contributing obstructive component, CPAP therapy
could expose central hypopneas and centrally originating
mixed apneas, classified as obstructive on initial
polysomnography, as centrally mediated. Through the mech-
anisms of improved efficiency of CO2 clearance, CPAP could
also aggravate central hypopneas (misclassified as obstructive
events) into frank CAs. The net effect of this would be to
“unmask” central events, increasing the CA index without
actually creating new events. This mechanism could also ex-
plain the development of CSA after treatment with oral appli-
ance therapy or upper airway surgery. Most recently, several
endotypic/phenotypic traits of OSA patients have been iden-
tified based on their leading pathophysiologic pathways, in-
cluding OSA patients with increased loop gain. Although the
role of exaggerated loop gain in the pathogenesis of CSA in
CHF has been well established (see the “Central Sleep Apnea
with Cheyne–Stokes Respiration (CSA-CSR)” section). It has
also been shown to contribute to the severity of OSA and
probably contributing to the pathogenesis of TECSA [52].

PAP Therapies That Can Be Used: CPAP, BPAP-ST, and ASV

The literature in this area is controversial, mostly based on
differences in TECSA operational definition(s) used in these
studies. Some studies included primarily patients with almost
pure CSA-CSR, while some cohort studies and randomized
controlled studies focused on coexisting OSA and CSA.
Retrospective studies suggest that the majority of patients will
stabilize their breathing patterns on CPAP, though with possi-
ble significant dropout rates based on poor CPAP tolerance [51,
53, 54]. While BPAP-ST mode may offer an alternative to
CPAP or ASV, residual sleep fragmentation may still be pres-
ent, thereby increasing the risk of low therapeutic compliance
[55].

Unfortunately, clinical or polysomnographic criteria to
identify in advance the phenotype of CPAP nonresponders
who may benefit from ASV therapy in TECSA are not well
defined. The phenotypic group of TECSA patients with per-
sistently elevated CSA events may benefit from effective ther-
apies focused on eliminating CSA. A prospective trial has
shown that over 90% of those treated with ASV show both
initial and long-term control of CSA [55]. In comparison to
CPAP and BPAP-ST, ASV treatment in patients with TECSA
has resulted in a significantly greater decrease of the respira-
tory events in all positions and stages of sleep, lower sleep
fragmentation, and higher percentage of deep sleep (REM
sleep) as well as improvement in daytime alertness [56].

In summary, we recommend CPAP as initial mode of PAP
therapy with close longitudinal follow-up. For CPAP nonre-
sponders or for those TECSA patients unable to have a close
clinical follow-up, we recommend proceeding directly to
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ASV therapy. ASV effectively improves treatment-persistent
CSA compared to oxygen, CPAP, and BPAP-ST.

Conclusions

The field of PAP therapy has dramatically changed after the
introduction of highly sophisticated devices such as the
BPAP-ST, VAPS, and ASV, with algorithms capable to adapt
and support a wide variety of sleep-related breathing disor-
ders. With “learning capabilities” of these new devices to self-
adjust their own ventilatory settings, combined with a full set
of automatic functions for respiratory synchrony, these modes
may become the new standard in ventilatory therapy for sleep-
related hypoventilation disorders or central sleep apnea syn-
dromes. Further investigation is needed to understand which
phenotypes of sleep-related breathing disorders may benefit
from NIV treatment. Also, studies on clinical outcomes and
cost-effectiveness are needed to understand the role of these
new technologies in our daily practice.

Required Author Forms Disclosure forms provided by the authors are
available with the online version of this article.
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